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Abstract: Highly correlated ab initio coupled-cluster theories (e.g., CCSD(T), CCSDT) were applied on
the ground electronic states of Si,Hs and Si,H4, with substantive basis sets. A total of 10 isomers, which
include mono- and dibridged structures, were investigated. Scalar relativistic corrections and zero-point
vibrational energy corrections were included to predict reliable energetics. For Si,Hs, we predict an
unanticipated monobridged H,Si—H—Si-like structure (Cs, 2A") to be the lowest energy isomer, in constrast
to previous studies which concluded that either H3Si—Si (Cs, 2A") or near-planar H,Si—SiH (Cy, 2A) is the
global minimum. Our results confirm that the disilene isomer, H,Si—SiH,, is the lowest energy isomer for
Si;H4 and that it has a trans-bent structure (Czs, Ag). In addition to the much studied silylsilylene, HsSi—
SiH, we also find that a new monobridged isomer H,Si—H—SiH (C;, *A, designated 2c) is a minimum on
the potential energy surface and that it has comparable stability; both isomers are predicted to lie about 7
kcal/mol above disilene. By means of Fourier transform microwave spectroscopy of a supersonic molecular
beam, the rotational spectrum of this novel Si;H, isomer has recently been measured in the laboratory, as
has that of the planar H,Si—SiH radical. Harmonic vibrational frequencies as well as infrared intensities of
all 10 isomers were determined at the cc-pVTZ CCSD(T) level.

I. Introduction The ability of silicon to form mono- and dibridged hydrides
and existence of SiSi multiple bonds make the silicon hydrides
very attractive molecules for both experimental and theoretical
study. This is especially true for unsaturated silicon hydrides,
where determinations of ground state geometries and relative
isomeric energies are quite challenging. Because potential energy
surfaces are often flat, many isomeric arrangements are possible,
and accurate predictions of equilibrium geometries require
advanced quantum mechanical investigations. In th#lSi
series, many theoretical and experimental studies indicate that
ySizH is monobridged and &il, is dibridged in their ground
states»12720 These somewhat surprising findings added a new
dimension to the silicon chemistry, which had been widely

Small silicon hydrides are of interest because of their potential
applications in semiconductors and optoelectronics and in
surface growth processes and their likely existence in the
circumstellar atmospheres of evolved carbon stet§hey play
key roles in the plasma-enhanced chemical vapor deposition of
thin films and nanomaterials, which is an important but a poorly
understood proceg$:101Unsaturated silicon hydrides such as
SiH, SiH,, and SjH, have been the subject of numerous
experimental investigations because silicon molecules are readil
observed in space: nearly 10% of the presently identified
astronomical molecules contain silicon, and silicon is important

in the photochemistry of the carbon rich star HRTD216.
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assumed to be similar to that of carb§i,19-21

The equilibrium geometries for $i; and SjH,4 are still not
fully determined. In 1991, Sax and KalcR&reported a study
of many silicon hydrides including 8il; and SpH,. They used
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the MRCI technique with double and tripleguality basis sets ;ab/e 1 _Dipfle Ni?mer&tSA (debyet),dHF:(monLc IVibrat_itt_Jnal(k ol
H H Qi " _ o requencies (Cm—-), an sSsoclated Intrared Intensities (Km/maol,

_and |nvest|ga_ted t8i—Si (2A ) and_ th? near-planara3i—SiH in Parentheses) for the Isomers of Si;Hs, Determined at the

isomers of SiHz. They found HSi—Si ((A") to be 1.1 kcal/ cc-pVTZ CCSD(T) Level

mol more stable than the near-planagSHSiH. In 1991,

Curtiss, Raghavachari, Deutsch, and P&pteported that the structure

harmonic vibrational frequencies

’ - i ) Ue ZPVE (symmetries, infrared intensities)
Io_west energy struqturg of_ﬁ*lg is the HgSl—Sl_ (2A”)_ isomer, 1a (HsSi—SiH, 2A") 104 13.97 319(52) 385(d,12), 414(a4),
with near-planar ESi—SiH lying 1.3 kcal/mol higher in energy. 470(3,10), 709(436),
They also reported that all bridged structures were found to be 976(4,85), 2047(8157),
significantly higher in energy. In 1997, Gong, Guenzburger, and o 2214(2,100), 2237(3106)
SaitovitcH! studied six different isomers of iz silyl- 1b (HsSI=Si, %A™) 0.30 1560 3986;2(‘:;)2’311)6(:6141(2;1:)6(""16)'
silylidyne HsSi—Si (Cs); the near-planar p8i—SiH (C1); two 989(a' 33), 2224(3105),
monobridged isomers, HSH—SIiH (C;) and HSi—H—Si (Cy); 2266(3,79), 2276(4,95)

a dibridged; and a tribridged isomer. They concluded that the 1c¢(H:Si—H-Si,?A") 1.07 14.53 409(87), 472(42), 507(426),

: . : 713(a',13), 955(433),
lowest energy structure is the monobridged structure {HSi 1016(4.382), 1664(394),

