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Abstract
A first-principle study of (Pt

3
Cu)

n
 n = 10–11 nanoclusters was performed using the linear combination of Gaussian-type 

orbitals within the auxiliary density functional theory (ADFT) framework. Neutral, anionic and cationic clusters species were 
studied. To carry on a detailed exploration of the potential energy surface of these systems, Born-Oppenheimer molecular 
dynamics (BOMD) simulations have been performed. Several dozens of structures were taken along the generated BOMD 
trajectories as initial geometries for geometry optimizations. Successive geometry optimizations of these systems, in differ-
ent electron spin multiplicities and without any type of restriction, were computed. The obtained optimized structures have 
been characterized by frequency analysis calculations. Computed minima structures, harmonic frequencies, average bond 
lengths, magnetic moments, spin density plots, dissociation energy, ionization potential and electron affinity are reported. The 
formation of octahedra moieties has been observed in the most stable structures. The findings of the growing pattern of these 
clusters can serve as guide to search a synthetic route that can yield nanoparticles with desired geometries and high stability.

Keywords  ADFT · Metallic clusters · Growth pattern · Geometry

1  Introduction

Transition metal-based nanoparticles have attracted a lot of 
attention over the years in different areas of science and tech-
nology such as catalysis, medicine, sensors, dyes in between 
others [1]. One of the most important field for the study 
of these systems is the catalysis area, in which nanoparti-
cles naturally have a great advantage, thanks to their great 
catalytic area and their reactivity property, that is between 
an atomic and a bulk system [2]. The development of new 
transition metal-based catalysts is also critical to the renew-
able energy technologies that are of vital importance at the 
ongoing world energy crisis [3, 4].

Among these catalysts, the development of Pt-based 
alloys nanoparticles is of special importance, because Pt 
nanoparticles are excellent for the catalysis of different 

reactions [1]. However, as it is well known, Pt is very expen-
sive and scarce as excellent metal for catalytic purposes. 
Moreover, even if Pt is the best catalyst for several reactions, 
the performance of this catalyst is still far from ideal [as for 
example in the case of oxygen reduction reaction (ORR)] [5]. 
To overcome these problems, during the last years, Pt has 
been alloyed with different less heavy transition metals ele-
ments, such as Fe, Ni, Co and Cu, which have the advantage 
of augmenting the catalytic activity of the resulting material 
and at the same time diminishing the cost of the obtained 
catalyst. Within this class of compounds, the Pt

3
Cu alloy has 

turned out to be a good catalysts for different reactions. A 
short reviewing of these reactions could be done considering 
the following and therein references. Oezaslan et al. have 
synthesized Pt and Cu nanoparticles of different composi-
tion, and they found that the activity of Pt

3
Cu is superior 

to the one of similar size Pt nanoparticles for the ORR [6]. 
Sun et al. found that with only a Cu precursor change, was 
possible to synthesize different nanoparticle geometries: 
(1) octahedra structures using Cu(acac)

2
 and (2) twinned 

icosahedra structures using CuCl
2
 precursors, respectively 

[7]. The stability of this alloy for catalysis is particularly 
evident in nanodentritic Pt

3
Cu nanoparticles using a TiN 

support, which have good catalytic activity toward the ORR 
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even after 10,000 voltammetry cycles [8]. Pt
3
Cu also is an 

impressive catalyst for other reactions such as formic acid, 
methanol and ethanol oxidation reaction [9–12].

Another interesting property found in the Pt
3
Cu alloy 

is that compared to other Pt:Cu alloys compositions this 
appears to be more stable. It has been observed that some-
times even using different proportions of Pt:Cu precursors 
in the synthesis this leads to Pt

3
Cu nanoparticles [7]. Fur-

thermore, this alloy is more active against ORR that other 
alloys [13]. All of these examples show the potential of the 
Pt

3
Cu alloy as a tunable, versatile and very stable catalyst 

for many applications.
However, this versatility also arises some questions which 

are still unsolved: What is the most stable structure of this 
type of alloy as the system size grows? Do the structures 
observed in different experimental works have any connec-
tion between them? These questions could eventually be 
elucidated theoretically by performing an extensive investi-
gation on this type of nanoparticles on the basis of a reliable 
first-principle-based study.

