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Determination of ionization energies of small silicon clusters with vacuum-ultraviolet (VUV) radiation.
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22 Abstract

24 In this work we report on single photon vacuum ultraviolet photoionization of small silicon clusters (n=1-
7) produced via laser ablation of Si. The adiabatic ionization energies (AIE) are extracted from
29 experimental photoionization efficiency (PIE) curves with the help of Frank-Condon simulations, used to
31 interpret the shape and onset of the PIE curves. The obtained AlEs are (all energies are in eV): Si
33 (8.1310.05), Si, (7.92+0.05), Sis (8.1210.05), Si, (8.2+0.1), Sis (7.960.07), Sis (7.8+0.1), and Si, (7.8%0.1).
36 Most of the experimental AIE values are in good agreement with density functional electronic structure
38 calculations. To explain observed deviations between the experimental and theoretical AlEs for Si; and
40 Sig, a theoretical search of different isomers of these species is performed. Electronic structure
43 calculations aid in the interpretation of the a1, state of Si," dimer in the PIE spectrum. Time dependent
45 density functional theory (TD-DFT) calculations are performed to reveal the energies of electronically
a7 excited states in the cations for a number of Si clusters.
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Introduction

Silicon cluster ions were observed in an electron impact ionization study by Honig as early as
1954." With the advent of the microelectronics industry based around silicon, in the 80’s, there was an
explosion in the study of the electronic properties of silicon clusters and extrapolation of these
properties to the bulk phase.? Recently there has been a resurgence of the study of small silicon clusters
and doped silicon clusters, modeled as building blocks for smart materials and nanowires.? There is also
interest in studying the fluxional and aromatic behavior of small silicon clusters.* However, one
electronic property that could aid in these endeavors, the ionization energies (IE) of small silicon
clusters, has not been determined experimentally with great precision. There has been controversy in
the ionization energy of the dimer,>® while for the higher Si, clusters ranging from n=3-7, there are a few
bracketing studies with an precision of only around 0.5 eV.” We have started a systematic investigation
to address this fundamental property and in this work we report an experimental and theoretical study
of the ionization energies of Si, (n=1-7) using vacuum-ultraviolet single photon ionization.

Very early work reported electron impact ionization energies for Si clusters.® Subsequently, two
groups reported ionization energies for Si clusters using photoionization. Fuke et al.” performed
bracketing measurements for cluster sizes between n=2-200, while Trevor et al’ reported that Si.7 10
species have IEs greater than 7.87 eV and that the higher clusters have IEs below 7.87 eV. The IE of the
dimer has been measured using two photon ionization by Winstead et al.’® (7.9-8.08 eV) and Marijnissen
and ter Meulen (7.9206 eV)," while Boo and Armentrout™ estimated the dimer IE thermodynamically to
be < 8.04 eV. In light of these experimental results, Dixon et al.® commented on the role of excited
electronic states in the photoionization of the silicon dimer. Very recently, Jaeger et al.” estimated the
ionization energy of Si; to be between 6.77-7.58 eV from photodissociation studies of metal-silicon

clusters. In contrast to these relatively few experimental determinations, there have been a number of
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theoretical calculations of the IEs of Si clusters at various levels of theory, and while relative trends in
decreasing IE with increasing cluster size tend to agree, the absolute IEs have varied considerably.***?°
At the chemical dynamics beamline, we have performed a number of photoionization studies on
clusters generated by laser ablation coupled to supersonic molecular beams.” Tunable VUV generated
at a synchrotron provides a convenient source for single photon ionization of these species. We applied
the method to generate and study Si, clusters up to n=7. Electronic structure calculations were
performed to aid in the interpretation of the photoionization results. The extracted AlEs represent a
significant improvement of the previous experimental values which were mostly from bracketing
techniques with considerable uncertainties and in some cases fall completely outside our reported IE
values. The experimental IE’s measured in this work have error bars ranging from +0.05 to 0.1 eV
depending on cluster size and represents a more precise number. TD-DFT calculations of cluster excited

states together with the analysis of the photoionization of different Si; and Sig isomers explain the

shapes of the experimental PIE curves.

Experimental Section

The experiment is performed on a laser ablation apparatus coupled to a 3 m monochromator at
the Chemical Dynamics Beamline (9.0.2) at the Advanced Light Source. The experimental apparatus used
for the cluster production is the same as used recently for preparation of gas phase SiO, and carbon

clusters.???