H—S?H, C?)' while the other monobridged st.ructurezﬁHi— 2210(,143), 2221(4,101)
H—Si, Cy) is only 0.9 kcal/mol (0.04 eV) higher in energy. They  1d (H-Si-H-Si—H,2A) 0.11 14.74 471(a,0), 623(b,108), 658(a,7),
also reported that the 48i—Si (Cy) like structure, which was 731(a,0), 844(b,591),
predicted to be the lowest energy isomer by both KafZserd 1210(b,1049), 1532(a,70),
Pople?3 is 9.0 kcal/mol (0.39 eV) higher in energy. Th 2109(a.2), 2129(b,331)
ople?® is 9.0 kcal/mol (0.39 eV) higher in energy. The . o | giH2a) 074 1373 393(a13), 423(a5), 566(al),
tribridged isomer was found to be significantly higher in energy 643(a,47), 889(a,33),
(0.64 eV). In 2001, Pak, Rienstrdiracofe, and one of &s 1052(a,210), 1541(a,68),
studied the BSi—Si (Cs), the near-planar $8i—SiH (C,), and 2010(a,103), 2114(a,164)

the monobridged (HSiH—SiH, C,) isomers at the DFT level
(B3LYP/DZP+). They reported that the 343i—Si (Cs) isomer
and the near-planar43i—SiH (C;) isomer are nearly isoener-
getic and that the employed level of theory (B3LYP/DZP . . . .
was not adequate to decide which is the more stable (only a The present theoretical studies were motivated in part by
0.02 kcallmol energy difference was found between the two recent laboratory measurements, using Fourier transform micro-
structures). The monobridged (HS#—SiH, C;) isomer, which ~ Wave (FTM) spectroscopy of a supersonic molecular beam, of
was predicted to be the ground state geometry by Saitovitch etth€ rotational spectra of two new silicon hydrides: planar (or
al. 1 was predicted to be 4.1 kcal/mol higher in energy. nearly planar) SHiz and an isomer of @, yielding rotational

The shape of the minimum energy structure of theHsi constants that do not agree with those predicted. Because of
molecule has been studied for almost twenty years. When the somewhat contradictory theoretical predictions as to the true
isolated and characterized in 1981, by Michl, West énd co- dround state equilibrium structures and the apparent lack of ab
workers?* the first disilene (SRe) wés thought,to be blanar, initio studies which adequately explored the stability of bridge
like ethylene. The ab initio studies have focused primarily on Structures, we investigated .8t and SiHs using highly
the two isomers of SHa, disilene (HSi—SiH,) and silylsilylene correlated coupled-cluster theories [i.e., singles and doubles with
(HsSi—SiH). Although all of the theoretical studies found that a.perturbative triples [CCSD(T)] and Singlgs’, double;, anq full
disilene (HSi—SiH,) is the lowest energy isomer, they predict triples (CCSDT)]. To our knowledge, this is the first time
significantly different structures. In 1986, Olbriéttarried out coupled_—cluster theory has b_e_en used_ to study the 9_“?“?‘0'
SCF/TZP calculations and collected the previous estimates c)felectronlc states of these two silicon hydrides. Scalar relativistic
the minimum energy structure of disilene &#SiHy). Ac- corrections were also included to determine accurate relative
cording to Table 1 of his paper, 6 of the 11 previous theoretical energ|es. A total of five isomers of $i; and five lsomer.s of
studies found it (HSi—SiHy) to be planar, like ethylene, and 5 Si,H4 were found to be stable. We conclude on the basis of the
of them found it to be a trans-bent st’ructure His éCF/TZP close agreement of the theoretical and experimental rotational
calculations predicted the trans-bent structuré to be that of constants that the new silicon hydride that has been detected in
minimum energy. Recent theoretical predictions also differ on € laboratory is monobridgedz$is, a low-lying isomer which
whether disilene (kBi—SiH,) is planar or bent. In 1990, is calculated to be quite pgla,u(z 1.14 D) and to lie only
Trinquier® favored the planar form, in 1991, Pople and co- about 7 kcal/mol above disilene.
workerg?3 predicted the trans-bent structure, and in 2000, the || Theoretical Approach
DFT calculations of Pak et 8lyielded a near-planar trans-bent o . .
structure. Very recent (in 2002) infrared spectra taken by The _zeroth-ord_er de_scrlptlons of a_1|| isomers were obtained
Andrews and Wardj suggested a trans-bent structure for using smglt_a conflguratloh SCF (restricted open-shell Hartree
disilene. Predictions for the relative energy of the silylsilylene Fock for SiHs and restricted closed-shell Hartrelock for

No bridged isomer of $H,4 to our knowledge has previously
been studied.

(HsSi—SiH) isomer vary between 5 and 10 kcal/mé#:23.28-31 SibH4) wave functions. Correlation effects were included using
coupled cluster with single and double excitations with pertur-
(23) Curtiss, L. A.; Raghavachari, K.; Deutsch, P. W.; Pople, JJ.AChem. bative triple excitations [CCSD(T¥¢ Correlation consistent

Phys.1991, 95, 2433.
(24) West, R.; Fink, M. J.; Michl, JSciencel981, 214, 1343.
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(27) Andrews, L.; Wang, XJ. Phys. Chem2002 106, 7696. Chandrasekhar, J.; Schleyer, P. v.JRAm. Chem. Sod.986 108 270.
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polarized valence doublg{cc-pVDZ) and triple& (cc-pVTZ)
basis sef§ were used for both hydrogen and silicon atoms.
The coupled cluster with single, double, and full-triple
excitations (CCSDT) and the newly developed CCSD(2)
theory* which has a new class of correction that involves
perturbatively expanding the similarity-transformed Hamiltonian
from the coupled-cluster gradient theory have also been
employed for single-point energy calculations. The CCSDT
calculations are not feasible with the cc-pVTZ basis set due to
the extremely high computational costs (a single-point CCSDT/
cc-pVTZ calculation for SH3 would take around 20 days on a
2.4 GHz pentium-4 machine). Therefore, the cc-pVDZ basis

set was used for CCSDT calculations, whereas the larger cc-

pVTZ basis set was used for CCSD(2) calculations. The effects
of full-triple coupled-cluster excitations on relative energies were
determined from the differences between the cc-pvDZ CCSDT
and cc-pVDZ CCSD(T) results, and these effects were included
on top of the cc-pVTZ CCSD(T) values to estimate the cc-
pVTZ CCSDT results.