Despite of the great importance of this alloy for the field 
of catalysis, we notice that most of the theoretical stud-
ies which have been performed focused on small clusters 
[14–16]. These studies, however, do not offer a compre-
hensive understanding of the growth pattern of this system 
in particular, showing little to no information about the 
properties of this alloy. On the other hand, first-principle-
based investigations have demonstrated to be able to pro-
vide correct trends that can be extrapolated to the synthesis 
of new materials. Different aspects of nanoparticle, design 
and mechanism have been confirmed and elucidated, such 
as strain effects [17], atomic layers of precious metals for 
core@shell behavior [18], crystallographic index reactivity 
[19], among other geometric properties.

In between various theoretical methods density functional 
theory (DFT)-based studies have been very useful for this 
purpose. In particular, auxiliary density functional theory 
(ADFT) [20] has been proven to be a powerful tool to pro-
pose new nanoparticle structures and correlate them to their 
potential activity as novel catalysts. Different examples, such 
as the ones which will be mentioned below, are nowadays 
available in the literature.

Cruz-Martinez and collaborators demonstrated that a pro-
gressive model construction of specific cluster sizes can help 
to identify geometric trends that are useful to build larger 
clusters and to predict effectively the geometry of the syn-
thesized nanoparticles in the laboratory [21]. Flores-Rojas 
et al. performing a theoretical modeling with a “small” 44 
atom cluster and using appropriate predictors for the ORR 
reaction showed that PtCoNi nanoparticles had good poten-
tial as ORR catalysts [22, 23]. On the basis of this theoreti-
cal study, PtCoNi nanoparticles were synthesized and dem-
onstrated to possess superior activity than Pt commercial 

nanoparticles in the ORR. These studies demonstrate the 
importance of first-principle-based theoretical investigations 
in the development of new materials for catalysis and that 
ADFT is a very powerful theoretical approach to be taken 
into account for this type of research.

In one of our recent previous work, an extended ADFT-
based study on (Pt

3
Cu)

n
n = 1−9 clusters trying to answer 

questions related to the growing behavior of these systems 
was performed [24]. The obtained results were quite surpris-
ing because the found most-stable structures were found with 
octahedra and twinned octahedra shapes, being the twinned 
structures, to the best of our knowledge, not yet been found 
in experiments [24]. In this work octahedra moieties were 
found in clusters with a composition near 19 atoms, in agree-
ment with the geometric magic number theory. This finding 
makes us to think that if the system grows toward the next 
octahedra geometric magic number, it could occur that either 
the twinned octahedra moieties is conserved or the simple 
octahedra moieties arise again. As this is not an intuitive 
result, in this contribution we investigate the growing behav-
ior of the (Pt

3
Cu)

n
, n = 10, 11 clusters. Therefore, the focus 

of this study is to increase the size of the previous stud-
ied (Pt

3
Cu)

n
 clusters up to a system formed with 44 atoms, 

which corresponds to the (Pt
3
Cu)

11
 cluster. To complete the 

cluster series from 9 to 11 Pt
3
Cu units, here we also investi-

gate the (Pt
3
Cu)

10
 cluster. Both clusters have an approximate 

size of more than one nanometer. This study for consistency 
is performed with the same theoretical method employed in 
our previous work [24] whose computational details will be 
given in the following section. Additionally, cationic and 
anionic species of the (Pt

3
Cu)

n
  n = 10, 11 clusters were also 

studied with the same methodology to understand if any 
structural variation might occur between the neutral, positive 
and negative charged species of these nanoparticles.

This manuscript is organized as follows. In Sect. 2, the 
computational details are given. In Sect. 3, the obtained 
results are presented and discussed. Finally, in Sect.  4, 
the conclusions are summarized together with some 
perspectives.

2 � Computational details

For all calculations the Linear Combination of Gauss-
ian-Type Orbitals Auxiliary Density Functional Theory 
(LCGTO-ADFT) as coded in the deMon2k program [25] 
has been employed. For the integration of the exchange-
correlation functional, an adaptive grid with a tight tolerance 
of 10−8 a.u. was used [26].