It consists of a laser ablation molecular beam cluster source and a time-of-flight mass
spectrometer. A rotating and translating 6.35 mm diameter silicon rod inside a Smalley-type cluster
source* is ablated by focused radiation from the second harmonic (532 nm) of a 50 Hz pulsed Nd:YAG
laser. The ablation laser energy employed in this study is about 0.62 mJ/pulse. A beam of pure argon is

introduced through a pulsed valve located behind the rod for the cooling of the ablated material. The

temperature of the clusters after travelling through a 25 mm long, 4 mm in diameter room temperature
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nozzle is estimated to be about 300 K. It was observed that the PIE curve of C; obtained using the same
setup shows a sharper onset than was observed previously,”® demonstrating more efficient cooling and
guenching of electronically and vibrationally excited states in this work. lonized silicon clusters,
produced directly in the ablation region, are deflected out of the molecular beam by an electrical field.
Neutral Si clusters are skimmed and ionized by synchrotron VUV radiation inside the interaction region
of a reflectron time-of-flight (TOF) mass spectrometer. Since the synchrotron light is quasi-continuous
(500 MHz), a pulsed field directing the ionized clusters into the flight tube is used as a start pulse for the
TOF measurement. This pulse is synchronized with the ablation laser and pulsed valve. After
acceleration and passage through the flight tubes and reflectron, ions are detected by a microchannel
plate detector. The time-dependent signal is amplified by a fast preamplifier, collected by a
multichannel-scalar card and analyzed with a PC computer. Time-of-flight mass spectra are collected for
photon energies in the range of 7.4 to 10.5 eV with a step size of 0.05 eV. Each mass spectrum was
recorded for 2-4 thousand sweeps at a repetition rate of 50 Hz. The photoionization efficiency curves
are obtained by integrating over the peaks in the mass spectrum at each photon energy. The spectra
presented are the average of seven photon energy scans. A fitting procedure similar to that used by

Nicolas et al.?®

for C; generated using similar techniques is applied to generate the error in the
photoionization thresholds. In this procedure, the rising edge of the PIE curve from background is
constrained by straight lines, and the intercept of these lines with the energy axis generates the error
limit of the threshold measurement. The synchrotron VUV photon flux used for spectra normalization is
measured by a Si photodiode. Argon or krypton gases (for the low photon energy region) are used in a

gas filter to block the higher harmonics of the undulator synchrotron radiation. Absorption lines of argon

are used for energy calibration of the PIE spectra.

Results and Discussion
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A typical mass spectrum obtained at a photon energy of 9 eV is shown in Figure 1. Mass spectra
obtained in this experiment are calibrated with the masses of rare gases such as krypton and xenon,
which have rich isotope distributions. Peaks corresponding to the Si," species, where n=1-7, are
observed in the spectrum. The isotope distribution of silicon clusters observed in the experiment
corresponds to the expected one, and an example of Si; is shown in the inset of Figure 1. While the
peaks corresponding to Si, to Si; have similar intensities, that of the silicon monomer is about six times
greater. Attempts were made to change the experimental conditions such as the ablation laser intensity
and the delays between the laser and cooling gas pulses and the mass spectrometer extraction pulse, to
increase the intensity of larger clusters. Clusters above Si; were observed, however their intensities
were insufficient to extract photoionization efficiency curves.

The mass spectrum shown in Figure 1 differs from several spectra published previously by other

7,25-28

groups. Heath et al.””

and Bloomfield et al.?®

observed an increased intensity of peaks (magic
numbers) for Sig" and Siyo". The use of multiphoton ionization with an ArF excimer laser in their work
caused fragmentation of large clusters, producing daughter ions in the 6-11 atom size range, where Sig
and Siy, are of particular stability.> In our case, soft single photon ionization with energies just above
the ionization threshold leads to a more even peak intensity distribution with a slight odd/even
alternation, as shown in Figure 1. The prominent peak at m/z 40 corresponds to Ar, the backing gas used
for cluster formation and arises from Rydberg state ionization.