For the determination of the relativistic energy corrections,
the one-electron Darwin term, which is always positive, and

the past seven years. This instrument operates between 5 and 43 GHz
and possesses a very sensitive microwave receiver that can be cooled
together with the large confocal mirrors of the spectrometer to the
temperature of liquid nitrogef®. It is automated to the point that
rotational spectra can be rapidly acquired either in a search mode, where
individual spectra, each limited in spectral range by the confocal cavity
to about 0.5 MHz, are stitched together, or in a single-scan mode, where
individual spectra are recorded at many different preselected frequen-
cies. Data acquisition is under computer control in either mode. A
rotational line of a known molecule was routinely monitored for
calibration. Reactive molecules are produced in a small electric
discharge in the throat of a nozzle through a stream of precursor gases
heavily diluted in a buffer gas, just prior to supersonic expansion to
about Mach 2 in a large vacuum chamber.

The strongest lines of the two new silicon hydrides were observed
with source conditions similar to those used to detect a variety of silicon
carbides and other silicon-bearing molecutesilane (0.1-0.2%)
heavily diluted in neon (99.8%), a stagnation pressure behind the pulsed
valve of 3.5 atm, a discharge potential of 9000 V, and a gas pulse
200 us long (i.e., a gas flow of 1615 sccm). As Figures 4 and 5
illustrate, under these conditions, rotational lines of both silicon hydrides
can be observed with a high signal-to-noise ratio in only a few minutes
of integration. Lines of the normal isotopic species are so strong for

the mass-velocity term, which is always negative, were evaluatedboth silicon hydrides that the tw8Si and the twd°Si isotopic species

using first-order perturbation theof$36 The Darwin term
corrects the Coulomb attraction, and the masslocity term
corrects the kinetic energy of the system. This simple relativistic
treatment gives satisfactory results for silicon compounds (and
all atoms up toZ = 40) compared to those from methods such
as Dirac-Hartree-Fock (DHF) and the use of relativistic
effective core potentials (RECP?)38

The geometries of the all isomers were optimized via analytic
derivative method840 at the SCF and CCSD(T) levels.
Harmonic vibrational frequencies were determined by means
of finite differences of analytic gradients. Cartesian forces at
optimized geometries were required to be less thal hartree/
bohr in all geometry optimizations. Throughout our study, all
computations were carried out using the ACES Il packége,
except for the CCSD(2) calculations which were performed
using the Q-Chem packad&lBM RS/6000 workstations, an
IBM SP2, and PC machines were used.

Ill. Experimental Details
Rotational lines of SH; and SjH, were detected at centimeter

wavelengths with a sensitive FTM spectrometer that has been used to

detect over 100 reactive carbon and silicon chains and rings during

(32) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordenChem.
Phys. Lett.1989 157, 479.

(33) Extensible Computational Chemistry Environment Basis Set Database,
Version 1/29/01, as developed and distributed by the Molecular Science
Computing Facility, Environmental and Molecular Sciences Laboratory
which is part of the Pacific Northwest Laboratory, P.O. Box 999, Richland,
WA 99352, USA. http://www.emsl.pnl.gov: 2080/forms/basisform.html.

(34) Gwaltney, S. R.; Head-Gordon, Mhem. Phys. Let200Q 323 21.

(35) Cowan, R. D.; Griffin, D. CJ. Opt. Soc. Am1976 66, 1010.

(36) Martin, R. L.J. Phys. Chem1983 87, 730.

(37) Ottschofski, E.; Kutzelnigg, WI. Chem. Phys1995 102 1752.

(38) Dyall, K. G.J. Chem. Phys1992 96, 1210.

(39) Pulay, P. inModern Theoretical Chemistrychaefer, H. F., Ed.; Plenum
Press: New York, 1977; Vol. 4, pp 15385.

(40) Yamaguchi, Y.; Osamura, Y.; Goddard, J. D.; Schaefer, HA Mew
Dimension to Quantum Chemistry: Analytic Deaiive Methods in Ab
Initio Molecular Electronic Structure TheoryOxford University Press:
New York, 1994.

(41) ACES llis a program product of the Quantum Theory Project, University
of Florida. Authors: Stanton, J. F.; Gauss, J.; Watts, J. D.; Nooijen, M.;
Oliphant, N.; Perera, S. A.; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S.
R.; Beck, S.; Balkova, A.; Bernholdt, D. E.; Baeck, K.-K.; Rozyczko, P.;
Sekino, H.; Hober, C.; Bartlett, R. J. Integral packages included are VMOL
(Almlaf, J.; Taylor, P. R.); VPROPS (Taylor, P. ); ABACUS (Helgaker,
T.; Jensen, H. J. Aa.; Jgrgensen, P.; Olsen, J.; Taylor, P. R.).

were also detected, despite their low fractional abundances (4.7% and
3.1%, respectively).

The fundamental @l — 0o rotational transitions of both s
and SjH,4 were first detected in a large frequency survey between 11
and 16 GHz using source conditions which optimized the production
of monobridged Si(H)SiM® Although the unidentified line density is
fairly high in this region, with a line roughly every 20 MHz, both
molecules have a distinctive spectroscopic pattern: each rotational
transition of SiH; consists of many features closely spaced in frequency,
while each transition of i, is a closely spaced doublet of equal
intensity. Once these transitions were identified, subsequent searches
for the 2,— 1y transition, as well as other transitions, quickly yielded
an additional series of lines of comparable intensity and multiplicity.