The Perdew–Burke–Ernzerhof modified exchange func-
tional, and the Perdew–Burke–Ernzerhof correlation func-
tional (RPBE-PBE) [27, 28] has been used. This combi-
nation of exchange and correlation functionals has been 
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already successfully used for the theoretical investigation 
of different Pt-based metallic clusters [22]. For the Cu atom, 
a triple zeta valence polarized basis set optimized for gener-
alized gradient approximation (TZVP-GGA) was used [29] 
whereas for the Pt atoms a double zeta quasi-relativistic 
effective core potential from Los Alamos National Labora-
tory was employed (QECP|LANL2DZ) [30]. The GEN-A2* 
auxiliary function set was used for all calculations [29]. For 
the electronic spin density plots, the QECP used for the Pt 
atom has been replaced with a triple zeta all-electron basis 
set [31, 32]. The obtained results are plotted using the Visual 
Molecular Dynamics (VMD) program [33].

Born-Oppenheimer molecular dynamics (BOMD) have 
been performed to find initial structures for successive struc-
ture optimizations that were computed without any con-
straints. These canonical simulations were carried on at dif-
ferent temperatures (2000 K and 2800 K) and timings (5–20 
ps) using a Nosé–Hoover thermostat to maintain the average 
temperature [34, 35]. Along the trajectories of these simula-
tions, several dozens of structures were extracted for each 
cluster size and geometry optimizations in different spin 
multiplicities were then performed without any restriction.

Once optimized, the most stable structures were char-
acterized by frequency analysis, using the analytic second 
derivatives of the ADFT energy with respect to nuclear 
displacements at the optimized geometry [36]. The average 
bond length (ABL) and the approximate size were calculated 
using an Octave program developed by the authors [24].

3 � Results and discussion

3.1 � Lowest energy structures, magnetic moments 
and spin density

In Fig. 1 the four most stable structures found for each stud-
ied nanocluster size are depicted. Cu atoms are represented 
with red spheres and Pt atoms with light gray spheres, 
respectively. The spin multiplicity and the symmetry point 
group for each isomer are also indicated in this figure. The 
most stable structures are labeled with (10a) and (11a), 
respectively. The relative energy of these lowest energy 
nanocluster structures with respect to the other found low-
lying stable isomers are given in eV.

Pt

Cu

    C      0.00s     C      0.02s     C      0.04s     C      0.041

3 11(Pt Cu)

    C      0.002v     C      0.022v     C      0.052v
    C      0.052v

3 10(Pt Cu)

m=6

)c11)b11 11d)

m=2 m=4 m=2

5=m3=m

10b) 10c) 10d)10a)

11a)

m=7m=1

Fig. 1   Structure, spin multiplicity, symmetry point group and relative energy (in eV) of the four most stable isomers of (Pt
3
Cu)

n
 nanoclusters 

with n = 10–11
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Turning to the analysis of the obtained results, we focus 
first on the most stable isomers calculated for the (Pt

3
Cu)

10
 

cluster, whose structures are graphically displayed in the 
first row of Fig. 1. Isomer (10a) is found on the triplet PES. 
The following isomer (10b) has a quintet spin multiplicity 
and a relative energy of 0.02 eV with respect to the found 
most stable structure. Isomers (10c) and (10d) have singlet 
and septet spin multiplicity respectively, are isoenergetic 
between each other and result to be 0.05 eV less stable than 
the (10a) isomer. We notice that all most stable isomers of 
the (Pt

3
Cu)

10
 cluster possess a C

2v
 symmetry point group, 

with very similar structure and atomic distribution. The 
structure of these isomers can be seen as an octahedron like 
system which misses atoms at one of the apexes (Fig. 1). 
This result infers that this atomic like octahedron arrange-
ment could be indeed a very stable structure for this type 
of clusters. We observe that two Cu atoms are occupying 
internal positions of the cluster, whereas the rest of these 
atoms are arranged in two “T” patterns, similar to the cross-
type pattern we found in structures of these type of clusters 
of smaller sizes [24].

