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S
ilicates are present throughout cir-
cumstellar and interstellar space;1�5

however, the processes which lead to

their formation are poorly understood. Sili-

cates are the main components in young

stellar systems and are abundant in inter-

planetary dust particles.4,5 The dominant

oxygen bearing species in molecular as-

tronomy, which contains both Si and O, is

the SiO molecule.6 Hence it is natural to ex-

amine if the silicate formation7�12 pro-

ceeds via the clustering of SiO molecules

and what possible processes could result in

such a formation. Furthermore, what are the

atomic structures, stability, and electronic

properties of SinOm fragments and what op-

tical signatures could ascertain their pres-

ence in interstellar medium? Since the ratio

of O to Si in SiO is 1 while it is 2 in SiO2 and

silicates, the clustering of SiO molecules to

form silicates has to involve oxygen enrich-

ment.7 This could occur in a variety of ways.

The clustering of SiO molecules could fa-

vor formation of (SiO)n motifs that have

oxygen-poor regions resembling silicon

clusters13�15 and oxygen-rich regions that

are like silicates.9 The origin of this compo-

sitional separation is rooted in the chemis-

try of Si and O atoms. While Si favors tetra-

hedral bonding, oxygen prefers bonding to

one, two, or occasionally three sites,16,17

leading to regions that satisfy one or the

other bonding preference. Indeed, in a re-

cent theoretical study7 on (SiO)n clusters

containing up to 12 SiO units, we had

shown the tendency of SinOn clusters to

have oxygen-poor regions and oxygen-rich

regions resembling SiO2 molecules.15,18�24

Second, clusters can also undergo frag-
mentation during growth, into oxygen-
poor and oxygen-rich fragments. Some of
the pathways involve emission of SiO2 mol-
ecules that can oxidize the larger SinOn or
SinOn�1 species through exothermic reac-
tions. The theoretical findings are sup-
ported by laboratory experiments where Si-

nOm clusters are generated starting from a
variety of precursors as described in the
next section. The formation of silicates can
also occur via a growth and fragmentation
pathway where the energy gained in the re-
action of smaller with larger SinOm species
can lead to fragmentation into an oxygen
richer and poorer fragment.

Finally, the absorption and coalescence
between SinOm clusters to form larger spe-
cies can also lead to emission of an SiO2

molecule,7,18,25 and these molecules could
assemble to form bulk silicates. However,
our studies indicate that the SiO2 units
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ABSTRACT SiO is the dominant silicon bearing molecule in the circumstellar medium; however, it

agglomerates to form oxygen-rich silicates. Here we present a synergistic effort combining experiments in beams

with theoretical investigations to examine mechanisms for this oxygen enrichment. The oxygen enrichment may

proceed via two processes, namely, (1) chemically driven compositional separation in (SiO)n motifs resulting in

oxygen-rich and silicon-rich or pure silicon regions, and (2) reaction between SinOm clusters leading to oxygen

richer and poorer fragments. While SiO2 molecules are emitted in selected chemical reactions, they readily oxidize

larger SinOn clusters in exothermic reactions and are not likely to agglomerate into larger (SiO2)n motifs.

Theoretically calculated optical absorption and infrared spectra of SinOm clusters exhibit features observed in the

extended red emissions and blue luminescence from interstellar medium, indicating that the SinOm fragments

could be contributing to these spectra.

KEYWORDS: silicon oxide clusters · silica formation · interstellar
photoluminescence · silicon oxide nanoparticles

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 8 ▪ 1729–1737 ▪ 2008 1729



can react with a variety of species and that the direct

agglomeration is not the favored mechanism.

These combinations occur in circumstellar and inter-

stellar environments, the feasibility of such processes

can only be ascertained through indirect signals. One

such signature is the optical spectra.26 It is then interest-

ing to examine the optical absorption spectra of SinOm

species and to explore if the observed spectroscopic

features could be associated with the presence of these

species. For example, one of the strong signals from

spectroscopic measurements is a peak at 2175 Å in the

absorption spectrum.27,28 The origin of this spectral sig-

nal and the identity of the motifs respon-
sible for the absorption remain unclear.
Could it be due to SinOm clusters?