The present identifications are subject to very little doubt. Our new
molecules are almost certainly silicon hydrides because the lines are
only found in the presence of an electrical discharge through gas
containing SiH, as expected for a silicon-bearing molecule, and the
lines vanish when silane is replaced with giihdicating a hydrogen-
bearing molecule. Impurities from contaminants in the gas samples and
van der Waals complexes with the buffer gas can also be ruled out,
because the silane gas is of high purity (99.9%), and the lines were
also produced with nearly equal intensity with disilanelg) as the
precursor gas and when Ar replaced Ne as the buffer gas. As expected
for the paramagnetic doublet electronic ground state eflsSithe
assigned lines exhibit a pronounced Zeeman effect when a strong
permanent magnet is brought near the molecular beam of our FTM
spectrometer; for the closed-shell, singlet electronic state,bf,She
lines are unchanged in intensity and width when the same magnetic
test is performed. Crucial conformation of the,t& and SiH4
assignments is finally provided by isotopic substitution: as explained
in the next section, lines of th8Si and the®*’Si isotopic species and

(42) Kong, J.; White, C. A.; Krylov, A. I.; Sherrill, C. D.; Adamson, R. D.;
Furlani, T. R.; Lee, M. S,; Lee, A. M.; Gwaltney, S. R.; Adams, T. R,;
Ochsenfeld, C.; Gilbert, A. T. B.; Kedziora, G. S.; Rassolov, V. A.; Maurice,
D. R.; Nair, N.; Shao, Y.; Besley, N. A.; Maslen, P. E.; Dombroski, J. P.;
Daschel, H.; Zhang, W.; Korambath, P. P.; Baker, J.; Byrd, E. F. C.;
Voorhis, T. V.; Oumi, M.; Hirata, S.; Hsu, C.-P.; Ishikawa, N.; Florian, J.;
Warshel, A.; Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; Pople, J.
A. J. Comput. Chen00Q 21, 1532.

(43) McCarthy, M. C.; Chen, W.; Travers, M. J.; ThaddeusA§tro. J. Suppl.
Ser.200Q 129, 611.

(44) MccCarthy, M. C.; Gottlieb, C. A.; Thaddeus, Fol. Phys.2003 101,
697

(45) Cordonnier, M.; Bogey, M.; Demuynck, C.; Destombes, JJLChem.
Phys.1992 97, 7984.
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those of the doubly deuterated isotopic species of both molecules were
observed to be in perfect agreements with those calculated from the
theoretical structures.

IV. Results and Discussion

The optimized equilibrium geometries at the cc-pVTZ
CCSD(T) level of theory are presented in Figure 1 for isomers
of Si;Hz and in Figure 2 for isomers of $i4. The determined
rotational constants for each isomer are also given there. Figure
3 shows the structure of the transition state between two
equivalent monobridged isomers ob8i. The experimentally
obtained rotational spectrum of the planagit&iisomer is given
in Figure 4, and that of monobridged isomer oft&jis shown
in Figure 5. The predicted dipole moments, harmonic vibrational
frequencies, infrared intensities, and zero-point vibrational
energies (ZPVE) are given in Table 1 fori8 and in Table 5
for SiH,4. Tables 2-4 give the relative energies of the different
isomers of SiHz, and Tables 68 give the corresponding
energies for the isomers of Bi;. Tables 9 and 10 show the
experimental and theoretical rotational constants of the planar
H,Si—SiH isomer (structurda) and the monobridged 43i—
H—SiH isomer (structur@c), respectively.

A. Structures. 1. SpH3. We have located five distinct minima
on the doublet ground electronic state obt&i The corre-
sponding structure for each minimum is presented in Figure 1.
The much studied planar form (structute, Cs, 2A"") and the
H3Si—Si isomer (structurdb, Cg, 2A"") were correctly located
as well as three different monobridged structures; th8iH
H—Si-like isomer (Structuréc, Cg, 2A"), the trans-like H-Si—
H—Si—H monobridged isomer (structuded, C, 2A), and the
cis-like H—Si—H—Si—H monobridged isomer (structute, C,,
2A). The shortest SiSi bond, 2.244 A, was found for the,Bi—
H—Si monobridged isomer (structutk); the longest SiSi
bond, 2.379 A, was found for thesHi—Si isomer (structure
1b).

The geometrical parameters of the planar (struct@eand
the HSi—Si isomer (structurelb) are very consistent with
previous theoretical predictioig>23except that all the previous
studies found a near-planar (or quasi-planar) form for tjei-H
SiH isomer. We did optimizations in bo@y andCs symmetries,
and both of them gave the same perfectly planer structure with
exactly the same energy. However, the geometrical parameters
are very consistent with what were given for a near-planar
structure. Two of the three monobridged isomers that we found,
the HSi—H—Si-like isomer (Structuréc) and trans-like H-Si—
H—Si—H monobridged isomer (structutel) were also predicted
by Gong et ak! However, although they mentioned the relative
energies, Gong did not report geometrical parameters. Therefore,
no literature data about these two monobridged isomersbSi
have been found to compare with our structures. In addition, a
third monobridged isomer (structule) has been successfully
optimized at all levels of theory employed here. This newly
predicted monobridged isomer (structdr® has no symmetry
(Cy), and the distances of the bridged hydrogen to the two Si
atoms are not equivalent. The two nonbridged hydrogen atoms
are slightly out of the plane that contains the Si atoms (around
8° and in the opposite directions). We have searched for a

