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Vibrational spectra of Xe-tagged cationic silicon oxide clusters SinOm
+ with n = 3–5 and m = n,

n ± 1 in the gas phase are obtained by resonant infrared multiple photon dissociation (IRMPD) spec-
troscopy and density functional theory calculations. The SinOm

+ clusters are produced in a laser
vaporization ion source and Xe complexes are formed after thermalization to 100 K. The clus-
ters are subsequently irradiated with tunable light from an IR free electron laser and changes in
the mass distribution yield size-specific IR spectra. The measured IRMPD spectra are compared
to calculated linear IR absorption spectra leading to structural assignments. For several clusters,
Xe complexation alters the energetic order of the SinOm

+ isomers. Common structural motifs in-
clude the Si2O2 rhombus, the Si3O2 pentagon, and the Si3O3 hexagon. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4894406]

I. INTRODUCTION

One of the key aims of nanoscience and cluster re-
search is the development of new materials with novel tai-
lored properties using nanoparticles as building blocks.1

Recent efforts have led to the development of new tech-
niques for the modification of nanoparticle properties such
as doping,2–5 functionalization,6, 7 surface modification,7 or
hybrid formation.8 The electronic structure of small clusters
also depends significantly on their size.9 Silicon plays a ma-
jor role as one of the technologically most important materi-
als. The detection of luminescence in porous silicon10 opened
up new fields of application for silicon nanoparticles. For
instance, Si nanocrystals in wide-gap dielectric matrices11

provide efficient light emission in the near IR and visible
spectral range. Unfortunately, bare silicon clusters are highly
reactive due to their electronic configuration and dangling
bonds. Hydrogen termination is an effective means of pas-
sivation and stabilization of silicon clusters.12–17 There is also
significant interest in SiO2 matrices with embedded nanocrys-
talline silicon.18–20 For small isolated Sin clusters, dissociative
adsorption of dioxygen molecules has a significant impact on
their geometry and electronic structure.21 For silicon monox-
ide clusters (SiO)n, two different structural types were pro-
posed, namely, the so-called “silicon cored” structures with
sp3 silicon cores inside a silicon oxide shell22, 23 and the “sil-
icon segregated” structures consisting of a bipyramidal sili-
con cluster attached to a stable SinOm subunit.24 The HOMO-
LUMO gap of the SinOm clusters tends to increase with in-
creasing amount of oxygen.25, 26

a)Authors to whom correspondence should be addressed. Electronic
addresses: dopfer@physik.tu-berlin.de and fielicke@physik.tu-berlin.de

Silicates, a subset of silicon oxide nanoparticles, are im-
portant constituents of circumstellar and interstellar media.
Since SiO is the dominant oxygen-bearing species in molec-
ular astronomy, it has been proposed as a precursor to sili-
cate formation via clustering of SiO molecules,22, 27, 28 but the
detailed formation process is still far from being understood.
Silicates containing Si–Si bonds are also currently believed to
be candidates for the observed extended red emission in the
diffuse galactic background.29, 30

Despite the importance of silicon oxides, only limited
spectroscopic studies of their clusters are available. Sev-
eral SinOm

− species have been characterized by anion pho-
toelectron spectroscopy,31–34 while neutral silicon monox-
ide clusters have been studied by infrared (IR) and Raman
spectroscopy in rare gas matrices.35–37 The most recent spec-
troscopic data are from infrared multiple photon dissociation
(IRMPD) of stoichiometric silicon monoxide cluster cations,
(SiO)n

+ with n = 3–5, by Garand et al.38 monitoring the loss
of SiO. The spectra were compared to linear IR absorption
spectra from density functional theory (DFT) calculations.
The IR spectra of n = 3 and 5 were assigned to a single iso-
mer, whereas for n = 4 the presence of two isomers was sug-
gested and rationalized by incomplete thermal equilibration.
As will be shown below, the calculated lowest energy struc-
tures are consistent with those reported here.

Here, we report gas-phase IRMPD spectra for sili-
con oxide cluster cations with stoichiometric (SiO)n

+ and
non-stoichiometric composition for n = 3–5. In comparison
to the earlier measurements,38 spectra of cold clusters are ob-
tained in an extended spectral range using Xe atoms as mes-
sengers. This messenger technique is a variant of action spec-
troscopy where mass spectrometrically detectable processes,
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here the evaporation of weakly bound Xe ligands, are used to
probe the absorption of photons.39, 40 The binding of rare gas
atoms assures the presence of a cold complex and largely re-
duces the dissociation energy. Often, for strongly bound clus-
ters it is justified to assume that the impact of the messen-
ger on the intrinsic properties of the bare cluster is negligible,
and therefore the IR spectra are not significantly affected by
the presence of the messenger. Nevertheless, in some cases a
greater influence on the energetic, structural, vibrational, and
electronic properties has been reported.41–45 The magnitude
of these perturbation effects usually depends on the polariz-
ability of the rare gas atom. Therefore, the lighter rare gases
are often used in an attempt to minimize the perturbations,
but in our case xenon had to be used because complexes with
lighter rare-gas ligands were not formed in the employed clus-
ter ion source. Xenon also has the lowest ionization energy of
all rare gases, and it will be shown that partial electron trans-
fer from Xe toward the silicon oxide cluster leads to additional
stabilization of the Xe complexes. A detailed analysis of the
influence of the Xe messenger on the SinOm

+ clusters is not
the main goal of this work, but will be discussed for species
where the Xe binding has a significant effect.

