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In this work, the ground states of CdiOi clusters (i ) 1-9, 12, 15) are studied. Ringlike structures have been
found to be the global minima for clusters as large asi ) 7, and three-dimensional structures (clustertubes
and spheroids) are observed to be the global minima for larger ones (i ) 8, 9, 12, 15). This trend has been
ascribed to the stability of obtuse O-Cd-O angles in the first case, and to the stability gained from higher
coordination in the second case. The three-dimensional structures may be envisioned as being built from
Cd2O2 and Cd3O3 rings, as it is the case for ZniX i (where X) O, S, Se, Te) three-dimensional structures.
Calculated cohesive energies increase as the cluster size increases, which gives support to the idea that the
predicted global minima are the correct ones.

1. Introduction

Semiconductors are materials of great importance in the
development of technology. The computer revolution and other
technological devices have been (and are) in rapid development,
basically because of improved semiconductor materials. Some
of these materials are the group II-VI compounds, whose
interest has increased notably, because of their paramount
technological potential. Applications such as photovoltaic solar
cells,1-10 optical sensitizers,11 photocatalysts,12,13 or quantum
devices14 have led to extensive investigation. To understand
these phenomena, it is essential to study the structure and
electronic properties of these compounds, thereby providing
more information about the optimization of these materials to
enhance their applicability. Many theoretical studies have been
reported concerning the electronic structure of these semicon-
ductor compounds.15-22

Nevertheless, there are some properties related to these
compounds that have been observed to be local phenomena.
That is, when they happen, they happen in a certain well-defined
domain. Thus, it is important to study small clusters of these
compounds, whose electronic and structural properties could
give insight into understanding these local properties, including
their catalytic behavior.23 Also, the fact that cluster and
nanoparticle characterization is becoming technologically fea-
sible is remarkable. This makes cluster science more interesting,
because, in addition to its capability in helping to rationalize
some of their surface-related properties, studies of clusters of
increasingly larger size can eventually fill the gap with the
nanosized-materials domain in a comprehensible manner. As a
matter of fact, experimental studies on nanoparticles 2-3 nm
in diameter are becoming routine.24,25Concomitantly, it is worth
noting that the diameter of Cd15O15 is 0.85 nm. Thus, several
experimental26-33 and theoretical34-38 studies have been reported
concerning clusters of various compositions, which have
important and interesting applications.

Therefore, the study of small group II-VI clusters seems to
be promising. Experimentally, nanoparticles of a variety of
compounds have been recently grown, including CdS,39

CdSe,40-43 and ZnO.44 The diameter of the smallest observed
particles lie between 0.9 and 3 nm for CdSe, while the smallest
ZnO particles are 3 nm in diameter. Theoretical calculations
performed previously in our group for ZniSi (i ) 1-9),45 ZniOi

(i ) 1-9),46 and ZniSei and ZniTei (i ) 1-9)47 clusters show
structures similar to these sizes, which means that the available
theoretical and experimental data almost match. Indeed, we have
been able to characterize spheroid structures with a diameter
of 0.85 nm, which is similar to the experimentaly smallest
detected group II-VI nanoparticle.40 Spheroid fullerene-type
structures were the global minima fori g 6 for ZniSi, ZniSei,
and ZniTei, and i g 8 for ZniOi, which is in accordance with
previous molecular dynamics calculations.48

The study of the structures and properties of these CdiOi

clusters may open a new window in the applications of these
materials, because the cluster properties will differ significantly
from the bulk ones. New materials could be developed in this
way.

2. Method

All geometries were fully optimized using the hybrid49 Becke
3 Lee-Yang-Perdew (B3LYP) gradient-corrected approximate
density functional procedure.50-52 Harmonic vibrational fre-
quencies were determined by analytical differentiation of the
gradients.

