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Static and dynamical isomerization
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Received: 26 October 2018 . Thelowest-energy geometrical and electronic structures of Cusg cluster are investigated by density-
Accepted: 1 April 2019 . functional calculations combined with a genetic algorithm based on a many body semi-empirical
Published online: 20 May 2019 . interatomic potential, the traditional FCC-truncated Octahedron (OH) and an incomplete-Mackay
* icosahedron (IMI) are recognized as the two lowest energy structures (energetically degenerate
isomers) but with different electronic structures: a semiconductor-type with the energy-gap of
0.356 eV for the IMI and a metallic-type with negligible gap for the OH, which is in good agreement
with the experimental results. The electron affinity and ionization potential of Cusg are also discussed
and compared with the observations of the ultraviolet photoelectron spectroscopy experiments. The
dynamical isomerization of the OH-like and IMI-like structures of Cu,g is revealed to dominate the pre-
melting stage through the investigation by the molecular dynamics annealing simulations.

Clusters exhibit novel physical and chemical properties and have been expected to exhibit large applications in
many fields such as in catalyst, magnetism and nanoelectronics'2. The size dependent properties characterize
atomic cluster especially in small size range where its geometrical and electronic properties may be significantly
altered with removing or adding only one atom?®. For a given size of a cluster, its electronic structure may also
be quite different for the different isomers*°. Since geometrical configurations of free clusters cannot be derived
directly from experimental observations, combination with theoretical calculations could be useful to identify the
lowest energy geometry of a cluster from a series of candidates.
Noble-metal (Cu, Ag, and Au) clusters have attracted much attention in scientific and technological fields
because of their thermodynamic, electronic, optical and catalytic properties in nano-materials®. Determination
of cluster geometry is essential to understand its electronic properties. Structural assignment has been carried
out for the small clusters of Ag,* (n<12)” and Au,~ (n < 13)® by combination with ion mobility measurements
and ab initio calculations, and the critical point (size) of structural transition from planar to three dimensional is
found to be considerably larger for Au,, than for Ag,~. And for larger clusters of Ag,* (n=19-79)°, by comparison
of the experimental scattering intensity with density functional calculations, the authors conclude that those clus-
ters studied prefer icosahedral motif. The photoelectron spectroscopy (PES) measurements on Cu,,~, Ag,~, and
Au,~ (n=>53-58)" clusters show that the icosahedral symmetry is adopted for the Cu,~ and Ag,™ clusters but
much low symmetry structures are identified for the Au,~ clusters and such conclusionare further confirmed by
the density-functional theory (DFT) calculations in the case of n =55 in the same paper, and similar conclusions
are also deduced from the theoretical calculations based on semi-empirical interatomic many-body potentials'>'2.
Many theoretical and experimental studies have shown that icosahedral-like structures with five-fold symme-
try have significant advantages for small-sized clusters (containing less than 100 atoms). For example, the icosa-
hedral geometries dominate the ground-state structures of the 13- and 55-atom clusters in most cases. However,
when the number of atoms is 38, it becomes more special. It is generally believed that the ground-state of 38-atom
cluster has octahedral (OH) symmetry (as like a fragment of the FCC crystal), rather than an incomplete-Mackay
icosahedron (IMI). The IMI may be highly competitive at finite temperatures, which may have a significant
impact on the dynamic behavior of clusters, such as the melting properties.
: Experimental measurements of the ionization potentials of Cu,, (n < 150) clusters have been done by laser
. photoionization'®, and a number of copper cluster anions have been widely studied by photoelectron spec-
. troscopy (PES)!2 to explore their electronic and structural properties. It is interesting to focus on the case of

38-atom cluster. The early PES measurements on Cu,~ (n=6-41)"® give a semiconductor-type with an energy
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Figure 1. Energies and HOMO-LUMO energy gaps of the fifty isomers of Cus,.

gap between the highest-occupied molecular orbital (HOMO) and the lowest-unoccupied molecular orbital
(LUMO) of about 0.33 eV for Cus cluster, and the shortly performed PES measurements on Cu,~ (n=1-411),
Ag,” (n=1-60) and Au,~ (n=1-233)"? give Cusg a metallic-type with none HOMO-LUMO energy gap. Recent
PES study on Na,~ and Cu,,~ (n=20-40) clusters reproduces the early PES contour'® of Cus cluster with a higher
resolution and the authors deduce that it should not be a high symmetric cuboctahedral structure but an oblate
(Mackay-type) structure of Cusg cluster from analyzing the PES feature®.

