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Abstract 

A genetic algorithm has been used to perform a global sampling of the potential energy 

surface in the search for the lowest-energy structures of unsupported 38-atom Cu-Pt clusters. 

Structural details of bimetallic Cu-Pt nanoparticles are analyzed as a function of their 

chemical composition and the parameters of the Gupta potential, which is used to mimic the 

interatomic interactions. The symmetrical weighting of all parameters used in this work 

strongly influences the chemical ordering patterns and, consequently, cluster morphologies. 

The most stable structures are those corresponding to potentials weighted toward Pt 

characteristics, leading to Cu-Pt mixing for a weighting factor of 0.7. This reproduces DFT 

results for Cu-Pt clusters of this size. For several weighting factor values, the Cu30Pt8 cluster 

exhibits slightly higher relative stability. The copper-rich Cu32Pt6 cluster was reoptimized at 

the DFT level to validate the reliability of the empirical approach, which predicts a Pt@Cu 

core-shell segregated cluster. A general increase of interatomic distances is observed in the 

DFT calculations, which is greater in the Pt core. After cluster relaxation, structural changes 

are identified through the pair distribution function. For the majority of weighting factors and 

compositions, the truncated octahedron geometry is energetically preferred at the Gupta 

potential level of theory. 

 

Keywords: Nanoalloys, Structural properties, Copper-Platinum clusters, Genetic algorithms 
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1. Introduction 

 Nanoalloys are materials with unique characteristics, which arise from their finite 

size, shape, and chemical composition. By controlling the size, composition and degree of 

chemical ordering (the degree of mixing or segregation of the component metals), the 

chemical and physical properties of these novel materials can be tuned [1-5], thus allowing 

tailoring of characteristics which are important for specific industrial applications. One of 

the main industrial applications of bimetallic nanoparticles, and therefore one of the major 

scientific challenges, is the catalytic conversion of exhaust gases such as CO and NOx, 

generated as products of incomplete combustion in car engines and other industrial processes. 

The existence of multiple step catalytic reactions in pollution cleaning processes necessitates 

the development of new and more effective catalysts for multistep processes, where each 

metal may contribute to a different elementary step [6]. 

 Transition and noble metal nanoalloy catalysts have shown exceptional activity for a 

number of important chemical reactions [7,8], which has been attributed to electronic and/or 

geometric effects [9,10]. This connection between composition and/or morphological details 

and chemical properties has been explored in several computational studies aimed at the 

rational design of nanocatalysts [11-13]. Experimental evidence for supported Pt-M (M = 

Au, Cu, Ni) nanoalloys reveals that the random alloy structures [8] exhibit superior catalytic 

activity for CO oxidation in comparison with conventional supported Pt catalysts. Several 

reports indicate that Cu-Pt nanoalloys are easily synthesized using methods which allow the 

tuning of particle size and shape [14-17]. On the theoretical side, there have been many 

studies of binary metallic clusters and a number of papers have been published aimed at 
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understanding the relationship between structural and chemical order and their 

physicochemical properties [3]. 

 Many investigations have used semiempirical potentials to model the interatomic 

interaction [18-20], while others have adopted more advanced theoretical approaches such as 

Density Functional Theory (DFT) to study free or supported nanoparticles [21-25]. A 

disadvantage of first principles-based methods is that only small clusters can be studied 

because of their demanding computational resources. However, a combined approach can be 

used to study larger clusters as long as the global search, using a semiempirical potential, 

appropriately reproduces the structural motifs found experimentally. This combined 

methodology also requires well-developed computational strategies for energy landscape 

exploration based on empirical potentials, such as basin-hopping or genetic algorithm global 

optimization techniques, which can be applied to study large clusters – up to the nanoscale 

regime. 