II. METHODS

A. Experimental

The experiments have been performed in a molecu-
lar beam setup located at a beam line of the Free Elec-
tron Laser for Infrared eXperiments (FELIX).46 Details of
the experimental setup and procedure have been reported
previously.47, 48 Briefly, silicon atoms and clusters are gener-
ated by laser ablation from a Si rod using the second harmonic
(532 nm) output of a Nd:YAG laser operating at 20 Hz. The
plume is then crossed with a short gas pulse consisting of a
mixture of 0.01% O2 and 0.5% 129Xe in He. SinOm

+–Xe com-
plexes are formed within a copper expansion channel held at
∼100 K by cooling with liquid nitrogen. The resulting molec-
ular beam is first skimmed and then shaped through a 1 mm
aperture before entering the extraction region of a time-of-
flight mass spectrometer to analyze the mass distribution of
the cationic complexes. IRMPD of these species is achieved
by overlapping the molecular beam with the intense IR light
from FELIX operating at 10 Hz. IRMPD spectra are derived
from measuring the variation of the cluster mass distribution
induced by resonant absorption of IR photons. The resulting
evaporation of one or more 129Xe atoms as a function of the
irradiating IR frequency is monitored in the 250–1250 cm−1

range. The reported IRMPD spectra are obtained by convert-
ing the mass specific depletion to an absorption cross-section
σ (ν) with subsequent normalization by the IR photon flux,
σ (ν) = ln(Ioff/Ion(ν))/�(ν), where Ion and Ioff are the ion sig-
nal intensities with and without IR light, respectively.

B. Computational

In an initial step, candidate structures of SinOm
+ clus-

ters were explored using DFT-based basin hopping global
optimization.49 The calculations were performed using the

FHI-aims package50 with the PBE functional51 and tier 2 nu-
merical basis sets. This search provided a general overview of
the geometric and energetic properties of the bare silicon ox-
ide clusters. Due to the apparent influence of the Xe messen-
ger atom on the properties of the complexes, additional cal-
culations were also performed with explicit inclusion of the
Xe atom(s). To this end, a basin hopping global optimization
algorithm52 has been used together with the TURBOMOLE
V6.3.1 program package.53 The initial structure search was
conducted at the RI-BP86/def2-SVP level of theory.54, 55 The
final optimization and calculation of vibrational spectra was
performed using the Tao-Perdew-Staroverov-Scuseria (TPSS)
functional56 along with the def2-TZVP basis set,57, 58 the cor-
responding effective core potential (ECP) for Xe, and the
resolution-of-identity (RI) approximation.59 This approach
has been used in our previous work on Si4Xe+,41 where it
properly described the substantial Si–Xe interaction. Initial
test calculations for Si3O2

+ with increasing basis set size sug-
gest that the def2-TZVP basis set is well-balanced in terms of
resulting quality and computational effort. All identified low-
energy isomers have a doublet electronic ground state. Rel-
ative energies include zero-point vibrational energies. Har-
monic vibrational frequencies are scaled by a factor of 1.025,
obtained by comparison of the calculated Si–O stretching fre-
quencies with those measured for SiO60 and SiOH+.61 Fi-
nally, the theoretical IR stick spectra are convoluted with a
Gaussian line profile adopting a full width at half-maximum
of 10 cm−1.

III. RESULTS AND DISCUSSION

In the following, we compare the experimental IRMPD
spectra of the Xe-tagged SinOm

+ clusters to IR spectra
predicted for the respective lowest energy isomers of bare
SinOm

+ and—if required—relevant higher energy isomers
(Figs. 1–3). A comparison to the corresponding Xe complexes
is carried out for the lowest energy isomers and, if this does
not allow for a conclusive assignment, also for higher en-
ergy isomers. The latter become particularly relevant in cases
where the energetic order of the SinOm

+ isomers is altered by
Xe complexation.

The most intense modes in the IRMPD spectra are ob-
served in the frequency range from 400 to 1200 cm−1 and
correspond to Si–O stretching vibrations (σ SiO). The Si–Si
stretching vibrations (σ SiSi) and the deformation modes have
typically lower frequencies and significantly lower IR inten-
sity. Relevant vibrational and structural data of all clusters in-
vestigated along with the vibrational and isomer assignments
of the experimental bands are given in Figs. S1–S16 and Ta-
bles T1–T5 in the supplementary material.71 The widths of
the bands in the IRMPD spectra are typically a few tens of
cm−1. Thus, the accuracy of the reported band positions is of
the order of ±5 cm−1.