Several theoretical investigations have been performed to explore the structural and electronic properties of
Cusg clusters. Most calculations based on interatomic many body potential give an cuboctahedral structure as the
global minimum geometry?'~?* of Cus, except S. Erko¢ who adopts a potential developed by himself and finds
a global minimum structure with five-fold symmetry for Cusq cluster®*. Few first-principles investigations can
be found of Cuj, cluster to our knowledge. Recently, M. Itoh and his co-workers studied the Na,,, Cu, and Ag,
(n=2-75) clusters by DFT calculations with the generalized gradient approximation (GGA) of the PW91 form
and an ultrasoft pseudopotential. They found the most stable Cusg should be the OH structure, and with 0.143 eV
higher in total energy as the IMI holds®. I.A. Hijazi and Y.H. Park investigated the Cu,, and Au, (n=21-56) clus-
ters using an effective Monte Carlo simulated annealing method incorporated with an embedded atom method
(EAM) potential, and followed by DFT calculations with PBE GGA and pseudopotential for Cusg, Ausg and Ausg
clusters and they also denote the OH structure as the most stable one, and with 0.26 eV lower in total energy as
compared with the IMI?.

In this study, we first adopt a genetic algorithm combined with the Gupta interatomic many-body poten-
tial to get a number of initial structures of Cus, cluster, and followed by DFT calculations on these structures.
The FCC-truncated octahedron (OH) and an incomplete-Mackay icosahedron (IMI) are recognized as the two
lowest energy structures with only 0.014 eV difference in total binding energy. The calculated HOMO-LUMO
energy gaps of the two structures are in good agreement with the experimental results. The electron affinity and
ionization potential of Cusg are also calculated and compared with the observations of the ultraviolet photo-
electron spectroscopy experiments. To reveal the finite temperature influence as having effects on experiments,
the dynamical properties of Cusg with temperature are also investigated by using classical molecular dynamics
simulations, and the dynamic stabilities of the IMI-like and the OH-like structures are found to be dominant in
the pre-melting stage of Cusg.

The computational details are given in section 4, and section 2 focuses on the analysis and discussion of the
results, and the conclusions are summarized in section 3.

Results and Discussion

The global optimization of Cus is performed considering a genetic evolution group consisting fifty individuals
(isomers). After 5000 iteration of evolution on the basis of the Gupta potential, the fifty individuals (structural
motifs) in the final group are taken as the initial candidate structures to the DFT calculations.

Figure 1 gives the energies and HOMO-LUMO energy gaps of the fifty geometries under the DFT level (the
relative energies of 50 isomers are listed in Supplementary Table S1). One should notice that after DFT relaxation
two or more structures from the genetic algorithm with the Gupta potential may correspond to one structure. As
show in Fig. 1, the lowest energy geometry is assigned as the IMI one, and the next nearly degenerate geometry is
the OH one, and each of the two typical geometries is presented twice.

One may conclude that, at least for Cuyg, the structural global optimization can be achieved by combing the
DFT calculations with the genetic algorithm based on the Gupta potential. The genetic algorithm can afford a lot
of candidate structures, by combining the first-principles calculation, which may afford an efficient way to find
the lowest energy and the low-lying structures.

In this study, although 50 isomers of Cuy, are re-optimized within the DFT calculations, Fig. 2 displays only
the two isomers of the FCC-truncated Octahedron (OH) structure and an incomplete-Mackay icosahedra (IMI)
structure which are the two lowest energy structures of Cusq clusters. Most of the others low energy isomers are
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OH Oy —91.198 —96.242 —98.520
IMI Csy —91.146 —96.256 —98.379

Table 1. Symmetries and total binding energies of the OH and IMI structures of Cusg cluster in neutral and
charged states.
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Figure 3. The energy levels of the IMI (upper) and OH (lower) structures of Cus, cluster, and for comparison
the LUMO energy lines of the two isomers are all shifted to zero as the dashed line denotes. All the energy level
labels are in eV.

come from the distorted IMI structure, and the binding energies of these structures are all higher than that of the
OH and IMI structures.

Cluster symmetries and the total binding energies of the OH and IMI structures of Cusg cluster in neutral and
charged (cationic and anionic) states are listed in Table 1. For the neutral Cusg cluster, total binding energies of
both structures are very close with the difference of 0.014 eV, and if considering the average binding energy per
atom, such difference (~4 x 107 eV/atom) is too small to be considerable, the two structures can be recognized as
the energetically degenerate isomers of the ground-state of Cuyg cluster. For the cationic cluster of Cusg, the total
binding energy difference between the OH and IMI is also small (~0.052 eV), and similar to the case of neutral
cluster, this difference may also be negligible considering the average binding energy per atom. For the anionic
Cusg, the energy difference (~0.14eV) between the OH and IMI structures is still closer to that in neutral or cat-
ionic states, and such an energy difference is still quite small (<0.01 eV/atom) if considering the relatively high
temperature (for example, the room temperature).