The relativistic compact effective core potentials and shared-
exponent basis set53 of Stevens, Krauss, Basch, and Jasien
(SKBJ), including the 4d electrons of Cd in the valence, were
used as the basic basis set in this study. For the geometry
optimizations and harmonic frequency calculations, an extra d
function was added on Cd (R ) 0.23) and O (R ) 0.85), because
of their importance for the proper description of the high
coordination of the atoms in the three-dimensional cluster
structures. We denote this basis set as SKBJ(d). To obtain
accurate relative energies, single-point calculations were per-
formed using an expanded SKBJ(d) basis set, denoted as SKBJ-
(expan). The exponents may be seen in Table 1. This basis set
was too large to use to perform the geometry optimizations.

The exponents of all these added functions were energy
optimized, using the GAMESS package.54 Note that pure angular
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momentum functions were used throughout this study. We
denote the final basis set used as SKBJ(d).

Because there are so many possible structures for these
clusters, several starting points for these complete B3LYP/
SKBJ(d) optimizations were generated, using a simulated
annealing approach at the PM355 level of theory. Of course,
additional starting points were derived from simple chemical
intuition. We must mention that the large amount of structures
that appear as the cluster size increases makes the study of all
of them impossible. In this study, only some structures of each
size have been considered.

All the geometry optimizations and frequency calculations
were performed with the GAUSSIAN 9856 package. For the
PM3 simulated annealing technique, the HYPERCHEM57

program was used.

3. Results

3.1. Structures of Characterized Minima of CdiOi (i )
1-9, 12, 15).In this section, the predicted minima are described.
Although our interest focuses on the global minima, structures
and properties of higher-lying local minima are also presented.

We have divided these clusters in two groups, according to
the geometrical shape of the global minimum. In Group 1, CdiOi

(i ) 1-7) clusters are included, the global minima of which
are planar or near-planar ringlike structures. The remaining
CdiOi clusters, for which the global minima are three-
dimensional structures, are categorized in the second group,
Group 2. The characterized structures belong to different
families, namely rings (R), chains (C), three rings (3R),
spheroids (S), distorted spheroids (D), and clustertubes (CT).
The difference between spheroids and distorted spheroids will
be clear later in the paper.

The presented structures are labeled according to the follow-
ing scheme: (s)CdiOi

a, where (s) denotes the multiplicity,i
denotes the number of CdO units, and the superscripta
represents the structure family. Note that only triplet states have

been considered for small clusters, and only singlets have been
considered for larger clusters. Hence, for the latter clusters, spin
multiplicity will not be shown.

3.1.1. Group 1.In this section, the calculated structures of
CdiOi (i ) 1-7) are described. Figure 1 shows the predicted
global minima of CdiOi, and Figure 2 shows their corresponding
local minima. Table 2 lists properties of the studied structures,
such as molecular geometrical parameters, energies, and sym-
metry.

Triplet chain structures have been observed to be the global
minima for small clusters (i ) 1, 2), whereas ringlike triplet
and singlet structures have higher energies. As the cluster size
increases, the triplet states have higher energies, as can be seen
for i ) 3, where the triplet chain structure lies 30.56 kJ/mol
above the singlet ring structure, per CdO unit. Thus, only singlet
structures have been characterized for larger clusters. Fori g
3, the global minima structures have been observed to be planar
rings (i ) 3-4) or near-planar rings (i ) 5-7). The main reason
to break the planarity in these ring structures is the observed
strong tendency to form linear O-Cd-O angles. Thus, opti-
mized bond angles areR ) 170°-180° for CdiOi

R (i ) 5-7);
concomitantly, the bond lengths decrease fromR ) 2.06 Å to
R ) 1.99 Å as the size of the ring increases. Local minima
have been observed to be planar fori ) 2-3, and three-
dimensional local minima were only observed fori ) 4-7.
These three-dimensional structures can be pictured as being built
from (1)Cd2O2

R(I) (square) and Cd3O3
R(I) (hexagon)-like struc-

tures. Cd4O4
S consists of six squares, which share atoms with

each other, forming a type of deformed cube. Cd5O5
D is built

from four squares and two hexagons. Cd6O6
S is built from two

“parallel” hexagons joined together by six squares. The same
building blocks are found in Cd6O6