A. Si3Om
+(–Xe), m = 2–4

1. Si3O2
+(–Xe)

The IR spectra for this cluster size are depicted in the left
panel of Fig. 1. The IRMPD spectrum for Si3O2

+–Xe shows
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FIG. 1. IRMPD spectra of Si3Om
+–Xe (m = 2–4) compared to linear IR absorption spectra calculated for relevant Si3Om

+(–Xe) isomers. The symmetry
group is given in parenthesis. Relative energies and Xe binding energies (italic) are given in eV. The experimental spectra were recorded in smaller sections
(150–200 cm−1 each), and the asterisk marks the switchover between two of these sections, where the signal base line drops to a lower level, due to slight
changes in the experimental conditions. Further structures and IR spectra calculated for Si3Om

+(–Xe) are available in Figs. S1–S6 in the supplementary
material.71

distinct bands at 398, 582, 626, and 1002 cm−1. The over-
all match with the spectrum predicted for the lowest energy
Si3O2

+ isomer (iso1) is good, and the four measured bands
are assigned to the four transitions calculated at 381, 576, 613,
and 1011 cm−1 (Table T1 in the supplementary material).71

The small maximum and average deviations of 17 and
11 cm−1 indicate that Xe tagging has only a minor impact
on the IR spectrum. Iso1 is a planar pentagon with C2v sym-
metry and has been found as most stable structure in previous
DFT calculations at the B3LYP/6-31G+(d) level.62 Xe com-
plexation of iso1 reduces the symmetry from C2v to Cs, as Xe
is bridging the Si–Si bond out of the plane of the ring. The
Si–Xe bond length is 3.34 Å, and the binding energy amounts
to −0.29 eV (−27.72 kJ/mol). The Si–Si bond contracts from
2.84 to 2.72 Å upon Xe complexation. Inspection of Fig. 1 and
Table T1 confirms that the IR spectrum of iso1–Xe is indeed
essentially the same as that of the bare ion.

The next higher energy isomer, iso2 (+0.25 eV), has a
planar open triangular structure (C2v symmetry) and can be
derived from iso1 by breaking the Si–Si bond. Its IR spectrum
is very different from the measured IRMPD spectrum, and
the most intense band predicted at 856 cm−1 clearly has no
visible counterpart. This anti-symmetric Si–O stretching vi-
bration (853 cm−1, b1) has essentially no IR activity for iso1.
In addition, the symmetric Si–O stretch of iso2 predicted at
999 cm−1 is roughly 140 times weaker than the correspond-
ing mode for iso1 at 1011 cm−1 (566 km/mol, a1). IR spectra
of higher-energy isomers and their Xe complexes presented in
Figs. S1 and S2 in the supplementary material71 do not agree
with the measured IRMPD spectrum.

According to our calculations, the main difference be-
tween the geometric structure of Si3O2

+ (iso1) and that of

the most stable neutral isomer, a similar pentagon (C2v) in a
3B1 state,33, 63, 64 is an elongation of the Si–Si bond by around
0.4 Å. Other bond lengths in the cluster change little upon ion-
ization. Indeed, the ground state structure of neutral Si3O2 is
unclear because other calculations predict a pyramidal global
minimum with a singlet electronic ground state.26, 65

2. Si3O3
+(–Xe)

The IR spectra of Si3O3
+(–Xe) are presented in

the middle panel of Fig. 1. The IRMPD spectrum of
Si3O3

+–Xe features prominent peaks at 282, 502, 578, 608,
896, and 933 cm−1, and a few more bands above 1000 cm−1.
The spectrum calculated for iso1, a planar Si3O3

+ hexagon,
provides a relatively good match to the experiment in the
low frequency range (250–650 cm−1) but dramatically un-
derestimates the intensities of the bands observed at higher
wavenumber, namely, the three very weak bands predicted
at 823, 833, and 912 cm−1 (Table T1 in the supplementary
material).71 This discrepancy is resolved when the Xe lig-
and is explicitly included in the calculations, because the
three corresponding σ SiO bands of iso1-Xe at 872, 886, and
954 cm−1 gain drastically in IR intensities upon Xe complex-
ation by roughly two orders of magnitude. As a consequence,
the spectrum calculated for iso1-Xe provides a good match to
the experimental spectrum with respect to both the vibrational
frequencies and the IR intensities.

The large change in the spectrum of iso1 induced by
complexation with Xe can be related to its structural prop-
erties. The six-membered ring structure of Si3O3

+ with al-
ternating Si–O bonds (C2v) is similar to the predicted neu-
tral ground state with D3h symmetry.26, 33, 38, 62, 64–68 The cation
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experiences either dynamic or static Jahn-Teller distortion to
C2v symmetry,38 so that the frequencies and IR intensities of
the calculated transitions strongly depend on the degree of
distortion from D3h to C2v. The Jahn-Teller effect is elimi-
nated by the complexation with Xe, which causes a further
symmetry reduction to Cs in the Si3O3

+–Xe complex. This
may explain why the overall match between the IRMPD spec-
trum and that predicted for iso1-Xe is significantly better than
that predicted for the bare Si3O3