Although the binding energies of both structures of Cusq are very close, their electronic structures are quite
different. Distributions of energy levels of the two isomers (OH and IMI) of Cus; cluster are presented in Fig. 3
(the IMI in top and the OH in bottom), and for comparison the LUMO energy lines of the two isomers are all
shifted to a same value (in zero point) as the dashed line denotes in Fig. 3. From Fig. 3 we can see that the energy
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Figure 4. The heat capacity (C,) and the Lindemann index (8) of Cus; at different temperature.

level distributions of the OH and the IMI are quite different, the significant differences are the HOMO-LUMO
energy gaps, an energy gap of 0.356 eV is found for the IMI structure, while for the OH structure, the gap is too
small that can be negligible.

As stated above, several experimental PES investigations on copper clusters have been done to explore the
electronic structures of those clusters. A semiconductor-type with a HOMO-LUMO energy gap of about 0.33 eV
of Cuy cluster is found from the early PES measurements on Cu,,~ (n =6-41)'8, and this energy gap is quite closer
to the calculated value of the IMI structure (0.356 eV), and so we assign this PES feature to an IMI structure of
Cugg cluster. The recent PES studies on copper and sodium cluster anions by O. Kostko et al.?° give a high res-
olution PES picture of Cus;~ cluster but the substantial features are same with the early PES study'®, and from
analyzing the 2p shell distributions, O. Kostko ef al. deduced that it should not be an OH structure of Cu,g, and
predicted an oblate (Mackay-type) structure of Cus, cluster, and this structural assignment is also agreement with
the IMI structure we emphasized above. The another PES measurements on Cu,~ (n=1-411), Ag,” (n=1-60)
and Au,~ (n=1-233)" give Cus; cluster a metallic-type with none energy gap, and we assign this PES feature to
that of the OH structure with a negligible HOMO-LUMO energy gap as shown in Fig. 3.

It is interesting to note that, though the energies of the two typical geometries are not quite different from
those of the other isomers, the energy gaps of the two typical structures are distinctive. The OH has a negligible
gap and the IMI has a gap of 0.356 ¢V, and the gaps of all the other isomers are between 0.05 to 0.25eV (as repre-
sented by two dashed lines in Fig. 1). The energy gaps of the OH and IMI are in good agreement with the experi-
mental observations (a zero gap for the OH and a gap of about 0.33 eV for the IMI).

Table 1 shows that all those energies are quite closer for the two isomers (OH and IMI) of Cusg cluster in
both neutral and charged states. If ignoring the occurrence of structural transition between the OH and IMI
structures for the possibly relatively high energy barrier in the process of obtaining or losing one electron, we can
obtain directly the electron affinity (EA) and ionization potential (IP) for the two isomers of Cus cluster: the EA
is about 2.123 eV in IMI structure, while its 2.278 eV in OH structure. These calculated EAs are all less than the
experimental results obtained from the PES investigations as stated above for Cusq cluster: 2.82 eV in the previous
experiment'® (we assign to the IMI structure) and about 3.0V in the subsequent experiment" (we assign to the
OH structure). Such underestimations (0.2-1.7 eV lower) between the theoretical (generally DFT-based meth-
ods) and experimental results about the EAs are also found in theoretical calculations of the copper clusters in
small size?”?8. From Table 1 the calculated IPs are 5.04 and 5.11 eV, for the OH and IMI structures, respectively,
and these calculated IPs are closer to but all less than the experimental result (5.61eV).

Considering that the experiments have been done at finite temperature (e.g., the room temperature), the
molecular dynamics (MD) annealing simulations are performed to reveal the dynamical properties especially
the energetic and structural variations of Cusg with the temperature. Many different MD annealing simulations
of Cusg are performed in order to satisfy the statistical convergence. The heat capacity and the Lindemann index
of a typical MD annealing process are shown in Fig. 4. The heat capacity curve looks more irregular as compar-
ing with the Lindemann index. There is no clear regular peak in the heat capacity curve which can be due to the
structural competitions between the two typical series (IMI-like and OH-like) which will be discussed below.
The Lindemann index shows a typical three-stage evolution: At 380K and lower temperatures, the value and
variation of Lindemann index are all quite small and Cu;; maintains in a solid-like state (a slightly distorted OH
structure); From 380K to nearly 520K, the Lindemann index increases rapidly, especially an abrupt jump occurs
from 380K to 400 K which may correspond to a distinct structural variation of Cusg, and the temperature range
(380 K-520 K) can be viewed as the temperature interval of the pre-melting stage of Cus,. After 520K, variation
of the Lindemann index becomes small and tends to saturation (~0.35), and Cus, is totally in a liquid-like state.

