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ABSTRACT: Sodium is one of the best examples of a free-electron-like metal, and of a certain technological interest. However, an
unambiguous determination of the structural evolution of sodium clusters is challenging. Here, we have performed an unbiased structure
search amongst neutral and anionic sodium clusters in the medium size range of 10−25 atoms, using the Crystal structure AnaLYsis by
Particle Swarm Optimization (CALYPSO) method. Geometries are determined by CALYPSO structure searchs, followed by reoptimization
of a large number of candidate structures. For most cluster sizes the simulated photoelectron spectra of the lowest-energy structures are in
excellent agreement with the experimental data, indicating that the current ground-state structures are the true minima. The equilibrium
geometries show that, for both neutral and anionic species, the structural evolution from bilayer structures to layered outsides with interior
atoms occurs at n = 16. A novel unprecedented honeycomb-like structure of Na20 cluster with C3 symmetry is uncovered, which is more
stable than the prior suggested structure based on pentagonal structural motifs.

1. INTRODUCTION

The geometric structure of atomic clusters, ground state is one of
their most interesting properties and is a prerequisite to an accu-
rate calculation of their electronic and other attributes. 1–6 A large
amount of work has been done, for instance, to determine the
ground state structures of small sodium clusters.7–12 Unfortunately,
the lowest-energy structures of clusters are generally not amenable
to direct experimental determination. Thus, it is customary to test
the obtained structures indirectly, by comparing the experimental
vertical detachment energy (VDE) and adiabatic detachment energy
(ADE) with theoretical calculations.13,14 To thus confirm ground
state geometries, time-dependent density functional theory (TD-
DFT) calculations can be carried out to simulate the photoelectron
spectrum (PES). The structure of the PES results from the super-
position of the spectra of more or less different structures and can
provide a detailed electronic fingerprint of those structures, as well
as information on the isomerization dynamics.15–17

Sodium in the extended state is one of the best representatives of
a simple free-electron metal, in part because of the simple valence
electron structure of sodium. Small sodium clusters have therefore
received considerable attention from both the experimental and the-
oretical points of view. 18–20 In 1984, 21 based on the discovery of
“magic numbers” in the abundance spectra of Nan with n up to
∼100, Knight et al. established the spherical jellium model,22,23

which provides a simplified rule that the valence electrons of a
cluster fill the spherical orbitals of a superatom according to the
pattern of [1S21P61D102S21F142P61G182D10

⋯]. After this semi-
nal discovery in sodium clusters, Bonaić-Koutecký et al. explored
computationally the relation between geometric structure and rela-
tive stability of small sodium clusters up to n = 9, and also demon-

strated the complete analogy to the electronic properties of Lin clus-
ters. 24 The ground state geometries of anionic sodium clusters (n =

4−19) were investigated by photoelectron spectroscopy and finite-
temperature ab initio molecular dynamics calculations. 14 The ge-
ometries of neutral and singly charged sodium clusters up to 20
atoms were also calculated systematically, and the influence of elec-
tronic correlation on the electronic structure and the dynamic prop-
erties of small sodium clusters examined. 25 Quite recently, Nagare
et al.26 discussed the electronic structure and equilibrium geome-
tries of sodium clusters in the size range from 2 to 20 atoms as a
function of confinement, relying on a real-space implementation of
density functional theory.

Although tremendous progress has been made in the study of
sodium clusters, especially regarding the geometric structures of
small sodium clusters, the ground state geometries and correspond-
ing electronic properties of medium sized clusters have so far re-
sisted interpretation. For example, the fundamental properties of
the lowest-energy Na20 cluster are still a subject of controversy.7,27

The main reasons may be summarised as follow: The procedure
used to obtain structures of the small clusters is not practical
for medium size clusters. Besides, the predicted global minima
are subtly sensitive towards chosen implementations of exchange-
correlation effects in density functional theory, or the molecular-
orbital level of theory in wave function based calculations. Further-
more, the determination of true global minimum structures poses
greater challenges due to the much increased complexity of the po-
tential energy surface of the configurational space, together with an
exponential increase of low-energy structures with the number of
atoms in the cluster.28

In order to systematically research the structural evolution and
electronic properties of medium sized sodium clusters, we have car-
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ried out extensive structure searches for neutral and anionic sodium
clusters in the size range from 10 to 25, by combining the Crystal
structure AnaLYsis by Particle Swarm Optimization (CALYPSO)
searching method with density functional theory (DFT) calcula-
tions. The first goal of our work is to gain a fundamental overview
of the lowest-energy geometric structures of medium sized sodium
clusters. Secondly, we reexamine a number of neutral and anionic
low-lying isomers of medium sized sodium clusters that have been
reported previously by experiments or density functional calcula-
tions. And thirdly, we are motivated to explore the physical mecha-
nism behind the electronic properties of medium sized sodium clus-
ters and provide relevant information for further theoretical and ex-
perimental research.