+ ion (iso1). The Xe atom in
iso1-Xe binds out-of-plane to the Si atom at the apex of the
planar ring at a distance of 2.95 Å with a binding energy of
−0.38 eV (−36.63 kJ/mol). This is the same binding site as
for the protonation.62

We also observe additional bands between 1000 and 1200
cm−1 in the IRMPD spectrum that are not reproduced by
the calculations. They are tentatively attributed to combina-
tion bands and overtones. The peak at 1018 cm−1 could be
the first overtone of the mode at 502 cm−1, and the peak at
1147 cm−1 could be the combination of the 578 and 608 cm−1

modes. Contributions from other high energy isomers to the
IRMPD spectrum can be excluded. The second lowest isomer,
iso2 (+0.24 eV), has a very different spectrum. The only iso-
mer with an intense band predicted above 1100 cm−1 is iso3
(+0.39 eV, Fig. S3 in the supplementary material),71 but its
spectrum does not match in the remaining spectral range. For
similar reasons, iso5 (+1.69 eV, Fig. S3 in the supplementary
material)71 with an intense transition at 1028 cm−1 can be ex-
cluded. In contrast to iso1, Xe complexation to these higher
energy isomers does not change the appearance of their IR
spectra.

Interestingly, the experimental IRMPD spectrum of
Si3O3

+–Xe shows overall good agreement with the cor-
responding spectrum for the bare Si3O3

+ ion reported
by Garand et al.,38 although the calculated spectra for
Si3O3

+–Xe and Si3O3
+ differ significantly. Nevertheless,

closer inspection reveals notable differences in the width, po-
sition, and relative intensity of the transitions. For example,
the prominent band observed at 1080 cm−1 in the Si3O3

+

spectrum (labeled band C) does not appear as single intense
band in the Si3O3

+–Xe spectrum.

3. Si3O4
+(–Xe)

The IRMPD spectrum of Si3O4
+–Xe (right panel in

Fig. 1) displays low signal to noise ratio, and only a sin-
gle peak at 930 cm−1 can clearly be identified. The calcu-
lated lowest energy Si3O4

+ isomer, iso1 (D2d), consists of two
rhombic Si2O2 units with two bridging oxygen atoms, which
are fused together in a perpendicular configuration such that
a linear Si–Si–Si chain is formed, with the central Si atom
being tetrahedrally coordinated to four O atoms. This struc-
ture corresponds also to the lowest energy isomer of neutral
Si3O4.11, 32, 67 The Xe atom in iso1-Xe (Cs) binds to a ter-
minal silicon atoms in the symmetry plane at a distance of
2.89 Å, with a bond energy of −0.48 eV (−46.21 kJ/mol).
As for Si3O3

+, the spectrum calculated for iso1-Xe fits the
experimental one better than that of bare iso1. The observed
band is assigned to an unresolved doublet predicted at 883
and 893 cm−1, which are anti-symmetric σ SiO vibrations in

the Xe–Si2O2 and Si2O2 units, respectively. These two transi-
tions arise from a splitting of the doubly degenerate vibration
of bare iso1 at 857 cm−1 due to symmetry reduction from D2d
to Cs upon Xe complexation.

The energetically closest isomer, iso2 (C2v, +0.89 eV),
lies very high in energy and consists of a planar cyclic Si3O3
unit with an additional dangling Si–O bond in the molecu-
lar plane. Its predicted IR spectrum is quite different from
the measured IRMPD spectrum. Similar conclusions apply to
the IR spectra of other higher-energy isomers and their Xe
complexes presented in Figs. S5 and S6 in the supplementary
material.71

B. Si4Om
+(–Xe), m = 3–5

1. Si4O3
+(–Xe)

The IR spectra of this cluster species are shown in the
left panel of Fig. 2. The IRMPD spectrum of Si4O3

+–Xe ex-
hibits prominent bands at 534, 872, and 1077 cm−1. The cal-
culations for bare Si4O3

+ yield two nearly degenerate lowest
energy isomers, iso1 (C1) and iso2 (C1), which are separated
by only 0.03 eV. Iso1 has a non-planar structure with a five-
membered Si3O2 ring fused to a Si2O2 rhombus. Iso2 is an
asymmetric seven-membered ring with one Si–Si and three
Si–O–Si units. Indeed, only the spectrum calculated for iso2
agrees with the IRMPD spectrum. For instance, the intense
peak observed at 1077 cm−1 is only reproduced in the iso2
spectrum. The three transitions in the IRMPD spectrum are
then assigned to the σ SiO vibrations of iso2 calculated at 515,
880, and 1061/1064 cm−1, respectively (Table T2 in the sup-
plementary material).71 The iso1 isomer is not observed be-
cause its binding energy to Xe is significantly lower than that
of iso2 (−0.29 vs. −0.22 eV). For both iso1 and iso2, Xe
complexation has only a minor impact on the appearance of
their IR spectra. In iso2-Xe, the Xe binds to one atom of the
Si–Si pair at a distance of 3.14 Å.