To investigate the dynamical structural variations of Cu,g with temperature and especially the dynamical sta-
bility of the two typical geometrical motifs: the OH structure and the IMI one, the dynamical structure of Cusg at
each given time and temperature can be compared to the ideal OH and IMI structures and the similarity between
them can be described by the similarity function. Figure 5 gives the similarity functions between the dynamical
structures of Cusg and the two typical ideal structures (OH and IMI) at several different temperatures. The snap-
shots of Cusg at different temperatures are shown in Supplementary Fig. S1.

As stated above, Cusg is in a solid-like state at the temperature of 380 K and before, and all the snapshots of
the dynamical structures of Cusg in this temperature scope correspond to the OH structure with only slight
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Figure 5. The similarity functions of between the ideal structures (OH and IMI) and the dynamical structures
at different temperature of Cuss.

distortions (a perfect OH structure can be obtained through relaxation of each of these structures). As shown in
Fig. 5(a,b) at the temperature of 100K and 380K, the value of similarity function with the ideal OH geometry
tends to about 0.95 and 0.9, respectively, and the values of the similarity function with the ideal IMI geometry are
all less than 0.8 (around 0.75), which is consistent with the snapshots of the OH-like dynamical structures of Cusg
at these temperatures.

At 400K, variation of the similarity function is substantially different from that at 380K, and strong structural
competition between the OH-like structures and the IMI-like ones begins to dominate the process. Generallythe
IMI-like structures dominate the first half time and the OH-like ones dominate the rest time. The abrupt struc-
tural variation from the OH-like ones at the end of 380K to the IMI-like ones at the beginning of 400K and the
strong structural competition between the two typical structural motifs cause the abrupt jump of the Lindemann
index from 380K to 400K, as shown in Fig. 4

From 400K to 520K, as can be seen from Fig. 5(c-1), the IMI-like and OH-like structures still dominate the
dynamical structural process of Cusg in general, and the structural competition becomes more complicated with
increasing the temperature. Such a temperature scope just corresponds to the pre-melting stage of Cu,g, which
implies that at the pre-melting stage of Cusq the dynamical structural variations is mainly determined by the com-
petition between the two typical structural motifs (the IMI and the OH). It is this strong structural competition
between the OH-like geometrical motifs and the IMI-like ones of Cusg, causing the irregular variation of the heat
capacity around the pre-melting stage, as shown in Fig. 4.

At 540K and higher temperatures, as shown in Fig. 5(j-1), variations of the similarity functions with the two
typical ideal structures become indistinguishable, and Cu,s can undergo many different structures and the cluster
is overall melt, which is consistent with the nearly saturated Lindemann index, as shown in Fig. 4.

To address the reliability of the SA MD with the Gupta potential, the SA MD from the first-principles are also
performed. For the huge DFT computational efforts, the DFT SA MD processes are performed only at four tem-
peratures from 600K to 300K, and the temperature interval is 100K, and 1 x 10* MD steps are propagated with
the time step of 5 fs at each temperature. Similar to the process of the SA MD with the Gupta potential, the initial
geometry at the lower temperature is originated from the final structure at the neighboring higher temperature
in process of the DFT MD.

Figure 6 gives the similarity functions to the OH and IMI of Cus under the DFT level, one can clearly find the
distinct structural characteristics of Cusg at different temperatures. The structural variations are quite complex
and neither IMI nor OH is commonly ergodic at 600 K and 500K, and Cusg sustains in a liquid-like state at these
higher temperatures. From 500K to 400K, a substantial structural transition occurs, and the structures become
distinctly relatively monotonous and IMI-like geometries become dominant at 400K, and Cusg sustains in a
solid-like state at 400 K and the lower temperatures.

The correlation of the phase (solid-like or liquid-like state) of Cusg and the temperature is further investigated
by analyzing the fluctuations of the radial distribution function (RDF). The RDF can be calculated as an ensemble
average over atomic pairs: g(r) oc V{32,55;_,6(r — ;) (where V is the volume and 1;; is the distance between the
ith and jth atoms). Figure 7 gives the radial distribution functions (RDFs) of Cuy; at two different temperatures
(600K and 300K). At 600 K, the RDF shows typical liquid-like nature: the curve changes gently and the distribu-
tion tends to be relatively uniform. The RDF is quite different at 300K as comparing to that at 600 K: variation of
the RDF becomes relatively sharp and two peaks emerge distinctively around 4 ~ 5 A at 300 K, which reflects a
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Figure 6. The similarity functions between the ideal structures (OH and IMI) and the dynamical structures
at different temperature of Cusg under the DFT level. Two snapshots at different time are shown at 500K, as
corresponding to distorted OH-like and IMI-like geometries.
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Figure 7. The radial distribution function (RDF) of Cu38 at 600K and 300 K. Each RDF is obtained by
averaging over 1000 structural samples.

solid-like characteristics of Cusg. From 500K to 400 K, the RDF changes from liquid-like to solid-like as corre-
sponding to the pre-melting stage of Cusg, and as an example, two snapshots (a distorted OH-like geometry and
an IMI-like one) of the dynamic structures of Cusq at 500 K are shown in Fig. 6.

