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1. Introduction

Photochemical properties of a potential
interstellar dust precursor: the electronic
spectrum of SizO,"

Taarna Studemund, 2 Kai Pollow, & Marko Férstel and Otto Dopfer (2 *

Silicon oxide compounds are considered as precursors for silicon-based interstellar dust grains which
consist mainly of silica and silicates. Knowledge of their geometric, electronic, optical, and
photochemical properties provides crucial input for astrochemical models describing the evolution of
dust grains. Herein, we report the optical spectrum of mass-selected SizO,* cations recorded in the
234-709 nm range by means of electronic photodissociation (EPD) in a quadrupole/time-of-flight
tandem mass spectrometer coupled to a laser vaporization source. The EPD spectrum is observed
predominantly in the lowest-energy fragmentation channel corresponding to Si,O" (loss of SiO), while
the higher-energy Si* channel (loss of Si,O,) provides only a minor contribution. The EPD spectrum
exhibits two weaker unresolved bands A and B near 26 490 and 34250 cm™ (377.5 and 292 nm) and a
strong transition C with a band origin at 36 914 cm™ (270.9 nm) which shows vibrational fine structure.
Analysis of the EPD spectrum is guided by complementary time-dependent density functional theory
(TD-DFT) calculations at the UCAM-B3LYP/cc-pVTZ and UB3LYP/cc-pVTZ levels to determine
structures, energies, electronic spectra, and fragmentation energies of the lowest-energy isomers. The
cyclic global minimum structure with C,, symmetry determined previously by infrared spectroscopy
can explain the EPD spectrum well, with assignments of bands A—C to transitions from the 2A; ground
electronic state (Do) into the 4th, 9th, and 11th excited doublet states (D4g11). respectively. The vibronic
fine structure of band C is analyzed by Franck—Condon simulations, which confirm the isomer assign-
ment. Significantly, the presented EPD spectrum of SizO," corresponds to the first optical spectrum of

any polyatomic Si,O,," cation.

particles.>*®'37'7 They are also considered to be possible

carriers of the strongest discrete interstellar extinction feature
at 217.5 nm in the UV'®" and the broad extended red emission

Silicon and oxygen are the most abundant elements in our
Earth’s crust. Both elements are major ingredients for sand,
rocks, etc. and thus played a major role in the evolution of our
planet. Not surprisingly, corresponding silicon compounds,
mainly bare silica (SiO,) and metal-containing silicates (e.g.,
Me,SiO, and MeSiO; with Me=—Fe and Mg), are also observed
throughout the universe, in meteorites, and in interplanetary
dust grains.”® In 1971, the rather stable SiO diatomic was first
detected in space by radioastronomy.’™*" However, apart from
SiO, no larger polyatomic Si,O,, molecule has yet been identi-
fied in the interstellar medium (ISM)."> On the other hand,
larger solid silicate grains have been made responsible for
broad and unspecific infrared (IR) bands near 10 and 18 pm
(Si-O stretch and O-Si-O bend modes) observed towards
different stars and in spectra of meteorites and star dust
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(ERE) in the visible to NIR range.””*' Linking these two size
domains, from diatomic SiO towards large pm-sized dust parti-
cles in the ISM, is a long-standing challenge in astrochemistry.
Several of the present theories suggest the seed formation for
nucleating particles in the gas phase as well as superficial growth
at the surface.*®*** Nevertheless, details of the particle growth
mechanism, the intermediates, and relevant factors such as
radiation field, chemical abundance, particle and grain size
distribution, and temperature remain unresolved issues for dust
formation.®>*2® Several laboratory experiments showed that SiO
can form larger aggregates even at low temperature, suggesting
that bottom-up aggregation can occur without barriers.>”>° Such
Si,,0,, cluster growth has been modelled by quantum chemical
methods for both stoichiometric (n = m) and nonstoichiometric
(n # m) cases®**°>? and experimentally studied by photoioni-
zation mass spectrometry.’>*" Further aggregation simulations
included growth of metal silicates.®**** In addition to growth of
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neutral silica and silicates, ion-molecule reactions may also
significantly contribute to silicon chemistry in certain astrophy-
sical environments due to their larger cross sections in low-
density media.*>™° To this end, the structures, energies, and
ion-molecule reactions of Si,0,," ions have so far mostly been
studied by mass spectrometry and computational chemistry.*'~"
However, exploring and understanding ionic species participat-
ing in such processes by spectroscopy in the laboratory to reveal
their geometric and electronic structure and their photo-
chemistry is a challenge, because of their high reactivity and
low number density.>>

Concerning Si,0,,"
characterized by electronic spectroscopy and calculations.
Current knowledge about the structure, bonding, and chemical
reactivity of polyatomic Si,0,," ions relies largely on mass
spectrometry and computational chemistry.*'™7*°>! Thus,
experimental information about the geometric and electronic
structure is extremely scarce. IR spectra of (SiO)," clusters with
n = 3-5 recorded by multiple photon dissociation (IRMPD) via
loss of SiO have been assigned to the most stable cyclic (n = 3)
and bicyclic structures (n = 4-5) by comparison to DFT calcula-
tions at the B3LYP/cc-pVTZ level.>® IRMPD spectra have also
been recorded for a larger variety of Xe-tagged Si,O,," ions with
n=3-5and m=nand n £ 1 in a broader spectral range and for
colder ions.® The assigned lowest-energy structures reveal
several recurring binding motifs, including the Si,O, rhombus,
the Si;O, pentagon, and the Si;O; hexagon. Significantly, apart
from the Si-rich SisO,4" ion, all other assigned Si,0,," structures
with m > 4 contain already the tetrahedral SiO, unit character-
istic for silicates, despite their low degree of oxidation. This
result may be taken as experimental evidence that interstellar
silicates indeed may grow in a bottom-up approach from small
silicon oxide clusters.