Photoionization curves for the silicon clusters measured in the photon energy range from 7.4 to
9 eV are shown in Figure 2. Due to the low density of silicon clusters in the ionization region, the PIE
curves are relatively noisy compared to other experiments performed with this apparatus. Whereas for
some cluster sizes the appearance energies can be immediately found, for the rest, the energies of the

onsets are not so obvious. To aid in the interpretation of the PIE spectra, DFT calculations of the

adiabatic ionization energies were performed. Geometry optimizations were carried out using the B3LYP
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hybrid functional with the 6-311+g(d) basis set using the Gaussian 03 program package® for both the
neutral and cation ground states without symmetry constraints. The calculated ground state structures
for the cluster cations, which do not significantly differ from those of the neutral species, are shown in
Figure 2 and their coordinates are available in Supporting Information. The silicon cluster geometries
obtained in this work are very similar to those obtained in numerous other theoretical
investigations.””*®3%3 For the silicon dimer, the neutral ground state is a triplet and that of the cation is
a quartet, while the trimer and larger clusters have neutral ground states that are singlets with doublet
spins for the cations. The tetramer is the largest cluster having a two dimensional (2D) structure,
whereas Sis and larger clusters have 3D structures.

AlEs were obtained from the differences in the zero-point corrected electronic energies for each
neutral cluster and its corresponding cation. The vertical ionization energies (VIEs) were found by single-
point energy calculations of the cations at the respective neutral ground-state geometries. The results of
these calculations are shown in Table 1. The obtained IE of atomic silicon is in excellent agreement with
the literature value of 8.15166+0.00003 eV.** The AIE values for the dimer and larger clusters exhibit an
odd/even alternation, the odd sizes having larger AlEs, which has been observed in previous
calculations.’®*® The numerous calculations of silicon cluster IEs at different levels of theory exhibit large

variations in the obtained values; these calculated 1Es** 6832

are generally greater than those calculated
in this work. An analysis of the AIE and VIE data shows that the difference between AIE and VIE is
greatest for Siy and Sig, revealing poor Franck-Condon factors (FCF) and significant geometry changes
upon ionization. Moreover in our and previous calculations, the IE for Si, is significantly lower than the IE

1818 1y this work the difference between calculated AIE

values for the adjacent trimer and pentamer.
values of Si; and Si; is 0.2 eV, the Si; having the larger AIE (see Table 1). An examination of the

experimental PIE curves reveals that in the case of Si; and Si, the onset of signals appear approximately

at the same energy, in contrast to the calculated AlEs. Further analysis of the PIE curve onsets and the
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positions of the AIEs shown in Figure 2 indicate that in some cases they roughly coincide while in other
cases the correlation is not obvious.

For a more detailed analysis of the experimental data, the FCFs for these ionization transitions
were found. The FCFs were calculated within the harmonic approximation, and hot band contributions
were included. Using the FCFs and the vibrational frequencies obtained in calculations, we simulated
photoelectron spectra, which were convoluted with a Gaussian function having 50 meV FWHM,
corresponding to the energy profile of the synchrotron beam used in the experiment. Integration of the
theoretical photoelectron spectrum, assuming constant photoionization cross-section and absence of
dissociation channels, generates a PIE curve. This analysis was performed recently in the study of Si0,.?
The onset of the generated PIE curve (first 0.5 eV of the spectrum) was fitted to the experimental
intensity and energy profile. The fitted curves as well as the positions of the 0-0 transition
(corresponding to the AIE) obtained from the fit are shown in Figure 2, and these values are listed in
Table 1. For most of the clusters, particularly the odd numbered ones, the calculated AlEs and the fit
values lie close in energy (the difference is at most 40 meV for Si;). On the other hand, for the even
numbered Si; and Sig species, the difference exceeds 0.25 eV. The measured AlEs are shown in Figure 3
together with the values obtained from DFT calculations and the previous experimental data measured
by Brown et al.,** Marijnissen et al.,"* Fuke et al.”*® and Jaeger et al.?* One immediately sees that while
the AIE value found by Marijnissen et al. for the dimer coincides extremely well with our result, the AlEs
obtained by Fuke et al. for Si, and Si; are more than 0.3 eV above the values found in this work. Their AIE
values for Si4, Sis and Sig correlate well with ours, whereas for Si; the bracketing value measured by Fuke
et al. is within the error bars of the value measured in this work and the value obtained by Jaeger et al.
from the analysis of the photodissociation of metal-silicon clusters lies 0.2 eV below our value. Thus we
are demonstrating a significant improvement of the AIE values for Si clusters in comparison to the

ionization energy range previously accessed with the bracketing method.
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The differences between the AIE values obtained in the calculations and the experiments for Si,
and Sig are not the only disagreement between the derived and experimental PIEs. For certain cluster
sizes (Si,, n=2, 3, 5, 7) at higher photon energies the experimental data deviates from the derived PIE.
One possible explanation of the observed features could be dissociation of larger clusters leading to
fragment daughter ions filling in this mass, however the high dissociation energies of Si, in this size
regime of about 3 eV'” negates this hypothesis. On the other hand, these features appearing at higher
photon energies resemble the structure that might result from the production of higher lying electronic
states of the cations. To test this hypothesis we performed TD-DFT calculations of the excited electronic
states for these cluster cations. We chose this approach since TD-DFT in the past have shown good