The second row of Fig. 1 illustrates the optimized struc-
tures of the four most-stable isomers found for the (Pt

3
Cu)

11
 

nanoclusters. Isomer (11a) presents an octahedron-type 
structure in the C

s
 symmetry point group. This isomer is 

found on the sextet potential energy surface. Isomers (11b) 
and (11c) present the same structure of isomer (11a), with a 
spin multiplicity of doublet and quartet and a relative energy 
of 0.02 and 0.04 eV with respect to structure (11a), respec-
tively. Structure (11d) is also an octahedron like structure 
but in the C

1
 symmetry point group, with doublet spin mul-

tiplicity. We notice that this isomer is isoenergetic to the 
(11c) isomer (see Fig. 1). Interestingly we notice that for 
the (Pt

3
Cu)

11
 cluster all found most stable isomers possess 

an octahedra-type structure, in agreement with the geometric 
magic number theory for a 44-atom cluster. Therefore, our 
calculations underline the fact that the Pt

3
 Cu clusters grow 

toward next octahedra magic numbers, instead to conserve 
twinned octahedra moieties. We also notice that the structure 
of all most stable isomers obtained for this cluster present 
Cu atoms occupying six internal positions of the system.

The optimized structures of the (Pt
3
Cu)

n
n = 10, 11 clus-

ters were characterized by analytical frequency analysis 
calculations. All calculated frequencies are real, indicating 
that the presented nanoclusters are minima on their respec-
tive PES. In Tables 1 and 2 of SI, the calculated normal 
modes of the lowest energy structures, (10a) and (11a), are 
listed, respectively. Figure 2 shows the simulated IR spectra 
of the (Pt

3
Cu)

n
n = 10, 11 clusters. The IR active frequency 

range goes from about 30 cm−1 to about 220 cm−1 . We notice 
that the simulated spectrum of the smaller (Pt

3
Cu)

10
 clus-

ter, shown at the top part of Fig. 2, presents more dense 
peaks than the (Pt

3
Cu)

11
 cluster (bottom of Fig. 2). The IR 

spectrum of the (Pt
3
Cu)

10
 cluster shows the greatest absorb-

ance at around 70 cm−1 , followed in absorbance by a series 
of peaks found at around 200 cm−1 , 220 cm−1 and 170 cm−1 
(Fig.  2). Concerning the simulated IR spectrum of the 
(Pt

3
Cu)

11
 cluster, the greatest absorbance peaks are, in order 

of intensity, at 150 cm−1 , 115 cm−1 , 50 cm−1 , and 220 cm−1 , 
respectively. The rest of the active IR peaks of these clusters 
are in general broader and smaller. The calculated frequen-
cies and the simulated IR spectra could be used as guide in 
future experimental works to identify potential synthesized 
Pt

3
Cu-based nanoclusters.
In order to get an insight view into the growing pattern 

of these nanoclusters, in Fig. 3 the most stable structures of 
the (Pt

3
Cu)

n
n = 1 − 9 clusters [24] are shown along with the 

most stable (Pt
3
Cu)

n
n = 10, 11 cluster structures from this 

work. In Fig. 3, the spin multiplicity, the symmetry point 
group and the approximate size in nm for all cluster struc-
tures are also given.

As previously discussed, the analysis of the here 
obtained stable structures with increasing cluster 
size shows that the structure of the (Pt

3
Cu)

1
 unit is not 

Fig. 2   Simulated IR spectra of the most stable clusters of (Pt
3
Cu)

n
 

clusters with  n = 10–11. See Figure for details
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n=3     C    ~0.65 nms3vn=1     C    ~0.26 nm sn=2     C    ~0.50 nm

n=6     C    ~0.94 nm1n=5     C    ~0.74 nms sn=7     C    ~0.96 nm

m=4 m=1 m=4(2)

n=9     C    ~1.19 nm2

m=2

n=8     C    ~1.15 nm1

m=5(3)

Cu

Pt

1n=4     C    ~0.74 nm

m=3m=4m=3m=2

2v

m=3

n=10    C    ~1.14 nm

m=6

n=11    C    ~1.13 nms

Fig. 3   Most stable structures of (Pt
3
Cu)

n
 nanoclusters with  n = 10–11, spin multiplicity, symmetry point group and approximate size (in nm)
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conserved in the (Pt
3
Cu)

n
   n = 2–11 cluster structures. 