To investigate the electronic structure and photochemical
stability of Si,0,," cations against radiation fields in the ISM,
their optical spectra are required. However, apart from the SiO"
dimer,”**>%%! no optical spectrum of any polyatomic Si,0,,"
cation has been reported yet and, to the best of our knowledge,
the same is true for polyatomic neutrals. To this end, we have
initiated a few years ago a research program to systematically
measure the optical spectra of mass-selected Si,0,," (and also
Si,C,') cations by electronic photodissociation (EPD) in a
recently constructed tandem mass spectrometer coupled to a
temperature-controlled laser desorption source. This approach
was initially tested and optimized by recording high-resolution
vibronic spectra of gold cluster cations.®* ® First applications
of EPD spectroscopy to Si-containing cluster ions include the
first spectrum of a Si,C,," cation (namely Si4C,")®® and the first
spectrum of diatomic Si,".°” Herein, we extend these efforts to
Si;0," and report the first optical spectrum of any polyatomic
Si,0,," ion. The spectrum is recorded in the 234-709 nm range
and its interpretation is guided by complementary time-
dependent density functional theory (TD-DFT) calculations
using various functionals. The SizO," ion has been chosen as
a promising target for several reasons. First, its structure in the
ground electronic state has already been determined as a

cations, the SiO" dimer is rather well
53-58
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planar cyclic pentagon with C,, symmetry from our previously
reported IR spectrum, yielding several vibrational frequencies
in its A, ground state.®® This structure is indeed computed to
be the lowest energy isomer.***° Second, our initial experi-
ments have indicated high abundance of this ion by reacting O,
with a plasma generated by laser vaporization of a Si rod. Third,
the generated Siz0," ions show strong absorption and resulting
fragmentation at 355 nm. Further previous work on Siz;0,"
includes mass spectrometry, demonstrating its generation from
laser vaporization of SiO targets at various wavelengths.*>** In
addition, the dissociation into Si,O" and SiO was predicted to
be the lowest-energy fragment channel.*” The analysis of the
kinetic energy release upon metastable decay of Si;O," into SiO
using the Klots evaporation ensemble and Rice-Ramsperger-
Kassel (RRK) models yielded dissociation energies of 0.75 and
1.06 eV, respectively,** much lower than those calculated for a
variety of Si,O,," ions including Si;0," (2-4 eV).*?

2. Experimental setup and
computational methods

EPD spectra of Si;O," are recorded in the range of 1.75-5.30 eV
(14104-42 735 em ™, 234-709 nm) using a quadrupole/time-of-flight
tandem mass spectrometer described in detail elsewhere.®®* Briefly,
Si,0,," clusters are generated in a pulsed laser vaporization source by
focusing a Q-switched Nd:YAG laser pulse (532 nm, 2-10 mJ, 20 Hz,
diameter 0.5 mm) onto a rotating and translating Si rod (American
Elements, 99.9%) using a lens with = 28 cm. The generated silicon
plasma is seeded in a pulsed carrier gas mixture (6-10 bar)
composed of O,/He (1:4000) or O,/Ar (1:1000-1:2000). Si,O,,"
clusters are formed in a reaction channel and expanded into vacuum
through a temperature-controlled nozzle cooled to 90-150 K. After
passing through a skimmer, the desired Si;O," clusters (m/z 116) are
filtered by a quadrupole mass spectrometer and guided through an
Einzel lens system into the extraction region of an orthogonal
reflectron time-of-flight mass spectrometer (ReTOF-MS). Here,
Si;0," clusters are irradiated with a laser pulse (2-4 mJ) emitted
from a commercial, tunable optical parametric oscillator (OPO, 5-10
cm™ ! bandwidth, 192-2750 nm tuning range, 0.5-150 m]J per pulse,
10 Hz) pumped by a Q-switched Nd:YAG laser (355 nm, 290 m]) to
induce resonant photodissociation. Parent and fragment ions are
detected at the end of the ReTOF-MS using a microchannel plate
detector. While the vaporization laser operates at 20 Hz, the OPO
dissociation laser runs at 10 Hz (laser-on signal). The laser-induced
dissociation signal is measured shot-by-shot and allows the normal-
ization of the photodissociation yield by the parent signal using the
laser-on signals and the photon flux. The yield of the remaining
parent ions as well as the observed fragment ions (Si,O" and Si*) are
monitored as a function of the photon energy to determine the total
EPD cross section using a modified Beer-Lambert law described
in detail previously.®”" For each wavelength, 200-300 mass
spectra are averaged. For the analysis, we only consider the
monoisotopic species. Initially, the whole spectral range (234-
709 nm) is scanned in 1 nm steps to obtain an overview
spectrum. The interesting ranges exhibiting resonant absorption
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bands are then measured at a reduced step size of 0.02-0.2 nm
depending on the range (0.02 nm for 254.4-272 nm, 0.05 nm for
292-399 nm, 0.1 nm for 656-709.4 nm, 0.2 nm for 400-657 nm).
The obtained EPD spectra provide a reasonable approximation to
the total absorption cross section when neglecting competing
(nonradiative and radiative) relaxation channels and assuming a
single-photon absorption process. The uncertainty of the deter-
mined EPD cross section depends on the error of the overlap
factor (x = 0.6 = 0.3) between the molecular ion beam and the
laser beam, which depends somewhat on the spectral range.