In this paper, we present the results
of a synergistic effort combining labora-
tory experiments on the clustering of SiO
molecules and the first principles theo-
retical electronic structure studies on
SinOn�x (�1 � x � 3) clusters to exam-
ine possible pathways that can contrib-
ute to oxygen enrichment as SiO mol-
ecules aggregate to form increasingly
larger units. The observations in molecu-
lar beams are combined with electronic
structure studies to present a coherent
picture. To make contact with spectro-
scopic observations, we present theoreti-
cal results on the optical absorption spec-
tra of the SinOn�x clusters and show that
the absorption spectra of several clusters
are marked by strong features in the vicin-
ity of 2175 Å.11,27,28 We also calculate the
vibrational modes of the clusters and
present a first principles study of the infra-
red (IR) spectrum. In particular, we show
that the earlier calculations29,30 based on
parameters derived from the bulk SiO can
lead to different values and caution
against conclusions based on such calcu-
lations. We re-examine the extended red
emission and the blue luminescence and
show that the majority of clusters have
features in the range of 200�700 nm as
observed experimentally. Taken together,
these results support the presence of Si-

nOm fragments in the interstellar space,
thus validating the proposed processes
for the formation of silicates.

RESULTS AND DISCUSSION
Formation, Structure, and Electronic

Properties of SinOm Clusters: Figure 1 shows
the ground-state geometries of SinOn�1,
SinOn, SinOn�1, SinOn�2, and SinOn�3 (1 �

n � 10) clusters, while Figure 2 shows
the geometries of SinOn�1 (11 � n � 16) clusters. Due
to computational restrictions, n � 16 was chosen as a
maximum size. The corresponding bond lengths are
marked in angstroms. There are three bond lengths that
mark the structures. The Si�Si bonds range from 2.3
to 2.5 Å, the Si�O bonds in O atoms coordinated to two
Si sites range from 1.6 to 1.9 Å, while the Si�O bond
lengths where O is bonded to single Si range from 1.5
to 1.6 Å. Our calculations show that a neutral SiO mol-
ecule has an atomization energy of 8.30 eV, while the
atomization energy of the linear SiO2 with two SiO
bonds is only 13.06 eV with an average energy of 6.53

Figure 1. Calculated ground states for SinOm where n � 1�10 and m � n � 1 through n �
3. Gray indicates silicon, red indicates oxygen.
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eV per SiO bond. Also, the atomization energy of a Si2
molecule is 2.45 eV, while that of an O2 molecule is 5.98

eV. This shows that the SiO bond is the strongest and

that, excluding energy barriers, the clusters should pre-

fer to maximize these bonds. This indeed is the case at

small sizes where all the SinOm clusters maximize the

SiO bonds. In Figure 3, we show the gain in energy as

successive SiO units are assembled to form (SiO)n mo-

tifs. Note that Si3O3 with a hexagonal ring appears as

the first stable species as there is a large gain in energy

in forming it from Si2O2, whereas the energy gain in

growing it to Si4O4 is much smaller. The next highly

stable species is Si7O7 that has three Si3O3 rings joined

together with sharing Si and O atoms, and a surprising
three-fold coordinated oxygen atom. Similarly, all of the
ground-state structures with more than six silicon at-
oms contain one or more Si3O3 rings. In clusters with
more than seven silicon atoms, the trend is toward the
highly stable Si8O12 motif which is made of four Si3O3

rings in a loop.15 The results also indicate that it takes
more than 5.5 eV of energy to remove a SiO from Si2O4,
Si2O5, and Si3O6 clusters. In these cases, the drops are
not associated with the stability of the parent cluster
but rather with the instability of the fragments SiO3 and
Si2O5 that are highly oxygen-rich compounds usually
have a maximum ratio of 1:2.