 In this study, heteronuclear 38-atom Cu-Pt clusters are investigated, as a function of 

composition, using a genetic algorithm (GA) which incorporates the semiempirical Gupta 

potential [26], for which, experimental measurements on structural and energetic physical 

observables are used to fit homoatomic interaction parameters [27]. However, cross-

interaction parameters are sometimes difficult to optimize due to the lack of experimental 

information, e.g., phase diagrams, and several combining rules have been developed, for 

example for Lennard-Jones systems [28]. Thus, a strategy for obtaining Gupta potential 

heteroatomic parameters, by taking arithmetic average values of the homoatomic 

interactions, has been widely explored by some of the authors of this work, with reasonable 

results [29-33]. For the Cu-Pt interactions, a heuristic symmetrical weighting of all Gupta 

potential parameters (for Cu and Pt) is used in this work, with the aim of understanding the 
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effect of parameter variations on their chemical ordering and morphology. This analysis is 

interesting because different experimental techniques can be used to synthesize unusual 

(metastable) chemical ordering in nanoparticles, as well as particles with different shapes and 

morphologies and, therefore, different physical and chemical properties. Excess energies and 

chemical ordering parameters are calculated, as well as a structure map showing the structural 

diversity found in this study. Finally, DFT local minimization is performed on a 

representative isomer (Cu32Pt6) of C5v symmetry, to validate our empirical potential 

approach, investigating possible effects of the electronic structure on cluster geometry. This 

Ptcore-Cushell copper-rich cluster was singled out due to the enhanced catalytic activity 

observed in Cu-Pt dealloyed nanoparticles [34] with high copper loading. 

 

2. Computational Methodology 

2.1. The Gupta Potential 

 The Gupta potential was originally designed to deal with inconsistencies between 

experimental data and pair potential predictions in metallic surfaces [35], and is now used to 

model interatomic interactions in many noble and transition-metal systems [27]. It is a 

semiempirical many body potential derived within the tight-binding second-moment 

approximation. In this interaction model, the configurational energy of a cluster is written as 

the sum over all the atoms of attractive and repulsive energy components: 

    𝑉𝑐𝑙𝑢𝑠 = ∑ {𝑉𝑟(𝑖) − 𝑉𝑚(𝑖)}𝑁
𝑖     (1) 

where the Born-Mayer pair repulsive term Vr(i) is expressed as: 
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    𝑉𝑟(𝑖) = ∑ 𝐴(𝛼, 𝛽)𝑒
−𝑝(𝛼,𝛽)(

𝑟𝑖𝑗

𝑟0(𝛼,𝛽)
−1)𝑁

𝑗≠𝑖   (2) 

and the many-body attractive term Vm(i)  is expressed as: 

    𝑉𝑚(𝑖) = √∑ 𝜉2(𝛼, 𝛽)𝑒
−2𝑞(𝛼,𝛽)(

𝑟𝑖𝑗

𝑟0(𝛼,𝛽)
−1)𝑁

𝑗≠𝑖   (3) 

α and β represent the atomic species of atoms i and j, respectively. A, ξ, p and q are the 

potential parameters that are usually fitted to experimental properties of bulk metals and 

alloys, such as the cohesive energy, lattice parameters, and independent elastic constants for 

the reference crystal structure at 0 K; r0 denotes the nearest neighbor distance of the pure 

bulk elements, the value of r0 for the mixed interaction () is often taken as the average 

of the pure metal distances but it can also be taken as the experimental nearest-neighbor 

distance in some specific ordered bulk alloy; and rij is the distance between atoms i and j 

[35]. Values of the Gupta potential parameters describing Pt-Pt and Cu-Cu interactions are 

taken from the work of Cleri and Rosato [27]. These values are listed in Table 1. 

 

2.2. Parametrization of the Gupta Potential 

A previous study on Pt-Pd nanoalloys concluded that parameters obtained by 

averaging the parameters of pure elements, gave a good qualitative fit to previous 

experimental and theoretical studies of this type of bimetallic clusters [30]. In the current 

study, the effect of potential parameter changes on the structures and chemical ordering of 

38-atom Cu-Pt clusters is explored. The heteronuclear Cu-Pt Gupta potential parameter set 

{P} is derived as the weighted average of the corresponding pure metal Cu-Cu and Pt-Pt 
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parameters. The weighting parameters have been investigated in the range 0 ≤ w ≤ 1 in steps 