223> and the low cost and simplicity makes it a useful tool when

agreement with experimental results
combining experimental and theoretical studies. The vertical excitation energies, obtained at the TD-DFT
(B3LYP/6-311+g(d)) level of theory are shown in Figure 2 by vertical sticks, and these are listed in Table
1. A good correlation between the VIE position of the first excited state and the step in the intensity of
the experimental PIE curves and the fact that the VIEs of excited states of Si," and Sis" are above 9 eV
suggest that excited states of the cation are being accessed at higher photon energies.

For the silicon dimer the feature observed in Figure 2 above 8.3 eV is due to ionization of the
X3Zg' neutral state of Si, to form the a’Il, excited state of Si,". The latter state lies 0.44 eV above the
X*T, ground state of Si," at the B3LYP/6-311+g(d) level of theory (see Table 1). Franck-Condon factors
for this transition were calculated in this work and the simulated PIE curve is shown in Figure 2. The
excellent agreement between the calculation results and experimental data confirms our hypothesis
about the origin of this observed feature.

The above mentioned disagreement of the experimental and calculated AlEs for Siy and Sig could

be explained either by different spin multiplicities for the neutral and cation clusters and/or by the

presence in the molecular beam of different cluster isomers. The most abundant Si; isomer appearing in
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17,18,32,33,36,37

the theoretical literature has a rhombus shape with D,, symmetry. However, while the

rhombus Si,; is the ground state species, there are a number of different isomers close to this in
energy.>*** One theoretical investigation using an empirical tight-binding method has reported that
the most stable Si, isomer is a tetrahedron with T4 symmetry.*

We performed an extensive theoretical search for Si, and Si," isomers having different spin
multiplicities. For neutral Si, we considered singlet and triplet spins, whereas for Si," the doublet and
guartet states were considered. Five different isomer symmetries were investigated: D,, (rhombus), Dap
(square), T4 (tetrahedral), C,,, and D.., (linear), and the corresponding structures are shown in Figure 4
and the coordinates of the isomers are provided in Supporting Information. The relative energies and
electronic states found for the isomers with the B3LYP functional and 6-311g basis set are shown in
Table 2. For D4, we did not find any stable isomer. In our isomer search we also observed that the most
stable isomeric form of both the neutral and positively charged silicon tetramer is a rhombus with Dy,
symmetry. But the adiabatic ionization energy, corresponding to a singlet to doublet ionization
transition, is about 0.3 eV below that observed in our photoionization experiment. lonization energies
for different isomers having the same symmetry have AIE values that strongly differ from the
experimental values and are listed in Table 2. After taking into consideration all the possible transitions
listed in Table 2, it is found that there are three transitions that lie close to the experimental AIE value of
8.210.1 eV. These are the above mentioned °B <A, transition, a *3, <—>A” transition with higher AIE,
and the 2A<->A, transition with even higher AIE. At the B3LYP/6-311g level, the AIE for the second
transition (*2;<—>A”) is 8.12 eV, and for the third one (*A<—°A,) it is 8.33 eV, both of which are close to
the experimental value. A qualitative analysis of the isomer geometries participating in the transitions
reveals that the third transition (*A<>A,) is very improbable since this involves a significant geometry
change (from the rhombus to the linear isomer). The second transition (4Zg'<—3A”) is more probable since

this involves a less significant geometry change upon ionization (C,, isomer transforms into a linear one).
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This is partially supported by the shape of the experimental PIE (Figure 2). A less steep slope of the
experimental PIE comparing to the theoretical (obtained for D,, symmetry) data suggests a different
isomer and a more significant geometry change. Nevertheless, it should be noted that two theoretical
and experimental investigations of small silicon clusters deposited into gas matrices using either Raman
or infrared absorption spectroscopies*>*! suggest that the rhombus (D) cluster isomer is the dominant
tetramer species, hence further computational effort is required to completely identify the structure of
the ionized silicon tetramer.