One of the key issues relating to the formation of sili-
cates is whether the growth process of SiO molecules
can itself lead to formation of silicates. Note that, since
SiO bonds are stronger than Si�Si or O�O bonds, the
molecular energetics would favor SiO bonds and there-
fore a more homogeneous distribution of SiO units.
On the other hand, as mentioned before, Si and O have
very different chemical tendencies. While Si favors tet-
rahedral coordination, O atoms favor bonding with one,
two, or occasionally three atoms.16,17 This leads to an in-
teresting effect. As the SiO molecules assemble to form
larger units, the low coordination of O forces the O at-
oms to migrate toward one region, resulting in oxygen-
rich motifs and silicon-rich regions. The structure of
the Si12O12 cluster (see Figure 2) is shown to corre-
spond to an oxygen-rich Si8O12 cluster which is reminis-
cent of a silicate bound to a Si4 cluster. The present
work demonstrates this effect even further by consider-
ing larger sizes and a wider composition range. For the
SinOn clusters, Figure 1 shows that Si�Si bonds first ap-
pear in Si5O5 and in Si7O7, one of the Si atoms is bonded
to two other Si atoms. Further growth results in clus-
ters that have pure silicon regions, SiO-bonded regions,
and oxygen-rich regions that can be described as SiO2

molecules bonded to other atoms. The ratio of Si to O in
the mixed region also increases with size. For example,
a Si11O11 cluster can be looked upon as a Si3 cluster
bound to Si8O11 motif that has a Si to oxygen ratio of
1:1.38. For Si16O16 that has a Si6 bound to Si10O16 mo-
tif, the Si to O ratio in the oxygen-rich motif increases to
1:1.60. More interestingly, the pure silicon regions are
separated from the oxygen-rich region. One also notes
that the addition of O to SinOn first results in breaking
any Si�Si bonds present in SinOn, and then the forma-
tion of SiO2 units that become linked to Si atoms. As an
example, the successive addition of O atoms to Si5O5 re-
sults in a Si5O8 that can be considered as SiO2 units
joined together to form a linear structure. Thus the
chemistry of Si and O atoms provides a natural growth
pattern resulting in pure Sin and oxygen-rich regions.

In addition to the chemical processes outlined
above, the formation of silicates also proceeds through
fragmentation of clusters during the growth process. To
illustrate these processes, we start by considering the for-

Figure 2. Calculated ground states for SinOm where n �
11�16 and m � n � 1 through n � 1.

Figure 3. SiO removal energy for SinOm where m � n � 1
through n � 3.
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mation of SinOn�1 fragments starting from SinOn species.

We used our calculated binding energies to examine the

possibility of exothermic or nearly isoenergetic processes

where SinOn clusters can undergo collision reactions lead-

ing to oxygen-enriched fragments. In the following, we

list some of these processes along with �E in which posi-

tive energy indicates exothermic reactions

Si6O6 + SiOf Si5O6 + Si2O 0.33eV (1)

Si5O5 + Si2O2f Si5O6 + Si2O 0.16eV (2)

Si6O6 + Si2O2f Si6O7 + Si2O 0.12eV (3)

In the above, we listed reactions that mostly lead to

larger oxygen-rich and smaller oxygen-deficient frag-

ments. We also found processes that result in the emis-

sion of SiO2 molecules and oxygen-deficient larger

sizes. In the following, we list some of these processes:

Si6O6 + Si6O6f SiO2 + Si11O10 1.29eV (4)

Si4O4 + Si8O8f SiO2 + Si11O10 0.27eV (5)

Si8O8 + Si5O5f SiO2 + Si12O11 1.37eV (6)

Si2O3 + Si6O6f SiO2 + Si7O7 0.31eV (7)

Si2O3 + Si2O3f SiO2 + Si3O4 0.23eV (8)

Si6O7 + Si11O12f SiO2 + Si16O17 0.41eV (9)

While agglomeration of SiO2 molecules could, in prin-

ciple, lead to formation of silicates, we found that SiO2

are also strong oxidants for larger SinOn clusters. We

found several processes where SinOn can react with

SiO2 to generate SinOn�2 and reactions involving Si-

nOn�1, leading to SinOn�3 species. In the following, we

provide a few examples of each of these processes.