From Fig. 6, the typical transition stage with the temperatures from the solid-like to the liquid-like of Cus
can be figured out, which implies that the pre-melting stage of Cusg occurs around 400 K-500 K from the
first-principles calculations, which is in well agreement with results of the SA MD under the Gupta potential (as
shown in Fig. 5).

Conclusions

The static and dynamical structural properties of Cu,g cluster are systematically investigated through the
combination of the first-principles calculations and the classical molecular dynamics simulations based on a
semi-empirical many-body potential (the Gupta potential). The lowest energy geometrical and electronic struc-
tures of Cusg cluster are investigated using density-functional calculations within the general gradient approxi-
mation, with a previous process of obtaining initial structures from the combination of the genetic algorithm and
the Gupta potential. The high symmetric octahedron (OH) and the incomplete-Mackay icosahedron (IMI) with
five-fold symmetry are recognized as the energetically degenerate isomers of the ground-state of Cus cluster, with
a difference of only about 0.014 eV in total binding energy. The electronic structures of the IMI and the OH struc-
tures of Cu,g are substantially different and the calculated HOMO-LUMO energy gaps of the two isomers are in
good agreement with the different experimental observations: the IMI shows a semiconductor nature with a finite
energy gap of about 0.356 eV, and the OH shows a metallic-type with a negligible energy gap. The calculated ion-
ization potentials and electron affinities of the two typical geometries (IMI and OH) of Cus; are also closer to the
experimental results. The thermal stabilities of the IMI-like and OH-like structures of Cu,g are revealed to play an
important role at the pre-melting stage of Cusg, and the irregular variation of the heat capacity of Cuss can be due
to the complicated competition between the OH-like structures and the IMI-like ones. The above results all stress
the occurrence and importance of both the static and the dynamical isomerization in the case of Cusq cluster.
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Computational Methods

As the number of stable geometrical configurations (the local minima on energy surface) increase very rapidly
with the cluster size, it is hardly to explore all possible configurations. In this study, a two-step method is applied
to identify the global minimum structure of Cusq cluster. At first, mass initial structures are generated by com-
bination of a genetic algorithm (GA)* with the Gupta-type many-body interatomic potential®’, and then the 50
lower-energy isomers are chosen and optimized further by the density functional theory (DFT) calculations, and
finally the lowest energy one among these structures within the DFT calculations is taken to be the ground state
geometry (the cartesian coordinates of the 50 isomers are shown in Supplementary Table S2).

All first-principles calculations are carried out using DFT with the Dmol3 software®*? in Materials Studio
from Accelrys Inc. The exchange correlation interaction is treated within the general gradient approximation
(GGA) using Perdew-Burke-Emzerhoff (PBE)* functional. Non relativistic all electron calculations and double
numerical basis with polarized functions (DNP) are adopted. The convergence threshold in self-consistent field
electronic calculations is set as 10~%a.u on total energy. In the process of geometry optimization, the convergence
criteria are set as 10~ Ha for total energy, 0.005 A for the displacement, and 0.002 Ha/A for the forces. All clusters
are fully optimized without symmetry and spin constraints.

For the finite temperature observation of the behaviors of Cus clusters, the dynamical properties of Cusg with
temperature may also be important. As it’s still a hard task from the first-principle dynamical simulations of Cusg
for the huge computational efforts, the classical molecular dynamics (MD) simulation is used to investigate the
annealing behaviors of Cusg from a relatively high temperature of 1100K (the cluster is in a liquid-like state) to a
relatively low temperature of 100K (the cluster is in a solid-like state).

The semi-empirical many-body Gupta potential®® is used in the MD simulation. The Gupta potential can be
written as the sum of a Born-Mayer type repulsive part and a many-body attractive part, as shown below:

_p[ﬁ _ 1” - \/ZBzexp{—Zq[ﬁ _ 1”
Ty j(=i) o (1)

Where r, is the nearest-neighbor distance, and r;; is the distance between the ith and jth atoms. The parameters
of Gupta potential for copper are chosen as A =0.0855¢eV, B=1.224¢eV, p=10.960, = 1.867 and r,=2.56 A*,

The Simulated annealing (SA) method is adopted to reveal the dynamical properties especially the structural
variations of Cusg. The SA process of Cusg is as follow: Firstly, for any chosen stable structure (for example, this
can be achieved by using the stochastic method combined with the steepest descent method), it is heated directly
up to 1100K, and then it is slowly cooled down to 100 K. The intervals of time and temperature are 1fs and 20K
separately, and 6 x 10° MD steps are propagated at each temperature point.

