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After the first introduction of p aromaticity in chemistry to

explain the bonding, structure, and reactivity of benzene and

its derivatives, this concept was further applied to many other

compounds featuring other types of aromaticity (i.e., r, d).

Thus far, there have been no reports on d-AO-based spherical

r aromaticity. Here, we predict a highly stable bare Ce6O8 clus-

ter of a spherical shape using evolutionary algorithm USPEX

and DFT 1 U calculations. Natural bond orbital analysis, adapt-

ive natural density partitioning algorithm, electron localization

function, and partial charge plots demonstrate that bare

Ce6O8 cluster exhibits d-AO spherical r aromaticity, thus

explaining its exotic geometry and stability. Ce6O8 complex

plays an important role in many reactions and is known

to exist in many forms, such as in NH4[Ce6(l3O)5(l3OH)3(l2-

C6H5COO)9(NO3)3(DMF)3]*DMF*H2O compound, which is pre-

pared under room temperature, and acts as an oxidizing

agent. VC 2015 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24049

Introduction

Aromaticity in chemistry manifests itself through enhanced sta-

bility, low reactivity, bond-length equalization, and high electron

detachment energies in photoelectron spectra.[1,2] It was Lips-

comb, who extended aromaticity into three-dimensions in

1959.[3] He proposed the term “superaromaticity” to explain the

three-dimensional (3D) aromaticity of B12H22
12 . Explicitly, the idea

of 3D aromaticity of deltahedral boranes was put forward by

Aihara[4] and by King and Rouvray[5] in 1978. Further advance-

ment of 3D aromaticity was put forward by Kroto et al.[6] who

stated “C60 appears to be aromatic” based on its prominent

intensity in mass spectra. However, careful analysis of aromatic-

ity in C60 by Chen et al.[7] revealed that the buckyball is not aro-

matic in spite of being substantially more thermodynamically

stable than neighboring carbon clusters. Later on, it was noticed

that fullerenes become more aromatic when they are

reduced.[8] In 2000, Hirsch et al.[9,10] proposed a 2(N 1 1)2 rule

(N 5 number of p electrons) for spherical p aromaticity, based

on the spherical harmonics of pseudoatoms. In 2011, Poater

and Sol�a.[11] proposed the 2N2 1 2N 1 1 rule for open-shell

spherical aromaticity. Chen and King recently reviewed[12] the

introduction of 3D aromaticity in chemistry. At the edge of two

centuries, the concept of aromaticity was extended to bare

metal clusters[13,14] as well as to metal clusters embedded in

bulky protective groups of solid-state materials.[15–18] First 3D

aromatic metal cluster Al22
6 was described by Kuznetsov

et al.[19] Afterwards, aromaticity concept was further extended

to transition metal systems.[20–25] Huang et al.[26] showed the

presence of d-orbital r aromaticity in 4d and 5d transition metal

oxide clusters Mo3O22
9 and W3O22

9 . Subsequently, Zhai et al.[27]

found p- and d-aromaticity in transition metal oxide cluster

Ta3O2
3 . Alexandrova and coworkers[28–30] studied aromaticity in

transition metal clusters as free systems as well as deposited on

the surface and being a part of the surface. Among the transi-

tion metals, spherical aromaticity was found in gold clusters,[31]

where delocalized bonding is due to the s-AO’s of Au. Very

recently, Cui et al.[32] reported s-AO-based cubic r aromaticity in

polyzinc compound containing [ZnI
8(HL)4(L)8]122 (L 5 tetrazole

dianion) cluster core. In this article, we predict a structure and

explore electronic and thermodynamic properties of a lanthanide

oxide cluster Ce6O8 featuring the first example of d-AO-based

spherical r aromaticity. As a matter of fact, the synthesis of

the NH4[Ce6(l3O)5(l3OH)3(l2-C6H5COO)9(NO3)3(DMF)3]*DMF*H2O

compound containing Ce6O8 core has already been

reported.[33] In general, our findings suggest that d-AO spheri-

cal aromaticity may exist in many multinuclear transition metal

and lanthanide oxide compounds. Chemical bonding analyses

reveal that among the valence molecular orbitals (MO)

involved in the multicenter metal–metal bonding, there are
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two completely delocalized electrons found over six Ce atoms,

thus forming the d-AO-based 6cA2e r bond, which represents

a new mode of chemical bonding.