The organization of the present paper is as follows. In the
next section, we present the brief description of the computational
methodology, along with the technical details regarding the ground
state structure reoptimization. Results are presented and discussed
in Sec. III. Finally, the main conclusions are summarized in Sec.
IV.

2. COMPUTATIONAL DETAILS

The structure search is based on globally minimizing potential en-
ergy surfaces evaluated by DFT calculations through a generalized
version of a particle swarm optimization (PSO) algorithm specific
for cluster structure prediction, as implemented in the CALYPSO
code.29–31 The prominent feature of this method is the capability of
predicting the most stable structure depending only on the knowl-
edge of the chemical composition. The validity of this method in
structure prediction has been demonstrated by its application for
the successful identification of the ground-state structures for var-
ious systems.32–35 Structure predictions of the neutral and anionic
sodium clusters are performed for each cluster size n = 10−25. In
each search, a sequence of 50 generations of structural candidates
is followed to achieve convergence of the search. Each generation
contains 30 structures, 60% of which are generated by PSO, while
the others are generated randomly. Low-lying structures within
2 eV of the global minimum structure are reoptimized with sub-
sequent frequency calculations. The low-lying candidate isomers
for each size are further optimized using DFT within the hybrid
B3LYP functional, 36 as implemented in the Gaussian 09 suite of
programs. 37 The all-electron basis set 6-311+G(d) 38 is selected for
the determination of the lowest-energy structures of medium sized
sodium clusters. Different spin multiplicities are considered in the
geometric optimization process,up to sextet (quintet) for odd (even)
electron numbers. Meanwhile, harmonic vibrational frequencies
are calculated to ensure that the obtained structures are local min-
ima. The photoelectron spectra of the anionic sodium clusters,
which provides information on not only the ground electronic state
of the anionic but also the ground and excited electronic states of
the neutral species, are simulated using the TD-DFT method39 and
compared with the experimental data.13,14 Each anionic cluster has
a unique electronic structure, so the different isomers can be eas-
ily distinguished by their photoelectron spectra. Finally, chemical
bonding analysis is performed by natural bond orbital (NBO) and
adaptive natural density partitioning (AdNDP) methods.40 In order
to test the reliability of our calculations, we also performed geo-
metric optimization for small neutral and charged sodium dimers
(Na2, Na2

−, Na2
+) through different functionals with 6-311+G(d)

basis sets. The calculated results are summarized in Table S1. It can
be seen from Table S1 that the calculated bond length, vibrational
frequency, dissociation energy, VDE and ionization potential of the
small sodium dimers based on B3LYP methods are in good agree-
ment with the experimental values. In fact, the validity of the hybrid

Figure 1. Lowest-energy structures of Nan
Q (n = 10-25, Q = 0, −1) clusters.

B3LYP functional for small and medium sized sodium clusters has
been confirmed and reported by Solov’yov et al.25 and Chandraku-
mar et al. 41 So, B3LYP/6-311+G(d) is the reasonable method for
medium sized sodium clusters, and it therefore has been selected in
our following calculations.

3. RESULTES AND DISCUSSIONS

3.1. Geometric structure. We used the scheme described in
the previous section to obtain the global minimum structures of
neutral and anionic sodium clusters in the size range of 10 ≤ n ≤ 25.
The lowest-energy structures for each size are displayed in Figure
1. The electronic states and point symmetries of these structures are
given in the Table 1. Other low-lying isomers with their symmetries
and relative energies are shown in Figure S1−S2 in the ESI.

It can be seen in Figure 1 that, with the exception of n = 15, 19,
24, the global minimum structures of neutral and anionic clusters
are different. The structure of Na10 is found to be a bicapped an-
tiprism with a bilayer structure, which is in full compliance with
Solov’yov et al. 25 by using B3LYP/6-311+G(d), while Na10

− pre-
serves the bilayer trapezoidal shape. We notice that the energy of
Na11 obtained here is only slightly lower than the metastable struc-
ture that is shown in Figure S1. Na12−13 adopt oblate layer struc-
tures by fusing hexagonal polyhedron sodium units, while Na13

−

has a bilayer oblate structure with C2v symmetry. For n = 14−16,
all of the neutral structures adopt oblate shapes that can be viewed
as sodium atoms capping the equatorial waist region of Na14 while
the anionic structures are deformations of the corresponding neu-
tral structures, except for n = 15. The anions show a structural
evolution pattern in agreement with previous findings by Moseler
et al..14 For n > 16, the lowest-energy structures of neutral Nan
clusters are also in accordance with theoretical studies,7 with a few
exceptions. A distinct structural evolution from bilayer structures
to layered arrangements with interior atoms occurs at n = 16. The
lowest-energy structures of the medium-sized anionic clusters are
also in excellent agreement with the previous works by Moseler 14
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Figure 2. Simulated photoelectron spectra (red color) for Nan
− (n = 10−25)

clusters, along with the available experimental spectra (blue color) from
Moseler 14 (n = 10−19) and Huber 13 (n = 20−25) for comparison.

