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Photoelectron spectroscopy and ab initio calculations are used to investigate the electronic structure and chemical
bonding of Si~ and Si?~ in NaSi ™. Photoelectron spectra ofsSiand NaSi~ are obtained at several photon
energies and are compared with theoretical calculations at four different levels of theory, TD-B3LYP,
R(U)OVGF, UCCSD(T), and EOM-CCSD(T), all with 6-315(2df) basis sets. Excellent agreement is
observed between experiment and theory, confirming the obtained ground-state structurgsdiod S,

which are both found to be trigonal bipyramid wiby, symmetry at several levels of theory. Chemical
bonding in Si, Sis~, and Si?~ is analyzed using NPA, molecular orbitals, ELF, and NICS indices. The bonding

in Sis?~ is compared with that in the isoelectronic and isostructugilsB™ species, but they are found to

differ due to the involvement of electron densities, which are supposed to be lone pairs in the skeletal bonding
in Si52_

1. Introduction its photoelectron spectrum at 355 nm, which displayed one broad
. spectral band. They also presented theoretical calculations for
The discovery of the & buckyball has generated a great  \ja5i- and Si2- at the MP2/6-31G* level of theory and found
deal of interest in cagelike clusters, particularly in silicon a trigonal-bipyramidal structure for St and two isomers for

clusters. However, the obvious valence isoelectronig Si NaSk™: a Cy, (‘A1) structure and &3, (1A1) structure. The
analogue does not have the same structure:a% €instead of C,, structure with the Na cation coordinated to the edge of

a beautiful soccer-ball shape,g&;e(_ams to adopt a rather IC.)W the triangular base was found to be more stable by 0.823 eV
symmetry structuré#7° An alternative approach to searching (at MP4/6-31G*//MP2/6-31G*) than th€s, isomer, in which

for cagelike silicon clusters is to use the isolobal analogy the Na cation was coordinated to one apex Si atom of the
between an HB unit and a Si atdfrand the known fact that trigonal-bipyramidal S7- structure. The series of ME (M =

t)ucirea;rlleffa zuocvceszr@;ﬁ: ;;rgl?r\;?n;ri/ggll;kienigsltczwiiz:oizugf_ Li, Na, K, and E= Si and Ge) anions have been studied by Li

the éi ~ clustef4 ir,1dicate indeed that an icosohedra}-5i and co-vyorkeré_,“s who optimized Fhe geor_netry for the
cage iéalocal minimum, although it is not the global minimum trlgonal-blpyramldgl ¥ structure using six different levels
Our preliminary results o,n other,8i cluster$* also demonstrate + of theory, At their best density functional level of theory

that many doubly charged silicon anionic clusters adopt low- (B3PW91/6-31%G(3d2), they obtainedaeq = 2.53 A and
symmetry structures rather than the beautiful deltahedral %a-¢a= 275 A, and at their best ab initio level of theory (MP2/
Y y 6-311G*) they golax_cq= 2.57 A anddeq cq= 2.76 A. Both

Etc:ﬁgtiﬁres'ig:luer:rfo'rnglriiztﬁdc:ES?::{SGlgﬁ'élgu?]éj;r';ic:lg;emt'ﬁzl are in reasonable agreement with the Sstructure in the solid
gp 9 T state: dayoq = 2.48 A anddeq eq= 2.69 A.

deviation of the geometric structures of doubly charged silicon .
cluster anions from the isolobal deltahedrgH@~ analogues! 13 In the current paper, we present a systematic and compre-
hensive study of $f~ and NaSi~ using a combined experi-

We begin this endeavor with thesBi dianionic cluster, which : .
has been recently synthesized and characterized in the soli ental and theoretical approach. Photoelectron spectra o NaSi
ave been obtained at three photon energies: 355, 266, and

state!® The Sg?~ cluster was synthesized in the (Rb-cryfi}- ; ) N

4NHjz crystal and was shown to be a trigonal-bipyramidal cluster é%(’jnm The Zlgherh photc;n energy ﬁperz]ctra glelded _hlg:]?r

with equatorial distanceseqeq = 2.535 A and axial distances inding energy detachment features, which are better suited for
comparison with the theoretical results. Molecular orbital

Oax-eq = 2.350 A. An isolated $#~ dianion is expected to be | h b ied q d the detailed
metastable toward autodetachment in the gas phase, but it ma);mayses ave been carried out to understand the detalle

be stabilized by an alkali metal cation ¢ylin MSis~. Kishi et chemical bonding in the §i" species, which are compared with

2_
al16 reported experimental observation of NaSias well as ~ Bstis” - Even though Siand S~ have been extensively studied
P P expenmentallﬁﬁ‘50 and theoretically!1%° we included them

- p . — in the current study for completeness and for better evaluation
T Part of the special issue “Jack Simons Festschrift”. . . - . .
*To whom correspondence should be addressed. E-mail: boldyrev@ Of the theoretical methods, which will be used to investigate
cc.usu.edu (A.1.B); Is.wang@pnl.gov (L.-S.W.) larger multiply charged silicon clusters in the future.
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2. Experimental Methods (a) 355 nm A&B

Details of the photoelectron spectroscopy (PES) apparatus
have been described elsewh&e!Both the silicon cluster
anions and NaSi mixed cluster anions were generated by laser
X

vaporization of a Si disk target and a Na/Si disk target in the
presence of a helium carrier gas and analyzed by time-of-flight
mass spectrometry. EithersSior NaSi~ anions were mass-
selected and decelerated before being photodetached by a pulsed
laser beam. Photoelectrons were collected at nearly 100%

efficiency by a magnetic bottle and analyzed in a 3.5 mlong £ | (b)266nm E&F
electron flight tube. The PES spectra were calibrated by using 8 A&B
the known spectra of Ay Pt, and Rh, and the energy ﬁ
resolution waAEy/Ex ~ 2.5%, that is, approximately 25 meV I3 cab
for 1 eV electrons. 3

w X

[
3. Theoretical Methods £

The initial search for the most stable structures was performed @ e
using our gradient embedded genetic algorithm (GEGA) pro- A&B
c) 193 nm
c