Structure 1a. (Cs,zA")
[cc-pVTZ CCSD(T) level]
H3

2285A

37,3e\_, 1523 A

H2 Rotational Constants: H1
A =98461 MHz
B= 6137 MHz
C= "5777 MHz
Structure 1b. ( Cj, 2A")
[cc-p\gl‘z CCSD(T) level)

Rotationa) Constants:

A = 87887 MHz Dihedral (H3-5i-Si-H2) = 127.0°
B= 5582 MHz
1.485 A C= 5579 MHz
©
H3 I
Structure 1c. (C,, “A H

)
[cc-pVTZ CCSD(T) level]

©

s 1486 A

125.5°

Rotational Constants:

Dihedral (H2-Si-8i-Hi) = §2.4°

A= 109895 MHz ;
Be  6390MiL Dihedral (H2-Si-Si-H3) = 164.8°
C= 6236 MHz

Structure 1d. (Cs, %A )
[cc-pVTZ CCSI(T) level]
H3

91.7°

Rotational Constants:
A = 88837 MHz

Dihedral (H1-8i-Si-H2) = 81.2° ©Om
Dihedral (H1-Si-Si-H3) = 162.4°

B= 6573 MHz
C= 6379 MHz

Structure 1e. (Cy, 2A )
[cc-pVTZ CCSD(T) level]

1739 A

100.12
w49A3° 46.4"(’
Si
\/ 22824 77,7"&
H3
1.503 A 120.1° 83.2°

HI

Rotational Constants:

A = 94180 MHz Dihedral (H1-Si-Si-H2) = 92.3°
B= 6414 MHz Dihedral (H1-8i-Si-H3) = 15.6°
C= 6247 MHz

Dihedral (H2-Si-Si-H3) = 76.7°

Dihedral (H2-8i-Si-H1) = 116.5°

Figure 1.
theory.

possible dibridged or a tribridged isomer of,3i without Isomers of SiHs, optimized at the cc-pVTZ CCSD(T) level of
success.
Strong rotational lines of planar i3 (structurela) have spectroscopy. As shown in Figure 4, owing to the hyperfine

now been detected in the laboratory by means of FTM structure from the three unequivalent hydrogen atoms and
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Structure 2a. (Con, "Ag)
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/—\ o

H2

[cc-pVDZ CCSD(T) level]

2174 A

Rotational Constants:
A =75951 MHz

H3 B= 6326 MHz
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Structure 2b. (Cs, 'A")
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Co*

Dihedral (H1-Si-Si-H3) = 37.8° 1.502A g87.0°

Structure of the transition state (C;, 1A1 )

H1

Rotational Constants:

A =75547 MHz
B= 6242 MHz
C= 5978 MHz

Dihedral (H1-Si-Si-H2) = 27.7°
Dihedral (H2-Si-Si-H3) = 158.6°
Dihedral (H4-Si-Si-H1) = 101.6°

2387A k
T 89.0°

107.6°

1487 A 1521 A
Rotational Constants:
A = 62707 MHz
e B= 5448 MHz H4
C= 5321 MHz Dihedral (H4-Si-Si-H1) = 180.0°

Dihedral (H4-Si-Si-H3) = 58.7°
Dihedral (H1-8i-Si-H3) = 121.3°
(o Dihedral (H3-Si-Si-H2) = 117.3°

Structure 2¢. (Cy, 'A)
[cc-pVTZ CCSD(T) level]

1801 A

1520 A
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>
127.9° 847

Rotational Constants: Dihedral (H1-Si-Si-H2) = 87.0°
g = 722133 MHz Dihedral (H1-Si-Si-H4)=  5.0°
C= 5975 m}»mz Dihedral (H1-Si-Si-H3) = 168.0°

Ou

Structure 2d. (Ca, 'Ag)
[cc-pVTZ CCSD(T) level]

Si
Rotational Constants:

A =76056 MHz

B= 5152MHz

C= 5034 MHz

H4
Structure 2e. (Cays 'A;)
[cc-pVTZ CCSD(T) level]
HO @H!

Rotational Constants:

A =76558 MHz . o _
B= 5019 MHz Dihedral (H1-8i-Si-H2) = 92.0°
C= 4907 MHz Dihedral (H2-Si-8i-H3) = 176.0°

Figure 2. Isomers of SiH,, optimized at the cc-pVTZ CCSD(T) level of
theory.

Dihedral (H4-Si-Si-H2) = 129.3°

Figure 3. Structure of the transition state between two equivalent
monobridged isomers (structuge) of Si;Ha.

Si,H,

Relative Intensity

12064 12066 12068 12070
Frequency (MHz)
Figure 4. Transition (3,1 — 0p,0) of planar SiHs showing the complex
spectral pattern which arises from spin rotation of the unpaired electron
and hyperfine structure from the three inequivalent hydrogen atoms. The
integration time was approximately 5 h.