and Aguado.7 Based on the jellium model,22,23 Na20 with a closed
shell and 20 delocalized valence electrons (filling the superatom
electronic shells as follows: 1S21P61D102S2) exhibits an approxi-
mately spherical compact structure. The lowest-energy structure of
Na20 here is, however, different from that of earlier studies. 7,27,42,43

Previously, the Cs symmetry Na20 (Figure S1) was considered as
the global minim structure, with one atom capping the waist site
of the double-icosahedron Na19 cluster. Here, however, we have
found that the most stable neutral honeycomb-like Na20 isomer
has C3 symmetry and is 0.016 eV lower in energy than the Cs
structure, and a new honeycomb-like structure is formed. In or-
der to further confirm that the honeycomb-like Na20 structure is
the true global minimum structure, many different functionals have
also been examined and the calculated results are listed in Table
S2. However, on basis of the calculations with both MP2 and
CCSD, and 6-311+G(d) basis set, we found that the C3 symme-
try Na20 structure is always lower in energy than the previous Cs
structure.7,27,42,43 The total energy difference is 0.065 eV (MP2)
and 0.150 eV (CCSD), respectively. The optimized atomic coor-
dinates along with the vibration frequency are given in the Table
S3 and S4. As for anionic Na20

−, a structure with C1 symmetry
in pyramidal shape emerged as most stable. The C2v structure of
the Na21 isomer is based on a pentagonal prism with four atoms
along the central internal axis, while Na21

− forms a similar struc-
ture that distorts the neutral Na21 cluster,s central axis. For n = 22,
23, the sodium cluster isomers contain two interior atoms, while
for n = 24, 25 there are three internal atoms in double icosahedral
structures. This structural evolution illustrates that interior atoms
in the neutral clusters steadily descend into the icosahedral spheri-
cal structures with increased atom numbers. Anionic clusters with
22−25 atoms also prefer spherical and prolate structures derived
from the compact double-icosahedron, differing only by slight dis-
tortions or minute changes in the positions of capping atoms from
the corresponding neutral structures.

As stated above, the ground state structures of the Nan
Q (n =

10-25, Q = 0, −1) clusters evolve from bilayer structures to layered
motifs with interior atoms for n > 16, based on icosahedral struc-
tures, and CALYPSO emerged as an elegant and effective approach
to obtain the novel putative honeycomb-like Na20 cluster with C3
symmetry.

Table 1. Calculated electronic states, symmetries, averaged binding
energies (Eb), and HOMO−LUMO energy gaps (Egap) for the ground
state Nan

Q (n = 10−25, Q = 0,−1) clusters.

Nan Na−n
n Sta. Sym. Eb Egap n Sta. Sym. Eb Egap

10 1A C2 0.568 1.31 10 2B C2 0.678 0.81
11 2A C1 0.566 0.88 11 1A1 C2v 0.690 1.29
12 1A C2 0.585 1.36 12 2A′ Cs 0.680 0.82
13 2A C2 0.581 0.80 13 1A1 C2v 0.693 1.37
14 1A C2 0.602 1.37 14 2A C2 0.684 0.77
15 2A C1 0.597 0.82 15 1A C1 0.689 0.97
16 1A C1 0.607 1.17 16 2A1 C2v 0.688 0.79
17 2A C1 0.605 0.84 17 1A C2 0.696 1.10
18 1A C1 0.626 1.05 18 2A1 C2v 0.706 0.75
19 2A′ Cs 0.630 0.79 19 1A′ Cs 0.707 1.11
20 1A C3 0.630 1.43 20 2A C1 0.699 0.74
21 2B2 C2v 0.635 0.75 21 1A C2 0.697 0.83
22 1A C1 0.638 1.03 22 2A C1 0.696 0.69
23 2A C1 0.637 0.71 23 1A C1 0.699 0.83
24 1A1 C2v 0.639 0.93 24 2B1 C2v 0.693 0.67
25 2A2 C1 0.638 0.73 25 1A1 C2v 0.698 0.83

3.2. Photoelectron spectra of Nan
− clusters. Photoelectron

spectroscopy is one of most significant experimental tools to get in-
sight into and to extract electronic binding energies from a wide va-
riety of atomic and molecular clusters as well as condensed-matter
systems. 14,44 In order to confirm the ground state structures of the
sodium clusters, the photoelectron spectra of the Nan

− (n = 10−25)
clusters are simulated using TD-DFT and compared to the avail-
able experimental results. The simulated spectra together with the
experimental PES data are displayed in Figure 2. The VDE is taken
from the first peak position of the spectra and the ADE for the neu-
tral clusters is obtained by the corresponding intersection between
the baseline and the rising edge of the first peak.1–3 The VDE and
the ADE values are summarized in Table S5 in the ESI, along with
the experimental data13,14 for comparison. One can see satisfac-
tory overall agreement between theoretical and experimental data,
indicating the validity of our theoretical approach.