DFT calculations coupled with a basin-hopping algorithm
are performed to find the lowest-energy isomers of Si;0,".”>
Using the previously described algorithm at the RI-BP86/def-
SVP level of theory”®”* as implemented in the TURBOMOLE
V6.3 program package,””> we identify eight nonequivalent
minima. The already known cyclic structure determined by IR
spectroscopy and previous calculations is the most stable
isomer.****”® The eight lowest-energy nonequivalent structures
are further optimized at the higher UCAM-B3LYP/cc-pVTZ level
including the Grimme dispersion correction with Becke-John-
son damping (GD3BJ)”””® using the GAUSSIAN16 program
package.”® For comparison, additional calculations are per-
formed at the UB3LYP/cc-pVTZ level, which yield results similar
to the UCAM-B3LYP data. Moreover, Lu et al. found similar
energies for Si,O,, clusters calculated at the MP2 and B3LYP
level.®® In addition to the doublet electronic states, quartet
states for the four lowest lying isomers are investigated and
found to be much higher in energy (by 2.359, 2.595, 3.515,
1.656 eV for isomers I-IV), similar to the results of previous studies
for anions.”®®" Hence, they are not considered further. Calculations
for neutral SizO, are also performed and reveal good agreement
with earlier results.'®**”%%" Harmonic vibrational frequencies
are determined for all stationary points to verify their nature as
minima or transition states. They are also used to derive relative
energies (E,) and dissociation energies (D,) corrected for vibra-
tional zero-point energy. Optical spectra are computed by ver-
tical TD-DFT calculations at the UCAM-B3LYP/cc-pVTZ and
UB3LYP/cc-pVTZ levels, which yield excitation energies and
oscillator strengths of the first 100 vertical transitions for each
isomer. To assign resolved vibrational structure, Franck-Con-
don (FC) simulations including Herzberg-Teller coupling are
employed as implemented in GAUSSIAN16. The charge distri-
bution is analyzed by natural bond orbital (NBO) analysis, while
natural transition orbitals (NTO) are employed for visualizing
the orbitals involved in the respective excitations.

3. Results and discussion
3.1 Computational results

The four most stable Si;0," isomers (I-IV) found are shown in
Fig. 1, along with their salient structural parameters, relative
energies, and symmetries of the electronic ground state
obtained at the UCAM-B3LYP level. The cyclic global minimum
I (*A4, C,,) has a planar five-membered monocyclic ring with a
rather long Si-Si bond (2.901 A), in good agreement with
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I110.673 C,,?B,

IV 0.704 C,2A

Fig. 1 Minimum structures of the four lowest lying SizO,* isomers (1-1V)
calculated at the UCAM-B3LYP/cc-pVTZ level, along with bond lengths [A],
selected bond angles [°], relative energy (Eo in eV), and structural and
electronic symmetries.

previous computations.*>®® Isomer I (*A”, C,) lies E, =
0.557 eV higher in energy and results formally from isomer I
by breaking this Si-Si bond. This leads to an asymmetric
structure with different Si-O bond lengths in both arms of
the V-shaped structure, ie. the loss of the C, rotational sym-
metry. In fact, ring opening of the ground state (D) of isomer I
produces the first excited state of isomer II (D), while ring
closure of the ground state of isomer II (Do) converges to the
first excited state (D;) of isomer I (when keeping the electronic
configuration and neglecting any conical intersections). This
view is not only confirmed by potential energy scans along the
ring opening angle but also by the symmetry of the electronic
configurations (reducing the C,, symmetry of I to C, transforms
the D, state from %A, into 2A’, while the D, state of II has a *A”
configuration). As a result, there is no transition state for
interconversion of isomers I and II on their ground state
potentials. In this sense, isomer II should formally be consid-
ered an excited state of isomer I. Nonetheless, we consider
isomer II for the analysis of the EPD spectrum because it may
be formed and kinetically trapped as metastable species in the
ion source because of long lifetime resulting from the large
geometry change to the minimum I. The planar isomer III
(0.673 eV, *B,, Cy,) has a four-membered Si,O, rhombic ring
with a dangling O-Si bond, while isomer IV (0.704 eV, A, C;)
has a chain-like structure without any symmetry. In all four
structures in Fig. 1, each O atom binds to two Si atoms, except
for isomer III in which one O atom binds to three Si atoms. The
computations at the UB3LYP level yield similar results, with the
major difference that isomer II has a C,, symmetric structure
with a B, electronic state and the change in energetic ordering
of the nearly isoenergetic isomers III and IV (E, = 0, 0.343,
0.778, 0.671 eV for I-IV). In all four isomers, there is no bond
between the two O atoms, which in turn bind mostly to two Si
atoms according to its divalent character. Only, in III one of the
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O atoms binds to three Si atoms. As isomers V-VIII have relative
energies (1.40, 3.19, 4.23, and 4.46 eV) significantly higher than
1 eV, we do not consider them further. Indeed, according to our
previous experience with spectroscopy of Si,X,” clusters
(X = C, B, 0), such laser vaporization sources predominantly
produce the global minimum structure.®®°%%>83