Methods

Searches for stable Ce6On (n 5 1–14) clusters were performed

using the ab initio evolutionary algorithm USPEX,[34–36] which

has been successfully applied to various materials.[37,38] The

first generation of structures was produced using randomly

selected point group symmetries and then subsequently

relaxed and ranked by the total energy. All the new structures

were produced from the old ones by heredity (50%), softmuta-

tion (20%), permutation (10%), and 20% of the new generation

using the random symmetric algorithm with the target to find

the global minimum energy configuration for each composi-

tion. In these calculations, we used periodic boundary condi-

tions with vacuum region of 10 Å around each Ce6On cluster.

All structure relaxations and total energy calculations were

performed using the Vienna ab initio simulation package[39,40]

based on density functional theory (DFT) at the GGA level (Per-

dew-Burke-Ernzerhof functional[41]) with the inclusion of on-

site Coulomb interaction (Ueff 5 U–J 5 5 eV).[42,43] This DFT 1 U

method was chosen as our computational approach due its

efficiency and adequacy (on the contrary, standard GGA func-

tionals are not adequate for describing Ce-4f electronic states,

which result from the formation of oxygen vacancies in ceria).

We used all-electron projector-augmented wave method and

plane wave kinetic energy cutoff of 400 eV. 5s25p65d14f16s2

electrons of cerium atoms and 2s22p4 electrons of oxygen

atoms were treated as fully relaxed valence electrons. Structure

optimizations were performed until the Hellmann–Feynman

force on each atom was less than 0.001 eV/Å. Vibrational fre-

quency calculations were performed to check that all stable

structures have no imaginary frequencies.

To understand the unique chemical bonding in the bare

Ce6O8 cluster, we have utilized natural bond orbital analysis

(NBO)[44] and its extension adaptive natural density partition-

ing (AdNDP) method[45] at the UPBE0/Ce/Stuttgart RSC 1997

ECP/O/6-31111G(d,p) level of theory. AdNDP was shown to

be a useful tool for deciphering chemical bonding in various

clusters[46,47] and solid-state systems.[48,49]

Results and Discussion

We initially performed an extensive search for global minimum

structures of all Ce6On (n 5 1–14) clusters at the DFT 1 U level

of theory. The global minimum structure of bare Ce6O8 cluster,

which was found to be particularly stable, was then recalcu-

lated with higher precision. To find which compositions display

particularly high stability, we considered the second energy

difference defined as:

D2E 5 2E Ce6Onð Þ 2 E Ce6On21ð Þ 2E Ce6On11ð Þ; (1)

where E(Ce6On) is the energy of the Ce6On cluster. From the

second energy difference (Fig. 1), we see that clusters with

even n are much more stable than odd clusters.

The total oxygen binding energy is defined as:

DEn5 E Ce6Onð Þ 2 E Ce6ð Þ 2 1=2nE O2ð Þ; (2)

where E(O2) is the energy of O2 molecule in gas phase, and

the stepwise oxygen binding energy is then:

DDE 5 DEn 2 DEn-1; (3)

and the average oxygen binding energy is DE 5 DEn/n. From

the stepwise oxygen binding energy (Fig. 1), we see that the

binding of up to 12 oxygen atoms on the Ce6 cluster is partic-

ularly thermodynamically favorable, and the average oxygen

binding energy shows that binding of all 14 oxygen atoms to

the Ce6 cluster is still thermodynamically feasible. One can see

that bare Ce6O8, Ce6O10, Ce6O12 clusters have higher second

energy difference values, indicating that these clusters are

much more stable than their neighbors. Bare Ce6O8 has a

closed-shell atomic structure of Oh symmetry with a hollow

center. As a mater of fact, it is a fully symmetric fragment of

the stable fluorite-type structure of bulk CeO2. Such clusters

may play an important role in crystallization of fluorite-like

CeO2 and defective fluorite-like (bixbyite-like) Ce2O3. There are

several experimental reports on the synthesis of chemical com-

pounds containing Ce6O8 fragments.[33,50,51]

Following the approach of Ref. 52, we evaluated the Gibbs

free energy as:

Figure 1. Second energy difference, stepwise and averaged binding ener-

gies for global minima of Ce6On (n 5 1–14) clusters.
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DGf T ; PO2ð Þ 5 FCe6On Tð Þ 2 FCe6 Tð Þ 2 nlO T ; pO2ð Þ; (4)

where FCe6On(T) and FCe6 are the Helmholtz free energy of the

Ce6On and the pristine Ce6 cluster (at their ground states with

respect to the geometry and spin), respectively, and lO(T,pO2)

is the chemical potential of oxygen. In equilibrium with molec-

ular O2 gas, lO(T,pO2) is expressed as:

lO T ; pO2ð Þ 5 1=2 EO2 1 lO2 T ; p0
� �

1 kBT ln p=p0
� �� �

; (5)

where p0, kB, and p are the standard atmospheric pressure,

Boltzmann constant, and oxygen partial pressure, respectively.

EO2 was obtained by a spin-polarized calculation. lO2(T,p0)

term includes vibrational, rotational, and magnetic contribu-

tions for O2 gas, and was taken from tables of thermodynamic

data.[53] kBT ln(p/p0) is the contribution of temperature and O2

partial pressure to the oxygen chemical potential. Figure 2a

shows thermodynamics of bare Ce6On clusters. There are six

stable clusters: Ce6, Ce6O4, Ce6O8, Ce6O9, Ce6O10, and Ce6O12.

Another insightful form of the phase diagram is shown in Fig-

ure 2b. The phase diagram as a function of temperature and

partial oxygen pressure is shown in Figure 3. One can see that

Ce6O8 has a wide stability field. Spin density distribution for

Ce6On clusters is also shown in Figure 3. Assuming that the

oxidation state of O atom is 22, one can calculate that six Ce

atoms in Ce6O12 carry zero electrons, in Ce6O10—four elec-

trons, in Ce6O9—six electrons, and in Ce6O8—eight electrons.

It is noteworthy that Ce6O8 has six unpaired electrons (with

one electron located on each Ce atom) and total magnetic

moment of 6 lB. Remaining two electrons of Ce6O8 were

found to participate in the formation of the 6cA2e r bond, as

will be further shown by the AdNDP analysis.