The simulated spectrum of Na10
− shows three major peaks and

the first peak is located at 1.149 eV, which excellently reproduces
the experimental features. In the simulated spectrum of Na11

−,
three peaks are also observed as in the experimental PES, although
the first peak is moved to higher energy compared to experiment.
The first weak peak on the simulated spectrum of Na12

− emerges at
1.184 eV, followed by a broadened area and a distinct peak at 1.653
eV. The major peaks of experimental PES are successfully repro-
duced by theoretical calculation. In the case of Na13

−, the sim-
ulated spectrum shows a broad peak at 1.509 eV, which presents
the same characteristic as the experimental one. In the simulated
spectrum of Na14

−, it has a weak peak centered at 1.124 eV and
an intense peak at 1.751 eV. Such three-peak behavior is also oc-
curred in experiment. The simulated spectrum of Na15

− exhibits
four major peaks, and the first peak appears at 1.361 eV, which is
broadened into two peaks in experimental PES. A similar situation
occurs for Na25

−. For the PES of Na16
−, both theoretical and ex-

perimental PES yield two peaks and have similar VDE value. In
the simulated spectrum of Na17

−, the first two peaks are separated
by a valley while these peaks merge together in experimental PES.
For Na18

−, the simulated spectrum excellently reproduces the ex-
perimental PES, both of them presents the same trend and yields
three peaks. A similar situation occurs for Na19

−, compared with
the Na18

−, a weak shoulder emerges in the simulated spectrum of
Na19

− because of the appearance of a new 2S shell. In the simu-
lated spectrum of Na20

−, it also has four major peaks as observed in

3



the experimental PES, while the second one is slightly narrow. The
simulated spectrum of Na21

− shows a weak peak centered at 1.250
eV and an intense peak at 2.173 eV, which successfully reproduces
the experimental characteristics. For of Na22

−, the simulated PES
shows four major peaks and the first is located around 1.298 eV.
The simulated PES of Na23

− exhibits three obvious peaks, and the
first small peak appears at 1.378 eV, which is close to the experi-
mental result. For Na24

−, the simulated spectrum is successfully re-
produces the experimental spectrum, both of them shows the same
trend and yields three obvious peaks. The satisfactory agreements
between simulated and experimental spectra within measurement
error, suggesting that the lowest energy structures of the sodium
clusters are truly global minima. It should be pointed out that for
some odd number of atom (n = 11, 13, 15 ...) clusters, a more pro-
nounced peak splitting is found in the simulated spectrum as com-
pared to the experiment PES. This discrepancy between theory and
experiment may be attributed to the following two aspects. In tech-
nical aspects, earlier works7,8,13,14 reported that sodium clusters at
room temperature may be considered as liquidlike and several de-
generate isomers are explored, which state of the PES may can not
be well produced. In theoretical aspects, the odd number of an-
ionic clusters with closed electronic spin shell is more stable than
the even clusters with the open spin shell, which is also the major
factor for the discrepancy of sodium clusters with odd size.13,14,17

Figure 3. Size of dependence of (a) the average binding energies (Eb), (b)
second order energy differences (∆2E), and (c) HOMO-LUMO energy gaps
(Egap) of Nan

Q (n = 10-25, Q = 0, −1) clusters.

3.3. Relative stabilities of Nan
Q (n = 10-25, Q = 0, −1). The

average binding energies (Eb) is a representative of the intrinsic
stability of sodium clusters, and is calculated as

Eb(NaQ
n ) = [(n−1)E(Na)+E(NaQ

)−E(NaQ
n )]/n,Q = 0,−1 (1)

where E is the total energy corresponding to the respective neutral
or anionic sodium clusters. Eb indicates the energy gain of adding a
neutral or anionic Na atom to an existing cluster. As shown in Fig-
ure 3(a), all of the neutral Nan clusters have lower Eb values than
their anionic states, suggesting it is always favorable to delocalize
anionic charge in the clusters as opposed to a single atom. The
curve of Eb shows opposite odd-even oscillating behaviors from n
= 10 to 17 for neutral and anionic clusters: for the neutral Nan clus-
ters, the binding energies curve increase non-monotonically with
even maxima in the range of n = 10−20 and reach a global maxi-
mum at n = 20, followed by a flat energy trend for n > 20. As for
anionic Nan

− clusters, odd-size maxima are followed by a global
maximum of 0.707 eV at n = 19. Thus, Na20 and Na19

− are more
stable than their adjacent clusters. This is in line with the explana-
tion by closed shell effects, which predict the stability of clusters
with 20 valence electrons (1S21P61D102S2) by the spherical jel-
lium model.