Wmﬂmmmm
energies of these structures were also calculated using the 1 2 3 4

extended 6-311G(2df) basis sets. Some species have been Binding Energy (eV)

calculated using the second-order Mgh@lessett (MPZ2f2 Figure 1. Photoelectron spectra of:Siat (a) 355 nm (3.496 eV), (b)
level of theory and the 6-331G* basis sets. To test the validity 266 nm (4.661 eV), and (c) 193 nm (6.424 eV).

of the one-electron approximation, single-point calculations were

performed using the multiconfiguration self-consistent field tion of ELFs has been made using the MOLEKEL progfdfn,
method (CASSCR§3124with eight and nine active electrons and molecular orbital visualization has been done using the
and seven active molecular orbitals fog &nd Si~, respectively MOLDENS3.4 progrant3®

[CASSCF(8,7) and CASSCF(9,7)], and with 10 active electrons

and eight active orbitals for $ [CASSCF(10,8), all using 4. Experimental Results

6-311+G* basis sets].

The vertical electron detachment energies (VDEs) were 4.1. Photoelectron Spectroscopy of §i. Figure 1 shows
calculated using R(U)CCSD(T)/6-316G(2df), the outer valence  the photoelectron spectra ofsSiat three photon energies (355,
Green function method (OVGF/6-3115(2df)) 125129 and the 266, and 193 nm). The photoelectron spectra gf Bave been
equation of motion method based on the restricted coupled reported in a number of previous studf&g8%31.3434n particular,
cluster method [EOM-CCSD(T}°at the CCSD(T)/6-31:£G* vibrationally resolved spectra have been obtained by Xu®t al.
geometries, as well as the time-dependent density functionalThe current spectra agree with the previous data, but they
theory metho&f! (TD-B3LYP/6-31H-G(2df)) at the B3LYP/ provide better resolved features beyond 3.5 eV binding energies.
6-311+G* geometries. VDEs were calculated as differences of The 355 nm spectrum (Figure 1a) displays a broad band with
total energies at the CCSD(T) level of theory. Corrections for a low binding energy tail. From their vibrationally resolved
electron correlation and relaxation were added directly to the spectra and angular dependent studies, Xu et al. showed that
one-electron molecular orbital (MO) energy in the OVGF the 355 nm spectrum contained two electronic transitions, with
method. VDEs were calculated in two steps at the TD-B3LYP the low-energy tail (X) corresponding to the ground-state
and EOM-CCSD(T) levels of theory. Initially, the first VDE transition. A long vibrational progression with an average
was calculated as a difference in total energies and thenspacing of 233t 10 cn! was observed in ref 31, suggesting
calculated vertical excitation energies for the system with one a significant geometry change between the ground state;of Si
electron less were added to the first VDE to obtain second andand Si. An adiabatic electron detachment energy (ADE) of 2.59
higher VDEs. Core electrons were frozen in treating the electron eV was estimated by Xu et al. from their FrangRondon
correlation at the CCSD(T) and OVGF levels of theory. simulation. Thus the spectral onset-a2.7 eV in the 355 nm

Chemical bonding was analyzed using electron localization spectrum only represents an upper limit for the ADE due to the
functions (ELFs)-32-134 All B3LYP, TD-B3LYP, CASSCF, large geometry changes between the anion and neutral ground
UCCSD(T), and OVGF calculations were performed using state. The VDE of the X band is estimated to be around 3.0
Gaussian 98 and Gaussian 03 prografhsand RCCSD(T) eV, which is consistent with the FranelCondon simulation
and EOM-CCSD(T) calculations were performed using the by Xu et al. The intense part of the 355 nm spectrum at the
MOLPRO-2000.1 prograf® on a 63-node BirchRetford high binding energy side (A) corresponds to the detachment
Beowulf cluster computer built at Utah State University by transition to the first excited state ofsSiThe broad nature of
K. A. Birch, B. P. Retford, and E. Koyle. ELF calculations the A band makes it difficult to evaluate its VDE, which should
have been performed using the TopMod Packdg¥isualiza- be approximately 3.2 eV.

gram written by Alexandrov&? We used the semiempirical (
PM3 method for energy, gradient, and force calculations. The E&F
lowest few structures in every system were recalculated using 2D
a hybrid method known in the literature as B3LNP 115 with
polarized split-valence basis sets (6-313*).116-118 The lowest
structure in every system was then refined using the coupled- G
cluster method with single, double, and noniterative triple
excitations (CCSD(TJ}*-12! with the same basis sets. Total
5 6
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TABLE 1: Experimental Compared with Calculated VDEs (eV) for Dz, (A2"") Sis~

final state expt TD-B3LYP UOVGP CCSD(T¥ EOM!
A) (223321626423, "0) ~3.0 (X) 3.06 2.99 (0.91) 3.01 3.01
E" (2823821626323, ") ~3.2 (A) 3.13 2.95 (0.90) 3.24 g
1E" (2a/23a'216"42%23,") ~3.4 (B) 3.52 e f 3.26
3E (2a'23a/21€'326%23,") ~4.1(C) 4.03 3.87 (0.91) f g
IE (2a'23a'21€'32e%23,""Y) ~4.3 (D) 4.36 e f 4.50
A, (2a/23a'11€'%26%25,") 4.47+0.03 (E) 4.29 4.31 (0.90) f g
1A, (22381626423, ") ~4.6 (F) 4.52 e f 4.81
A, (2a' 13321692623, ) ~5.4 (G) 5.27 4.92 (0.88) f g
1A, (213821626423, ") 6.80 e f 6.82

aThe VDEs were calculated at the TD-B3LYP/6-31G(2df)//B3LYP/6-311-G* level of theory.” The VDEs were calculated at the UOVGF/
6-311+G(2df)//CCSD(T)/6-31%1G* level of theory. The numbers in parentheses indicate the pole strength, which characterizes the validity of the
one-electron-detachment pictufélhe VDEs were calculated at the CCSD(T)/6-313(2df)//CCSD(T)/6-31%G* level of theory.d The VDEs
were calculated at the CCSD(T)/6-3tG(2df)//CCSD(T)/6-311G* level of theory.® The VDEs into the final singlet states were not calculated
because of the multiconfigurational nature of the final singlet stfédse VDESs into these excited states cannot be calculated at this level of
theory.9 The VDEs into the final triplet states cannot be calculated using MOLPRO-2000-1.