The atomic arrangement found in all cluster structures 
presents a general tendency of the Cu atoms to occupy 
internal positions of the system whenever these are avail-
able, similar to was previously found in the structures of 
the (Pt

3
Cu)

n
  n = 5–11 clusters [24]. In fact the external 

Cu atoms in the (Pt
3
Cu)

n
  n = 5–11 form also T-shaped 

and cross-shaped patrons with the central Cu atoms. This 
particular arrangement in octahedra moieties makes that 
the Cu atoms prefer to be close together at the same time 
that the central atomic positions are occupied. This is spe-
cially seen in the (Pt

3
Cu)

11
 cluster, in which all six internal 

atoms are Cu atoms. The structure arrangement made by 
the Cu atoms can also be seen as a 6-atom octahedron Cu 
core enveloped in a shell of Pt and Cu atoms, confirming 
our hypothesis from the smaller clusters study [24].

As it can be seen in Fig. 3 the cluster size increases from 
about 0.25 nm for the smaller cluster (Pt

3
Cu) to about more 

than 1 nm for the Pt
33

Cu
11

 cluster. To the best of our knowl-
edge this is the first time that nanometric sizes of these 
type of complex transition metal-based clusters with more 
than 40 atoms are studied with a first-principle theoretical 
method.

A very important result of the investigation of this series 
of Pt

3
 Cu clusters is the founding of two different (and almost 

alternating!) moieties in the (Pt
3
Cu)

n
  n = 4–11 clusters size 

range. As we have seen in the previous study, the small 
(Pt

3
Cu)

4
 cluster presents a square-pyramid fragment with a 

base of 3 × 3 atoms. This pyramid can be seen as an incom-
plete octahedron formed with 19 atoms. This octahedron 
is completed at the stage of the (Pt

3
Cu)

5
 cluster, and this 

fragment continues to be present in the (Pt
3
Cu)

6
 cluster. 

However, in the (Pt
3
Cu)

n
  n = 6–9 clusters size range, we 

notice that the cluster grows in a ⟨110⟩ direction, forming 
now “twinned” octahedra-type structures, as found in some 
minerals, in which a regular crystal grows in one direc-
tion. However, as we can see from the results of the present 
study this tendency of twinning is broken at the cluster size 
formed with 10 Pt

3
 Cu units, which similarly to the small 

(Pt
3
Cu)

4
 cluster, it can be seen as an incomplete octahedron. 

The octahedron structure is then completed at the stage of 
the (Pt

3
Cu)

11
 cluster. With this picture, is found that this 

system is governed within the “geometric magic numbers” 
theory in which 19 and 44 are numbers of atoms which 
give specially stable structures that can form an octahedron 
geometry. It is important here to underline that when the 
number of atoms approaches a magic number the twinning 
octahedra are no longer the most stable structures, and the 
single octahedron-type structures becomes more stable. This 
explains the decrease in the approximate cluster size found 
between the (Pt

3
Cu)

n
 clusters formed with n = 9 and n = 10 

clusters, as result of the change of the growing direction of 
the system (see Fig. 3).

To explore the stability of these nanoclusters, the dissoci-
ation energy were calculated considering two different types 
of fragmentation. The classic dissociation energy, denoted 
here as D

0,at , was calculated as the ponderated average of 
energy needed to extract one atom from a cluster. Also, to 
find the stabilizing effect of adding a Pt

3
 Cu unit, the dis-

sociation energy, here named as D
0,Pt

3
Cu

 , was calculated. 
These dissociation energies are calculated with the follow-
ing equations:

where E(Pt
3
Cu)

n

 denotes the total energy of the cluster of 
n units, E

Cu
 and E

Pt
 are the atomic energy of Cu and Pt 

respectively, and ZPE is the zero-point energy of the Pt
3
Cu

n
 

cluster, obtained in the calculation of the frequency normal 
modes.

In Table 1 are reported (in eV) the calculated values of 
the D

0,at
 and the D

0,Pt
3
Cu

 for the (Pt
3
Cu)

n
n = 10, 11 clusters. 

As we can see from this table, both calculated dissociation 
energies show a tendency to increase as more Pt

3
Cu units 

are added to the system. This result is in concordance with 
our previous findings about the smaller size clusters, being 
the clusters more stable as the system size increases [24].