As is well known, the second-order energy difference (∆2E) is
another parameter that can reflect the relative stability of clusters.
Figure 3(b) shows the size dependence of ∆2E for sodium clusters,
where ∆2E is defined as:

∆
2E(NaQ

n ) = E(NaQ
n−1)+E(NaQ

n+1)−2E(NaQ
n ),Q = 0,−1 (2)

The apparent peaks for the neutral sodium are formed at n = 12, 14,
16, 18, 20, 22 and 24, suggesting that even-sized clusters Nan are
of greater stability than neighboring odd-sized clusters. Moreover,
the overall highest ∆2E value of Na20 again demonstrates its strong
relative stability. The trend of the ∆2E curves is in accordance with
the average binding energy. Except for Na18

−, the anionic Nan
−

clusters show opposite odd−even oscillating trends compared to
the neutral counterparts. Several distinct peaks of the ∆2E curve
for anionic clusters indicate that Na13,15,17,21,23 are more stable
than the even-sized clusters. The same phenomenon has been re-
ported by Aguado et al.7 and Huber et al.,13 based on the DFT
level with exchange-correlation effects treated within the local den-
sity approximation.

The energy gap (Egap) is another physical quantity that can re-
flect clusters, chemical stability, via the energy cost of an electronic
excitation from the highest occupied orbitals (HOMO) to the lowest
unoccupied orbitals (LUMO); higher values imply chemical inert-
ness (or at least less reactivity). On this basis, the calculated Egap

Figure 4. Molecular orbitals and energy levels of neutral Na20 cluster. The
HOMO−LUMO energy gap is indicated (in green).
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values are listed in Table 1 and are also plotted in Figure 3(c) as
function of cluster size. We can clearly see that for neutral clusters,
the Egap values of even-sized clusters are higher than for odd-sized
clusters. This suggests that even clusters possess stronger chemi-
cal stability than their neighbors. As the neutral curve shows, the
largest Egap for neutral Nan clusters occurs at n = 20, which is in
accordance with the results from both Eb and ∆2E. The number of
valence electrons of Na20 is 20 (1S21P61D102S2), which exhibits
the magic properties according to the jellium model. The varia-
tion of the Egap values matches ∆2E as the cluster sizes increases.
This suggests that cluster stability is driven by electronic, instead of
structural effects. Accordingly, for anionic clusters, the odd-even
alteration behaviors of Egap curve present the opposite trend com-
pared to the corresponding neutral clusters: the values of Egap show
odd-even alterations with odd-sized maxima, where overall maxima
occur at n = 11, 13, 17 and 19, which suggests that these clusters
have stronger chemical stability than their adjacent clusters. Based
on the above analysis, we can conclude that honeycomb-like Na20
is a unique magic cluster and should be highly stable and chem-
ically inert. There is a less distinct magic number effect for the
anionic clusters, where Na11

− and Na13
− also exhibit significantly

higher stability than others.

Figure 5. Chemical bonding analysis of the Na20 cluster using the AdNDP
method. ON stands for occupation number.

3.4. Chemical bonding analysis. To further elucidate the
stability of the neutral magic Na20 cluster with C3 symmetry,
which features the highest electronic Egap across all our neutral
clusters structures, we analyze its bonding nature by displaying
HOMO−LUMO molecular orbitals in Figure 4. Since sodium clus-
ters can be viewed as typical model systems rationalized by the
spherical jellium model, this can also be demonstrated by the occu-
pied molecular orbitals. The non-degenerate HOMO is primarily a
2s−type atomic orbital, corresponding to the spherical shell struc-
ture within the peripheral and internal Na−Na bonds. Meanwhile,
the LUMO molecular orbital resembles a f−type atomic orbital.
The molecular orbitals of HOMOq (q = 1−5) are d−type atomic
orbitals: the HOMO−3 orbital exhibits the distinctive dz2 direc-
tion, while the other directions of d atomic orbitals (such as dxy,

dyz, dx2−y2 , and dxz) feature in HOMO−1, HOMO−2, HOMO−4,
and HOMO−5, respectively. The HOMO−6 to HOMO−8 or-
bitals are of p−type atomic orbital character (HOMO−8, for in-
stance, can be assigned the pz orbital). Lastly, the orbital of the
HOMO−9 is a classical s−type atomic orbital within the spherical
shell structure, and is formed by σ NaNa bonds. We can deduce
that the neutral Na20 cluster,s electronic structure is best described
as 1S21P61D102S2, which is consistent with the HOMO, LUMO
and lower occupied molecular orbitals. The level degeneracies are
broken by the non-spherical cluster geometry, however some re-
main: the molecular orbitals of HOMO−1, HOMO−2, as well as
HOMO−4, HOMO−5 and HOMO−6, HOMO−7 are degenerate.
The large gap between the superatom 2S and 1F states is, to the
best of our knowledge, the reason why the neutral Na20 exhibits the
sizable energy gap of 1.43 eV between the HOMO−LUMO.