The 266 nm spectrum (Figure 1b) indicates that the A band X.A%B
is cut off at 355 nm. This band in fact is shown to extent to
around 3.6 eV, suggesting that there is likely to be another
detachment transition. This is labeled as band B with a VDE at
approximately 3.4 eV. As will be shown below, this band is
borne out in the current theoretical calculations. Although it c
was not recognized at the time, the 299 nm spectrum in the
paper by Xu et at! resolved this band more clearly. The 266
nm spectrum (Figure 1b) reveals two more broad bands: a weak AR AR MARAA MARALAAARE
and broad band centered around 4 eV (C) and a more intense (b) 266 nm X,A&8 .
and sharper band at 4.47 eV (E). A shoulder can be discerned
at the lower binding energy side of the intense band around 4.3
eV (D). At 193 nm (Figure 1c), band E becomes broad,
suggesting an additional band around 4.6 eV, which is cut off
in the 266 nm spectrum. A very weak band is also observed
around 5.4 eV (G). We also took the spectrum aof Sit 157
nm (not shown), but no new detachment transitions were
observed because of the poor signal-to-noise ratio in the high
binding energy side. (€193 nm X,A&B

The VDEs of all the observed detachment channels for Si
are summarized in Table 1, where the calculated VDEs at
various levels of theory are also listed. E

4.2. Photoelectron Spectroscopy of Na§i. The photoelec- cP
tron spectra of Nagi are shown in Figure 2 at three photon F
energies (355, 266, and 193 nm). The electron binding energies W

AN L)/
5 6

(a) 355 nm

cD

Relative Electron Intensity

[T T[T [T [T [T

of NaSi~ are lower than those of $i, but the overall spectral
patterns for the two species are quite similar. The low binding
energy part of the Na§i spectra shows a very broad band, 1 2 3 4

which also contains three overlapping detachment transitions Binding Energy (eV)

(X, A, B) similar to the Si~ spectra. The VDE of the A band Figure 2. Photoelectron spectra of NaSiat (a) 355 nm (3.496 eV),
is assigned to be the most intense feature in this band at 2.67(°) 266 nm (4.661 eV), and ()193 nm (6.424 eV).

eV in the 355 nm spectrum (Figure 2a). The X and B bands are

assigned to be on the lower and higher binding energy sides of VDEs for NaS¢™ are given in Table 2, where they are compared

this broad band, and their binding energies are estimated to be/Vith theoretical calculations.

~2.55 and~2.9 eV, respectively. The onset of the X band is It_ha_s been der_nonst_rated previously that PES cpmb_ined with
relatively sharp for Na§r, allowing us to evaluate an ADE of ab initio calculations is a poyverful to_ol for elucidating the
2.42 + 0.04 eV, which agrees with the value of 2.450.05 electronic strycturg and chemical bonding of novel clusttrs.
eV reported previously by Kishi et al. at 355 rifnEollowing In the following, different levels of theory are employed to
the broad band, three well-resolved bands are observed (C, Dinvestigate the detailed str_uzctures and underlying chemical
E). Bands C and D with VDESs of 3.47 and 3.71 eV, respectively, 2onding of Si” and NaSj™ (Sis*") and to assist the assignment
are relatively weak, whereas band E at 3.95 eV is quite sharp©f the observed photoelectron spectra.

and intense in the 266 nm spectrum (Figure 2b). At 193 nm
(Figure 2c), the intensity of the E band is significantly reduced
and a very weak band with a relatively poor signal-to-noise ratio  The geometric structures of 3i, Sis~, and Si are well

is observed at-5.5 eV (F). Overall the spectral features of established in the literatuf€5%19% We performed the search
NaSi~ appear to be slightly sharper and better resolved than for the global minimum structures for these species primarily
the Sk~ counterparts, suggesting that the geometry changesto test our GEGA program. While the GEGA search could
between Nagi and NaSj are relatively small. All the observed  potentially be performed for these species at the B3LYP/3-21G

5. Theoretical Results
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TABLE 2: Experimental Compared with Calculated VDEs (eV) for Cs (*A') NaSi~

final state expt ROVGF TD-B3LYP® UCCSD(TY
2’ (4875822426423 274284 1) ~2.55 (X) 2.47 (0.88) 2.52 2.54
A’ (4825422426423 2741847 2.67+0.04 (A) 2.68 (0.88) 2.59 e
A" (4825822426234 174?842 ~2.9 (B) 2.90 (0.88) 2.74 e
A’ (4825422426434 27d?84?) 3.47+0.04 (C) 3.29 (0.88) 3.40 e
2A" (4825822464234 27d%84?) 3.71+ 0.04 (D) 3.73(0.88) 3.43 e
A’ (4825d124'264234'27d284?) 3.95+ 0.03 (E) 3.83(0.87) 3.74 e
2A' (4a15a224'26d234'274%84?) 5.50-+ 0.06 (F) 5.83 (0.83) 5.66 e

aThe VDEs were calculated at the ROVGF/6-313(2df)//B3LYP6-311-G* level of theory. The numbers in parentheses indicate the pole
strength, which characterizes the validity of the one-electron-detachment pictine.VDEs were calculated at the TD-B3LYP/6-31G(2df)/
B3LYP/6-31H-* level of theory.¢ The VDESs were calculated at the TD-CCSD(T)/6-313(2df)//B3LYP/6-311-G* level of theory.d The electron
detachment becomes a strongly multiconfigurational proéelse VDESs into these excited states cannot be calculated at this level of theory.

level of theory, we used the semiempirical PM3 method for 311+G*+ZPE corrections at B3LYP/6-3#1G*) and thus
the energy, gradient, and force calculations. We plan to use theshould not be significantly populated in the;Sion beam.

same level of theory for large silicon clusters, for which the
B3LYP/3-21G GEGA calculations would not be possible with
our computer resources.