Δw = 0.1, i.e., from the value for Pt-Pt (w=0) to the value for Cu-Cu (w=1) [36]. This is called 

symmetrical weighting of all parameters. Therefore, the Gupta potential parameters {P} = 

{A, ξ, p, q and r0} are obtained as: 

    P(Cu-Pt) = wP(Cu-Cu) + (1 - w)P(Pt-Pt)  (4) 

 This equation allows us to analyze different scenarios, in a systematic way and over all the 

composition range, where physical effects may intervene to modify the interatomic bond 

description through semiempirical potentials [37]. Table 2 shows the values used in this 

work. 

 It is worthwhile noting that potential parameters have been successfully tested against 

DFT calculations for a number of pure and bimetallic clusters, showing a significant ability 

to reproduce structural properties of nanosized systems, in particular segregation or mixing 

effects, using different computational methodologies [38,39]. Nevertheless, because of the 

vast number of possible bi- or multimetallic nanoparticles that can be synthesized, DFT 

confirmation has not been achieved yet in many relevant cases which, therefore, must initially 

be studied using empirical potentials. Thus, potential parameter exploration, such as that 

presented here, is an unavoidable first stage in theoretical studies of nanoalloys that look for 

the comprehension from an atomistic viewpoint of experimental observations. In this sense, 

the results obtained under the scheme proposed here must be considered good first estimates 

that have to be subjected to experimental confirmation in order to establish their predictive 

potential. 

 



8 

 

2.3. The Birmingham Cluster Genetic Algorithm 

The Birmingham Cluster Genetic Algorithm (BCGA) is a program that has been used 

widely to find the putative local minima as well as other low-lying energy structures of mono- 

and bi-metallic clusters [29,36,40].  A detailed description of the methodology can be found 

elsewhere [26,41]. BCGA is used here to minimize the cluster potential energy (Vclus), thus 

the lowest energy clusters have the highest fitness and the highest energy clusters have the 

lowest fitness. Dynamic scaling is achieved by using a normalized value of the energy, ρ, in 

the fitness calculations: 

    𝜌𝑖 = (𝑉𝑖 − 𝑉𝑚𝑖𝑛)/(𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛)   (5) 

where Vmin and Vmax are the lowest and highest energy clusters in the current population, 

respectively. The choice of fitness function controls how rapidly fitness falls off with 

increasing cluster energy. Much effort has been expended in optimizing the BCGA 

operations and parameters needed to perform the global search, further details can be found 

in [36]. 

 Because of the stochastic nature of the GA, the BCGA program is run several times 

for each cluster composition and for each set of operations/parameters. It is generally found 

that there is not a great dependence of the success rate of finding the global minimum 

structure on the type of fitness function used, though even small improvements are useful, 

especially for large clusters. For larger clusters, a larger population size and maximum 

number of generations are generally required [26]. In our searches we limited runs to a 

maximum of 400 generations and a population of 40 clusters.  For a given cluster size, 38 

atoms in our case, coordinates of the atoms are randomly generated and normalized. It is 
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worth mentioning that an ab initio BCGA code has been developed and successfully tested 

on a number of small gas-phase and supported clusters, including clusters of up to 20 atoms 

[42]. However, due to the computational requirements of global optimization algorithms, it 

is still necessary to use empirical potential methodologies combined with higher theoretical 

level computations to study larger metal clusters and nanoalloys. Thus, it is still necessary to 

explore systematically the model potential parameters space to find those that reproduce 

experimental results. 

 

2.4. Energetic and Structural Similarity Analysis 

When studying fixed-size bimetallic clusters, the excess (or mixing) energy as a 

function of composition, ΔN, is a useful quantity. For binary nanoalloys with fixed size (N = 

38 atoms) but different compositions, ΔN is defined as: 

   ∆𝑁= 𝐸𝑁(𝐴𝑀𝐵𝑁−𝑀) − 𝑀
𝐸𝑁(𝐴𝑁)

𝑁
− (𝑁 −𝑀)

𝐸𝑁(𝐵𝑁)

𝑁
  (6) 

where EN (AM BN-M) is the total energy of a given cluster calculated at the Gupta level and EN 

(AN) and  EN (BN) are the total energies of the global minima of the pure metal clusters (i.e. 

