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We report an extremely energetically favorable tetrahedral structure of thesSiO2d10 cluster predicted by
density-functional calculations. This structure is predicted to have an electronic energy gap lower than its
isomers reported early and bulka-quartz, highly localized frontier orbitals at the nonbridging oxygen atoms, a
unique IR spectrum, and a propensity to assemble into a variety of higher-dimension structures. This structure,
if synthesized, is expected to not only provide a new porous material, but also to have potential applications,
particularly in surface technology.
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I. INTRODUCTION

Silica clusters have attracted considerable attention be-
cause of their important technical applications in nanoelec-
tronics and optics. Experimentally, silica clusters can be syn-
thesized through different methods, including combustion,
plasmas, thermal reactors, evaporation-condensation, and
gas-phase reactions in flames.1–4 It has been revealed that
silica clusters display different electronic and optical proper-
ties from the surface of bulk materials in many experiments,
ranging from light adsorption5 to photoluminescence.6–8 The
localized states appearing at the band tail and the narrowing
of the band gap revealed in photo absorption are mainly
attributed to the structural defects, such as nonbridging oxy-
gen (NBO) created in the growth of silica clusters.5 Similar
to SiO2 glass, the NBOs in silica clusters may dominate the
visible and near ultraviolet(UV) absorption.9 These unique
electronic and optical properties of silica clusters make them
promising candidates for building silica-based nanodevices.
In order to understand these properties, the determination of
stable geometries of silica clusters is highly desirable. Theo-
retical studies on small silica clusters indicate diverse mor-
phologies quite different from the network of silicon-
centered corner-sharing SiO4 tetrahedra of bulk silica, where
six-membered ringss6 MRsd are found to be the most fre-
quent. According to density-functional(DF) calculations, for
n,7, silica clustersSiO2dn chains, formed by edge-sharing
two-membered ringss2 MRsd terminated at each end by a
NBO, are predicted to be the most thermodynamically stable
form, favored over all other such stoichiometric silica clus-
ters that compose of three- or four-membered rings
s3,4 MRsd.10,11 The linear chain can be further scrolled to a
molecular ring by joining the NBOs at both ends of the chain
which outweighs the energetic disadvantage of strain needed
to form the molecular ring for large clusters. High-level DF
calculations show such fully coordinated silica clusters to be
energetically more stable than the corresponding linear
chains asn.11.12 However, due to the high intrinsic internal
strain existing in 2 MRs,13–16 this molecular ring is unfit for
modeling relatively large clusters. Recently, using highly-
efficient DF calculations we revealed that silica clusters with
a configuration of linked 3MRs are energetically more favor-

able than the fully coordinated molecular rings of the same
size asn.25. The high thermal stability, low intrinsic inter-
nal strain, and good extendibility to three-dimensional net-
works of these new structures make them reasonable models
of strained extended silica systems and useful precursors for
new bulk-silica polymorphs with tubular or porous
morphologies.17 Apart from these possible configurations,
elongated and compact types of structures in silica clusters
sSiO2dn for n ranging from 12 to 46 were also investigated
using plane-wave DF calculations. The structural transition
from an elongated to a compact structure is predicted to oc-
cur at the point ofn=38.18 Both elongated and compact
types of silica clusters contain large-membered rings, includ-
ing 4MRs and 5MRs, apart from 2MRs.

Here, we report a structure ofsSiO2d10 cluster having
edge-sharing 3MRs with each silicon atom being fully coor-
dinated. DF calculations show that this tetrahedral morphol-
ogy is energetically more favorable than its isomers reported
so far. This cluster, if synthesized, may have potential appli-
cations in building a film with special electronic and optical
properties.

II. COMPUTATIONAL DETAILS AND MODELS

DF calculations were performed using theGaussian 98
package,19 and a Becke-type three parameter and hybrid
exchange-correlation functional, namely B3LYP.20,21The va-
lidity of DF calculations in reproducing the properties of
silica clusters obtained from both experimental studies and
other high-level calculations has been demonstrated in many
previous studies.10–12 Cluster geometries were first relaxed
with an efficientab initio code known as SIESTA,22,23 and
then further optimized at the B3LYP/6-31G* level without
any symmetry constraints. Single-point calculations at the
B3LYP/6-311+G* level based on the optimized geometries
at the B3LYP/6-31G* level were performed to obtain the
energetic order of the isomers atn=10 with a higher accu-
racy. Binding energies were calculated from the difference
between the total energy of a cluster and the energy of the
corresponding isolated triplet-state O and Si atoms at the
same level.