5.1. Si?~. The PM3 GEGA search yielded the bipyramidal
Dan (*A7, 1a'%1a'21e42a'23a'21€'42642&"'2) global minimum

For Sk, our PM3 GEGA search revealed the bipyramidg|
(PA7, 1a'?1a''?1e%2a'?3a'?1€"42“2a''%) global minimum
structure VII (Figure 3g, Table 5) with a low-lying singl€t,
(*A1) planar isomer VIII (Figure 3h). The bipyramidak, global
minimum for Sk was also first predicted by Raghavachari and

structure | (Figure 3a). Two quasiplanar and planar isomers wereLogovinsky® and has been confirmed by numerous subsequent

also obtained: 1IC; (*A), and I1l, D, (*Ag). We then performed
B3LYP/6-31H-G* geometry optimization and frequency cal-
culations for structures I, Il, and 1ll. Again the global minimum

calculationst651,52,55.56,58109 The |owestC,, (*A;) isomer VI
(Figure 3h) for S was found to be substantially (28 kcal/mol
at CCSD(T)/6-311+G(2df)//B3LYP/6-311#G*+ZPE correc-

structure at this level of theory was found to be structure I. We tions at B3LYP/6-31+G*) higher in energy.

also performed CCSD(T)/6-3%#1G* calculations for structure

We also optimized geometry and calculated harmonic

I. Both geometric parameters and frequencies are in goodfrequencies at the CASSCF(9,7)/6-31G&* (Sis~) and
agreement between the two methods, as shown in Table 3. OUITCASSCF(8,7)/6-31+G* (Sis) levels of theory (Tables 4 and

optimizeddeq-eq (2.606 A at B3LYP/6-313G* and 2.591 A
at CCSD(T)/6-313G*) and dax-eq (2.400 A at B3LYP/6-
311+G* and 2.389 A at CCSD(T)/6-3HG*) values are

5). The CASSCEF results are in good agreement with the results
at B3LYP/6-311-G* and CCSD(T)/6-313+G*. The Hartree-
Fock configurations were found to be domina@f; = 0.969)

slightly longer than the corresponding experimental values of among 490 configurations in the CASSCF wave function for

Oeq-eq = 2.535 A andday—eq = 2.350 A obtained in solid? but
they agree well with the ab initio calculations reported by Kishi
et al’® The isomers I1C,, (*A1), and IIl, D2 (*Ag), were found

to be higher in energy than the global minimum structure by

37.0 and 41.3 kcal/mol (all at CCSD(T)/6-3tG(2df)//B3LYP/
6-31H-G*+ZPE correction at B3LYP/6-3HG*), respectively.

Sis— and Cnr = 0.953) among 490 configurations in the
CASSCF wave function for §ithus confirming the applicability
of the one-electron configuration based methods.

5.3. NaSi~. For the NaSi~ anion we expected that the global
minimum structure should be related to the trigonal-bipyramidal
structure | of S§2- (Figure 3a), because alternative structures

Optimized geometry and harmonic frequencies calculated at thefor the dianion are substantially higher in energy. We placed a

CASSCF(10,8)/6-31:G* level of theory are in good agreement
with the results at B3LYP/6-3HG* and CCSD(T)/6-311+G*

(Table 3). The HartreeFock configuration was found to be
dominant Cyr = 0.943) among 1176 configurations in the
CASSCF wave function, thus confirming the applicability of

Na' cation at different positions around tbe, Sis>~: (1) above

a triangular face (Figure 3i), (2) above an edge between two
equatorial Si atoms (Figure 3j), (3) above an edge between one
axial and one equatorial Si atom (Figure 3k), (4) above an

equatorial silicon atom (Figure 3l), and (5) above an axial Si

the used one-electron configuration based methods. We alsoatom (Figure 3m). Geometry optimization and frequency
performed a single-point calculation with the extended active calculations for these structures were performed at the B3LYP/

space CASSCF(12,9)/6-31G*. The Hartree-Fock configu-
ration was found to be almost the san@yf = 0.943) among
3570 configurations in the CASSCF wave function.

5.2. S~ and Sk. The similar PM3 GEGA search also yielded
a bipyramidalDap (?A2", 1a'?1a''?1€42a'?3a'21€' 262" 1)
global minimum structure for &i (IV, Figure 3d), with the
lowest planar isomer VI beinG, (?B) (Figure 3f). Subsequent
B3LYP/6-311-G* geometry optimization and frequency cal-
culations for structures 1V, V, and VI confirmed that struc-
ture IV (Table 4) is the global minimum. We also performed
CCSD(T)/6-31#G* calculations for structure IV (Table 4). The
Dan (A7) global minimum structure was first predicted by
Raghavachatt and has been confirmed in numerous calcula-
tions latert®:564 OQur PM3 GEGA findings and the more