Numerous theoretical investigations of Sig have considered the C,, and D4, symmetries for

isomeric structures.'’18333637

In some investigations, the D4, isomer was found to be more stable for the
neutral clusters,®*?” however the majority of these studies claim C,, as the most stable isomer. Kang et
al. found that C,, and Dy, isomers are essentially degenerate with an energy barrier between them
around 10 eV and concluded that these two symmetries coexist in the ground state of the Sig cluster.®®
Liu et al. and Nigam et al. found that the edge-capped trigonal C,, structure is nearly degenerate with
the Dgy structure, with an energy difference of 0.03 eV, the former being the lowest isomer."”*® It was
also found that the silicon hexamer exhibits fluxional behavior, sampling a symmetric D4, structure
separated by a very low energy barrier from a C,, isomer.* The 3Tlg state of Sig with O, symmetry was
found to be the most stable hexamer structure by Pacchioni and Koutecky.*

For Sig we considered three different isomers with C; (edge-capped trigonal bipyramid, shown in

Figure 2), Dan (tetragonal bipyramid) and O, (octahedron) symmetries.**!

In our geometry optimization
search we were unable to find stable minima for D, or O, geometries. For the neutral C; isomer the
singlet is found to be about 0.7 eV below the triplet state. For cationic Sig a C,, symmetry was found,
which is very close to the symmetry of the neutral C;. Liu et al. have calculated the AIEs and VIEs for C,,

and Dy, isomers of Sig using DFT in the local density approximation (LDA) and the Perdew-Wang-Becke

88 (PWB) functional.'® They found in both cases that the Dy, isomer has the larger AIE, differences of
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0.19 eV (LDA) and 0.25 eV (PWB functional), compared to that for the C,, isomer. These values are in
good agreement with the difference of about 0.26 eV between the AIE for the C,, isomer and the
observed experimental onset in our work. Therefore we conclude that we may have a greater
population of D4, isomers in the experimental cluster beam. This is indirectly supported by previous
experimental investigations. The Dy, isomer of Sig was also found in the investigations of Honea et al.
and Li et al. where either Raman or IR absorption spectroscopy investigations were performed on Si

clusters in a gas matrix.***

Shvartsburg et al. in their theoretical work found that the global minimum
structure for the neutral hexamer has D, symmetry, whereas for the Sig" cluster cation the C,, isomer
was found to be more stable.®® This edge-capped trigonal bipyramid isomer (with C,, symmetry) was
recently observed experimentally by Lyon et al. in an investigation of gas-phase silicon cluster cations
using infrared multiple photon dissociation of their complexes tagged with Xe atoms.** This partly
confirms our hypothesis that in the neutral cluster beam, the Dy, isomer is mostly populated (or the
time average of fluxional Si¢ favors the D,y structure’) and depending on the beam conditions this may
fluctuate and transform into the C,, isomer upon ionization While there is still ambiguity about the
structure of the tetramer cluster observed in our experiment, for Sig both experiment and theory
suggest that the favored structure isomer is the one with D,, symmetry. Nevertheless further
computational efforts, directly verifying the transition of Dy, to C,, isomer and determination of FCFs for
this transition would be helpful in untangling the complicated nature of silicon cluster isomers.

A complication in extracting ionization energies from threshold measurements could arise from
excited electronic and vibrational states (hot bands) populating the neutral cluster beam leading to

2123 particularly

lower onsets than a true AIE. We saw evidence for this in the case of carbon clusters,
from low lying excited electronic states in the smaller clusters (n=4-6). Neumark and co-workers** have

extensively mapped out the energetics of these electronic states in the case of neutral silicon clusters

using anion photo-detachment spectroscopy. We used these results to analyze the shapes of the Si
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cluster PIE’s; however, an examination of Figure 2 suggests that there is relatively minor signal below
our measured AIE that is within the S/N of the experiment. This contrasts sharply with what was
observed in the case of the carbon cluster work.”"* Better cooling with a longer ablation channel,
sampling of a colder part of the pulsed beam, and possibly shorter lifetimes of the electronically excited
states in the case of Si clusters could explain the difference in the shapes of the PIE’s. The signature of
vibrational hot bands in the case of neutral Si clusters could theoretically be extracted from calculated
vibrational populations coupled with the calculated FCF’s. However, the experimental PIE’s measured in
this work do not have sufficient sensitivity for us to extract a vibrational temperature since calculations

of neutral cluster vibrational populations between 0-1500 K could all be fit with our experimental PIE’s.