We conducted a careful systematic search for the energeti-
cally favorable configurations of silica clusterssSiO2dn sn
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=7–14d. We first considered four structures that have been
reported before to be energetically favorable. The first two
are based on 2MRs: linear chain[Fig. 1(a)] and ring [Fig.
1(b)], which have been revealed to be the energetically fa-
vorable structures for silica clusterssSiO2dn sn,7d10,11 and
sSiO2dn sn.11d.12 The third model is based on 3MR-based
rings [Figs. 1(c)–1(f)].17 Buckled chain structures based on
3MRs were not considered since it has been shown to be
energetically unfavorable.17 The fourth is the so-called elon-
gated model[Figs. 1(g)–1(j)] which has been predicted to be
also energetically favorable.18

In searching for energetically more favorable structures,
we analyzed the formation principles of the previously-
revealed energetically favorable structures, including the
above-mentioned ones. It is clear that the reductions of the
fraction of NBOs and the internal strain are the key factors to
minimize the energy cost so as to make the structure more
favorable. For instance, the geometry withD3h symmetry
(containing a 3MR) for a small silica cluster Si3O6 is ener-
getically less favorable than its isomer withD2d symmetry

(consisting of two linked 2MRs) by 0.71 eV,11 mainly due to
the higher fraction of NBOs in theD3h configuration. How-
ever, this energetic disadvantage could be outweighed by the
lower intrinsic internal strain existing in 3MRs for larger
clusters,13–16 especially when a ring or more compact struc-
ture is formed. By considering these factors, we further con-
structed a new kind of structures based on 3MRs, which have
tetrahedral-like configurations containing edge-sharing
3MRs [Figs. 1(k)–1(n)]. We find that the new structures have
a minimum number of NBOs and reasonable atomic coordi-
nates atn=10 and thus could be expected to be energetically
very favorable at that particular size.

III. RESULTS AND DISCUSSION

The binding energies persSiO2d unit of silica clusters
constructed with these models as a function of cluster size
are shown in Fig. 2. Clusters with both a 2MR-based linear
chain and a ring have a binding energy that decreases mo-
notonously with increasing size at different rates. Asn.11,
2MR-based ring structures become energetically more stable
than the corresponding chain configurations based on 2MR.
The difference in energetic stability between ring and
chain structures is 0.0214 eV/SiO2 at B3LYP/6-311+G* //
B3LYP/6-31G* level of theory, which is very close to the
0.024 eV/SiO2 at B3LYP/6-311+G* level of theory.12 How-
ever, our results clearly show that even forn,11
2MR-based rings are energetically less favorable than their
isomers constructed based on 3MRs and the elongated mod-
els. The variations of binding energy as a function of cluster
sizes corresponding to different models cross asn varying
from 7 to 14. Forn=8, the structure containing 3MRs[Fig.
1(c)] is more stable. However, atn=10 the 3MR-based tet-
rahedra [Fig. 1(l)] becomes energetically more favorable
than the others, including the chain isomer based on 2MRs
[Fig. 1(a)] and molecular ring based on 3MRs[Fig. 1(d)].
The structural feature of the model indicates a high possibil-
ity for it to be used as a building block for functional mate-

FIG. 1. Geometries of silica clusterssSiO2dn optimized at
B3LYP/6-31G* level of theory:(a) 2MR-based chain forn=10;
(b) molecular ring based on 2MRs forn=10; (c)–(f) 3MR-based
molecular rings(for n=8, 10, 12, and 14); (g)–(j) elongated struc-
tures(for n=9, 10, 11, and 12), and (k)–(n) tetrahedral-like struc-
tures(for n=9, 10, 11, and 12).

FIG. 2. Binding energies of silica clusters with different struc-
tures, 2MR-based linear chain[Fig. 1(a) for n=10] (down tri-
angles), 2MR-based molecular ring[Fig. 1(b) for n=10) (up tri-
angles), molecular ring based on 3MRs[Figs. 1(c)–1(f)] (crosses),
elongated configuration[Figs. 1(g)–1(j)] (open diamonds), and
3MR-based tetrahedra[Figs. 1(k)–1(n)] (opened circles), as a func-
tion of the number of SiO2 units contained.
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rials. Such a possibility could not be seen from the elongated
model [Fig. 1(j)], although it becomes energetically more
favorable than other models atn=12.

For sSiO2d10, the calculations at the level of B3LYP/6-
311+G* //B3LYP/6-31G* show that the 3MR-based tetrahe-
dra [Fig. 1(l)] and the molecular ring[Fig. 1(d)] are more
stable than the 2MR-based chain, which was expected to be
the most stable configuration ofsSiO2d10 cluster in litera-
tures, by about 0.29 eV/SiO2 and 0.226 eV/SiO2, respec-
tively. The stabilization of these structures is mainly attrib-
uted to the less strain involved in 3MRs compared with
2MRs.13–16 Although the molecular rings based on 3MRs
contain more NBOs than the 2MR-based chain and ring
structures, the advantage can be outweighed by the lower
strain in the 3MR-based structure. The tetrahedral structure
of sSiO2d10 has an additional advantage over the 3MR-based
ring, in which each silicon atom is fully coordinated and is
therefore more stable by about 0.064 eV/SiO2 in binding
energy. Four overcoordinated oxygen atoms are involved in
the tetrahedra with a Si—O bond length of 1.802 Å that is
longer than other Si—O bonds(from 1.573 to 1.749 Å).
There are four NBOs in the corners of the tetrahedra with a
bond length of 1.515 Å. It is noteworthy that the chemical
environment of NBOs in the tetrahedraswSiuO·d is differ-
ent from that of NBOs in the 2MR-based chainsvSivOd,
which may result in different electronic and optical proper-
ties. In addition, silica clusters forn=9, 11, and 12, con-
structed following the tetrahedral configuration, have higher
binding energy per SiO2 unit than the tetrahedralsSiO2d10