To gain alternate insight into the chemical bonding of neutral
honeycomb-like C3−Na20, we performed chemical bonding anal-
ysis for Na20 by using the AdNDP method,45,46 which represents
the bonding of a molecule in terms of localized and delocalized
n−center two−electron (nc−2e) bonds, with n potentially ranging
from one to the total number of atoms in the systems. The detailed
AdNDP analysis of the Na20 cluster is depicted in Figure 5, or-
dered by occupation number (ON). The first bond depicts a lone
pair on the internal Na with ON = 1.998 ∣e∣, compared to 2.00 ∣e∣
in the ideal case, meaning that 0.002 ∣e∣ participates in π bonding
with the surrounding sodium atoms. Moreover, the AdNDP reveals
a 4c−2e π−bond describing stronger Na−Na bonds involving the
three peripheral apex sodium atoms and the internal atom. The
peripheral Na atoms contribute to the Na−Na bonds including de-
localized bonding in the structure and form three 8c−2e σ−bonds
with ON = 1.945 ∣e∣, ON = 1.940 ∣e∣ and ON = 1.934 ∣e∣, respec-
tively. Additional delocalized bonding is provided in the shape of
five 12c−2e σ−bonds with ON ranging from 1.815 ∣e∣ to 1.950 ∣e∣.
For each of these bonds, the internal sodium atom together with two
peripheral sodium atoms contributes to the σ−bonds. The 16c−2e
bond, finally, describes a σ−bond with the lowest occupation num-
ber ON = 1.815 ∣e∣, where the internal atom forms a strong σ−bond
and contributes to the high energy gap in the Na20 clusters. Con-
ceivably, most of the σ−bonds contribute to the substantial stabi-
lization of the neutral C3-Na20 cluster.

3.5. Polarizability. The static electric dipole polarizability can
determine the dynamical response of a bound system to external
fields, and the analysis of atomic polarizabilities suggests a strong
dependence on the structure of the clusters.27,47 For the curves
shown in Figure 6, the polarizability per atom is defined in terms of
the diagonal polarizability tensor components, and is expressed as
follows:

Ð→α /n = (αxx+αyy+αzz)/3n (3)

Here we present and analyze the results on the size dependence
of the polarizabilities of Nan

Q (n = 10−25, Q = 0, −1) clusters as
determined from the respective lowest-energy structures. As illus-
trated in Figure 6, the overall polarizability per atom is decreasing
non-monotonically with increasing cluster size n. Obviously, the
values of anionic sodium clusters are higher than the neutral, and
also demonstrate their sensitivity to the details of the cluster struc-
ture. The anisotropy of the anionic cluster structures is particularly
sensitive to applied static electric fields. The neutral clusters, po-
larizability per atom from our calculations qualitatively reproduce
the experimentally data. But for all cluster sizes they consistently
underestimate the measured values: by roughly 10 Bohr3 for most
cluster sizes. This disparity are systematically discussed in by Ma
et al. 27 and Kronik et al. 48 These calculations show that the quan-
titative discrepancy between theory and experiment are attributed
to the effect of finite temperature and geometric evolution of the
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Figure 6. Polarizabilities per atom for Nan
Q (n = 10−25, Q = 0, −1) clus-

ters. The experimental data (in red) stem from Ma. 27

clusters structure. Somewhat generalizing, the polarizability also
increases as the volume occupied by the electrons. 49 Therefore, the
general downward trend of larger clusters indicates more tightly
bound electrons, in contrast to the smaller clusters with only loosely
bound electrons. The mean polarizability of sodium clusters in the
regime of our research reduces towards a minimum corresponding
to closed electronic shells, as well as a pronounced dip at n = 18,
which has been interpreted intensively by Ma et al. 27 and Rayane
et al. 50

4. CONCLUSIONS

In summary, a family of geometric structures and electronic prop-
erties of medium-sized sodium clusters Nan

Q (n = 10−25, Q = 0,
−1), have been acquired by CALYPSO searching method and sub-
sequent DFT optimizations; the global minima of the neutral Na20
with C3 symmetry has been proposed as a novel honeycomb-like
isomer. Meanwhile, according to the considerable influence of the
jellium model and electron shell structures, the structures evolve
from bilayer structures to layered motifs with interior atoms rel-
atively gradually for n > 16, with the latter based on icosahedral
structures. The simulated photoelectron spectra show satisfying
agreement with the experimental spectra for most sizes across the
range of cluster sizes up to 25 atoms, which demonstrates that the
structures we obtained are truly global minima. In particular, the
Na20 cluster is found to be the most stable structure in the size
range of n = 10−25 through an analysis of the relative stabilities.
The lowest-energy structure of honeycomb-like Na20, which also
has a large HOMO-LUMO energy gap, is analyzed by natural bond
orbital analysis and adaptive natural density partitioning. We con-
structed a computational polarizability evolution curve to compare
with experiment, and found that general features including the mea-
sured values were underestimated, and a significant polarizability
minimum related to electronic shell closings at n = 18.
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(24) Bonačić-Koutecký, V.; Fantucci, P.; Koutecký, J. Systematic Ab Initio
Configuration-Interaction Study of Alkali-Metal Clusters. II. Relation Be-
tween Electronic Structure and Geometry of Small Sodium Clusters. Phys.
Rev. B 1988, 37, 4369−4374.