Interestingly, the energetic order of the bare Si4O3
+ iso-

mers is drastically changed by Xe complexation (see Figs. S7
and S8 in the supplementary material71 for iso1-iso6). The
predicted lowest energy complex, iso6-Xe, has a relatively
high-energy Si4O3

+ core, and the next isomer in the ener-
getic order is the observed iso2-Xe complex (+0.11 eV). Iso6
of Si4O3

+ (C2v, +0.24 eV) is a six-membered ring, like the
most stable Si3O3

+ isomer, but has the additional Si atom
bound to one Si in the ring. In iso6-Xe, the Xe binds at a
distance of 2.86 Å to the dangling Si atom in a right an-
gle with the Si–Si pair with a binding energy of −0.54 eV
(−52.29 kJ/mol). Thus, the binding energy iso6-Xe is more
than twice the one of iso2-Xe (−0.22 eV, −21.08 kJ/mol).
The complexation is in both cases accompanied by a trans-
fer of electron density from Xe to the Si4O3

+ cluster. Ac-
cording to a natural population analysis,69 the partial charge
of the binding Si decreases from 0.54 to 0.28 e for iso6 and
from 1.09 to 0.96 e for iso2, while the Xe atoms have charges
of 0.27 and 0.16 e, respectively. The larger stabilization of
iso6-Xe is rationalized by the larger charge transfer, lead-
ing to a stronger and shorter Si–Xe bond (3.14 vs. 2.86 Å).
As the IR spectrum predicted for iso6-Xe does not match
the observed IRMPD spectrum, we conclude that bare iso6
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FIG. 2. IRMPD spectra of Si4Om
+–Xe (m = 3–5) compared to linear IR absorption spectra calculated for relevant Si4Om

+(–Xe) isomers. The symmetry
group is given in parenthesis. Relative energies and Xe binding energies (italic) are given in eV. Further structures and IR spectra calculated for Si4On

+(–Xe)
are available in Figs. S7–S12 in the supplementary material.71

is not present in the Si4O3
+ population. Thus, in contrast to

iso2-Xe, iso6-Xe cannot be formed, although it is the most
stable Si4O3

+–Xe isomer, indicating that Si4O3
+ does not

isomerize upon Xe complexation. Similar to iso1-Xe and
iso6-Xe, also the IR spectra predicted for the other
Si4O3

+–Xe isomers are not compatible with the measured
IRMPD spectrum (Fig. S8 in the supplementary material).71

For neutral Si4O3 clusters different structures are found.
DFT calculations at the B3LYP/6-31G(d)26 and BP86/TZP65

levels predict the lowest energy isomer to correspond to iso5
of the cation (+0.16 eV), and iso1 of Si4O3

+ corresponds to
the third lowest isomer of neutral Si4O3.26

2. Si4O4
+(–Xe)

The IR spectrum measured for Si4O4
+–Xe is depicted in

the middle panel of Fig. 2 and shows three distinct bands at
759, 918, and 1085 cm−1, which can readily be assigned to
σ SiO vibrations of iso1 calculated at 745, 923, and 1086 cm−1.
The effect of the Xe atom on the appearance of the IR spec-
trum of iso1 is negligible, with shifts of less than 17 cm−1

for the three intense transitions. Iso1 (C2v) consists of a pla-
nar Si3O2 pentagon joined at 90◦ to a planar Si2O2 rhombus.
Their common Si atom is tetrahedrally coordinated by four
O atoms. The Si3O2 unit is structurally very similar to iso1
of Si3O2

+, with Si–Si bond lengths of 2.89 Å. This exam-
ple shows that smaller clusters can act as building blocks for
larger ones without significant restructuring. Iso2 (+0.17 eV,
C1) is similar to iso1 of Si4O3

+ but with the additional O atom
inserted into a Si–Si bond. It is composed of a distorted Si3O3
hexagon and a rhombic Si2O2 unit. Iso3 (+0.31 eV, Cs) con-
sists of a Si3O3 ring attached to a nearly linear Si–O–Si chain
with a Si–O–Si angle of 169.9◦.

In contrast to Si4O3
+, Xe has no impact on the order of

the three lowest energy isomers of Si4O4
+. Xe binds to iso1

via both Si atoms of the Si–Si pair, as in the case of Si3O2
+,

and reduces the symmetry from C2v to Cs. The Si–Si bond
length in the Si3O2 unit shrinks from 2.89 to 2.77 Å upon Xe
complexation. The Xe binds in the Si2O2 plane with −0.27 eV
(−26.45 kJ/mol) to the Si atoms at a distance of 3.36 Å. This
binding motif is the same as for iso1-Xe of Si3O2

+ (−0.29 eV,
−27.72 kJ/mol, 3.05 Å). Interestingly, a less stable iso1-Xe′

isomer with a different Xe binding site (at the Si2O2 rhombus)
has a spectrum similar to that of iso1-Xe and may thus also
contribute to the measured IRMPD spectrum. Based on their
Xe binding energies (−0.06 vs. −0.27 eV), the iso1-Xe′ pop-
ulation is probably minor. The IR spectra predicted for higher
energy Si4O4

+(–Xe) isomers available in Figs. S9 and S10
in the supplementary material71 differ for all isomers within
0.5 eV of iso1 substantially from the measured IRMPD
spectrum.