3R, which is built from two
hexagons linked by a square. Cd7O7

D(I) can be seen as a
structure of two joined Cd3O3 rings and one bent Cd4O4 ring.
Half of the Cd4O4 ring is linked to the Cd3O3 ring, forming, in
this way, new squares (as in Cd6O6

S) and a second bent Cd4O4

ring. Cd7O7
D(II) is built from four squares and four hexagons. In

these three-dimensional structures, the bond lengths are larger
than those the rings, and angles are far from linearity, because
of geometrical constraints.

Examination of the relative energies given in Table 2 shows
that (i) the largest relative energy per CdO unit occurs in Cd4O4,
and (ii) when the size increases, the energy difference between
the ring structure and the spheroid structure decreases. In
comparison to ZniOi clusters, where the same trend is observed,
we can see that the relative energies are generally larger.

Figure 1. Calculated global minima of CdiOi, i ) 2-7. The dark smaller atoms represent oxygen.

TABLE 1: SKBJ(expan) Basis Set for Cd and O Atoms

Cd O

a d d a d d

sp 0.261148 1.0 1.0 1.206642 1.0 1.0
sp 0.18201 1.0 1.0 0.561051 1.0 1.0
d 1.350188 1.0 2.179302 1.0
d 0.23 1.0 0.628849 1.0
d 0.097397
f 1.451 1.0 1.666029 1.0
f 0.326695 1.0
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3.1.2. Group 2.This group contains the clusters whose global
minima are three-dimensional structures, i.e., CdiOi (i ) 8, 9,
12, 15). The global minima of CdiOi are shown in Figure 3,
and the local minima are shown in Figure 4. In Table 3, the
Cd-O bond lengths (R), O-Cd-O angles (R), electronic
energies, and point-group symmetries of the calculated structures
are given.

Three structures have been characterized for Cd8O8. Cd8O8
CT

may be viewed as being built from two “parallel” Cd4O4 rings
linked together by Cd2O2 rings. Cd8O8

S is a three-dimensional
structure built from squares and hexagons. It may be viewed as
a four-faced polyhedron where each face is built from a Cd2O2

ring and a Cd3O3 ring, which are rotated to build the next face.
This structure has Cd2O2 rings at the top and bottom. Altogether,

six squares and four hexagons are found in this structure.
Cd8O8

R has all the Cd atoms on the same plane, but the O
atoms alternate up and down with respect to the ring’s plane.
Linear O-Cd-O angles are achieved in this way.

Three structures have been characterized for Cd9O9. Cd9O9
CT

is formed by three stacked Cd3O3 rings, linked together by
Cd2O2 units. It may be constructed by adding an extra Cd3O3

ring to Cd6O6
S. Cd9O9

S is a three-dimensional spheroid com-
posed by squares and hexagons, as in smaller clusters. In total,
there are six squares and five hexagons in this structure. Finally,
Cd9O9

R is a ring structure similar to Cd8O8
R.

Three structures have been characterized for Cd12O12.
Cd12O12

S is a three-dimensional structure built from six squares
and eight hexagons. The six squares are located parallel to the
xy, yz, andxz planes: one in the front, one in the back, one at
the left, the other at the right, one at the top, and the other at
the bottom. The squares are linked by the hexagons. The
Cd12O12

CT may be viewed as being built by four “parallel”

Figure 2. Calculated local minima of CdiOi, i ) 2-7.