6-311+G* level of theory. The lowest energy structure among
those is structure IXQs, 1A"). This structure was reoptimized
at the MP2/6-311G* level of theory, and the results agree
well with the B3LYP/6-31#G* results (Table 6). We were
not able to converge geometry optimization at CCSD(T)/6-
311+G* because of the numerical calculation procedure for
gradients at the CCSD(T) level of theory and because of a very
shallow potential energy surface. Structure Gg,( A1), with

the Na" cation located above the edge, was found to be a first-
order saddle point at just 0.7 kcal/mol (CCSD(T)/6-3Q(2df)//
B3LYP/6-31HG*+ZPE corrections at B3LYP/6-3#1G*)
above the global minimum. Thus, the NgSpotential energy
surface is very flat and the Nacation can almost freely move
from a position over the upper face to a position over the lower

sophisticated calculations are in excellent agreement with face in the SP~ trigonal bipyramid. Structure XIG, 1A") is

the previous results. The loweSt (?B) isomer VI (Figure 3f)
for Sis~ found in our calculations is substantially higher in
energy (by 30 kcal/mol at CCSD(T)/6-31G(2df)//B3LYP/6-

also a first-order saddle point corresponding to internal motion
of Na™ around the upper or lower part of thes%Si trigonal
bipyramid. The barrier for this motion is appreciably higher (5.8
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(c) TABLE 3: Calculated Molecular Properties of Sis?~ Dz,
=0 (‘A1)
ﬂ % B3LYP/ CASSCF(10,8)/  CCSD(T)/
% method 6-311+G* 6-311+G* 6-311+G*
°—° —E, au 1447.524 931 1444.582 724 1445.075 619
R(Sk—Sis), A 2.400 2.387 2.389
[, D, ("A) I, C('A) I, D, ('A) R(Si:—Sis), A 2.606 2.634 2.591
AE=0.0kcal/mol  AE=37.1 kcal/mol  AE=41.3 keal/mol wi(a'), cmt 432 (0.0% 464 452
NIMAG=0 NIMAG=0 NIMAG=0 wy(a), et 332 (0.0% 342 338
w3(&"), cmt 445 (1.3% 485 457

w4(€), cmt 330 (0.0} 341 336

(e) (f)
ws(€), et 180 (0.9} 190 176
\ﬁ f‘ @. ..,o we(€"), cnmt 301 (0.0} 317 311
6» o"ﬁ 2 Infrared intensities (km/mol) are given in parentheses.

TABLE 4: Calculated Molecular Properties of Sis~ Dz

IV, D,,*A,") V,C,(B,) VI, C,(°B) (*A2")
AE=0.0 kcal/mol AE=29.9 kcal/mol AE=29.8 kecal/mol
o 5 . B3LYP/ CASSCF(9,7)/  CCSD(T)/
NIMAG=0 NIMAG=1 NIMAG=0
method 6-31HG* 6-311+G* 6-31HG*
) “E,au 1447581738  1444.639338  1445.139 672
o/ % R(Si—Sis), A 2.356 2.348 2.346
() R(Si,—Siy), A  2.778 2.730 2.751
S wi(a’), cnrt 450 (0.0} 480 467
tr wo(a), et 292 (0.0 310 306
VII, D, ('A)) VIII, C,('A,) w3(@"), cm* - 428 (2.6} 422 445
AE=0.0 keal/mol AE=28.1 kcal/mol w4(€), cm . 360 (0.6} 388 366
NIMAG=0 NIMAG=0 ws(€), cm 192 (0.7} 200 193
we(€"), el 328 (0.0} 333 345

aInfrared intensities (km/mol) are given in parentheses.

TABLE 5: Calculated Molecular Properties of Sis Dan (*A1')
B3LYP/ CASSCF(8,7)/  CCSD(T)/

method 6-311+G* 6-311+G* 6-311+G*
X, C,(A) X, C('A) “E, au 1447.492 144 1444580865  1445.060 178
AE=0.0 kcal/mol AE=0.7 kca_lfmol R(Siz—Sis), A 2.330 2.330 2316
NIMAG=0 PAGe R(Si—Sk), A  3.125 3.173 3.073
(1) w1(a), et 456 (0.0} 474 477
wy(a'), cnrt 228 (0.0} 216 239
ws(a’), et 375 (4.6} 369 404
@) w4(€), cmt 432 (4.5} 457 435
ws(€), cn? 170 (0.6} 161 164
we(€’), cmt 338 (0.0} 323 364
R . " ) .
XI, C.('A) @ XIl, C, ('A,) Infrared intensities (km/mol) are given in parentheses.
E=5.8 kcal/mol AE=16.4 kcal/mol . .
i N|MAéi1m° (m) N|M,¢\Gcf1mo Even though the potential energy surface is very flat, our

finding that theCs (*A") structure IX is the global minimum for
NaSk~ disagrees with the conclusion of Kishi et #.who
reported structure X with Nlacoordinated to an equatorial edge
as the global minimum.

XIlI, C,('A,) 6. Interpretation of the Photoelectron Spectra of Si~ and
AE=18.1 kcal/mol NaSi~
NIMAG=0 _ )
Figure 3. Optimized geometries (B3LYP/6-31G*) of Sis?~ (a—c), 6.1. Sk~. The VDEs of S§~ were calculated at four Ievgls
Sis~ (d—f), Sis (g, h), and NaSi™ (i—m). Relative energies are given ~ 0f theory (TD-B3LYP, UOVGF, CCSD(T), and EOM, all with
at CCSD(T)/6-313G(2df)//B3LYP/6-311-G*+ZPE. NIMAG, num- 6-311+G(2df) basis sets), as summarized in Table 1. The VDEs
ber of imaginary frequencies. calculated at the different levels of theory are surprisingly close

to each other and agree with the experimental data very well.
kcal/mol (CCSD(T)/6-31+G(2df)//B3LYP/6-31H-G*+ZPE The ground-state transition corresponds to the electron detach-
corrections at B3LYP/6-3HG*). Two other optimized struc-  ment from the singly occupied 2aHOMO, which is the same
tures with N& coordinated to just one Si atom were found to 2g'"" orbital in Sk2-, as shown in Figure 4a. This orbital is
be much higher in energy. Structure X{T4, *A;) is a saddle bonding within the equatorial atoms, but antibonding between
point at B3LYP/6-31#G*, being 16.4 kcal/mol (CCSD(T)/6-  the equatorial atoms and the axial atoms. Thus detachment of
311+G(2df)//B3LYP/6-31H-G*+ZPE corrections at B3LYP/  the 2a" electron leads to a considerable geometry change in
6-311+G*) higher in energy than the global minimum, and neutral Si. It turns out that the largest change is in the equatorial
structure Xl Ca,, Ay) is a local minimum, being 18.1 kcal/  Si—Si distances, which increase from 2.751 A igSio 3.073
mol (CCSD(T)/6-31%G(2df)//B3LYP/6-31#G*+ZPE cor- A in Sis accompanied by a very small contraction of the-Si
rections at B3LYP/6-311G*) above the global minimum. distances between the equatorial and axial atoms (see Tables 4
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1a,” 1a,
Figure 4. Valence molecular orbitals of (a) 3i (Dan, *A1') and (b)
BsHs?>~ (Dap, *A') at the RHF/6-31+G* level of theory.
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355 nm spectrum (Figure 1a) is around 2.7 eV. All of these
should be viewed as upper limits for the ADE.