The IRMPD spectrum of untagged Si4O4
+ reported

before38 is significantly different from that of Si4O4
+–Xe

shown in Fig. 2. For example, the former does not exhibit
the intense peak at 1085 cm−1 and the overall spectrum does
not compare well to the spectrum calculated for iso1. There-
fore, it was concluded that both iso1 and iso2 contribute to
the IRMPD spectrum of Si4O4

+ recorded at ∼70 K. In con-
trast, the IRMPD spectrum of Si4O4

+–Xe recorded at similar
temperature (∼100 K) is well reproduced by only a single
isomer, namely that of the iso1, and there is no indication for
the presence of iso2. As the calculated Xe binding energies
are similar for both iso1 and iso2 (−0.27 and −0.16 eV), Xe
complexation should not significantly change the population
ratio of both Si4O4

+ isomers. At present, the reason for the
very different appearance of the IRMPD spectra of Si4O4

+
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and Si4O4
+–Xe is unclear. It may be related to the large dif-

ference in the dissociation energies of both systems (for loss
of SiO and Xe, respectively), which require a very different
number of IR photons to be absorbed for inducing IRMPD.
Thus, the strongly nonlinear IRMPD process may perturb the
IR spectrum of the bare ion much more severely than for the
Xe-tagged species. According to our calculations the dissoci-
ation energy for the loss of SiO is 2.57 eV (247.92 kJ/mol,
2.55 eV in Garand et al.38). Therefore, around 20 IR photons
with 1000 cm−1 (0.12 eV) are required for fragmentation, in
contrast to the approximately 2 photons required for Xe evap-
oration.

The predicted lowest energy structure of neutral Si4O4
corresponds to iso4 of the cation (+0.38 eV).23, 26, 62, 65–68, 70

3. Si4O5
+(–Xe)

The IRMPD spectrum of Si4O5
+–Xe in the right panel

of Fig. 2 shows two distinct features at 909 and 1084 cm−1. It
closely resembles the spectra predicted for iso1 and iso1-Xe
of Si4O5

+. These two intense bands are assigned to σ SiO vi-
brations predicted at 923 and 1097 cm−1 (907 and 1066 cm−1)
for iso1 (iso1-Xe). Further weaker bands in the IRMPD spec-
trum are observed between 550 and 800 cm−1. Indeed, sev-
eral bands are predicted in this spectral range for iso1 and
iso1-Xe, but we refrain from a detailed assignment due to the
low signal-to-noise ratio. Iso1 (C2v) is similar to the most sta-
ble structure of Si4O4

+ and consists of a Si2O2 and a Si3O3
building block. These two units are fused under 90◦ and share
one Si atom that is tetrahedrally coordinated by four O atoms.
The Xe atom binds to iso1 to a Si atom at one side of the
Si3O3 unit at a distance of 2.95 Å with a binding energy of
−0.37 eV (−35.76 kJ/mol).

Xe complexation has again a big impact on the energetic
order of the Si4O5

+ clusters. Indeed, iso5-Xe is predicted to
be the most stable Si4O5

+–Xe isomer, although bare iso5 is
0.36 eV higher in energy than iso1. The butterfly structure of
iso5 (Cs) consists of two Si3O2 units with a shared Si–Si bond,
which is bridged by an additional O atom. The Xe atom binds
to iso5 at a relatively short distance of 2.71 Å to one of the
Si atoms of the Si–O–Si bridge, with an exceptionally high
binding energy of −0.74 eV (−71.65 kJ/mol), and is located
in the symmetry plane spanned by the Si–O–Si bridge. This
binding energy represents the upper limit of all Xe binding
energies found in the current study. This high Xe binding en-
ergy arises from the high degree of electron transfer of 0.36 e
from Xe to Si4O5

+. For comparison, the electron transfer in
iso1-Xe amounts only to 0.24 e leading to a much weaker
bond to Xe. As a consequence, iso5-Xe is predicted to be
the ground state of Si4O5

+–Xe, which is however essentially
isoenergetic with iso1-Xe (+0.01 eV). Closer inspection of
Fig. 2 in the frequency region 900–1100 cm−1 reveals that
indeed a modest contribution of iso5-Xe to the measured
IRMPD spectrum cannot be completely ruled out. The IR
spectra predicted for other Si4O5

+(–Xe) isomers compared
in Figs. S11 and S12 in the supplementary material71 differ
more substantially from the experimental IRMPD spectrum.