CuN and PtN) [36]. This excess energy is an unbiased quantity, defined as zero for the global 

minima of the pure clusters. Negative values of ΔN indicate that mixing is favorable. The 

lowest energy equilibrium structures are fed into eq. (6). 

 The structural similarity between the structures predicted by the Gupta potential, and 

the corresponding structures obtained through local DFT optimizations is assessed by means 
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of the root mean square deviation (RMSD) of the atomic positions, as defined by the 

following equation: 

𝑅𝑀𝑆𝐷(𝐴𝐷𝐹𝑇 , 𝐴𝐺) = √
1

𝑛
∑ (𝐴𝑖𝑥

𝐷𝐹𝑇 − 𝐴𝑖𝑥
𝐺 )2 + (𝐴𝑖𝑦

𝐷𝐹𝑇 − 𝐴𝑖𝑦
𝐺 )

2
+ (𝐴𝑖𝑧

𝐷𝐹𝑇 − 𝐴𝑖𝑧
𝐺 )2

𝑛

𝑖=1
 (7) 

where AG is the corresponding cluster structure predicted by the Gupta potential, from which 

the ADFT structure is obtained. 

 

2.5. DFT Calculations 

 Previous studies on Cu-Pt clusters at the DFT level analyzed two specific 

compositions with truncated octahedral geometry [24]. In the present work, we have focused 

on the elucidation of local structural changes on the ground-state structure of the incomplete 

Mackay icosahedron Cu32Pt6 cluster, with C5v symmetry. To this end, a local DFT 

reoptimization was carried out using the generalized gradient approximation (GGA) Perdew-

Wang exchange–correlation functional (PW91) [43]. The calculations are performed using 

the triple zeta (TZ) quality basis set def-TZVP [44], which involves an overall combination 

of effective core potentials (ECP) and valence basis including relativistic effects for the 

description of platinum atoms, as implemented in the NWChem 5.1 quantum chemistry 

package [45]. Relativistic effects were not taken into account for copper atoms. In this paper, 

as in previous studies [24], symmetry restrictions are imposed in the relaxation procedure. 

 

3. Results and Discussion 
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In order to gain reliable statistical information, one hundred minimum energy 

structures were obtained for each weighting and composition. In general, this procedure 

increases the likelihood of finding a diverse set of structural motifs. Those with the lowest 

energy are shown in Figure 1, which summarizes the structural variety as a function of 

composition and parameter weighting. Each square in the grid represents the minimum 

energy structure obtained for a given value of composition and weighting.  For a given 

weighting, structures vary with composition in most cases. For w=0.0, the 

predominant structure is the truncated octahedron (TO) (Figure 2a). As the proportion of 

copper atoms increases, it is possible to identify other, lower symmetry motifs. These 

include the incomplete Mackay poly-icosahedron (iMpIh) (Figure 2b), the incomplete anti-

Mackay poly-icosahedron (iaMpIh) and a few decahedral (Dh) symmetries. The pure copper 

cluster has the TO structure. For w=0.6 and w=0.7 we found exclusively TO structures for 

all compositions. For w=1.0 and w=0.9 a broad variety of the above-mentioned structures 

was found. These weightings also showed a higher degree of segregation, as shown in Figure 

2c. 

We calculated the excess energy for all weightings as a function of composition 

(Figure 3). The increase of excess energy as the weighting increases from w=0.0 to w=1.0 is 

clear. For compositions with a weighting factor of 0.7 and below, the excess energy is 

negative, indicating that mixing is favorable. The lowest values for every composition are 

those with weighting factor w=0.0. The lowest value is -44.0 eV and belongs to the 

composition Cu26Pt12. For w=0.8 the excess energy remains very close to zero. Weightings 

of 0.9 and 1.0 have all positive, yet small excess energy values. The highest value is 3.05 eV 

for w=1.0, corresponding to the composition Cu20Pt18. A critical analysis of the results shows 
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that weighting values close to 1.0 produce unrealistic segregation patterns and excess energy 

profiles. Furthermore, values of w  0.7 reproduce the energetic preference of Cu and Pt 

atoms to mix, as obtained in previous DFT calculations on 38-atom TO Cu-Pt clusters [24]. 