The next detachment is from the' 200MO—1 orbital, which
can result in two detachment channels, a triplet and a singlet
final state. These states are Jafiieller active and are expected
to give very complicated spectral features. As given in Table
1, the calculated VDE for the triplet state ranges from 2.95 to
3.24 eV, whereas that for the singlet state ranges from 3.26 to
3.52 eV. These VDEs are in good agreement with the estimated
VDEs for the overlapping A and B bands. Thus, the first broad
feature (X, A, B) in the photoelectron spectra of S¢ontains
three detachment transitions. From their vibrationally resolved
data and angular dependent study, Xu et al. clearly resolved
the A band. However, they did not recognize the third
detachment channel corresponding to the singlet S&t§ Eeven
though they resolved it more clearly. The complex vibrational
structures observed in their spectra agree with the-Jakher
effects expected for these final states.

The HOMO-2 orbital (1¢') is also a doubly degenerate MO.
Detachment from this MO will again yield a triplet and a singlet
state, which are JahtTeller active. The calculated VDE for
the triplet state ranges from 3.87 to 4.03 eV, whereas that for
the singlet state ranges from 4.36 to 4.50 eV. These calculated
VDEs are in good agreement with the estimated VDEs for the
C and D bands. The HOMER is a nondegenerate orbital {(3a
Detachment from this orbital will also lead to a triplet state
(3A2") and a singlet staté&,""). The calculated VDEs for these
two states agree well with the estimated VDEs for the E and F
bands, respectively.

Finally, the highest binding energy feature observed in the
photoelectron spectra is the weak band G with an estimated
VDE of ~5.4 eV, which is in good agreement with the
calculated VDE for the triplet final state from detachment from
the 23" HOMO—4 (Table 1). The calculated VDE for the
corresponding singlet final state is about 6.8 eV. However, the
intensity for this detachment channel is expected to be very low,
considering the weak intensity for the triplet channel (G), and
is not observed in the 157 nm spectrum, which also has very
poor signal-to-noise ratios in the higher binding energy part.
Overall, the calculated VDEs for tHes, Sis~ are in excellent
agreement with the photoelectron spectra, confirmingDhe
structure for §§~ and lending credence for the TD-B3LYP and
the UOVGF methods used to compute VDEs.

6.2. NaSi~. The Cs NaSk~ IX (Figure 3i) can be viewed as
a D3y Sis?~ stabilized by a Na cation. Si2~ is closed shell,
and its 11 fully occupied valence MOs are shown in Figure 4a.
Thus NaSi~ is also closed shell and should give simpler
photoelectron spectra because detachment from each occupied
MO can only yield one doublet final state (Table 2). The HOMO

and 5). The huge geometry changes lead to a very broad bandf NaSs™ is the 8aMO, which corresponds to the 2aHOMO

for the ground-state transition. Xu et al. resolved a long
vibrational progression for this transition with an average
spacing of 233 cmt, which is in excellent agreement with our
calculated frequency for the mode (239 cm?, Table 5). Our
calculated ADE, i.e., the adiabatic electron affinity of neutral
Sis, is 2.35 eV at B3LYP/6-31tG(2df) and 2.37 eV at
CCSD(T)/6-31#G(2df), which is significantly lower than the

in Sis>~ (Figure 4a). This is also the same HOMO i Sialbeit

it is singly occupied in the latter. Detachment from thé 8a
HOMO of NaS~ yields the ground state of NagNa™(Sis™)].
Even though the equatorial -S8i bond lengths are shorter in
Sis?~ (Table 3) than in Si™ (Table 4), the change betweenrSi
and S~ (2.591 vs 2.751 A) is only half that between;Sand
Sis (2.751 vs 3.073 A). Thus the X band of NgSis sharper

calculated VDE (Table 1), consistent with the large geometry than thatin the $i spectra. The calculated VDE for the ground-
changes between the anion and neutral. The large geometnyptate transition at all three levels of theory (ROVGF, TD-

changes betweens$Siand Sy mean that the ADE may not be
obtained from the PES spectra because the Fra@cndon
factor for the G-0 transition may be negligible. Xu et al.
estimated an ADE of 2.5% 0.02 eV from their Franck
Condon simulatio! Our observed detachment threshold in the

B3LYP, and CCSD(T), all with 6-31£G(2df)) is in good
agreement with the experiment.

The next two detachment channels correspond to tharth
3d' orbitals, which can be traced to the pair of doubly degenerate
2¢ MO in Sis?~ (Figure 4a). The Na coordination to S~
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splits the degeneracy of the' 2ebitals. However, the calculated
VDEs for these two MOs are fairly close to each other and
they are also very close to the ground-state detachment channel

These three closely spaced detachment channels give rise to

the broad band at the lower binding energies in the photoelectron
spectra (X, A, and B in Figure 2 and Table 2). The photoelectron
spectra of NaSi at higher binding energies exhibit four well-
separated bands (C, D, E, and F), which correspond to
detachment from the 6a2d’, 5d, and 44 MOs, respectively.
The calculated VDEs are all in excellent agreement with the
experimental values (Table 2). The @ad 24 MOs correspond

to the 1¢ MO in Sig2-, whereas the 3and 4a correspond to

the 33’ and 2a° MOs of Si2-, respectively (Figure 4a).