The structure identified for the Si4O5
+ cation is sim-

ilar to the ground state structure predicted for the neutral
cluster.26, 65, 67 A neutral isomer corresponding to iso5 is cal-
culated to be more than 4 eV above the most stable one.26

C. Si5Om
+(–Xe), m = 4–6

1. Si5O4
+(–Xe)

The IR spectra of Si5O4
+ are presented in the left panel

of Fig. 3, and the IRMPD spectrum of Si5O4
+–Xe exhibits

FIG. 3. IRMPD spectra of Si5Om
+–Xe (m = 4–5) compared to linear IR absorption spectra calculated for relevant Si5Om

+(–Xe) isomers. For Si5O6
+ only

calculated IR spectra for five isomers up to 0.5 eV are shown. The symmetry group is given in parenthesis. Relative energies and Xe binding energies (italic)
are given in eV. Further structures and IR spectra calculated for Si5Om

+(–Xe) are available in Figs. S13–S16 in the supplementary material.71
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features at 298, 400, 909, 970, and 1041 cm−1. Notably, four
Si5O4

+ isomers are predicted within 0.12 eV above the most
stable one, and the assignment is less clear than for the other
cluster sizes. The best agreement is found with the spectrum
of the fourth isomer in the energetic order, iso4 (+0.12 eV),
although the spectrum of iso1 appears very similar. Never-
theless, the overall match is better for iso4, especially for
the peak positions of the three features between 900 and
1050 cm−1, which fit less well for iso1. The differences be-
tween iso4 and iso4–Xe are very small. Iso2 and iso3 alone
cannot account for the observed spectrum.

The suggested isomer iso4 (C1) is nearly planar and con-
sists of a Si3O2 ring fused to a Si3O3 ring sharing a Si–O unit.
Iso1 (C1) contains a triangular Si3 core with two of the edges
bridged by O–Si–O units, thereby forming two Si3O2 pen-
tagons. This is the first structure found in this work, which
presents a segregated silicon trimer core. Iso2 (C1) is also
composed of an O-bridged triangular Si3 unit with Si3O2 and
Si2O2 units fused to it. Iso3 (C1) is composed of two Si3O2
pentagons sharing a Si atom, forming a nearly linear Si–Si–Si
chain.

For this cluster size, the addition of Xe also changes the
energetic order slightly. However, all Xe binding energies are
similar and relatively small. Consequently, the IR spectra are
only little affected. Unfortunately, the comparison between
the low-energy Si5O4

+–Xe isomers with the IRMPD spec-
trum does not allow for clearly assigning the latter one to a
single dominating species.

According to Lu et al.,26 the predicted lowest-energy
isomer of neutral Si5O4 consists of a Si2O2 and a distorted
hexagonal Si4O2 unit fused under 90◦ at a common Si atom.
This structure corresponds to a cationic structure (C2v, not
shown here) +0.53 eV higher in energy than iso1. The second
most stable neutral isomer (+0.115 eV) corresponds to iso3
(+0.09 eV) and the third (+0.225 eV) to iso1 of the cation,
respectively.

2. Si5O5
+(–Xe)

The IR spectra of Si5O5
+ are compared in the middle

panel of Fig. 3. The IRMPD spectrum of Si5O5
+–Xe is clearly

dominated by iso1, and there is convincing agreement be-
tween the measured and predicted spectra in the whole spec-
tral range investigated for both intense and weak features.
The next two isomers, iso2 and iso3, have a different peak
pattern and, in particular, show a prominent peak at about
820 cm−1 that is clearly missing in the experimental spec-
trum. The broad feature ranging from 960 to 1130 cm−1 in
the recorded spectrum consists of three discernible maxima at
994, 1022, and 1069 cm−1. These are attributed to σ SiO vi-
brations of iso1 calculated at 995, 1054, and 1074 cm−1, all
slightly shifted to the blue of the experimental maxima, with
a maximum deviation of 32 cm−1 for the middle peak.

Iso1 (C2v) consists of a Si3O3 hexagon and a Si3O2
pentagon fused under 90◦ and sharing a tetrahedrally O-
coordinated Si atom. This fundamental structural motif of
a central tetrahedrally O-coordinated Si atom is found for
Si3O4

+ (iso1), Si4O4
+ (iso1), and Si4O5

+ (iso1) and this

building block of silicates appears to become important al-
ready in these low-oxidized silicon oxide clusters. In iso1-Xe
(Cs), the Xe atom binds symmetrically to the Si2 unit and lies
in the plane of the Si3O3 hexagon. The Xe–Si bond distance is
3.39 Å and the binding energy is −0.23 eV (−22.24 kJ/mol).

The IRMPD spectrum of pristine Si5O5
+ reported

before38 is overall quite similar in appearance to the one mea-
sured for the Xe-tagged complex, with only modest spectral
shifts and some variations in relative intensities. The previous
study came to the same structural assignment (iso1), although
the contribution of relatively high energy isomers (more than
+0.5 eV above iso1) was not ruled out. Our computational
search identified many more additional low-energy isomers.
However, the good agreement between the IRMPD spectrum
of Si5O5

+–Xe with that predicted for iso1-Xe does not call
for major contributions of these higher-energy isomers.