(25) Solov,yov, I. A.; Solov,yov, A. V.; Greiner, W. Structure and Properties of
Small Sodium Clusters. Phys. Rev. A 2002, 65, 053203.

(26) Nagare, B. J.; Kanhere, D. G.; Chacko, S. Structural and Electronic Prop-
erties of Sodium Clusters Under Confinement. Phys. Rev. B 2015, 91,
054112.

(27) Ma, L.; Jackson, K. A.; Wang, J. G.; Horoi, M.; Jellinek, J. Investigating
the Metallic Behavior of Na Clusters Using Site-Specific Polarizabilities.
Phys. Rev. B 2014, 89, 035429.

(28) Yoo, S.; Zeng, X. C. Structures and Relative Stability of Medium-Sized
Silicon Clusters. IV. Motif Based Low-Lying Clusters Si21−Si30. J. Chem.
Phys. 2006, 124, 054304.

(29) Wang, Y. C.; Lv, J.; Zhu, L.; Ma, Y. M. Crystal Structure Prediction via
Particle-Swarm Optimization. Phys. Rev. B 2010, 82, 094116.

(30) Wang, Y. C.; Lv, J.; Zhu, L.; Ma, Y. M. CALYPSO: A Method for Crystal
Structure Prediction. Comput. Phys. Commun. 2012, 183, 2063−2070.

(31) Lv, J.; Wang, Y. C.; Zhu, L.; Ma, Y. M. Particle-Swarm Structure Predic-
tion on Clusters. J. Chem. Phys. 2012, 137, 084104.

(32) Lu, S. H.; Wang, Y. C.; Liu, H. Y.; Miao, M. S.; Ma, Y. M. Self-Assembled
Ultrathin Nanotubes on Diamond (100) Surface. Nat. Commun. 2014, 5,
3666.

(33) Zhu, L.; Liu, H. Y.; Pickard, C.; Zou, G. T.; Ma, Y. M. Reactions of Xenon
with Iron and Nickel are Predicted in the Earth,s Inner Core. Nat. Chem.
2014, 6, 645−649.

(34) Wang, H.; John, S. T.; Tanaka, K.; Iitaka, T.; Ma, Y. M. Superconductive
Sodalite-Like Clathrate Calcium Hydride at High Pressures. P. Natl. Acad.
Sci. 2012, 109, 6463−6466.

(35) Lv, J.; Wang, Y. C.; Zhu, L.; Ma, Y. M. Predicted Novel High-Pressure
Phases of Lithium. Phys. Rev. Lett. 2011, 106, 015503.

(36) Lee, C.; Yang, W.; Parr, R. G. Development of the Colic-Salvetti
Correlation-Energy Formula into a Functional of the Electron Density.
Phys. Rev. B 1988, 37, 785−789.

(37) Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman,
J.; Montgomery Jr, J.; Vreven, T.; Kudin, K.; Burant, J.; et al. Gaussian,
Inc.; Wallingford, CT. 2009.

(38) McLean, A. D.; Chandler, G. S. Contracted Gaussian Basis Sets for Molec-
ular Calculations. I. Second Row Atoms, Z = 11−18. J. Chem. Phys. 1980,
72, 5639−5648.

(39) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R. Molecular
Excitation Energies to High-Lying Bound States from Time-Dependent
Density-Functional Response Theory: Characterization and Correction of
the Time-Dependent Local Density Approximation Ionization Threshold.
J. Chem. Phys. 1998, 103, 4439−4449.

(40) Zubarev, D.; Boldyrev, A. Developing Paradigms of Chemical Bonding:
Adaptive Natural Density Partitioning. Phys. Chem. Chem. Phys. 2008,
10, 5207−5217.

(41) Chandrakumar, K. R. S.; Ghanty, T. K.; Ghosh, S. K. Relationship between
Ionization Potential, Polarizability, and Softness: A Case Study of Lithium
and Sodium Metal Clusters. J. Phys. Chem. A 2004, 108, 6661−6666.

(42) Röthlisberger, U.; Andreoni, W. Structural and Electronic Properties of
Sodium Microclusters (n = 2−20) at Low and High Temperatures: New
Insights from Ab initio Molecular Dynamics Studies. J. Chem. Phys. 1991,
94, 8129−8151.