Si2H4 doubling
o Doppler
F=
«\
=
5 r
£
[
2 |
k<t
(3]
£ +
L \ -
12231.2 12231.4 12231.6
Frequency (MHz)

Figure 5. Transition (3,1 — 0p,0) of monobridged HSi—H—SiH showing

the characteristic doubling of each rotational line which arises from
inversion. Each feature possesses a double-peaked line shape owing to an
instrumental artifact: the Doppler splitting which results from the interaction

of the supersonic axial molecular beam with the standing wave of the
confocal Fabry-Perot microwave cavity. The integration time was ap-
proximately 2 min.

electron spin rotation (the two effects are comparable in
magnitude), each rotational transition of this radical consists of
many closely spaced features. Lines of the normal isotopic
species are so strong that all of the most abundant rare Si
isotopic species have also been detected in natural abundance,
as has SD3 using SiDy instead of SiH as a precursor gas. The
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Table 2. Relative Energies (kcal/mol) for the Isomers of the Si;Hs Table 5. Dipole Moments (debye), Harmonic Vibrational
at Different Levels of Theory (with the cc-pVTZ Basis Set) Frequencies (cm~1), and Associated Infrared Intensities (km/mol,
in Parentheses) for the Isomers of Si;H4, Determined at the
structure SCF CCSD(2) CCSD(T) CC'pVTZ CCSD(T) Level
1a (HZSI._S'.HZ’ Zﬁ”) 5.48 0.29 0.98 harmonic vibrational frequencies
12 ((S:SS::& L’ Q ’ 2) A goottz)a minimum %%50 %?L% structure ue  ZPVE (symmetries, infrared intensities)
1d (H-Si—H-Si—H, 2A) 20.20 4,57 4.27 2a(H2Si—SiH,, 'Ag) 0.00 19.58 317(a177408n), 334(al8),
le(H—Si—H-Si—H, ?A) 21.89 12.05 12.04 441(h,21), 514(a,0), 566(3,0),
604(k;,0), 922(,182),
955(a,0), 2247(,110),
Table 3. Effects of Full-Triple Coupled-Cluster Excitations on the 2251(3,0), 2267(,0),
Relative Energies of the Isomers of SiyHs, I?etermlned with the 2277(a,128)
('\:/(I:—thI)D_ZdBa(?BISetI [kcal/mol, Values Are with Respect to the 2b (HsSi—SiH, 'A") 023 19.34 99(410), 381(49), 386(4,25),
onobridged (1c) Isomer] 434(4,17), 716(353),
structure CCSD(T) CCSDT change 879(4,230), 947(856),
1a(HSi—SiH, 2A") 0.15 0.03 —0.12 970(,36), 2058(a161),
1b (HsSi—Si, 2A") -1.80 0.31 +2.11 2204(8,67), 2217(4,96),
1c (HzSi—H—-Si, 2A") 0.00 0.00 0.00 , , 2239(a,117)
1d (H—Si—H—Si—H, 2A) 4.46 4.36 ~0.10 2c¢ (H.Si—H—SiH, 'A) 1.14 19.76 389(a,7),475(a,2), 518(a,13),
le(H—Si—H—Si—H, 2A) 12.03 11.99 —0.04 645(a,6), 694(a,35),

878(a,69), 972(a,68),
1074(a,328), 1645(a,96),

Table 4. Effects of Full-Triple Coupled-Cluster Excitations, 2060(a,140), 2228(a,131),
Relativistic (MVD) Corrections, and Zero-Point Vibrational Energy 2247(a,109)
Corrections on the Relative Energies of the Isomers of Si;H32 2d (H—Si—H,—Si—H, 1Ay) 0.00 20.31 264(h2), 394(a,0), 733(a,14),
cc-pVTZ  full-triples  relativistic ZPVE best 858(h,135), 859(30),
structure CCSD(T) corrections corrections corrections — estimates 871(h;,0), 1360(a,21),
1517(k,0), 1527(,917),
1a(H,Si—SiH, 2A") 0.88 —012 +0.03 -056  0.23 1665(3,0), 2074(3,0),
1b (HsSi—Si, ?A") -010 +211  +0.07 +1.07  3.15 2089(b,340)
1e(HSi—H=Si, A") 000~ 000 000 000 000 5(-_si-H,~Si-H,A;) 0.50 20.03 363(0), 396(a,0), 645(a,0),

1d (H—Si—H—Si—H, ?A) 417 —-0.10 —-0.08 +0.21 4.20

749(h,88), 866(1,14),
le(H-Si—H-Si—H,%A) 11.94 -0.04 -0.10 —0.80 11.00 (h.88) (214)

889(a,24), 1334(b,26),
1440(a,0), 1465(k,1214),
1656(a,0), 2092(p20),

aThe best estimates for the relative energies include all corrections on
top of the cc-pVTZ CCSD(T) results [kcal/mol, all values are with respect

to the monobridgedl() isomer]. 2115(a,300)
experimentally determined effective rotational constaBtst( Table 6. Relative Energies (kcal/mol) for the Isomers of the SiHq
C) of normal SpHj3 (structurela), its rare?®Si and3°Si isotopic at Different Levels of Theory (with the cc-pVTZ Basis Set)
species, and 93 are summarized in Table 9. Conclusive structure SCF CCSD()  CCsD(T)
evidence that the carrier qf the opserved lines is plan&i$iH 2 (HoSi—SiHa, 'Ag) 0.00 0.00 0.00
and no other molecule is provided by the close agreement 2b(HsSi—SiH,*A’) 0.07 6.28 6.86
between theory and experiment Bf+ C for the normal and gg(('gzsé—_Hgs'g; 1ﬁ) 1Ay ggt §4m'”'mum 1;-21 18-%
. . . —Si—H>—Si—H, Aq . . .
isotopic species. Laboratory searches are now underway for 26 (H—Si—Hy,—Si—H, 1A) 2465 2223 2213

monobridged HSIHSi whose fundamentah1— Op o rotational

transition is predicted to lie near 12.6 GHz. Table 7 Effects of Full-Triole Counled-Cluster Excitati "
. - | able 7. Effects of Full-Triple Coupled-Cluster Excitations on the
2. SpHs. The disilene (structure?a, Ca, 'Ag) and the Relative Energies of the Isomers of the Si;H, (kcal/mol, with the