Oxygen Enrichment SinOn ¡ SimOm�2

Si4O4 + SiO2f Si3O5 + Si2O 0.15eV (10)

Si4O4 + SiO2f Si4O6 + Si 1.32eV (11)

Si5O5 + SiO2f Si3O5 + Si3O2 0.05eV (12)

Si5O5 + SiO2f Si4O6 + Si2O 1.58eV (13)

Si5O5 + SiO2f Si5O7 + Si 1.83eV (14)

Si6O6 + SiO2f Si3O5 + Si4O3 0.37eV (15)

Si6O6 + SiO2f Si4O6 + Si3O2 1.61eV (16)

Oxygen Enrichment SinOn�1 ¡ SimOm�3

SiO2 + Si5O6f Si5O8 + Si 0.02eV (17)

SiO2 + Si6O7f Si5O8 + Si2O 0.63eV (18)

SiO2 + Si7O8f Si6O9 + Si2O 1.29eV (19)

We believe that all the above routes lead to the forma-

tion of silicates, on the one hand, and small silicon clus-

ters on the other hand.

Experiments were then performed to reveal which

clusters are stable enough to coalesce easily as they

Figure 4. Mass spectrum for silicon laser vaporized under oxygen and helium followed by photoionization of the neutrals.
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exit the plasma source, much as the
clusters also must coalesce as they
leave the solar envelope. The results
were briefly presented in an earlier pa-
per.7 The experimental studies used a
femtosecond laser based time-of-
flight mass spectrometer system
equipped with a LaVa source.31,32 The
SinOm clusters were generated em-
ploying three separate methods.
These included vaporization of solid
SiO,33 vaporization of SiO2, and vapor-
ization of silicon under oxygen. Fig-
ure S1 in the Supporting Information
is adapted from ref 7 and shows the
observed distributions of cations gen-
erated through the laser vaporization
of SiO solid under an argon environ-
ment and subsequently photoionized
using 1�2 mJ, 800 nm, 50 fs pulses.
For comparison, silicon oxide clusters
were also generated by vaporizing sili-
con under a helium/oxygen environment and analyz-
ing the resulting clusters as described above. The re-
sults are shown in Figure 4. In another experiment,
cluster cations were extracted directly from the source
that are formed in the plasma-like environment existing
in the LaVa source which employs a Nd:YAG laser, oper-
ated with approximately 4 mJ/pulse photons at 532
nm wavelength. The resulting distribution is shown in
Figure 5.

The mass spectra in Figure S1 of the Supporting In-
formation and Figure 4 obtained by ionizing the neu-
tral species formed by vaporizing SiO or silicon under
oxygen show that the resulting cations display widely
different distributions. However, in all cases including
the vaporization of a SiO2 rod (not shown), (SiO)2 was
observed as a major species in the small cluster size dis-
tribution and SiO(SiO2), a stoichiometrically SiO2 bear-
ing species. However, for the silicon vaporization under
O2/He/cation experiments, the presence of a trace
amount of free SiO2 cation is seen in Figure 5, with a
relatively large amount of (SiO2)2 cation also being pro-
duced. The vaporization of SiO and subsequent photo-
ionization of neutrals also gives rise to small pure silicon
clusters (Sin

�, n � 2�9), while the vaporization of pure
silicon and subsequent oxidation (Figure 4) does not
produce any pure silicon species. This can be under-
stood by noting that the SiO bond is stronger than
Si�Si and O�O bonds, and hence, if there is sufficient
oxygen, the silicon would oxidize rapidly. The presence
of significant amounts of SiO� in the Si � O2 spec-
trum shows that the O�O bond is broken in the LaVa
source. The observed species are all oxygen-enriched,
showing that pure oxygen is effective at oxidizing the
clusters, especially atomic oxygen. Another striking ob-
servation is the notable absence of a peak correspond-

ing to SiO2
� in either Figure S1 of the Supporting Infor-

mation or in Figure 4. This is likely due to two reasons.

First, as pointed out in our previous paper,7 SiO2 has a

high ionization potential of 12.18 eV, and hence it is

possible that any SiO2 present in the beam is not ion-

ized. The other reason is that the cation is very reactive.

In the following, we list a few of the highly exothermic

reactions where a SiO2
� can react with other species

SiO2
++ Sif SiO + SiO+ 4.40eV (20)

SiO2
++ SiOf SiO2 + SiO+ 0.85eV (21)

to generate more stable ones. These are probably the

reasons that even the vaporization of SiO2 does not re-

sult in any significant amount of cations (see Figure 5).

Significantly, (SiO2)2 cation is formed as a relatively ma-

jor species in the small-mass range. Its formation may

also involve an ion mechanism, as well.