The calculated dissociation energies (D,) for the various
fragmentation channels of Siz0," obtained for both computa-
tional levels are listed in Table 1. They are given with respect to
isomer I and are quite similar for both considered DFT levels.
Only dissociation into two fragments is considered because
three-body fragmentation is usually more energy demanding
due to the rupture of more chemical bonds. The lowest dis-
sociation channel is Si,0" + SiO (D, = 2.60 €V), because of the
strong chemical bond of neutral SiO (D, = 8.26 + 0.06 eV).**
Potential energy surface scans indicate that this dissociation
occurs without a reverse reaction barrier (i.e. the appearance
energy is equal to Dy). It is followed by Si* + Si,0, (D, = 3.56 €V)
because of the low ionization energy of Si (8.15 eV).* The third
channel is Si + Si,0," (Do = 4.70 eV). All other channels require
more than 6 eV and are thus far beyond the investigated spectral
range (<5.3 eV). Overall, the dissociation energies obtained at
the UB3LYP level are close to those at the UCAM-B3LYP level
(Table 1), with deviations of < 0.32 eV for the channels below
9 eV. Significantly, our computed binding energy for SiO loss is
much higher and probably more reliable than those values
inferred in a rather indirect analysis of experimental kinetic
energy release data (D, = 0.75 and 1.06 eV).**

In Table 2, we summarize the vertical excitation energies of
the D,, excited states (up to n = 16) for isomer I obtained at the
UCAM-B3LYP level, along with their oscillator strengths (f).
Excitation energies range from 0.9 to 5.6 eV, and the transitions
into the D4, Dy, D14, and Dy states at 3.55, 3.95, 4.7, and 5.55 eV
have by far the highest oscillator strengths (f= 0.03-0.4), while
f < 0.005 for all other excitations. The spectrum predicted for
isomer II is very different, with the most intense transitions
with significant oscillator strength being into the D,, Dy, Dy4,
Di,, D5, and D¢ states at 0.92, 1.86, 4.19, 4.46, 5.07 and 5.26 eV
(f=0.09, 0.05, 0.02, 0.03, 0.02, and 0.02). The excitation spectra
of III and IV will be briefly considered below.

Table 1 Dissociation energies (Dg in eV) of the most stable isomer | of

SizO," into all possible two-body fragment channels calculated at the
UCAM-B3LYP and UB3LYP levels (cc-pVTZ basis set)?

Fragments UCAM-B3LYP UB3LYP
5120 + Si0 (ZH + 12*) 2.60 2.48

Sit + 51202 ( Py + Ag) 3.55 3.74
51202 +Si (*Byy + Po) 4.70 4.71
Si," + 810, (‘T + 'A) 6.42 6.18
sio* 8o (22* %) 7.06 6.90
Si;0" + 0 ( By + °P,) 8.09 7.77
Si;" + 0, (°B b, + +32,7) 9.75 9.53
Sio," + Slz (A, +°%y) 10.98 10.55
0," + Siz ("I, + BZ) 14.22 13.82
o' +si;0 (* sg,/2 +3A") 14.70 14.48

% Observed fragment channels are indicated in bold. For each fragment,
the most stable structure with lowest-energy spin multiplicity is used.

17612 | Phys. Chem. Chem. Phys., 2023, 25, 17609-17618

View Article Online

PCCP
Table 2 Multiplicity, symmetry, vertical excitation energy (E,), and oscil-

lator strength (f) of the excited states (D,,) of isomer | of SizO," calculated
at the UCAM-B3LYP/cc-pVTZ level®

State EJeV(em™) f State E/JeV (em™) f
DO( A) 0 Do(*B;)  3.953 (31885) 0.0276
D,(°B;)  0.936(7552)  0.0006 Dyo(*A;) 4.569 (36849)  0.0062
D,(A;)  2.290 (18473)  0.0000 Dyy(*B) 4702 (37923)  0.3925
D,;(>B;) 2.462 (19855) 0.0000 D;,(*B;) 4.918 (39665) 0.0002
D,(°B,) 3.553(28652) 0.0334 D;5(*A;) 5.213 (42049)  0.0000
Ds(%A,)  3.688 (29749)  0.0000 Dy,(*A,) 5.548 (44745)  0.0000
D¢(*B1) 3.727 (30059) 0.0042 D;5(*B,) 5.548 (44749)  0.0309
D(A;)  3.833(30017) 0.0029 Dyg(*A;) 5619 (45317) 0.0000
Dg(>B,) 3.891 (31380) 0.0037

¢ The Dy, Dy, and Dy, states assigned to bands A-C in the EPD spectrum
are indicated in bold.