To understand the structure and bonding of the neutral

Ce6O8 cluster, we performed a detailed MO analysis. Counting

valence electrons, 6 Ce atoms give in total 6 3 4 5 24 elec-

trons for bonding and 8 O atoms give in total 8 3 2

(O22) 5 16 electrons. On balance, there are 24 2 16 5 8 elec-

trons. Understanding where these eight electrons localize or

delocalize is very important for deciphering the stability of

bare Ce6O8. Figure 4 shows the electron localization function

(ELF). ELF[54] proved to be a useful tool for studying chemical

bonding in clusters and molecules. It is interesting to find that

there is a concentration of electron density in the empty cen-

ter of the bare Ce6O8 cluster, as shown in Figures 4b–4d. This

is reminiscent of the newly predicted anion-deficient com-

pound Mg3O2,[55] which is stable at high pressures and also

features a maximum of ELF in the center of empty Mg6 octa-

hedra, corresponding to an electron pair localized in the voids

of the structure. Figure 5 shows the total and projected den-

sities of states (DOS). One can see that the highest occupied

molecular orbital (HOMO) levels are mainly composed of O-p

and Ce-dz2, and the lowest unoccupied molecular orbital

(LUMO) is mainly composed of the Ce-dz2, Ce-p, and O-p orbi-

tals. From the projected DOS shown in Figures 5a and 5b,

there is clear splitting between the d and f orbitals. In addi-

tion, the MOs with energies in the range of 25 to 22.4 eV

(see Fig. 5) are made of strongly hybridized Ce-s, Ce-p, Ce-d,

and Ce-f orbitals, together with O-p forming bonding MOs.

The most interesting MOs with energies in the range from 22

to 21 eV are mainly composed of O-p and Ce-f3 orbitals. Here,

orbital Ce-f3 is a coordinate-system-dependent symbol. The

Figure 2. Phase diagram of Ce6On (n 5 1–14): stability of different clusters

as a function of a) number of oxygen atoms and b) oxygen chemical

potential.

Figure 3. Phase diagram of Ce6On in oxygen atmosphere. The spin density

distribution (yellow) of the corresponding clusters is shown in the phase

diagram.
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unpaired f3 electrons contribute to the magnetic moment of

Ce6O8, and there are six electrons responsible for the magnetic

moment of Ce6O8 (6 lB). Another interesting bonding MO

with energies between 20.5 and 0 eV is mainly composed of

the O-p and Ce-dz2 orbitals. The six Ce atoms contribute two

delocalized electrons as shown in the 3D and 2D partial

charge plots (see Supporting Information Fig. S1). The anti-

bonding states with energies from 0.0 to 0.5 eV are mainly

due to the O-p and Ce-dz2 orbitals. The antibonding states in

the energy range from 1 to 1.5 eV are made of O-p and Ce-p,

Ce-dz2 orbitals.

To interpret the results obtained from ELF and DOS, we

have further utilized the NBO method as well as its extension,

the AdNDP algorithm. While NBO allows determination of

Lewis elements of localized bonding, such as 1cA2e bonds

(lone pairs [LP]) and 2cA2e bonds (classical two-center two-

electron bonds), AdNDP enables delocalized bonding (ncA2e

bonds, n> 2) to be found in addition. As bare Ce6O8 was

shown to have six unpaired electrons, we used the unre-

stricted AdNDP (UAdNDP) analysis, which enables separate

treatments of a- and b-valence electrons. To get an averaged

result for a bond, we added these numbers together for the

same type of bonds found by the program. In total, there are

39 a- and 33 b-valence electrons in the bare Ce6O8 cluster. The

NBO method revealed the following chemical bonding ele-

ments: 8 a- and 8 b-electrons on eight oxygen atoms forming

one LP on each oxygen with the total (a- and b-) occupation

number (ON) ON 5 1.8 |e| (Fig. 6a). It is noteworthy that these

LPs are formed by the 2s AO’s (56%) with the contribution of

2p AO’s (44%) of oxygen. It also revealed six alpha-electrons of

Figure 4. a) 3D and b) 2D images of the ELF of bare Ce6O8 cluster; c) 3D and d) 2D ELF of Ce6O8 cluster across the Ce-O-O-Ce-O-O plane. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Total and projected DOS of the Ce6O8 cluster. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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f-type on 6 Ce atoms (one on each) with ON 5 1.0 |e|, which

make the cluster paramagnetic (Fig. 6b), in excellent agree-

ment with the Ce-f3 states observed in the projected DOS.