In the current work, the energies of TO and iMpIh structures were particularly close when 

using a weighting factor of 0.6. Structures with slightly high relative stabilities are observed 

for Cu30Pt8 cluster, for values of the weighting factor from 0.0 to 0.4. Above 0.4, the peaks 

observed in this figure are significantly reduced. Interestingly, for these higher stability 

clusters the location of Pt atoms, occupying the center of hexagons or segregating into the 

cluster, maximizes the number of heteroatomic bonds. On the other hand, for w values of 0.5 

and above, the number of heterogeneous bonds decreases markedly. Structural details are 

shown on Table 3. 

In Figure 4, the relative energy of the TO and iMpIh structure types is plotted, with 

positive values corresponding to the TO energy being lower in energy than iMpIh. The figure 

shows that, though the iMpIh energy is never lower than the TO energy, their energies are 

approximately equal at the composition Cu11Pt27. In this study, the TO structure was selected 

for further analysis. For a better understanding of the energetics of the iMpIh and TO 

structures, we performed DFT calculations for both geometries of Cu11Pt27, the composition 

with the smallest energy difference (ΔEGupta ~ 0.06 eV) at the Gupta potential level. At the 

DFT level, however, the energy difference ΔEDFT ~ -0.444 eV, meaning that the iMpIh 

structure is energetically preferred for the Cu11Pt27 cluster at this higher level of theory. Thus, 

even though semiempirical potentials may predict the correct chemical ordering for 

bimetallic clusters, prediction of the relative energetics of structural isomers requires 

calculation at a higher level of theory. 
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The chemical ordering of the clusters also varies with the Gupta potential parameter 

weighting and the cluster composition, with the weighting having the greatest influence. In 

general for structures with weighting values of 0.0-0.3, homogeneous mixing occurs (Figure 

5a). Additionally, when there are very few Pt atoms, multi-core-shell structures (i.e. structural 

motifs comprising two or more fused polyhedra, each with a Pt core and a Cu shell) are 

evident (Figure 5b). We also found some layered structures for these values of w (Figure 

5c).  For weighting values of 0.4-0.7, copper atoms tend to occupy surface sites, thus 

producing simple Pt@Cu core-shell ordering when copper atoms cover the entire surface. On 

the other hand, for weighting values 0.8-1.0, a high degree of segregation is found, 

corresponding to so-called Janus particles, where the two metals have an approximately 

planar interface. It is worth mentioning that the range of values for w=0.1-0.3, reproduce the 

mixing tendency of 14-atom Cu-Pt clusters obtained in recent DFT computations [46]. 

Interestingly, mixed structures with TO symmetry are favored for Cu-poor clusters for 

weighting factors below 0.7, in agreement with DFT calculations performed on similar 

systems [47], while Pt@Cu segregation is found for weighting values of 0.4-0.7. This 

behavior can be rationalized in terms of the higher surface and cohesive energies of Pt 

compared to Cu, so that strong segregation is expected, producing clusters with Cu atoms on 

the surface. On the other hand, experimental results on bulk Cu-Pt alloys indicate that 

structural parameter values are closer to that of Pt, which permit us to dismiss w values close 

to 1.0, circumventing the possibility of finding unrealistic structures and chemical ordering 

in our searches. 

Due to the dependence of the chemical ordering on the weighting factor value, we 

decided to investigate the w values for which the structures predicted by the semiempirical 
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Gupta potential are more similar to those obtained after DFT reoptimization. With this aim, 

3 different w values were singled out (0.3, 0.7, 0.9), selecting the lowest energy structures 

predicted by the Gupta potential as input configurations to perform DFT reoptimizations. 