Analyzing in detail the electron spin multiplicities of the 
(Pt

3
Cu)

n
 , n = 1–11 clusters from Fig. 3, we observe that in 

general the clusters prefer low spin multiplicities. We notice 
that the most common spin multiplicity found is triplet for 
the clusters with n even, and the typical spin multiplicities of 
clusters with n odd is doublet or quartet. More information 
concerning the electron spin multiplicity can be obtained 
by the magnetic moment per atom (MMA). Therefore, in 
Table 1 the MMA values (in �

B
 ) calculated for the (Pt

3
Cu)

n
 , 

n = 10, 11 clusters are also reported. As we can see the 
MMA value of the Pt

3
Cu

11
 cluster is about 0.06 �

B
 , i.e., 

almost twice bigger than the Pt
3
Cu

10
 cluster. This new result, 

together with the results obtained in our previous study of 
the smaller cluster sizes, shows a clear tendency of the big-
ger Pt

3
Cu

n
-type clusters to increase the MMA as the system 

size grows [24].
To understand where in these nanoclusters the electron 

spin multiplicity is concentrated, the electron spin density 
of the (Pt

3
Cu)

n
n = 10, 11 clusters in their cationic, neutral 

and anionic species was plotted and the obtained results are 
presented in Fig. 4. In this figure the spin multiplicities of 
all species is also indicated to the reader. For the (Pt

3
Cu)

10
 

clusters, as Fig. 4 shows, the spin density distribution is most 
concentrated on Pt atoms located opposite to the apex of the 
structure with “missing atoms”. Both ionic structures have 
a spin multiplicity of quartet, whereas, as it was already 

(1)D
0,at

=
1

4n

(
E(Pt

3
Cu)

n

− nE
Cu

− 3nE
Pt
− ZPE

)

(2)D
0,Pt

3
Cu

= E(Pt
3
Cu)

n

− nE
Pt

3
Cu
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discussed, the neutral specie has triplet spin multiplicity. 
Different to the Pt

30
Cu

10
 cluster, all species of the (Pt

3
Cu)

11
 

cluster present a more homogeneous spin density distribu-
tion on the Pt-rich regions of the system (see Fig. 4). The 
most stable structures of the ionic species of this nanocluster 
are both found on the quintet PES. We notice that in general 
there is no spin density allocated on the Cu atoms of these 
nanoclusters formed with either 10 or 11 Pt

3
 Cu units.

To have a better understanding of the structure geom-
etry in relation with the atomic distribution in all cluster 

species, the average bond length (ABL) of the Pt–Pt, Pt–Cu 
and Cu–Cu bonds of the (Pt

3
Cu)

n
n = 10, 11 clusters, along 

with their approximate cluster size were calculated in the 
cationic, neutral and anionic states. The obtained results are 
listed (in Å) in Table 2. We notice that there is almost no 
difference in all types of calculated ABL between the differ-
ent states of each cluster. From this result we can conclude 
that the charge does not affect significantly a special type 
of bond. Also, in the case of the approximate cluster sizes, 
as we can see from Table 2, the obtained results are very 
similar. The obtained results show that for the Pt–Cu and the 
Pt–Pt ABL the obtained values are almost the same for both 
cluster sizes in all states, lying all results in a range of only 
0.01 Å. However, the most significant difference between the 
clusters is obtained for the Cu–Cu ABL, in which a differ-
ence of about 0.04 Å  can be noticed between the (Pt

3
Cu)

10
 

and the (Pt
3
Cu)

11
 nanoclusters (Table 2). This result can be 

explained considering that in the (Pt
3
Cu)

11
 nanocluster the 

3(Pt Cu)10

3(Pt Cu)11
Pt

Cu

neutralcationic anionic

m=4 m=3 m=4

m=5 m=6 m=5

Fig. 4   Plots of electron spin density of the (Pt
3
Cu)

n
 nanoclusters with   n = 10–11 in their cationic, anionic and neutral ground state structures

Table 1   Calculated dissociation energy ( D
0,At and D

0,Pt
3
Cu ) and 

MMA for the (Pt
3
Cu)

n
n = 10, 11 clusters

n D
0,At (eV) D

0,Pt
3
Cu

 (eV) MMA ( �
B
)

10 3.63 5.73 0.0707
11 3.68 5.95 0.1345
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Cu atoms form a core structure, in which six Cu atoms build 
a smaller octahedron inside the system. The existence of 
this core structure can also explain the diminishing in the 
approximate size noticed between these nanoclusters, being 
the (Pt

3
Cu)

11
 nanocluster smaller in size for all calculated 

states with respect the (Pt
3
Cu)

10
 nanocluster species.