silylsilylene (structure2b, Cs, !A’') have been extensively  cc-pVDZ Basis Set)

studied?14.15.23.2546.41n 1990, Trinquief® carried out DZP/CI structure ccsom cCSDT change
calculat!oqs and found that two more dlbrldggd isomers, the 2a (HySi—Sith, 'Ag) 0.00 0.00 0.00
trans dibridged (structur@d, Cx, 'Ag) and cis dibridged 2b (HsSi—SiH, 1A") 6.44 6.60 +0.16
(structure2e, C,,, A1), should be minima. To our knowledge, 2c (H2Si—H—SiH, A) ) 7.93 8.15 +0.22
i i 2d (H—Si—H—Si—H, 1Ay 19.42 20.12 +0.70
there has been no report of a monobridged form gfigiWe 2e(H—Si—Ho—Si—H, 1Af) 2196 5213 o7

have now located a monobridged isomer (strucfegeC;, 1A)
which is comparable energetically to silylsilylene (struct2ing

[see the energetics section], and it is the only structure which explained in the Introduction, Olbriéhreported that 6 of the
has no symmetry. The high computational cost of optimizations 11 previous theoretical studies found disilene$H-SiH,) to
in C; symmetry may be the reason it could not be located on pe planar, like ethylene, and 5 of them found it to be a trans-
the potential energy surface in previous theoretical studies.  pent structure. Recently, the DFT calculations of Pak &t al.
The geometrical parameters for the much-studied silyl- found a near-planar structure. Very recently (in 2002), infrared
silylene (structure2b) are in very good agreement with the spectra taken by Andrews and Wahguggested a trans-bent
literature value8:14.152325464For the disilene isomer (structure  structure for the disilene. The reported deviations from the
23), both planar and trans-bent structures were reported. Asplanarity predicted by previous theoretical studies do not in agree
with each other. Many different values within the range-0
(9 Loamee 0oy Chey SOBVIA ALy 40 were reported 375600t st evel ofthary,
70, 393. pVTZ CCSD(T), gave a trans-bent disilene with a £8.9
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Table 8. Effects of Full-Triple Coupled-Cluster Excitations,
Relativistic (MVD) Corrections, and Zero-Point Vibrational Energy
Corrections on the Relative Energies of the Isomers of Si;H42

cc-pVTZ  full-triple  relativistic ZPVE best
structure CCSD(T) corrections corrections corrections  estimates
2a(H2Si—SiH,, 'Ag) 0.00 0.00 0.00 0.00 0.00
2b (H3Si—SiH, 1A") 6.86 +0.16 —-0.27 —0.24 6.51
2c (H;Si—H-SiH, 'A) 6.64 +0.22 +0.12 +0.18 7.16
2d (H-Si—H,—Si—H,'A;) 19.20 +0.70 -0.12 +0.73 20.51
2e(H-Si—H,—Si—H,'A;) 22.13 +0.17 -0.11 +0.45 22.64

aThe best estimates for the relative energies include all corrections on
top of the cc-pVTZ CCSD(T) results [kcal/mol, all values are with respect
to the disilene Za) isomer].

Table 9. Experimental and Theoretical Rotational Constants of
Isotopic Planar HzSiSiH (in MHz)

B+C

isotopic difference

species experiment? theory (%)
H,SiSiH 12 067 11914 -1.3
H2%°SiSiH 11902 11748 -13
H2%0SiSiH 11748 11588 —-1.4
H,SiP9SiH 11872 11717 -1.3
H,SiPSiH 11689 11527 —-1.4
D,SiSiD 10 632 10 484 —-1.4

aDerived from preliminary spectral analysis. Estimated uncertainty is
1-2 MHz.

Table 10. Experimental and Theoretical Rotational Constants of
Isotopic Monobridged H,SiHSIH (in MHz)

isotopic rotational difference
species constant experiment? theory (%)

H,SiHSIH A 73012(187) 74129 1.5

B 6243.731(1) 6229 —-0.2

C 5987.703(1) 5976 —-0.2
H,2°SiHSIH A 73012 74113

B 6156(1) 6142 -0.2

C 5911(1) 5895 -0.3
H230SiHSIH A 73012 74097

B 6077(1) 6058 -0.3

Cc 5836(1) 5818 —-0.3
H,SiH2SiH A 73012 74100

B 6140(2) 6125 —-0.2

Cc 5894(1) 5879 -0.3
H,SiH3°SiH A 73012 74072

B 6045(1) 6024 -0.3

C 5804(1) 5786 -0.3
D,SiDSID A 37518 37518

B 5561.0(5) 5529 —0.6

C 5171.9(5) 5144 —-05

aNote: lo uncertainties (in parentheses) are in units of the last significant
digit. ® Constrained to the value of the normal isotopic speéi€anstrained
to the theoretical value of the fully deuterated isotopic species.

10, the rotational constants of the normal isotopic species are
within 2% of those predicted at the best level of theory, and
this agreement alone makes it unlikely that we have discovered
some other molecule. By comparisd@;+ C = 12.25 GHz for
disilene @a), 10.77 GHz for silylsilyleneZb), 12.21 GHz for

the monobridged structur@g), 10.19 GHz for the trans-like
dibridged structure2d), and 9.93 GHz for cis-like dibridged
structure 26). On this basis, all but disilene and the monobridged
isomer can be eliminated from further consideration. Since
disilene is nonpolar by symmetry, it too can be eliminated as a
candidate, leaving only #$i—H—SiH, which is calculated to
possess a dipole moment of 1.14 D at the cc-pVTZ CCSD(T)
level of theory. Finally, conclusive evidence for this identifica-
tion is provided by the detection of t#&Si and3°Si isotopic
species and gBiDSID at precisely the expected isotopic shifts
(see Table 10). A detailed account of thet&i laboratory
measurements and data analysis will be given elsewhere.