Three different compositions were explored for each w value, corresponding to the clusters 

Cu18Pt20, Cu19Pt19, and Cu20Pt18. DFT calculations were performed using the lowest 

multiplicity for each case. The RMSD between the structure obtained with the GA and that 

obtained after the DFT local optimization was calculated to assess the structural similarity. 

Table 4 shows the calculated RMSD values, indicating in general that, for each cluster, the 

higher structural similarity (lowest RMSD value) corresponds to w = 0.3. This index also 

exhibits a dependency on the composition and, possibly, on the cluster size. The latter is 

beyond the scope of this research. 

It has recently been shown that, in Cu-Pt nanocrystals, electrocatalytic CO2 reduction 

depends on composition, which is enhanced for higher copper atom loading [48]. Thus, in 

order to explore the effect produced when considering the cluster electronic structure, DFT 

calculations were performed for a copper-rich system (Cu32Pt6) as a representative 

model. DFT local minimization using the GGA PW91 functional did not dramatically change 

the structural motif used here (the core-shell Cu32Pt6 cluster produced for w = 0.5). Very 

small changes in the interatomic distances are found as a result of including more realistic 

interactions. A careful analysis of the optimization process shows an expansion of the Pt6Cu1 

pentagonal bipyramid core, accompanied by a moderate expansion of the Cu31 shell, as well 

as a small contraction of the Pt-Cu core-shell distances. A more detailed study was carried 

out in order to understand the structural differences by calculating the Pair Distribution 

Functions (PDFs) of the corresponding GA and DFT minima, as shown in Figure 6 (ref. 49 
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for visualization tool). The PDF, g(r), is the probability of finding a pair of particles separated 

by a distance r, in a given volume [50]. In our current DFT results, the structural local 

distortions are manifested by a splitting in the second peak of g(r), which is not present for 

the structure obtained by modeling interatomic bonding through the Gupta empirical 

potential. Local distortions may be due to Jahn-Teller effects, which are expected to occur in 

small clusters [51]. 

 

4. Conclusions 

We have performed a detailed analysis on the structure and chemical ordering of 38-

atom Cu-Pt clusters, by varying the semiempirical Gupta potential parameters for the 

heteronuclear Cu-Pt interactions. Our results show that chemical ordering is highly 

dependent on the weighting factor (w), with different structural patterns being favored 

depending on the w value. We find that there is a greater variety of structures for parameters 

which are biased to Cu characteristics (w→1) or for Cu-rich compositions. Also a higher 

degree of segregation was found for high Cu weighting. For weighting values of 0.7 or lower, 

Cu-Pt mixing is favored, as indicated by the negative values of the excess energy. The most 

stable structures are those weighted towards Pt characteristics (w→0), for which a higher 

degree of mixing was observed. There is a preference for the TO geometry when there is an 

abundance of Pt atoms or parameters are weighted towards Pt. The structure map clearly 

shows a vast majority of weighting factors and compositions yielding TO clusters, which 

becomes the most likely morphology Cu-Pt clusters of this size. 
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A special case corresponds to the cluster Cu11Pt27, for which two competing structures 

(TO and iMpIh) are observed for a weighting factor of 0.6. For this composition, at the Gupta 

level, the optimized isomers (which have distinct structures and symmetries) are close in 

energy, with the TO structure slightly favored. However, DFT calculations predict energetic 

reordering of these isomers. In general, w values close to 1.0 produce unrealistic segregation 

patterns and excess energy profiles. For the Pt@Cu core-shell copper-rich Cu32Pt6 cluster, 

the DFT minimization shows an expansion of the Cu-Pt bonds, and slight local distortions 

are clearly exhibited through the second peak splitting in the pair distribution function. 

However, structural similarity analysis shows that the best fit to the DFT results is obtained 

for a weighting factor (w) of 0.3. This study also shows a dependency on cluster composition. 

A cluster size dependency is also possible and deserves further study in the future. 