TABLE 2: Cd -O Bond Lengths (R), O-Cd-O Angles (r),
and Symmetry Groups of the Structures of Figures 1 and 2

R (Cd-O) R (O-Cd-O) symmetry (∆E)/i (kJ/mol)a

(3)Cd1O1
C 2.15 C∞v

(1)Cd1O1
C 1.93 C∞v +40.63

(3)Cd2O2
C 1.97-2.06 170.0 C1

(1)Cd2O2
R(I) 2.13 99.8 D2h +26.28

(1)Cd2O2
R(II) 2.31 C2V +29.90

(3)Cd2O2
R(III) 2.14 85.2 D2h +30.64

(1)Cd2O2
R(IV) 1.93-2.04 172.4 C1 +62.65

(1)Cd3O3
R(I) 2.05 145.3 C2V

(3)Cd3O3
C 2.03-2.20 116.5-158.9 C2V +30.56

(1)Cd3O3
R(II) 2.05-2.57 131.1 Cs +68.26

Cd4O4
R 2.02 167.3 D2h

Cd4O4
S 2.23 94.3-94.4 C2V +50.72

Cd5O5
R 2.00-2.01 175.4-176.1 C1

Cd5O5
D 2.06-2.26 88.3-141.3 C1 +42.21

Cd6O6
R 1.99-2.00 178.6-179.3 C2h

Cd6O6
S 2.13-2.34 91.7-133.7 C2h +14.19

Cd6O6
3R 2.02-2.40 80.8-152.5 Ci +15.43

Cd7O7
R 1.99 174.3-176.6 C1

Cd7O7
D(I) 2.04-2.41 86.8-166.9 C1 +9.42

Cd7O7
D(II) 2.03-2.38 86.6-149.5 C2 +16.18

a For the local minima, energies relative to the corresponding
minimum are given in kJ/mol, per CdO unit.

Figure 3. Calculated global minima of CdiOi, i ) 8, 9, 12, 15.
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Cd3O3 rings linked together by Cd2O2 rings. This structure is
similar to Cd9O9

CT; however, a fourth Cd3O3 ring has been
added. Finally, Cd12O12

R is a ring with the O atoms alternating
up and down, with respect to the ring’s plane.

Three structures have been characterized for Cd15O15. The
global minimum is a three-dimensional structure built from 6
squares and 11 hexagons. The final result is an elongated
spheroid, similar to a rugby ball. Cd15O15

CT is built from five
“parallel” Cd3O3 rings linked together by Cd2O2 rings, similar
to Cd12O12

CT with an extra Cd3O3. Finally, Cd15O15
R is a dis-

turbed ring with the O atoms placed so that the O-Cd-O angles
are approximate to linearity.

In all these complexes, spheroid structures are built from
squares and hexagons, with the number of squares being
constant (six), whereas the number of hexagons increases as
the cluster size increases. This is the so-called square-hexagon
route for binary compounds and has been observed for other
group II-VI and group III-V compounds. This square-

hexagon route is similar to the pentagon-hexagon route found
in carbon fullerenes, as can be observed in Table 4. Distorted
spheroids are spheroids that do not follow this trend.

In summary, geometrical parameters follow the trend of
clusters of Group 1. Three-dimensional structures have larger
bond lengths than the ring structures, whose bond lengths are
similar to the rings of Group 1. In addition, linear O-Cd-O
angles are found in these rings, as were found in smaller cases.
For clusters of Group 1, rings have been observed to be the
global minima and three-dimensional structures are the local
minima. However, recall that the relative energies between these
rings and three-dimensional local minima decrease as the cluster
size increases. Thus, fori ) 6, the relative energy per CdO
unit was 14.19 kJ/mol, and, fori ) 7, the relative energy
decreased to 9.42 kJ/mol. Finally, fori ) 8, the three-
dimensional structure became the global minimum, having a
relative energy of 6.27 kJ/mol.

The newly described three-dimensional structures are basi-
cally of two types: spheroids and clustertubes. Most of them
are built from squares and hexagon building blocks, as were
the three-dimensional local minima in Group 1, but the type of
structures formed are different. Spheroids are structures in which
the number of squares remain constant (six), whereas the number
of hexagons increases as the cluster size increases. Clustertubes
may be viewed as short tubes where hexagons are linked
together, forming a chain of hexagons. In some cases, the tubes
are observed to be the global minima (i ) 8, 9); in other cases,
the spheroids are the global minima (i ) 12, 15). However, the

Figure 4. Calculated local minima of CdiOi, i ) 8, 9, 12, 15.