3.2 Experimental results

The typical mass spectrum of the laser vaporization ion source
in Fig. 2 shows a broad distribution of Si,0,," clusters in the
range m/z 30-345. The relative intensities and overall shape of
the mass spectrum can strongly be modified by several para-
meters of the ion source, such as energy, focus, and timing of
the desorption laser, composition and pressure of carrier gas,
and extraction time of the high voltage pulses of the ReTOF.
The spectrum in Fig. 2 shows high yields for O-poor Si,O,,"
clusters with m = 0-2. Due to the low concentration of O, in the
carrier gas, pure Si," clusters are rather abundant. The condi-
tions are optimized for the production of Si;0," (m/z 116),
which is indeed the ion with highest abundance. Other promi-
nent peaks correspond to m/z 72 (Si,0"), 88 (Si»0,"), 168 (Sis"),
196 (Si,"), 224 (Sig"), 240 (SigO0"), 252 (Siy'), 270 (Si,0"), 280
(Sito'), 296 (Siye0"), and 308 (Siy;*). The assignment of these
mass peaks is fully confirmed by their isotope pattern arising
from the natural isotope abundance of Si (92.2, 4.7, 3.1% for
28/29530gj), Initial EPD experiments of several abundant Si,0,,"
ions at 355 nm have shown substantial fragmentation of Si;0,",
which has thus been selected as our first target for both TD-DFT
calculations and wavelength-dependent EPD spectra.

The obtained ReTOF mass spectrum after selecting SizO,"
with the quadrupole (laser off) is compared in Fig. 3 to the

Si,0; y
372 o Si,0"

T T
200 300
m/z
Fig. 2 Mass spectrum of Si,O,," ions produced by using laser vaporiza-

tion of a pure Si rod and an expansion of O,/He.

T
100
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summed mass spectrum resulting from scanning the OPO laser
from 264 to 272 nm (laser on). In these experiments, the
quadrupole is set to transmit all isotopologues of SizO,". Their
relative intensities confirm the identification of the m/z 116 ion
as essentially pure SizO,'. The additional photofragment ion
signal present in the laser-on spectrum at m/z 72-74 is assigned
to Si,O" and arises from loss of SiO. The fragmentation yield is
in the order of 30% for the strongest absorption at 4.58 eV
(270.9 nm, band C0), which demonstrates good overlap
between laser and ion beams. The second and rather minor
fragment channel at m/z 28-30 corresponds to Si* and arises
from loss of neutral Si,O,. Although this channel is roughly two
orders of magnitude weaker, we consider both for generating
the total EPD spectrum. These two observed fragment channels
are also the lowest dissociation channels predicted by the DFT
calculations, with D, = 2.60 and 3.55 eV (476.9 and 349.3 nm,
20970 and 28632 cm™ ‘). Both lowest-energy fragmentation
channels are readily accessible by single-photon absorption in
the spectral range employed for these mass spectra. The
photofragmentation branching ratio of roughly 10*/1 into
Si,0'/Si" is consistent with density of state arguments strongly
favoring the lower energy channel. The third-lowest channel
producing Si,0," and Si is predicted to require 4.70 eV
(263.8 nm, 37910 cm™ '), which is close to the highest employed
photon energies and thus not detected. The absence of this and
other higher-energy channels indicate single-photon absorp-
tion conditions. We can also exclude the scenario that the Si,O,
loss channel arises from sequential loss of two SiO molecules,
because (i) this three-body channel would be much higher in
energy and (ii) according to our preliminary data the potential
intermediate Si,O" cation does not absorb at the same energies
as Si;0,".

The total EPD cross section measured for Si;O," is compared
in Fig. 4 to vertical absorption spectra computed for isomers

28 72 116

\ [ I

\ [

\ [

\ [

\ [

: laser off : "
"I")'('65O laser on l "
Si+‘ 3

I Si2O+ Si:sO;

\ I

| | |
L I ML B ILRL L UL B IR LSS BRI I

30 40 50 60 70 80 90 100 110 120

m/z

Fig. 3 Mass spectrum of SizO,* (m/z 116, O,/Ar carrier gas, T = 90 K)
mass-selected with the quadrupole with transmission of all isotopologues
for OPO laser off (black) and on (red) measured with the ReTOF-MS. The
laser-on spectrum is summed over all mass spectra obtained for 4 = 264—
272 nm. The range of the observed fragments Si* (m/z 28) and Si,O™" (m/z
72) are vertically expanded by factors of 650 and 3, respectively. To
generate the EPD spectrum, the signals from the laser-on spectra of the
monoisotopic species are used.
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I-IV at the UCAM-B3LYP level. Computed stick spectra are
convoluted with a Gaussian line profile (FWHM of 0.23 eV)
for more convenient comparison with the EPD spectrum. The
EPD spectrum in Fig. 4 is composed of several shorter scans,
taken at different step sizes and various nozzle temperatures
(90-120 K) as described in Section 2. Furthermore, the range
400-709 nm is only measured using the O,/He mixture (dashed
trace in Fig. 4), because no EPD signal is observed. This
observation is consistent with the computed dissociation
energy of 476.9 nm (D, = 2.60 €V, 20970 cm ™~ ') and the absence
of any significant predicted absorption of isomer I below 3.5 eV
(<28000 cm™ ', > 360 nm). The spectrum below 400 nm is
investigated with both the O,/Ar and the O,/He mixture. How-
ever, the spectra measured with the O,/Ar mixture are better
resolved due to colder Siz0," ions and thus used for evaluating
the EPD spectrum below 400 nm.