cluster(Fig. 2) due to the 2MRs and higher fraction of NBOs
involved in these clusters. Therefore, thesSiO2d10 is an ex-
ceptional cluster in this model, and may exist in silica clus-
ters generated by combustion or other methods because of its
higher energetic stability.

The sSiO2d10 cluster with a tetrahedral structure possesses
IR bands characteristically distinct from those of the
2MR-based chain. The calculation of harmonic frequencies
of the sSiO2d10 2 MR-based chain[Fig. 1(a)] at the
B3LYP/6-31G* level gives three prominent modes
(886, 942, and 838 cm−1), whereas for the tetrahedral struc-
ture [Fig. 1(l)] the prominent modes are 1260, 766, and
668 cm−1, as shown in Fig. 3. The mode at 1260 cm−1 is of
relatively high intensity at high frequency, and thus can be

treated as the signature of the tetrahedral structure of
sSiO2d10. In addition, the IR bands of tetrahedralsSiO2d10

cluster are quite different from those of dehydrated silica
surfaces obtained from infrared measurements(908, 888, and
932 cm−1),24 indicating that this structure is unlikely to be
created on the surface of silica through surface reconstruc-
tion. However, our simulations revealed that a similar con-
figuration could be obtained through annealing the structure
cut from bulk a-quartz, suggesting a higher probability of
generating this cluster through combustion or plasma.

The tetrahedralsSiO2d10 cluster, as shown in Fig.1(l) also
possesses a smaller energy band gap than those of both
2MR-based chain[Fig. 1(a)] anda-quartz, as revealed in our
calculations using the SIESTA(Fig. 4). The band gaps of the
tetrahedralsSiO2d10, the 2MR-based chain structure, and
a-quartz are 2.81, 4.75, and 6.61 eV, respectively.25 Al-
though theoretical calculations predict a smaller band gap of
a-quartz than the experimental value 9.2 eV,26 it is believed
that the trend of band gaps from theoretical calculations is
valid. Since the electronic density of states(DOS) character-
izes the electronic and optical properties, the tetrahedral
sSiO2d10 clusters with a small band gap may possess different
electronic and optical properties from those ofa-quartz and
other isomers. Further analysis shows that the highest occu-
pied molecular orbital(HOMO) of tetrahedralsSiO2d10 clus-
ter is highly localized on the four NBOs at the corners of the
tetrahedra, making these regions highly reactive centers. Re-
cently, theoretical and experimental studies have revealed
that the oxygen dangling bond;SiuO·, which is often de-
noted as a nonbridging oxygen hole center(NBOHC), usu-
ally dominates the absorption spectrum of irradiated silica by
its well-known optical absorption bands at 2.0, 4.8, and
6.8 eV.9,27 We notice that the chemical environment of the
NBO in tetrahedralsSiO2d10 cluster[Fig.1 (l)] is quite similar

FIG. 3. The IR spectrum ofsSiO2d10 cluster with tetrahedral
structure(the black bars) and 2MR-based molecular chain(the gray
bars).

FIG. 4. The density of states(DOS) of (a) sSiO2d10 cluster with
tetrahedral structure[Fig. 1(a) (l)], (b) sSiO2d10 with 2 MR-based
molecular chain[Fig. 1(a)], and(c) bulk a-quartz. The Fermi levels
sEFd are also presented.
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to that of NBOHC. We therefore conjecture that the NBOs in
tetrahedralsSiO2d10 clusters may also result in the visible and
near ultraviolet(UV) absorption spectrum similar to irradi-
ated silica.

The high reactivity of NBOs in tetrahedralsSiO2d10 clus-
ters makes the clusters easily bind to the surface of a sub-

strate, such as silicon, forming a film ofsSiO2d10 clusters. A
highly ordered structure, such as a hexagonal structure, as
shown in Fig. 5, may be formed, probably via the interac-
tions between cluster and substrate and between clusters
themselves. These aligned tetrahedral clusters in the film
would act as a matrix sensor because of their unique elec-
tronic and optical properties. This kind of film, if synthe-
sized, may have wide applications in nanoscience and tech-
nology.

IV. CONCLUSION

We have proposed here a structure mode ofsSiO2d10 clus-
ter that was found to be energetically more favorable than its
isomers reported in earlier studies. We conjecture that the
film composed of this cluster may have a potential applica-
tion as microsensors due to its unique electronic and optical
properties.
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