3.2 � Energetic properties

The vertical and adiabatic ionization potential (IP), the verti-
cal and adiabatic electron affinity (EA), as well as the differ-
ence between the calculated IP and EA, denoted here as � , 
were calculated for the (Pt

3
Cu)

n
 n = 10, 11 nanoclusters. In 

Table 3 the obtained results are reported in eV.
As Table 3 shows the vertical and adiabatic properties 

are quite similar between each other, being the largest dif-
ferences within a window of only 0.05 eV. This result is on 
line with the obtained ABL results for the ionic and neutral 
species and indicates that the change in geometry and energy 
of the optimized ionic structures is not very significant. This 
finding should be taken into account if one aims to extend 
this type of investigation to larger clusters in order to save 
computational time. We notice that the calculated IP and 
EA values slightly increase as the nanocluster size grows. 
To gain more insight about the nature of these nanopar-
ticles, the difference between the computed IPs and EAs 
was calculated. This property is an approximation for the 

HOMO-LUMO gap of the clusters. As we see from Table 3, 
the calculated � decreases as the cluster size increases. This 
behavior is expected because in the bulk limit, IP and EA 
becomes equal and � approaches zero, in agreement with a 
metallic-type system behavior.

4 � Conclusions

A first-principle ADFT study of (Pt
3
Cu)

n
n = 10, 11 nano-

clusters was performed. To investigate these nanoparticles, 
Born-Oppenheimer Molecular Dynamics (BOMD) trajecto-
ries at different temperatures were generated for each system 
size. Several dozens of isomers in different spin multiplici-
ties were taken as initial structures for successive geometry 
optimization along these BOMD trajectories. In this way a 
more detailed exploration of the potential energy surfaces 
of these nanoclusters was performed. All geometry optimi-
zation were performed without any restrictions to find the 
most stable structure of both studied nanoclusters consid-
ering their neutral, anionic and cationic species. The opti-
mized structures were characterized by frequency analysis 
calculations to assure their character as minimum on the 
corresponding potential energy surfaces. This is the first ab-
initio-based work for which nanometric sizes structures of 
this type of systems were fully optimized.

This study was performed to answer the question if either 
octahedra or twinned octaedra-type structures are preferred 
for the most stable structures of large Pt

3
Cu-based clusters. 

The results of the obtained most stable structures, of the 
harmonic frequencies, of the analysis of bond lengths, the 
computed electron spin density and energy properties such 
as ionization potential, electronic affinity and their differ-
ences were presented. An important finding of this study 
is that the most stable structure of the largest investigated 
Pt

3
 Cu nanoparticle (whose size is about 1.15 nm!) is the 

simple octahedron.
However, since as we have seen in the smaller cluster 

sizes, the creation of single octahedron structures involves 
the formation of twinned octahedra, the experimental crea-
tion of twinned octahedra nanoparticles of this type could be 
possible using correct reagents. It has been already observed 
in experimental works that a simple Cu salt precursor change 
would affect the morphology of nanoparticles [7]. To the 
best of our knowledge to the date, no information of syn-
thesized twinned octahedra nanoparticles of Pt

3
Cu of a few 

nanometers size are available. It would be an interesting per-
spective of this investigation to continue exploring this alloy 
in the synthetic area.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00214-​023-​02963-4.

Table 2   Calculated ABL for Cu–Cu, Cu–Pt and Pt–Pt bond distances 
and the approximate system size for the (Pt

3
Cu)

n
 n = 10–11 clusters 

in their anionic (a), neutral (n) and cationic (c) states

All values are given in (in Å). See text for details

n state Cu–Cu Pt–Cu Pt–Pt Approximate size

a 2.69 2.71 2.70 11.33
10 n 2.70 2.71 2.70 11.37

c 2.70 2.71 2.69 11.37
a 2.66 2.72 2.70 11.30

11 n 2.66 2.72 2.70 11.31
c 2.66 2.72 2.70 11.32

Table 3   Vertical and 
adiabatic IP, EA and � for the 
(Pt

3
Cu)

n
, n = 10, 11 clusters

All values are in eV. See text for 
details

n IP EA �

Vertical
10 6.38 3.84 2.54
11 6.43 3.92 2.51
Adiabatic
10 6.37 3.82 2.56
11 6.42 3.97 2.45

https://doi.org/10.1007/s00214-023-02963-4
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