(43) Jackson, K.; Ma, L.; Yang, M.; Jellinek, J. Atomistic Dipole Moments
and Polarizabilities of NaN Clusters, N = 2−20. J. Chem. Phys. 2008, 129,
144309.

(44) Mundt, M.; Kümmel, S. Photoelectron Spectra of Anionic Sodium Clusters
from Time-Dependent Density-Functional Theory in Real Time. Phys. Rev.
B 2007, 76, 035413.

(45) Averkiev, B. B.; Zubarev, D. Y.; Wang, L. M.; Huang, W.; Wang, L.
S.; Boldyrev, A. I. Carbon Avoids Hypercoordination in CB6 , CB6

2−,
and C2B5 Planar Carbon-Boron Clusters. J. Am. Chem. Soc. 2008, 130,
9248−9250.

(46) Popov, I. A.; Jian, T.; Lopez, G. V.; Boldyrev, A. I.; Wang, L. S. Cobalt-
Centred Boron Molecular Drums with the Highest Coordination Number
in the CoB16

− Cluster. Nat. Commun. 2015, 6, 9654.
(47) Bowlan, J.; Liang, A.; De Heer, W. A. How Metallic Are Small Sodium

Clusters? Phys. Rev. Lett. 2011, 106, 043401.
(48) Kronik, L.; Vasiliev, I.; Jain, M.; Chelikowsky, J. R. Ab initio Struc-

tures and Polarizabilities of Sodium Clusters. J. Chem. Phys. 2001, 115,
4322−4332.

(49) Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry; Uni-
versity Science Books; 2006.

(50) Rayane, D.; Allouche, A. R.; Benichou, E.; Antoine, A.; Aubert Frecon,
M.; Dugourd, P.; Broyer, M.; Ristori, C.; Chandezon, F.; Huber, B. A.; et
al. Static Electric Dipole Polarizabilities of Alkali Clusters. Eur. Phys. J. D
2011, 106, 043401.

7

http://link.aps.org/doi/10.1103/PhysRevLett.52.2141
http://link.aps.org/doi/10.1103/PhysRevLett.52.1925
http://link.aps.org/doi/10.1103/PhysRevB.29.1558
http://link.aps.org/doi/10.1103/PhysRevB.37.4369
http://link.aps.org/doi/10.1103/PhysRevB.37.4369
http://link.aps.org/doi/10.1103/PhysRevA.65.053203
http://link.aps.org/doi/10.1103/PhysRevB.91.054112
http://link.aps.org/doi/10.1103/PhysRevB.89.035429
http://scitation.aip.org/content/aip/journal/jcp/124/5/10.1063/1.2165181
http://scitation.aip.org/content/aip/journal/jcp/124/5/10.1063/1.2165181
http://journals.aps.org/prb/abstract/10.1103/PhysRevB.82.094116
http://www.sciencedirect.com.sci-hub.org/science/article/pii/S0010465512001762
http://scitation.aip.org.sci-hub.org/content/aip/journal/jcp/137/8/10.1063/1.4746757
http://dx.doi.org/10.1038/ncomms4666
http://www.nature.com.sci-hub.org/nchem/journal/v6/n7/full/nchem.1925.html
http://doi:10.1073/pnas.1118168109/-/DCSupplemental.
http://doi:10.1073/pnas.1118168109/-/DCSupplemental.
http://link.aps.org/doi/10.1103/PhysRevLett.106.015503
http://link.aps.org/doi/10.1103/PhysRevB.37.785
http://www.gaussian.com/g_tech/g_ur/m_citation.htm
http://scitation.aip.org/content/aip/journal/jcp/72/10/10.1063/1.438980
http://scitation.aip.org/content/aip/journal/jcp/131/17/10.1063/1.3187934
http://pubs.rsc.org/en/content/articlepdf/2008/CP/B804083D
http://dx.doi.org/10.1021/jp048522e
http://scitation.aip.org/content/aip/journal/jcp/94/12/10.1063/1.460096
http://scitation.aip.org/content/aip/journal/jcp/129/14/10.1063/1.2978169
http://link.aps.org/doi/10.1103/PhysRevB.76.035413
http://link.aps.org/doi/10.1103/PhysRevB.76.035413
http://dx.doi.org/10.1021/ja801211p
http://dx.doi.org/10.1038/ncomms9654
http://link.aps.org/doi/10.1103/PhysRevLett.106.043401
http://scitation.aip.org/content/aip/journal/jcp/115/9/10.1063/1.1390524
http://www.uscibooks.com
http://dx.doi.org/10.1007/s100530050433
http://dx.doi.org/10.1007/s100530050433


For Table of Contents Only: The geometric structures and elec-
tronic properties of medium-sized sodium clusters have been ac-
quired by CALYPSO method in combination with density func-
tional theory calculations. A novel unprecedented honeycomb-like
structure of Na20 cluster with C3 symmetry is uncovered, which is
more stable than the prior suggested structure based on pentagonal
structural motifs.
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