TABLE 3: Cd -O Bond Lengths (R), O-Cd-O Angles (r),
and Symmetry Groups of the Structures of Figures 3 and 4

R (Cd-O) R (O-Cd-O) symmetry (∆E)/i (kJ/mol)a

Cd8O8
CT 2.09-2.43 90.0-153.4 C4V

Cd8O8
S 2.10-2.29 89.7-134.3 C2 +5.35

Cd8O8
R 1.99 173.3-178.0 C2 +6.27

Cd9O9
CT 2.15-2.25 89.1-137.6 Cs

Cd9O9
S 2.11-2.25 90.3-130.4 Cs +1.68

Cd9O9
R 1.99 178.8-179.7 C1 +10.41

Cd12O12
S 2.10-2.20 87.9-129.2 Cs

Cd12O12
CT 2.14-2.35 88.5-178.1 C1 +1.76

Cd12O12
R 1.99 176.5-178.0 C1 +25.16

Cd15O15
S 2.15-2.25 88.8-136.5 Cs

Cd15O15
CT 2.09-2.20 87.5-136.9 C3h +3.32

Cd15O15
R 1.99 176.4-179.1 C1 +41.10

a For the local minima, energies relative to the corresponding
minimum are given in kJ/mol, per CdO unit.

TABLE 4: Structural Trends in BN Spheroids and
Fullerenes

Cd4O4
S Cd6O6

S Cd8O8
S Cd9O9

S Cd12O12
S Cd15O15

S

squares 6 6 6 6 6 6
hexagons 0 2 4 5 8 11

C20 C34 C48 C60 C72 C94

pentagons 12 12 12 12 12 12
hexagons 0 7 14 20 26 37

Clusters of Group II-VI Materials: CdiOi (i e15) J. Phys. Chem. A, Vol. 107, No. 46, 20039921



relative energies are quite small, and more-sophisticated methods
(such as quantum Monte Carlo methods) could be used to
confirm the obtained results.

3.2. Comparison with Other Group II -VI Clusters. ZniX i

clusters have previously been studied in our group.45-47 Related
structures were found for these other clusters, but with
significant differences in the global minima structures. Ring
structures, where linear X-Zn-X and O-Cd-O angles are
favored, are observed to be the global minima for ZniOi and
CdiOi (i e 7 clusters). However, for the remaining combinations,
ZniX i (X ) S, Se, Te) rings are the global minima fori e 5
clusters. This may be explained by the greater ability of S, Se,
and Te atoms to achieve high coordination, because of the d
orbitals, which, however, are very high in energy for O atoms.
The planarity of these rings is broken, to achieve the linearity
of the angles mentioned previously. These breaks occur at
different cluster sizes for different compounds, i.e.,i ) 4 for
ZniSei and ZniTei, i ) 5 for ZniSi and CdiOi, and i ) 7 for
ZniOi. In the zinc compounds, the break of planarity occurs at
a smaller size as the X moves down in the periodic table. In
other words, the larger the size of X, the more difficult it is to
achieve linear angles. The larger size of the Cd atom, with
respect to the Zn atom, explains why the break occurs at a
smaller size for CdO rings, compared to ZnO clusters.

Rings are the global minima structures for small clusters,
whereas three-dimensional structures are the global minima for
larger clusters. These structures have been observed to be
spheroids, distorted spheroids, and clustertubes. In most cases,
spheroids are the global minima, except for Cd8O8, Cd9O9, and
Zn8O8, where clustertubes are observed to be the global minima.
In the case of ZniX i (i ) 7, X ) S, Se, Te), distorted spheroids
are the global minima; structures similar to Cd7O7

D(I) are the
global minima for X ) S, Se, and structures similar to
Cd7O7

D(II) are the global minima in the case of X) Te.
3.3. Cohesive Energies.Elsewhere, it has been demon-

strated58 that many cluster properties, according to the liquid
drop model, lie within lines when plotted versus the inverse
cube root of i (i-1/3). The cohesive energy is one of these
properties. The cohesive energy per CdiOi unit is calculated
according to eq 1:

where i is the number of CdO units. Theoretical and experi-
mental observations for Sii clusters59 show that clusters belong-
ing to the same family lie within a line. The family lying above
is the most stable family in that cluster size range. The cohesive
energies of the three families of CdiOi clusters (i ) 3-15)s
namely, rings, spheroids, and clustertubessare plotted versus
i-1/3 in Figure 5.