The vaporized SiO and Si under O2 experimental

conditions reveal that SiO agglomeration provides in-

sight into the growth and oxygen enrichment of silicate

grains. First of all, note that the vaporized SiO pro-

duced significantly more agglomeration than the va-

porized Si or SiO2 experiments, suggesting that SiO or

other oxygen carriers may be better suited to produce

larger grains than a mixture of Si and O. This is prima-

rily due to SiO2 addition being so energetic that the

etching of the grain is possible, for example, via eqs 22

and 23.

Si4O4 + SiO2f Si2O3 + Si3O3 1.54eV (22)

Si5O5 + SiO2f Si3O4 + Si3O3 2.90eV (23)

Figure 5. Silicon vaporized under oxygen and helium with cations extracted.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 8 ▪ 1729–1737 ▪ 2008 1733



This suggests any observed (SiO2)n grains are likely

born and grow as (SiO)n grains and then are oxygen-

enriched through a variety of rearrangements involv-

ing SiO collisions and oxygen carriers such as SiO2. The

largest observed SinOn�1 cluster is only Si3O2. Si2O and

Si3O2 are ubiquitous products in the oxygen enrich-

ment reactions 1�16 because both of these molecules

have the maximum number of Si�O bonds while the

oxygen removal energy, plotted in Figure S2 of the Sup-

porting Information, increases as the cluster size in-

creases until it flattens out near Si5Om and Si6Om. Si4O7

is the smallest observed n � 3 species. It is mass degen-

erate with Si8, so there is some uncertainty in the char-

acterization of this peak. These peaks are all consistent

with SiO2 reacting to oxidize rather than forming (SiO2)n

clusters. To confirm that SiO2 is indeed present in the

experiments, Figure 5 shows the mass spectrum where

cations are extracted directly from the plasma, and in-

deed SiO2
� is seen to be present in small

concentrations.

We also examined the electronic stability of the vari-

ous species by calculating the energy gap between the

highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO), the ion-

ization potential, and the electron affinity of the various

species. A large HOMO�LUMO gap is indicative of
chemical inertness34,35 and stability36 since the cluster
wants to neither receive charge nor donate charge. Fig-
ure 6 shows the HOMO�LUMO gap, and SinOn clusters
with 3, 7, and 11 SiO units have large gaps. The oxygen-
rich clusters tend to have larger gaps than silicon-rich
species, probably due to the saturation of the Si atoms.
Figure 7 shows the calculated electron affinity, and clus-
ters with 2 or 3 Si atoms have low electron affinities.
The electron affinities rise with size and are quite large,
more than 2 eV for many of the larger clusters. This sug-
gests that the potential that stable anions exist in inter-
stellar medium is possible after the surprising discov-
ery of stable C6H� anions in the interstellar medium.37

It also suggests that these species should bind metals
effectively, resulting in the iron- and magnesium-doped
silicates. The ionization potentials (IP) of the clusters
are shown in Figure 8, and the IP generally decreases
with increasing size. Of all the clusters, SiO2 has the
highest ionization potential, namely, 12.18 eV. This is
partly the reason that it is not observed upon ionizing
neutral species as ionization of SiO2 would involve mul-
tiple photons, and the energy absorbed is sufficient to
break the cluster.

One of the objectives of this paper is to examine if
the optical spectra of the SinOm species could account
for the feature at 2175 Å27 and if the vibrational features
could account for the observed 10 �m absorption. We
first present our findings on the optical properties.

Optical Absorption in SinOm Clusters: Experiments indi-
cated that, while the position of the peak at 2175 Å fea-
ture is fairly fixed, its width changes with the line of
sight, suggesting that the feature could originate in
multiple carriers. In a recent paper, Bradley et al. identi-
fied this feature to be associated with absorption by
polyatomic hydrocarbons and amorphous silicates us-
ing transmission electron microscopy.11 We wanted to
examine if the absorption by SinOm clusters could also
contribute. While the observed spectrum peaks around
5.7 eV (217.5 nm), it extends to almost 3.0 eV (413.3
nm). We therefore investigated the absorption spectra
in the range of 200 to 500 nm.