The overall agreement between the experimental spectral
pattern and the calculated VDEs is very good, confirming the
global minimum structure for Na§i (Cs, 'A"), in which the
Na" counterion is coordinated to the face of the trigonal-
bipyramidal Si?~ (Figure 3i). Again, the two theoretical
methods, ROVGF and TD-B3LYP, performed well for N&Si
and will be used in the future for large sodium coordinated
silicon clusters.

7. Chemical Bonding in S§, Sis—, and Si2~

Chemical bonding in Siand Si>~ has been previously
discussed?-81.141 In particular, Wang and Messmér,and
Patterson and Messm@&rhave interpreted chemical bonding
in Sis using the valence bond model, a key feature of which is
that each atom is surrounded by a tetrahedrally oriented set of
orbitals. Then, pairs of occupied orbitals are singlet spin coupled
into electron pairs, which are spatially separated from one
another due to the Pauli exclusion principle. For thecBister
they obtained six symmetry-equivalent bent bonds that arise
from the overlap of two orbitals, one from each of two atoms.
These six bonds describe 22c bonding between axial and

equatorial Si atoms. Every equatorial atom possesses a lone pair,

and the two axial Si atoms form a long bond. According to this
valence bond picture, the long bond is formed by two collinear
tetrahedral orbitals on the two axial silicon atoms, which are
pointing away from each other, but nevertheless overlap enough
to form a bond. King et al*! pointed out that the trigonal-
bipyramidal Si2~ is a three-dimensional aromatic cluster similar
to the valence isoelectronicsBs?>~ cluster on the basis of
diatropic NICS(0) values: NICS(0F —38.5 for Sz~ and
NICS(0)= —25.9 for B;Hs?>". These dianions are also aromatic
according to thestyx Lipscomb rulet>12and they also satisfy
Wade's & + 2 skeletal electron rulé?143 for aromatic
deltahedral systems. However, they do not obey Hirschi¢ 2(
+ 1)? rule'*4 for three-dimensional aromaticity.

In our consideration of the chemical bonding ins,Sis~,
Sis?~, and BHs?~, we used the natural population analysis
(NPA), molecular orbital analysis, electron localization functions
(ELFs), and nuclear independent chemical shifts (NICS).

7.1. NPA Analysis. According to the NPA, an electron
density change upon an electron detachment frafT $Q(Sieq)
—0.40 |g| (hybridization 3$63p27) and Q(Siy) = —0.40
le] (3s-6Bp?79)] to Sis~ [Q(Sieq) = —0.20e] (35-68p>49) and
Q(Sia) = —0.20]€| (3s-58p*59)] occurs on all five atoms, while
upon an electron detachment frong Sio Sis [Q(Sieg) = +0.16
le| (3s-73p?98) andQ(Sia) = —0.24 e (353Bp?99] it occurs
primarily on the equatorial Si atoms.

7.2. Molecular Orbital Analysis. The valence molecular
orbital picture for BHs?~ is quite similar to that for S~ (Figure
4), although the order of their occupied MOs is somewhat
different. This similarity at first glance indicates that the

J. Phys. Chem. A, Vol. 109, No. 50, 20061391

(@)

B,H.

ELF=0.77 ELF=0.85

(b)

Si,>

ELF=0.65 ELF=0.69

(e)  Sig
& Yy
G@ ¢ R

ELF=0.78 ELF=0.83

Figure 5. ELF bifurcations for (a) BHs?>~ (Dan, *A1'), (b) SE?>~ (Dzn,
IA¢), and (c) Si (Dan, *A1’) calculated at the B3LYP/6-3#1G* level
of theory.

chemical skeletal bonding in the trigonad 8 Sis units should
be quite similar. Indeed, King et al. calculated NICS(0) indices
at the center of both dianions and reported that they are highly
negative 25.9 ppm for BHs>~ and —38.5 ppm for Si7),
showing significant aromaticity in both species. The aromatic
nature of deltahedral boranes has been previously discussed by
King and Rouvra¥*® and Aiharal46

7.3. ELF Analysis. The ELFs calculated for 15>, Sis?,
and Si are presented in Figure 5. The local maxima of the ELFs
define “localization attractors”, of which there are only three
basic types: bonding, nonbonding, and core. Bonding attractors
lie between the core attractors (which themselves surround the
atomic nuclei) and characterize the shared-electron interactions.
The spatial organization of localization attractors provides a
basis for a well-defined classification of bonds. From any point
in space the ELF gradient is followed to an attractor in that
region, and this point is then attributed to this attractor. The
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collection of all the points in the space that is assigned to a
given attractor is called its basin. The criterion of discrimination
between basins is provided by the reduction of reducible
(containing more than one attractor) domains. The reduction of
a reducible localization domain occurs at critical values (saddle
points) of the bonding isosurface, over which the domain is
split into domains containing fewer attractors. The localization
domains are then ordered with respect to the ELF critical values,
yielding bifurcations.

The ELF pictures calculated forsBs?~ (Figure 5a) reveal

that the protonated attractor domains (spherelike areas) are

separated as a result of bifurcations at EEF0.52 (axial
domains separated) and EL¥ 0.64 (equatorial domains
separated). These domains correspond to the2®&—H bonds.
Two more bifurcations can be seen in Figure 5a at EL6.77
and ELF= 0.85. The first bifurcation yields two reducible
domains in the region of borerboron bonding, and the second
bifurcation reveals the six irreducible domains corresponding
to six Bax—Beg bonds. According to the ELF analysis, there is
Nno Beg—Begbonding. This chemical bonding picture is consistent
with the styx Lipscomb’s description of chemical bonding in
85H52_.