The Lindemann index (8) (i.e., the root-mean-square bond-length fluctuation) and the heat capacity (C,) of
Cuyg are calculated as follows:

V=>"| > Aexp

i |j(=i)

1
6:_§ .
NG

(2
1/2
o1 () tsh)
LN, (r), €)
(B — (B
Y 2NK,T? (4)

where k, is the Boltzmann constant, and E, is the total energy of the cluster. N is the total number of atoms in the
cluster, and denotes the ensemble average.

The similarity function (S)* between two different structures is also used to reveal the structural characteris-
tics of Cusg at different temperatures.

g— _ 1
14+q (5)
1 N 1/2
q=|=> (@, —r)
N. T (6)
L, = ‘Rn - RO| (7)

where N is the cluster size (N = 38) and R, is the geometrical center of the cluster (R, = %Z?I:IRP and R; is the
position vector of the ith atom), and r,, (r',) is the distance from the nth atom to the geometrical center of the
cluster. For a given cluster all the distances are sorted in increasing order. The more similar the two clusters are,
the more closer to 1 the S value is.

SCIENTIFIC REPORTS | (2019) 9:7564 | https://doi.org/10.1038/s41598-019-44055-z 7


https://doi.org/10.1038/s41598-019-44055-z

www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Baletto, F. & Ferrando, R. Structural properties of nanoclusters: Energetic, thermodynamic, and kinetic effects. Rev. Mod. Phys. 77,
371-423 (2005).

Jena, P. & Castleman, A. W. Clusters: A bridge across the disciplines of physics and chemistry. Proceedings of the National Academy
of Sciences. 103, 10560, https://doi.org/10.1073/pnas.0601782103 (2006).

Schmidt, M., Kusche, R., von Issendorff, B. & Haberland, H. Irregular variations in the melting point of size-selected atomic clusters.
Nature. 393, 238, https://doi.org/10.1038/30415 (1998).

. Sun, J., Xie, X., Cao, B. & Duan, H. A density-functional theory study of Au,;, Pt;, Au;,Pt and Pt,,Au clusters. Computational and

Theoretical Chemistry. 1107, 127-135, https://doi.org/10.1016/j.comptc.2017.02.002 (2017).

. Xie, X., Sun, J., Cao, B. & Duan, H. Geometrical and electronic structures of small Co-Mo nanoclusters. RSC Advances. 7,

4933-4940, https://doi.org/10.1039/C6RA26647A (2017).

. Li, ], Liu, Y., Zhang, J., Liang, X. & Duan, H. Density functional theory study of the adsorption of hydrogen atoms on Cu,X (X =3d)

clusters. Chem. Phys. Lett. 651, 137-143, https://doi.org/10.1016/j.cplett.2016.03.035 (2016).

. Weis, P,, Bierweiler, T., Gilb, S. & Kappes, M. M. Structures of small silver cluster cations (Ag,*, n < 12): ion mobility measurements

versus density functional and MP2 calculations. Chem. Phys. Lett. 355, 355-364, https://doi.org/10.1016/S0009-2614(02)00277-4
(2002).

. Furche, F. et al. The structures of small gold cluster anions as determined by a combination of ion mobility measurements and

density functional calculations. The Journal of Chemical Physics. 117, 6982-6990, https://doi.org/10.1063/1.1507582 (2002).

. Blom, M. N,, Schooss, D., Stairs, J. & Kappes, M. M. Experimental structure determination of silver cluster ions (Ag,*,19 <n<79).

The Journal of Chemical Physics. 124, 244308, https://doi.org/10.1063/1.2208610 (2006).

Hakkinen, H. ef al. Symmetry and Electronic Structure of Noble-Metal Nanoparticles and the Role of Relativity. Phys. Rev. Lett. 93,
093401, https://doi.org/10.1103/PhysRevLett.93.093401 (2004).

Garzon, I. L. et al. Structure and thermal stability of gold nanoclusters: The Au38 case. The European Physical Journal D - Atomic,
Molecular, Optical and Plasma Physics. 9, 211-215, https://doi.org/10.1007/s100530050428 (1999).

Michaelian, K., Rendén, N. & Garzdn, I. L. Structure and energetics of Ni, Ag, and Au nanoclusters. Physical Review B. 60,
2000-2010, https://doi.org/10.1103/PhysRevB.60.2000 (1999).