The EPD spectrum of Si;O," exhibits three bands A-C with
peak maxima at 26 490, 34 250, and 36914 cm ™" (377.5, 292.0,
and 270.9 nm; 3.284, 4.246, and 4.577 eV). While the broad and
unresolved bands A and B (with widths of FWHM = 760 and
285 cm™ ') are rather weak, the intense band C shows vibra-
tional fine structure. The measured EPD spectrum shows good
agreement with the vertical spectrum predicted for isomer I

Wavelength / nm

700600 500 400 300
EPD
o 401
= Ay
© 20 D, ‘/\'
0_ —Na
|
0.2-
0.2
N 4 11 12 1516
0.0 T
0.2 1l 8
0 /]\
0211V 2 5 1
12
0 N\ g /l\ 8 M 1718

14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Wavenumber / 10% cm’’!
Fig. 4 Total EPD spectrum of SizO,* recorded in the Si,O* and Si*
fragment channels (cross section ¢) compared to vertical absorption
spectra (oscillator strength f) of the four lowest lying isomers I-IV
calculated at the UCAM-B3LYP/cc-pVTZ level (Table 2). The dashed line
in the EPD spectrum represents the range scanned using the O,/He
mixture, while scans measured with the O,/Ar gas mixture are shown with
a solid line. Part of the EPD spectrum is also vertically expanded by a factor
of 5 to show the weak features A and B. Excited states with f > 0.005 are
labeled. The calculated dissociation energy Do = 2.60 eV (20970 cm ™) is
indicated by an arrow.
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with respect to band positions and relative intensities, while
the spectrum of isomer II does not match when assuming it to
be the single carrier of the EPD spectrum. Specifically, bands
A-C are assigned to the three strongly allowed and thus intense
D, < Do (°B, « ?A;), Dy < Dy (°B; « *A;), and D;; « D,
(°B, « *A,) transitions of I predicted at 3.553, 3.953, and
4.702 eV, with deviations of 0.269, —0.293, and 0.125 eV from
the observed band maxima, which are well within the accepted
error of £0.3 eV for TD-DFT calculations for excited state
energies. Although some bands of isomers II, III and IV are
close to the bands observed in the EPD spectrum, we exclude
them as important carriers of the experimental spectrum,
because (i) of their higher relative energy, (ii) the type of
employed laser desorption source produces usually the most
stable isomer of (doped) silicon clusters, and (iii) isomer I was
clearly identified as single carrier of the IR spectrum measured
for Xe-tagged Si;0,".°° All bands A-C are observed in the Si,O"
channel, and this result is consistent with single-photon
absorption from the ground state, because all excited states
lie at least 0.6 eV above the energy for barrierless dissociation
into this channel (D, = 2.60 eV). On the other hand, only bands
B and C are observed with noticeable intensity in the much
weaker Si" fragment channel (with a spectrum similar to that
detected in the Si,O" channel). Indeed, band A at 3.28 eV (D,
state) occurs below its predicted dissociation energy of (D, =
3.55 eV) and thus the predicted fragment appearance energies
are also consistent with the experimental detection of isomer I.

Bands A and B do not show any resolved vibronic structure,
which may arise from large geometry changes giving rise to FC
congestion and/or short lifetimes of the excited states arising
from fast nonradiative decay (such as internal conversion to
lower electronic states or dissociation). In contrast, the higher
energy band C is vibrationally resolved and appears at first
glance as a simple progression of peaks C0-C5, spaced by
roughly 300 cm ™' (317, 293, 261, 291, and 274 cm ) to the
blue of the band origin at 36 914 cm ™" (4.577 €V, 270.90 nm).
The nonmonotonic change in the spacing provides a first
indication that the progression is in fact not due to a single
vibrational progression but arises from excitation of multiple
modes. To assign the vibrational structure, we employ FC
simulations for the D;; « D, transition of isomer I. To this
end, the D,; state is optimized at the UCAM-B3LYP level and
the geometry changes upon electronic excitation are listed in
Table 3, while vibrational normal modes are shown in Fig. 6
with frequencies listed in Table 3. All bond lengths slightly
increase upon D;; excitation, while the bond angles remain
nearly unchanged. The adiabatic transition energy of E, =
37698 cm™ ' (4.674 €V) is only 0.028 eV lower than the vertical
excitation energy of 4.702 eV (37923 cm™ '), consistent with the
rather small geometry change. This result is in line with the
band origin CO being the most intense vibronic band in the
Di; < D, transition. Moreover, the computed adiabatic transi-
tion energy agrees well with the measured band origin, with a
deviation of only 922 cm ™" (0.114 eV). The Dy; « D, transition
is a multicomponent excitation, mainly composed of 330 «
290 (33%) and 29B « 27 (54%). As 29a is the SOMO (a,) of the
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Table 3 Adiabatic energies (eV), geometric parameters (A, degrees) and
vibrational frequencies (cm™Y) of the Do ground and Dy, excited states of
isomer | of SizO," calculated at the UCAM-B3LYP/cc-pVTZ level®