Figure 6. HOMO�LUMO gaps for SinOm clusters n � 1�10,
m � (n � 1) � (n � 3), and n � 11�16, m � (n � 1) � (n �
1).

Figure 7. Electron affinity for SinOm clusters n � 1�16, m �
(n � 1) � (n � 1).

Figure 8. Ionization potential for SinOm clusters n � 1�16,
m � (n � 1) � (n � 1).
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The theoretical studies covered SinOn�1, SinOn, Si-

nOn�1, SinOn�2, and SinOn�3 with 1 � n � 10 and Si-

nOn�1 clusters with 11 � n � 16. We focused in the re-
gion of 200�500 nm as the observed spectra fall in
this range. Figure 9 and Figures S3�S7 in the Support-
ing Information present the calculated absorption spec-
tra for SinOn�1, SinOn, SinOn�1, SinOn�2, and SinOn�3

clusters, respectively. Note that the calculated spectra
for most clusters are marked by a peak in the vicinity of
200 nm. To help guide the eye, we have added a Gauss-
ian function centered at 217.5 nm, and with a � of 0.5
eV, the approximate width of the feature from ref 11.
While the location of peaks and the width of the spec-
tra change with size and composition, it is important to
note that the majority of spectra have no excitations be-
yond 400 nm. The location of the common maxima
around 200 nm and the absence of absorption fea-
tures past 400 nm suggest that a superposition of spec-
tra originating in mixed species would produce fea-
tures close to the observed absorption spectra. To show
it more clearly, we present in Figure 9, the spectra ob-
tained by superimposing the calculated spectra shown
in Figures S3�S7 in the Supporting Information. Note
that the peak position and the width are similar to the
observed spectrum. This shows that the SinOm frag-
ments could be contributing to the observed optical
absorption.

Infrared Spectra of SinOm Clusters: One of the important
tools to identify the constituents of the interstellar
dust is infrared spectroscopy. The light from the stars
is absorbed by the interstellar dust and re-radiated at in-
frared wavelengths. Hence the infrared spectrum pro-
vides a fingerprint of the emitting clusters.38 The ob-
served spectra indicate that the interstellar emissions
originating in galaxies are dominated by features at 6.2,
7.7, 8.6, and 11.3 �m and are attributed to polyaro-
matic hydrocarbons.26,29 The existing models com-
monly employed to understand these features use
spectra calculated for silicate nanoparticles, carbon-
aceous particles, hydrogenated amorphous carbon, or
polyaromatic hydrocarbons. For silicates, the findings

are based on the spectrum from bulk crystalline and

amorphous silicates that exhibit a resonance around

10 and 20 �m associated with Si�O stretching and

O�Si�O bending modes. While amorphous silicates

do not exhibit any other peaks, the crystalline silicates

also exhibit other resonances beyond 20 �m. The exist-

ence of the silicate nanoparticles is then largely based

on the comparison of the bulk features or on the infra-

red spectra for nanoparticles calculated using the bulk

parameters in simplified models.

Our objective in this work is to provide an accurate

theoretical study of the infrared spectrum of small Si-

nOm clusters using a first principles approach. The pri-

mary motivation is to examine if the calculated spectral

peaks can be used in conjunction with the observed

spectra to demonstrate that the clusters could be con-

tributing to the observed spectra. The present studies

also provide opportunities to test the semiempirical

models based on bulk parameters. We calculated the

spectra for the SinOn clusters for 1 � n � 16. Figure 10

shows the calculated spectra for the individual clus-

ters. In each case, we also calculated the combined

spectra by superposing the spectra from individual

clusters.

Figure 10 shows that, although large SinOn clusters

correspond to silicon-rich and SiO2-rich portions and

can be thought of as approaching silicates and silicon

clusters, the calculated spectra are very different from

the spectra of bulk crystalline and amorphous silicates.

For example, the clusters only exhibit a small peak

around 20 �m, in contrast to a marked peak shown by

the bulk systems. More importantly, the combined

spectrum exhibits a marked peak around 11 �m as ex-

hibited by the observed spectra. Further, the calculated

transitions are most intense in the region of 10�12

�m. This shows that it is possible that these clusters

may possibly be contributing to the observed spectra

in addition to the contribution from polyaromatic hy-

drocarbons. We would like to add that, in this work, we

have only considered clusters containing up to 16 SiO

Figure 9. Sum of optical absorptions for all neutral SinOm

clusters. The 217.5 nm line is a Gaussian in which � � 0.5
eV to guide the eye and approximate the interstellar
extinction.