Knickelbein, M. B. Electronic shell structure in the ionization potentials of copper clusters. Chem. Phys. Lett. 192, 129-134, https://
doi.org/10.1016/0009-2614(92)85440-L (1992).

Leopold, D. G., Ho, J. & Lineberger, W. C. Photoelectron spectroscopy of mass-selected metal cluster anions. I. Cu,~, n=1-10. The
Journal of Chemical Physics. 86, 1715-1726, https://doi.org/10.1063/1.452170 (1987).

Ho, J., Ervin, K. M. & Lineberger, W. C. Photoelectron spectroscopy of metal cluster anions: Cu,,~, Ag,”, and Au,". The Journal of
Chemical Physics. 93, 6987-7002, https://doi.org/10.1063/1.459475 (1990).

Cha, C. Y, Gantefér, G. & Eberhardt, W. Photoelectron spectroscopy of Cu,,” clusters: Comparison with jellium model predictions.
The Journal of Chemical Physics. 99, 6308-6312, https://doi.org/10.1063/1.465868 (1993).

Cheshnovsky, O., Taylor, K. J., Conceicao, J. & Smalley, R. E. Ultraviolet photoelectron spectra of mass-selected copper clusters:
Evolution of the 3d band. Phys. Rev. Lett. 64, 1785-1788, https://doi.org/10.1103/PhysRevLett.64.1785 (1990).

Pettiette, C. L. et al. Ultraviolet photoelectron spectroscopy of copper clusters. The Journal of Chemical Physics. 88, 5377-5382,
https://doi.org/10.1063/1.454575 (1988).

Taylor, K. J., Pettiette-Hall, C. L., Cheshnovsky, O. & Smalley, R. E. Ultraviolet photoelectron spectra of coinage metal clusters. The
Journal of Chemical Physics. 96, 3319-3329, https://doi.org/10.1063/1.461927 (1992).

Kostko, O., Morgner, N., Astruc Hoffmann, M. & von Issendorff, B. Photoelectron spectra of Nan- and Cu,” with n =20-40:
observation ofsurprising similarities. The European Physical Journal D - Atomic, Molecular, Optical and Plasma Physics. 34, 133-137,
https://doi.org/10.1140/epjd/e2005-00099-3 (2005).

Doye, J. P. K. & Wales, D. J. Global minima for transition metal clusters described by Sutton-Chen potentials. New Journal of
Chemistry. 22, 733-744, https://doi.org/10.1039/A709249K (1998).

Grigoryan, V. G., Alamanova, D. & Springborg, M. Structure and energetics of nickel, copper, and gold clusters. The European
Physical Journal D - Atomic, Molecular, Optical and Plasma Physics. 34, 187-190, https://doi.org/10.1140/epjd/e2005-00141-6
(2005).

Grigoryan, V. G., Alamanova, D. & Springborg, M. Structure and energetics of Cuy clusters with (2 <N < 150): An embedded-atom-
method study. Physical Review B. 73, 115415, https://doi.org/10.1103/PhysRevB.73.115415 (2006).

Erkog, $. & Shaltaf, R. Monte Carlo computer simulation of copper clusters. Phys. Rev. A. 60, 3053-3057, https://doi.org/10.1103/
PhysRevA.60.3053 (1999).

Itoh, M., Kumar, V., Adschiri, T. & Kawazoe, Y. Comprehensive study of sodium, copper, and silver clusters over a wide range of sizes
2 <N <75. The Journal of Chemical Physics. 131, 174510, https://doi.org/10.1063/1.3187934 (2009).

Hijazi, I. A. & Park, Y. H. Structure of pure metallic nanoclusters: Monte Carlo simulation and ab initio study. The European Physical
Journal D. 59, 215-221, https://doi.org/10.1140/epjd/e2010-00133-5 (2010).

Jaque, P. & Toro-Labbé, A. Characterization of copper clusters through the use of density functional theory reactivity descriptors.
The Journal of Chemical Physics. 117, 3208-3218, https://doi.org/10.1063/1.1493178 (2002).

Guvelioglu, G. H., Ma, P, He, X., Forrey, R. C. & Cheng, H. Evolution of Small Copper Clusters and Dissociative Chemisorption of
Hydrogen. Phys. Rev. Lett. 94, 026103, https://doi.org/10.1103/PhysRevLett.94.026103 (2005).

Deaven, D. M. & Ho, K. M. Molecular Geometry Optimization with a Genetic Algorithm. Phys. Rev. Lett. 75, 288-291, https://doi.
org/10.1103/PhysRevLett.75.288 (1995).

Gupta, R. P. Lattice relaxation at a metal surface. Physical Review B. 23, 6265-6270, https://doi.org/10.1103/PhysRevB.23.6265
(1981).