According to the symmetry of the cluster, one could expect

the formation of either 24 2cA2e CeAO r bonds or 24 LPs on

oxygen atoms. However, the NBO analysis revealed a mixed

picture with some CeAO r bonds (highly polarized toward

oxygen: about 95% of the electron density comes from oxy-

gen atoms and 5% from cerium atoms) and some LPs on oxy-

gen breaking high symmetry of this cluster. That could be a

result of the global and local orthogonality requirements in

this method. Therefore, we searched for the 2cA2e CeAO r
bonds using the UAdNDP method. The total UAdNDP picture

(averaged for a- and b-electrons) revealed 24 2cA2e CeAO r
bonds (ON 5 1.9 |e|) highly polarized toward oxygen (Fig. 6c),

which can also be obtained as LPs of oxygen atoms with

ON 5 1.7 |e| directed toward cerium atoms, which is in agree-

ment with the overall NBO picture. All these bonding elements

(6 unpaired electrons on 6 Ce atoms, 8 LPs on 8 O atoms, and

24 2cA2e CeAO bonds) revealed by the NBO and UAdNDP

methods account for a total of 70 electrons, whereas in total

there are 72 electrons in the neutral Ce6O8 cluster. UAdNDP

method enabled us to find the elements of delocalization

(ncA2e bonds, n> 2) and helped to resolve this issue.

UAdNDP has found one delocalized bond with ON 5 2.0 |e|:

6cA2e r bond of spherical shape spread over six cerium

atoms (Fig. 6d), which is mostly composed of 5dz2 AO’s of

cerium atoms, thus making Ce6O8 cluster d-AO-based spheri-

cally r aromatic. Thus, based on this chemical bonding picture

one could assign the oxidation states of 12.67 to Ce atoms,

and 22 to O atoms. Noteworthy, this kind of aromaticity is

more related to the aromaticity of closo boranes (aromaticity

due to “internal” or “cage” electrons) than that of negatively

charged fullerenes (aromaticity due to “external” or “surface”

electrons). To the best of our knowledge, this is the first exam-

ple of spherical d-AO-based r aromaticity.

Figure 6. Representative elements of chemical bonding elements of the Ce6O8 cluster revealed by the NBO and AdNDP methods: a) LP on oxygen, b)

unpaired electron on Ce, c) 2cA2e CeAO r bond, and d) 6cA2e d-AO-based r bond. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The HOMO–LUMO energy separation serves as a simple

approximate measure of chemical stability. Bare Ce6O8 cluster is

found to possess a large HOMO–LUMO gap (0.9 eV). The high

symmetry of neutral Ce6O8 cluster increases the DOS in the

frontier orbital region: the HOMO-1 (a2g), HOMO-2 (t2u), and

HOMO-3 (eg) are essentially degenerate. As a matter of fact,

these half-occupied MOs are transformed during the NBO pro-

cedure into six unpaired electrons of f-type found on six Ce

atoms (one on each). Indeed, doubly occupied HOMO (a1g) is

responsible for the formation of the unique d-AO-based 6cA2e

r bond, making this cluster aromatic. The canonical MOs of the

frontier orbitals are shown in Supporting Information Figure S2.

Thus, spherical d-AO-based r aromaticity in this cluster is a

new mode of chemical bonding that can only occur in multinu-

clear transition metal and lanthanide oxide systems.

Conclusions

In conclusion, we have demonstrated a unique d-AO spherical

r-type aromaticity in a lanthanide oxide cluster, predicted by

evolutionary structure prediction code USPEX and DFT 1 U cal-

culations. Aromaticity and sphere-like geometry make the bare

Ce6O8 cluster very stable, which is confirmed by the analysis of

the thermodynamic properties. Thus, we believe that bare Ce6O8

may serve as a nucleation seed for many known complexes as

well as a building block for CeO2 and Ce2O3 crystals. The pres-

ence of Ce2.671 and a peculiar 6cA2e bond are likely to make

this cluster and its derivatives very interesting for catalysis. Cur-

rent findings suggest that d-AO-based r aromaticity may exist in

many spherical transition metal and lanthanide systems in low

oxidation states. We hope that this work will inspire experimen-

tal realization of this and other transition metal and lanthanide

oxides clusters possessing d-AO based spherical aromaticity.
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