The lowest-energy structure of the cation, iso1, differs
from the structure predicted for neutral Si5O5,26, 66, 68 which is
similar to iso5 of the cation (+0.51 eV). The neutral structure
corresponding to iso1 is predicted to be 0.39 eV higher in
energy.26

3. Si5O6
+(–Xe)

Unfortunately an IRMPD spectrum of Si5O6
+–Xe could

not be obtained. However, for completeness we report the pre-
dictions for the geometries, energies, and IR spectra of this
cluster size (right panel of Fig. 3). Iso1 has a structure similar
to iso5 of Si4O5

+ with a Si–O unit added to one of the two
Si3O2 units forming a Si2O2 rhombus. The geometries of iso2
(+0.03 eV) and iso3 (+0.29 eV) differ only slightly from that
of iso1 and are also based on the iso5 structure of Si4O5

+. Iso4
(+0.31 eV, C2v) is composed of two Si3O3 hexagons featur-
ing a central tetrahedrally coordinated Si atom. This isomer
corresponds to the structure that would be formed if an ad-
ditional O atom were inserted between the Si2 unit of iso1
of Si5O5

+. Surprisingly, this structure does not represent the
predicted lowest energy isomer, in analogy to the formation of
Si3O3

+ iso1 from Si3O2
+ iso1. The last isomer, iso5 (+0.47

eV, C1), presented here can be described as a combination of
two distorted Si3O3 hexagons fused together at one common
Si–O bond with a bridged O on top of one of these two units.

The predicted lowest-energy structure of neutral Si5O6
clusters26, 65 corresponds to iso4 of the cation, and the lowest
energy isomer iso1 of the cations to the third neutral isomer
(+1.38 eV).26

IV. CONCLUSIONS

Cluster-size specific vibrational spectra of SinOm
+–Xe

with n = 3–5 and m = n, n ± 1 in the gas phase have
been measured using IRMPD, and structural assignments
have been carried out by comparison to results of DFT cal-
culations. The experimental spectra reported here for the sto-
ichiometric (SiO)n

+–Xe clusters support the previous results
from Garand et al.38 for bare (SiO)n

+ but represent an im-
provement in spectral resolution and sensitivity due to the
messenger approach and an extension in the spectral range
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FIG. 4. Structures of the SinOm
+ isomers, which could be assigned to the

corresponding experimental IRMPD spectra, calculated at the ri-TPSS/def2-
TZVP level of theory along with the symmetry group and the electronic state
(in parenthesis). Rows show structures with constant numbers of Si atoms (n)
and increasing numbers of O atoms. Columns show structures with increasing
numbers of SiO units. The central column shows the stoichiometric silicon
monoxide cations (SiO)3–5

+.

investigated (250–1250 cm−1 vs. 500–1250 cm−1). For most
cases, the IRMPD spectra measured for SinOm

+–Xe are as-
signed to the lowest energy isomer of the bare clusters pre-
dicted by DFT calculations or, in cases where Xe changed
the energetic ordering, to the lowest energy isomer of the Xe-
tagged complexes. Except for Si3O4

+, where the quality of
the experimental spectrum is poor, there is compelling agree-
ment between the experimental and the calculated IR spec-
trum for the assigned species. The combined spectroscopic
and computational approach gives detailed insight into the
size and composition dependent structural evolution of small
SinOm

+(-Xe) clusters. In Fig. 4, we present an overview of
the assigned SinOm

+ cluster structures, where the Xe is omit-
ted for clarity. These structures show that there is no sim-
ple sequential growth mechanism. However, one can clearly
identify structural motifs, which serve as building blocks for
the low-energy SinOm

+ clusters. These include the Si2O2
rhombus, the Si3O2 pentagon, and the Si3O3 hexagon. All
of the isomers, apart from iso2 of Si4O3

+, contain one or
more of these building blocks. Another recurring structural
element is a central Si atom tetrahedrally coordinated by
four O atoms. All of the clusters containing at least four
O atoms, except for Si5O4

+, contain such a structural ele-
ment. This element often leads to geometries with ring units
fused together at an angle of 90◦. For many cluster sizes, the
most stable cation structure differs from that of the neutral
species, indicating that removal of an electron has a drastic
impact on the preferred geometry of these small silicon oxide
clusters.

In the Xe complexes, the Xe atom binds exclusively to
Si atoms, either to a single atom or symmetrically bridging
a Si–Si bond. The calculated binding energies vary over a
wide range between −0.08 and −1.02 eV (see supplemen-
tary material).71 The Si–Xe bond length varies between 2.71

and 3.49 Å and is correlated with the Si–Xe binding energy.
For instance, the bond lengths are very similar in Si3O3

+–Xe
and Si4O5

+–Xe (2.95 Å), as are the calculated binding ener-
gies (−0.38 and −0.37 eV). The bond strength depends on
the transfer of electron density from Xe to the (partially) pos-
itively charged Si centers. For some cluster sizes, the substan-
tial differences in the Xe binding energies result in a change
of the energetic ordering of the isomers in the Xe complexes
compared to that of the bare clusters. The overall influence
of the Xe binding on the cluster geometries and IR spectra is
small, apart from the effects due to the reduction of symmetry,
which increases the number of IR active modes.
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