Figure 10. Infrared absorption spectra for SinOn clusters n �
1�16.
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units, and one needs to go to larger sizes to make a
more concrete comparison.

CONCLUSIONS
To summarize, our studies provide experiments

and first principles information on the atomic and
electronic structure, stability, ionization potential,
electron affinity, and optical properties of SinOm

clusters. We show that the formation of silicates from
SiO molecules can proceed either by the chemically
driven SiO2 regions in (SiO)n motifs or by the sequen-

tial oxygen enrichment of SinOm clusters in the coa-
lescence and fragmentation during the growth pro-
cess. Our studies on the optical absorption exhibit
spectral features that lead us to conclude that the Si-

nOm clusters could be contributing to the observed
absorption spectra. The calculated infrared spectra
indicate that the SinOm particles may be contribut-
ing to the observed infrared spectra and also indi-
cate that the existing information on the frequencies
of clusters derived from bulk parameters may be
erroneous.

EXPERIMENTAL METHODS
The experimental studies were carried out utilizing a femto-

second laser based time-of-flight mass spectrometer system
equipped with a laser vaporization (LaVa) source.30,31 The sili-
con oxide clusters were generated employing three different
methods to examine the nature of the evolving clusters. In one
experiment, the clusters were generated by the laser vaporiza-
tion of SiO solid under an argon environment and photoionized
using 1�2 mJ, 800 nm, 50 fs pulses. The product clusters were
analyzed using a conventional time-of-flight mass spectrometer.
For comparison purposes, other experimental procedures were
used including the study of silicon oxide clusters by vaporizing
silicon under a helium/oxygen environment and analyzing the
resulting clusters as described above and, in other cases, extract-
ing cluster cations directly from the source that are formed in
the plasma-like environment existing in the LaVa source which
employs a Nd:YAG laser, operated with approximately 4 mJ/
pulse photons at 532 nm wavelength. In yet another experi-
ment, the clusters were generated by vaporizing solid SiO2,
whereupon cations were directly extracted. The results of these
investigations are used along with theoretical findings to pro-
pose a plausible model of silicate formation in circumstellar
space.

Theoretical Methods. The theoretical studies are carried out
within a density functional theory (DFT),39 and the exchange cor-
relation contributions are incorporated using the generalized
gradient approximation (GGA).40 The electronic structure was
determined by using a linear combination of atomic orbitals mo-
lecular orbital approach where the cluster wave function is built
out of orbitals centered at the atomic sites. In this work, the
atomic orbitals were formed from the triple-� valence polariza-
tion basis set. The actual calculations were carried out using the
deMon code41 developed by Köster and co-workers. We also
used an auxiliary basis set for variational fitting of the Coulomb
potential.42 The numerical integration of the
exchange�correlation energy and potential were performed
on an adaptive grid.43 For each size, the geometrical structures
were fully optimized in delocalized internal coordinates without
constraints using the rational function optimization (RFO)
method and the Broyden, Fletcher, Goldfarb, and Shanno (BFGS)
update.44 As SinOm clusters are marked by directional bonds,
the local minima are separated by barriers, making the ground-
state determination difficult. Consequently, many initial configu-
rations were tried in order to avoid getting trapped in local
minima of the potential energy surface.

The calculations on the optical properties were carried out
using the Amsterdam Density Functional (ADF)45 for optical ab-
sorption studies, and the molecular structures of the studied spe-
cies were optimized using gradient-corrected BP86 DFT func-
tional. A triple-� with polarization functions (TZP) Slater-type
basis set was utilized with a [1s2�2p6] frozen core for Si and a
[1s2] frozen core for oxygen atom. The zeroth-order regular ap-
proximation (ZORA) was employed in the calculation to account
for the scalar relativistic effects.46 Excited states were calculated
using time-dependent DFT (TDDFT).47 Dipole allowed excitation
energies were evaluated for the optical absorption spectrum.
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