Dy(*A1) D.,(°B,)

E, 0.000 4.674 (37 906)
1z 1.617 1.625 (+0.008)
T23 1.715 1.725 (+0.010)
I1s 2.901 2.963 (+0.062)
0123 138.6 139.1 (+0.5)
0234 95.5 95.9 (+0.4)
0451 83.6 82.9 (—0.7)
v1(a;) 1046 (1002) 975 (—7%)
vy(aq) 618 (626) 580 (—9%)
u#a% 406 (398) 384%+5%ﬂ)
va(ay 196 338 (+72%
vs(ay) 147 162 (+10%)
ve(b1) 172 96 (—44%)
v4(b,) 863 1005 (+16%)
vg(bs,) 575 (582) 592 (+3.0%)
vo(bs) 228 395 (+73%)

@ Experimental frequencies of Si;0,'-Xe in the D, state are listed in
italics (in parentheses).®

cation, these excitations correspond to (LUMO+3)a « (SOMO)a
and (SOMO)B « (SOMO-2)B. NBO analysis of the bonding and
antibonding character of these orbitals indicates that the over-
all net effects nearly cancel for all bonds, which explains the
minor geometry change upon electronic D,; excitation also
from an orbital analysis.

The nine normal modes of isomer I can be classified as 4a, +
a, + by + 3b,. Seven of them are in-plane modes (v;_4,7-o), While
the two lowest-frequency modes are out-of-plane (vse). The
normal coordinates (i.e., the direction and amplitudes of the
elongations) are not much affected upon Dy, excitation, although
some of their frequencies change drastically (Table 3), implying
that the Duschinsky matrix is nearly diagonal. For example, the
Si-Si stretch frequency v, increases by 72% from 196 to 338 cm ™,
while the other stretch modes (v;3;) remain less affected
(<16%), in line with the small change in bond lengths. Other
strongly affected modes are the in-plane bend v, (+73%) and the
out-of-plane bend vs (—44%), indicating that the out-of-plane
force field changes drastically upon electronic excitation.

The initial FC simulation is performed at 7= 1 K to avoid any
contribution of hot bands and to analyze the vibrational
structure of the D,; state (Fig. 5). For convenient comparison,
the stick spectrum is convoluted with a Gaussian line profile with
a FWHM of 80 cm™ "' (0.01 eV), corresponding roughly to the
FWHM of the measured peaks (Table 4). Moreover, the computed
spectrum is shifted by —922 cm ™" (—0.113 eV) to the red to match
the calculated and observed band origins. The employed OPO
laser has a bandwidth of 10 cm ™" so that the broadening of the
CO (and the other) bands is not a result of the limited laser
resolution but must arise from lifetime broadening and/or
incompletely resolved vibrational structure, mostly arising from
sequence hot bands. Part of the broadening may also come from
a short excited-state lifetime with respect to fast dissociation or
internal conversion processes. In contrast to the first-glance
interpretation of a single vibrational progression of a mode with
300 cm ™, the FC simulation reveals the activity of several modes
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Fig. 5 Band C of the experimental EPD spectrum of SizO,* compared to
harmonic Franck—Condon simulation for T = 1 K (i.e., without hot bands) as
a function of internal energy, along with vibrational assignments (Table 4).
The band origin (0°) of the computed spectrum is redshifted by 992 cm™
to match the measured one at CO = 36914 cm™™.
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Fig. 6 Normal modes (;_o) of isomer | of SizO," in the Dy state (Table 3)
computed at the UCAM-B3LYP level. The corresponding normal modes of
the Dy, state are quite similar.

as indicated in Fig. 5. According to the FC principle, only totally
symmetric a; vibrations can be excited from the vibrationless D,
ground state. These include progressions of a; modes as well as
overtones and combination bands of a; symmetry. Indeed, the FC
spectrum is dominated by progressions and combinations of all
three low-frequency a; stretching modes v, 4, in line with the
slight elongation of all bonds upon D;; excitation. Small con-
tributions are provided by overtones of the out-of-plane and in-
plane bends vs and v, along with the combination v; + vo.
Overall, the FC simulation agrees well with the measured EPD
spectrum with respect to both band positions and relative
intensities, confirming the assignment of both the isomer and
the electronic state. A detailed assignment of the major bands
CO0-C5 as well as the minor features c1-c2 is listed in Table 4.
Additional FC simulations at variable elevated temperatures
are performed to estimate the vibrational temperature of the
ions. To this end, we focus particularly on the lower frequency
side of the 0° origin because the appearance of the spectrum in
this range is less affected by discrepancies between computed
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Table 4 Experimental frequencies and widths (FWHM in parentheses)

compared to computed frequencies (cm™?) of the Franck—Condon simu-
lation (Fig. 5), along with vibrational assignments and relative intensities (/)