Conclusions

A joint experimental and theoretical study of VUV photoionization of small silicon clusters
obtains experimental values for the IEs of Si, (n=1-7). The IEs are extracted from experimental PIE curves
and compared to the results of DFT electronic structure calculations. For interpretation of the shapes of
the PIE curves, Franck-Condon factor simulations were undertaken. With the aid of TD-DFT calculations,
it is found that the additional features at higher photon energy in experimental PIE curves are due to the
production of electronically excited states of the cations. Numerous cluster isomers were investigated
via density functional theory to resolve the ambiguity in the structures of the tetramer and hexamer; the
latter was found most probably to have Dy, symmetry.
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Tables

Table 1. Calculated AIE and VIE values for Si, clusters, obtained at B3LYP/6-311+g(d) level of theory for

©CoO~NOUTA,WNPE

10 geometries shown in Figure 2, and values of experimental AlEs obtained from fits of calculated PIEs to
12 experimental data. Additionally the energies corresponding to the VIEs (for all species but Si,) of the
first excited state are listed. For Si, this value corresponds to the AIE. Previous experimentally

17 measured values of ionization energies are shown for comparison. All energies are in eV.

19 Previous
20 Experimental 1* excited
n AIE VIE experimental IE
AIE state
24 values

26 1 8.11 8.11 8.13+0.05 8.15166+0.00003°

28 >8.49°, >7.87°, 7.9-
31 2 7.92 7.92 7.92+0.05 8.36 8.08", <8.04°,

33 7.9206"

35 3 8.08 8.20 8.12+0.05 8.99 >8.49° >7.87°

38 4 7.88 8.11 8.210.1 9.21 7.97-8.49°, >7.87°

40 5 7.96 8.13 7.96%0.07 8.64 7.97-8.49°, >7.87°

42 6 7.56 7.95 7.840.1 9.05 ~7.90°, >7.87°

45 ~7.90°, >7.87¢,
46 7 7.73 7.97 7.80.1 8.96
47 6.77-7.58%

g; 334,' b7, c9; le; elZ; fll; g13
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Table 2. Relative electronic energies and states for Si; isomers with the different symmetries shown in

Figure 3. All energies are in eV.

Isomer neutral cation lonization energies
symmetry | singlet triplet | doublet | quadruplet | doublet<singlet | doublet<triplet | quadruplet4-triplet
A A, ’B,
Dan - 7.88 7.06 _
0.00 0.83 0.00
A A
Ty - - _ _ _
2.44 0.86
3An 2Al 4All
Cyy - _ 7.11 7.70
1.41 0.64 1.23
A 3Zg' 25 4Zg'
Deoh 6.93 7.43 7.80
2.23 1.72 1.27 1.64
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Figure Captions:

Figure 1. The mass spectrum obtained at 9 eV photon energy. The isotopic distribution for Si; is shown in
the inset by the black solid line. The calculated isotopic distribution is shown by light magenta columns
for comparison.

Figure 2. Photoionization efficiency curves for Si, clusters, n=1-7. Circles and black lines correspond to
the averaged experimental data. The standard deviation of seven experimental scans is shown as a wide
grey line. The solid red lines represent derived PIEs from calculations, fitted to the experimental data.
For the dimer an additional line starting at about 8.3 eV corresponds to the derived PIE for the
a’TT,«X’Z, ionization transition for silicon dimer. The positions of the calculated adiabatic ionization
energies are shown by inverted triangles; the vertical ionization energy is represented by diamonds. The
positions of the AIE values, obtained from fits of the derived PIEs to experimental data are shown by
open circles. Calculated excited states of silicon cluster cations are shown by red vertical sticks.
Structures, corresponding to the lowest isomers of Si, cluster cations found in this work, are shown to
the left and right of the PIE curves.

Figure 3. Experimental and calculated ionization energies for Si, clusters. Open black circles represent
experimental values for the AlEs. Red filled dots correspond to calculated AlEs at the B3LYP/6-311+g(d)
level. For Sis, open squares represent the AlEs of different cluster isomers found at the B3LYP/6-311g
level. The plausible values of the AlEs for Si; and Sig are shown by gray symbols. Open triangles, marked
LDA and PWB, correspond to two plausible AIEs for D4, isomer of Sig at different levels of theory (see
text for additional details). The experimental IEs obtained by Fuke et al.”?® by a bracketing method are
shown by blue lines. The IE value found by Jaeger et al.” for Si, is shown by a green line. The
experimental IEs found by Brown et al.>* for atomic Si and by Marijnissen et al.™ for Si, are shown by
open blue diamonds.

Figure 4. The isomers of the Si, cluster considered in this investigation.
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