Delley, B. An all-electron numerical method for solving the local density functional for polyatomic molecules. The Journal of
Chemical Physics. 92, 508-517, https://doi.org/10.1063/1.458452 (1990).

Delley, B. From molecules to solids with the DMol3 approach. The Journal of Chemical Physics. 113, 7756-7764, https://doi.
org/10.1063/1.1316015 (2000).

Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Physical Review Letters. 77, 3865-3868,
https://doi.org/10.1103/PhysRevLett.77.3865 (1996).

Cleri, F. & Rosato, V. Tight-binding potentials for transition metals and alloys. Physical Review B. 48, 22-33, https://doi.org/10.1103/
PhysRevB.48.22 (1993).

Hristova, E., Grigoryan, V. G. & Springborg, M. Structure and energetics of equiatomic K-Cs and Rb-Cs binary clusters. The Journal
of Chemical Physics. 128, 244513, https://doi.org/10.1063/1.2944244 (2008).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant No. 11664038).

SCIENTIFIC REPORTS |

(2019) 9:7564 | https://doi.org/10.1038/s41598-019-44055-z 8


https://doi.org/10.1038/s41598-019-44055-z
https://doi.org/10.1073/pnas.0601782103
https://doi.org/10.1038/30415
https://doi.org/10.1016/j.comptc.2017.02.002
https://doi.org/10.1039/C6RA26647A
https://doi.org/10.1016/j.cplett.2016.03.035
https://doi.org/10.1016/S0009-2614(02)00277-4
https://doi.org/10.1063/1.1507582
https://doi.org/10.1063/1.2208610
https://doi.org/10.1103/PhysRevLett.93.093401
https://doi.org/10.1007/s100530050428
https://doi.org/10.1103/PhysRevB.60.2000
https://doi.org/10.1016/0009-2614(92)85440-L
https://doi.org/10.1016/0009-2614(92)85440-L
https://doi.org/10.1063/1.452170
https://doi.org/10.1063/1.459475
https://doi.org/10.1063/1.465868
https://doi.org/10.1103/PhysRevLett.64.1785
https://doi.org/10.1063/1.454575
https://doi.org/10.1063/1.461927
https://doi.org/10.1140/epjd/e2005-00099-3
https://doi.org/10.1039/A709249K
https://doi.org/10.1140/epjd/e2005-00141-6
https://doi.org/10.1103/PhysRevB.73.115415
https://doi.org/10.1103/PhysRevA.60.3053
https://doi.org/10.1103/PhysRevA.60.3053
https://doi.org/10.1063/1.3187934
https://doi.org/10.1140/epjd/e2010-00133-5
https://doi.org/10.1063/1.1493178
https://doi.org/10.1103/PhysRevLett.94.026103
https://doi.org/10.1103/PhysRevLett.75.288
https://doi.org/10.1103/PhysRevLett.75.288
https://doi.org/10.1103/PhysRevB.23.6265
https://doi.org/10.1063/1.458452
https://doi.org/10.1063/1.1316015
https://doi.org/10.1063/1.1316015
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.48.22
https://doi.org/10.1103/PhysRevB.48.22
https://doi.org/10.1063/1.2944244

www.nature.com/scientificreports/

Author Contributions
H.D. and Z.W. conceived the concept and co-wrote the paper. C.Z., X.L., B.C. and A.A. performed the calculations.
M.L. discussed and analyzed the data of simulations. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44055-z.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:7564 | https://doi.org/10.1038/s41598-019-44055-z 9


https://doi.org/10.1038/s41598-019-44055-z
https://doi.org/10.1038/s41598-019-44055-z
http://creativecommons.org/licenses/by/4.0/

	Static and dynamical isomerization of Cu38 cluster

	Results and Discussion

	Conclusions

	Computational Methods

	Acknowledgements

	Figure 1 Energies and HOMO-LUMO energy gaps of the fifty isomers of Cu38.
	Figure 2 The two lowest energy geometrical structures of Cu38 cluster, the OH structure in left and the IMI in right.
	Figure 3 The energy levels of the IMI (upper) and OH (lower) structures of Cu38 cluster, and for comparison the LUMO energy lines of the two isomers are all shifted to zero as the dashed line denotes.
	Figure 4 The heat capacity (Cv) and the Lindemann index (δ) of Cu38 at different temperature.
	Figure 5 The similarity functions of between the ideal structures (OH and IMI) and the dynamical structures at different temperature of Cu38.
	Figure 6 The similarity functions between the ideal structures (OH and IMI) and the dynamical structures at different temperature of Cu38 under the DFT level.
	Figure 7 The radial distribution function (RDF) of Cu38 at 600 K and 300 K.
	Table 1 Symmetries and total binding energies of the OH and IMI structures of Cu38 cluster in neutral and charged states.