The ELF pictures calculated for the valence isoelectronfc Si
(Figure 5b) are somewhat different from those for th#lg-
dianion. First, at ELF= 0.65 one can see the system of three
attractors in the equatorial plane, which can be tentatively
attributed to a pair of electrons delocalized in the equatorial
area. At ELF= 0.69 one can see the separation of the two lone
pairs corresponding to the axial Si atoms. Finally, at EtF

0.77 one can see the separation of the three nonbonding domains
corresponding to the equatorial Si atoms. Simultaneously, the

six bonding domains corresponding to the;SiSiax bonds are
revealed. Thus, in &, if compared to BHs?~, one can see
that some electrons, which are supposed to belong to Si
equatorial lone pairs, are actually participating in chemical
skeletal bonding.

The bifurcations corresponding to the 8eutral species are
shown in Figure 5c. The major difference in the ELF analysis
between Siand Si?~ is the absence of the system of the three
equatorial attractors in the neutral system and the significant
alternation of the nonbonding domains corresponding to the axial
Si atoms. It also should be pointed out that the interaction
between the bonding $i-Sieqdomains and the axial nonbond-
ing domains is appreciably stronger, because the bifurcation
occurs at relatively high ELF values (0.69 fors%iand 0.83
for Sis). Thus, the change in the electron density accompanying
the removal of an electron pair froms3i — Sis corresponds
to the loss of electron density in the area primarily belonging
to the equatorial Si atoms, and that is consistent with our NPA
analysis discussed above.

7.4. NICS Analysis.We also performed calculations of the
NICS indices (at B3LYP/6-31G*) for Sis?~, Sis~, and S
along the normal to the triangular face of the trigonal bipyramid
starting from the center of the cluster. Our results are sum-
marized in Table 7. We found that the NICS(0) values at the
center of the cluster are highly negative for all the?SiSis™,
and Si species, clearly showing the presence of aromaticity in
these clusters. The NICS(0) value increases along e Sis ™,
and S; series. The NICS(0) value for thes5i dianion reported
by King at al?*tis very similar to our value. We found that the
NICS value is growing along the normal for the;3Sidianion
and reaching the maximum value41.9 ppm) at the point of
crossing the triangular face. That could be a manifestation of
the additional contribution from the-aromaticity (aromaticity

Zubarev et al.

'I;ABLE 6: Calculated Molecular Properties of NaSis~ Cs
(*A)

method B3LYP/6-31+G* MP2/6-31HG*
—E, au 1609.923 210 1607.003 523
R(Si,—Sis ), A 2.519 2.487
R(Si1—Sis), A 2.438 2.400
R(Sii—Sis), A 2.353 2.344
R(Siz—Sis), A 2.698 2.638
R(Sis—Sis ), A 2.389 2.384
R(Sis—Sis.4), A 2.456 2.439
R(Na—Sis ), A 2.831 2.842
R(Na—Sis), A 4.167 4.251
R(Na—Sis), A 2.959 2.914
1(d), cm 446 (0.4} 465 (2.4}
wy(d), cm? 440 (1.1} 459 (1.1}
w3(d), et 344 (1.9% 358 (0.7%
wq(@), cm? 305 (5.9} 342 (0.8}
ws(@), cm? 294 (1.1% 325 (3.6}
we(d), cm? 236 (24.9 244 (34.9
(&), cm? 185 (0.9% 205 (1.3}
wg(d), cm? 65 (7.0} 87 (7.4}
wo(@'"), e 346 (1.7% 365 (0.4%
wio(@’), cm? 302 (0.1} 336 (0.9}
wu(@’), cnm? 195 (5.4% 193 (5.6%

wid"), cmrt 97 (L.1y 89 (0.8}

aInfrared intensities (km/mol) are given in parentheses.

TABLE 7: Calculated NICS (ppm) Indices for Sis?~, Sis™,
and Sk at B3LYP/6-311+G*

pOSitiOl’f1 Si527 (Dgh,lAl') Sis™ (D3h, 2A2”) Sis (Dgh, 1A1’)
0 —37.0 —48.9 —49.0
1 —37.9 —49.1 —48.8
—40.0 —49.4 —47.8
o —41.9 —48.2 —45.5
4 —41.4 —44.4 —41.0
5 —37.6 —37.9 —34.3

a2 NICS values are calculated along the normal to the triangular face
of the trigonal bipyramid starting from the center of the cage. Increments
are 0.233 A for S, 0.242 A for Si-, and 0.256 A for Siclusters,
respectively® This point in the case of all three clusters corresponds
to the intersection of the normal and the triangular face of the trigonal
bipyramid.

originated from the perpendicular ,3pnd 3g atomic orbitals

of Si) in the triangular face of the trigonal bipyramid. When
one electron is detached from the;2&1OMO in Si?", the
NICS values are substantially higher for almost all calculated
points, but the NICS value at the point of crossing the triangular
face is no longer the highest. Finally, when the second electron
is removed from the 28 HOMO in Si?", the NICS values are
similar to those for Si”, but now they are steadily decreasing
from the center. These results show that, upon detachment of
an electron pair from the 2aHOMO in Si?~, the contribution
from o-aromaticity in the neutral §is diminished.

8. Conclusions

We obtained photoelectron spectra fog Sand NaSj~ at
several photon energies. The experimental spectra were inter-
preted by comparing with calculated VDEs at four different
levels of theory (TD-B3LYP, R(U)OVGF, UCCSD(T), and
EOM-CCSD(T), all with 6-31%G(2df) basis sets). Excellent
agreement was found between the experiment and calculations
for both anions, confirming their global minimum structures
for Sis~ (D3n) and NaSi~ (Cy). In the latter, Na is coordinated
to the face of a trigonal-pyramidal 3i. Chemical bonding in
Sis?~, Sis™, Sis, and BHs2~ was analyzed using NPA, molecular
orbitals, ELF, and NICS indices. On the basis of these analyses
we concluded that § differs from BsHs?~ by involvement



Chemical Bonding in $f~ and NaSi~

of the electron density, which is supposed to be “lone pairs” in
the skeletal bonding in §. The NICS indices indicated that
all Sis?~, Sis~, and Si clusters are highly aromatic. According
to the higher negative NICS(0) value, the neutral and singly
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