The points that can be observed to correspond to the ring
structures tend to lie in a line with smaller slope than those of
the spheroid and clustertube points. For small clusters, the ring
line lies above the spheroid and clustertube lines; however, at
i ) 8, there is a crosing of lines and the clustertube line lies
above the ring line and the spheroid line. Another crossing is
found ati ) 12, where the slope of the clustertube line becomes
smaller and spheroid line lies above both the ring line and the
clustertube line.

Fitting a line to the spheroid points, and extrapolating it to
i-1/3 ) 0, the theoretical value for the cohesive energy of the
bulk can be obtained. The predicted cohesive energy is 550.88

kJ/mol. The experimental value is calculated according to the
CODATA data60 by eq 2:

which is 616.9 kJ/mol. The theoretical and experimental values
fit well, although the clusters used in this extrapolation have a
coordination number of three, not six, as the bulk does. This fit
is consistent with our prediction of the global minima structures,
because there is no space above this line in this cluster-size
region for another cluster family. Nevertheless, this family (or
families) is expected to be dominant in the region of larger
cluster sizes. The diameter of the Cd15O15 spheroid is 0.85 Å,
whereas the smallest group II-VI nanoparticle found experi-
mentally has a diameter of 0.90 Å. This particle is thought to
have a bulklike structure. Therefore, the transition to a family
of clusters with a coordination number larger than three is
approximately this cluster size. Further calculations are planned
to find these transitions.

4. Conclusions

The lowest energy minima of the CdiOi clusters studied in
the present work have been found to undergo a transition from
a ring structure to a three-dimensional structure. This behavior
parallels that of the previously investigated ZniXi clusters, where
X ) O, S, Se, Te.

The structural transition previously referenced results from
a delicate balance between two opposite tendencies. On one
hand, rings are favored by the tendency to linearity of the
O-Cd-O bonds and, on the other hand, three-dimensional
structures are favored by the tendency of achieving higher
coordination. Our calculations indicate that the former dominates
when the higher coordination does not carry too much strain
for the bond angles. This occurs ati ) 8 for CdiOi and ZniOi,
and ati ) 6 for ZniX i (X ) S, Se, Te). Naturally, the smaller
size of the O valence orbitals accounts for its transition occurring
at higher cluster sizes for YiOi (Y ) Zn, Cd).

The predicted structures of the lowest-energy three-dimen-
sional spheroid structures of CdiOi, can be envisioned as being
built of smaller basic building units, namely, the Cd2O2 squares
and Cd3O3 hexagons. These structures seem to be the basic
structural units for larger clusters in the same sense that C5

pentagons and C6 hexagons constitute the basic structural units
of fullerenes.

According to the cohesive energies, these spheroids are the
true global minima for cluster sizes ofi > 9. The transition to
cluster structures that have larger coordination numbers is

Ef )
iECd + iEO - ECdiOi

i
(1)

Figure 5. Cohesive energies (given in kJ/mol) for ring, spheroid, and
clustertube structures.

Ef,exp ) |∆H°f(CdO)- ∆H°f(Cd) - ∆H°f(O)| - RT (2)
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predicted to happen for cluster sizes ofi > 16. In the cluster-
size region ofi ) 3-7, the rings are the most stable structures;
in the region ofi ) 8-9, clustertubes are the dominant ones.

These spheroids could be used in the design of molecular-
based solids (for instance, as in fullerites). To accomplish this,
further theoretical work is required.
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