 The procedure outlined in this investigation can be implemented for tuning empirical 

potential parameters to reproduce experimental observations of nanoalloy structures. This 

approach can be applied to a large number of binary clusters and nanoalloys using the Gupta 

potential, or other empirical potentials that model non-metal interactions, for example the 

Lennard-Jones potential [52]. The structures predicted using empirical potentials might be 

utilized as input configurations in studies with a higher level of theory, e. g., in the range of 

nanoparticle sizes ( 2 nm) where it is too computationally expensive to perform global 

searches at the DFT level, but where DFT local optimization and, calculation of 

physicochemical properties can be performed on ground-state and low-lying isomer 

structures, for example to explain the differences in catalytic performance found for 

particular CuPt nanoalloys [53]. 
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Tables 

 

 

Table 1. Gupta potential homonuclear parameters. 

Parameter Cu-Cu Pt-Pt 

A 0.0855 0.2975 

ξ 1.224 2.695 

p 10.960 10.612 

q 2.278 4.004 

r0 2.556 2.775 

 

 

 

 

Table 2. Cu-Pt Gupta potential parameter set values obtained from the symmetrical 

weighting approach. 

w 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
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A 0.2975 0.2763 0.2551 0.2339 0.2127 0.1915 0.1703 0.1491 0.1279 0.1067 0.0855 

ξ 2.695 2.548 2.401 2.254 2.107 1.960 1.812 1.665 1.518 1.371 1.224 

p 10.612 10.647 10.682 10.716 10.751 10.786 10.821 10.856 10.890 10.925 10.960 

q 4.004 3.831 3.659 3.486 3.314 3.141 2.968 2.796 2.623 2.451 2.278 

r0 2.775 2.753 2.731 2.709 2.687 2.666 2.644 2.622 2.600 2.578 2.556 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Number of heterogeneous distances (NoHD) less than 2.6 Å for Cu29Pt7, Cu30Pt8, 

and Cu31Pt7 clusters. Representative weighting factor (w) values were selected. 

Cluster NoHD w Geometry 
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Cu29Pt9 

Cu30Pt8 

Cu31Pt7 

76 

72 

66 

 

0.2 

TO 

TO 

low symmetry pIh 

Cu29Pt9 

Cu30Pt8 

Cu31Pt7 

62 

64 

60 

 

0.4 

TO 

iMpIh 

iMpIh 

Cu29Pt9 

Cu30Pt8 

Cu31Pt7 

54 

54 

51 

 

0.7 

TO 

TO 

TO 

 

 

 

 

 

 

 

 

 

 

 

Table 4. RMSD (in Å) calculated between selected GA and DFT structures for three w 

values. This index is a measure of the structural expansion produced when the electronic 

structure is taken into account. 
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 w 

Cluster 0.3 0.7 0.9 

Cu18Pt20 0.10 0.13 0.15 

Cu19Pt19 0.13 0.14 0.12 

Cu20Pt18 0.11 0.13 0.21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure captions 

 

Figure 1. Structure map for all weightings and compositions of CuxPt38-x clusters. 
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Figure 2. Three characteristic structures.  (a) The TO was the most abundant structure found 

by the BCGA. (b) The iMpIh was also a common structure especially when copper 

concentrations are high. (c) A highly segregated (Janus-type) composition (note that this 

motif is not included in our results because it was not the one with the lowest energy). 

 

Figure 3. Excess energy for all weightings and compositions. 

 

Figure 4. Comparative plot between the energies of iMpIh and TO structures. ΔEiMpIh-TO is 

the energy difference between these two structural motifs. 

 

Figure 5. Mixing patterns of: (a) Structure Cu18Pt20 (w=0.1) displaying homogeneous 

mixing. (b) Structure Cu34Pt4 (w=0.0) is a multi-core shell structure with 4 cores of Pt. (c) 

Structure of Cu19Pt19 (w=0.1) exhibiting a layering profile. 

 

Figure 6. Pair distribution function (g(r)) of Cu32Pt6 cluster (w=0.5). Small distortions are 

apparent by the second peak splitting exhibited in the DFT result. The inset shows top and 

bottom views of this cluster. 

Figures 
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