Band Exp “ Calc” Assignment r
Co 0 (63) 0 0° 1.000
c1 164 192 6> 0.041
C1 316 (85) 338 4! 0.096
c2 400 384 3! 0.060
Cc2 609 (85) 580 2! 0.093
677 4% 0.017
721 34t 0.064
767 32 0.021
C3 882 (97) 790 92 0.021
919 24t 0.014
964 213! 0.014
987 8'o! 0.008
Cc4 1196 (115) 1060 3'4% 0.012
1105 324! 0.011
C5 1438 (99) 1302 2'3'41 0.009
1400 79t 0.020

“ Relative frequencies with respect to the 0° transition at 36914 cm ™.

b Only transitions with I > 0.001 are listed.

and experimental frequencies. As expected, the hot band con-
tributions are dominated by the population of levels of the
lowest-frequency out-of-plane modes vs and ve computed as
147 and 172 ecm . Indeed, the population of their levels can
largely reproduce the shape and relative intensity of the EPD
spectrum in the red wing of the 0° origin for vibrational
temperatures of the order of 7 = 500 £+ 200 K, indicating
incomplete cooling of the ions in the cryogenic nozzle. Both
collisional cooling and heating by the condensation energy
released by the formation of the strong Si-O bonds affect the
temperature. Similar nonequilibrium effects have been observed
in EPD spectra recorded for Si," in the same setup.®”

It is instructive to compare the properties of SizO," with
those of its potential neutral precursor because photoioniza-
tion could be one of the production routes in the ISM. Most
calculations’®®® including ours predict that neutral Siz;O, has a
planar cyclic structure (C,,) similar to that of isomer I of the
cation (Fig. 1), with a *B; ground state arising from the orbital
configuration . .. (a;)"(b;)" and following structural parameters:
12 = 1.676 A, ry3 = 1.676 A, 115 = 2.446 A, 0,5 = 128.8°, 0,34 =
99.0°, and 0,5, = 91.8°. Ionization into the %A, cation ground
state of SizO," occurs by removing an electron from the b,
HOMO and requires an adiabatic ionization energy of 6.847 eV
(181.1 nm). As the b, orbital is a bonding orbital of the Si-Si
bond, the major structural change upon ionization is a drastic
elongation of the Si-Si bond by 0.455 A (or 19%) from ry, =
2.446 to 2.901 A (corresponding to a change in formal bond
order from 1 to 0.5). This view is further confirmed by the NBO
charge analysis, predicting nearly all positive excess charge on
these two Si atoms of the Si-Si bond (0.994 e), in agreement with
previous calculations.*? Alternative routes for the production of
Siz0," in the ISM include ion-molecule aggregation reactions
(e.g., Si* + Si,0,, Si* + 28i0, Si,0" + Si0), which appear to occur
without barrier and are reverse reactions of the considered
photodissociation processes (i.e., photoassociation), or bimole-
cular ion-molecule reactions. As no optical spectra have yet
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been reported for any Si,O,, molecule, information on their
electronic structure relies mainly on photoelectron spectroscopy
of corresponding anion clusters®*”*® and rough quantum
chemical calculations of HOMO-LUMO gaps.”*®° Although
these studies suggest that neutral Si,O,, clusters may also
absorb in the visible to ultraviolet range, no details have been
reported yet. Our vertical TD-DFT calculations indicate that
pentagonal SizO, has indeed significant absorptions in spectral
ranges similar to those of the cation. For example, the strongest
transitions below 5.40 eV from the ®B; ground state are pre-
dicted into the 4th, 6th, and 14th excited triplet states at 3.16,
3.35, and 5.20 eV (f= 0.026, 0.1233, and 0.1349).

4. Conclusions

The optical spectrum of mass-selected SizO," ions is measured via
photodissociation and analyzed with complementary TD-DFT
calculations. The EPD spectrum measured in the 1.75-5.30 eV
range exhibits three electronic transitions A-C centered at 3.284,
4.246, and 4.577 eV and assigned to the strongest optically allowed
transitions predicted for the most stable cyclic ring isomer I
(D4o11)- In line with computed dissociation energies for two-
body fragmentation, the main fragmentation channel is loss of
SiO (Do = 2.60 €V), whereas the more energy-demanding loss of
Si,0, is two orders of magnitude weaker. While the weak bands A
and B are broad and unresolved, band C shows resolved vibronic
fine structure, which can well be reproduced by FC simulations of
the D;; « D, transition of isomer I, thus strongly supporting the
given structural and electronic assignment.

Significantly, the presented EPD spectrum of Si;O," provides
the first experimental information about the electronic struc-
ture and photochemistry of any polyatomic Si,0,," cation. This
combined strategy is generally applicable to other Si,0,," ions
and thus paves the way for improving our understanding for
the bottom-up growth (and photodestruction) mechanisms of
interstellar silicate dust particles via a cation reaction route at
the molecular level. To this end, similar studies are currently
underway for other small Si,O,," cations. These studies may
eventually enable to identify such species in the ISM, which
then can contribute to the development of strongly-needed
realistic models for the bottom-up growth of silicates in such
environments. In addition, these experimental spectra serve
as valuable benchmark for developing and testing computa-
tional approaches for (highly) excited electronic states of such
clusters, which provides still a challenge to computational
chemistry.
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