There is evidence for inversion doubling in the rotational
spectrum of monobridged2¢) Si,Hs. Each rotational line
consists of a tight doublet of equal intensity (Figure 5), with a
splitting so small, typically several tens of kHz, that it is resolved
in the present experiments only by virtue of the high spectral
resolution of the FTM technique. The line doubling implies that
the molecule is interconverting between two equivalent struc-
tures, the magnitude of the splitting indicating that there is a
fairly high barrier to inversion. To see whether this explanation
is correct, we searched for a possible transition state (at the
cc-pvVDZ CCSD(T) level) that might lead to such motion and
found the transition state shown in Figure 3. As shown there,
the structure has one imaginary harmonic vibrational frequency
of 657 cm™1, which corresponds to the replacement of the
terminal hydrogen of the monobridged isomer (strucAgevith
the bridged hydrogen, producing the equivalent monobridged
isomer. The barrier height for this motion is determined to be
10.9 kcal/mol at the cc-pvVDZ CCSD(T) level. A single-point
computation at the cc-pVTZ CCSD(T) level was carried out
on the optimized transition state structure, and an energy barrier
of 10.0 kcal/mol was found.

B. Dipole Moments. Dipole moments were determined as
first derivatives of the total energies with respect to external
electric fields. The cc-pVTZ CCSD(T) values are given in Table
1 for SikH3 and in Table 5 for SH4. The calculated dipole
moments for the planar (structufs) and newly predicted
monobridged (structuréc) isomers of SiHs are very close to
each other (1.04 and 1.07 D, respectively). The trans-like
monobridged isomer (structufiel) has a small dipole moment

deviation from the planarity. The predicted shapes of the trans of 0.30 D, and the cis-like monobridged isomer (structieg

and cis dibridged isomers reported by Tringefieare quite
similar to what we determined (structuzgand2e). The largest

has a somewhat larger moment of 0.70 D. The most polar isomer
of Si;H4 is the newly predicted monobridged isomer (structure

discrepancy between our dibridged structures and those given20). It has a permanent dipole moment of 1.14 D, which is close

by Trinquief®is seen to be in the angles between the nonbridged
hydrogens and the plane of two Si atoms. Angles of 8arid
94.2 were reported by Trinquiét for trans- and cis-like

to that of monobridged isomer of $is (structurelc). The SpHa
disilene (structure2a) and the trans dibridged (structuel)
isomers are nonpolar by symmetry.

isomers, respectively; we determined the same angles to e 87.0  C. Harmonic Vibrational Frequencies. Although there are

for structure2d and 91.2 for stucture2e. The reported SiSi
bond distances are in agreement with ours to within 0.01 A for
both trans- and cis-like structures.

The experimental rotational constants of the new silicon

many theoretical studies of the structure and energeticsdg Si
and SjHy, there are only two reported studies of the harmonic
vibrational frequencies, both for 1, To the best of our
knowledge, the present work therefore represents the first

hydride are in extremely close agreement with those predicted prediction of the harmonic vibrational frequencies and infrared

here for monobridged Sil4 (structure2c). As shown in Table

intensities of the isomers of 3. The results are given in Table
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1. All of the harmonic vibrational frequencies (varying from
319 cnt! to 2276 cml) are real, which confirms that the

(Cy), the near-planar $$i—SiH (C,), and the monobridge (HSi
H—SiH, C,) isomers. They reported that thes$H—Si (Cy)

optimized structures are true minima on the potential energy isomer and the near-planan$i—SiH (C,;) isomer are almost

surface. For the monobridged isomer ofHg (structurelc),

equivalent in energy. Therefore, they pointed out that high level

predicted to be the lowest energy isomer, an active mode with quantum chemical methods should be employed in order to tell

a infrared intensity of 382 km/mol is found. This mode

which isomer is the lowest in energy.

corresponds to the bending of two terminal hydrogens, along  As seen in Table 2, the4Si—Si (structurelb) is the lowest
with the motion of bridged hydrogen in the perpendicular plane. jsomer at the SCF (Hartredock) level, as predicted previously.

It has @ symmetry with a 1016 cm harmonic vibrational

At the same level of theory, the monobridged isomer (structure

frequency. This mode can be used to characterize our predictedic) could not be located. However, when the correlated levels

monobridged isomer if the infrared spectrum oft&i is
obtained.

Trinquier?® predicted harmonic vibrational frequencies for
three different isomers of il4; the disilene (structurga), the
trans-like (structured), and cis-like dibridged (structur2e)

[cc-pVDZ CCSD(T) and cc-pVTZ CCSD(T)] were employed,
the monobridged isomer (structute) was found (with all real
harmonic vibrational frequencies, see Table 1). The mono-
bridged isomer (structuréc) is stabilized by both electron
correlations and basis set expansion, as seen in Table 2 and 3.

isomers. However, he found a planar disilene at his level of At the cc-pVDZ CCSD(T) level, the relative energy of the
computation (SCF/DZP). Therefore, his results for disilene are monobridged form (structuréc) with respect to the E5i—Si
quite different from our predictions. His predictions concerning (structurelb) is +1.80 kcal/mol, whereas, at the cc-pVDZ

the dibridged structures are generally-@D cnT? larger than

CCSDT level, it is—0.31 kcal/mol. The CCSD(T) level of

our results. This is expected because correlated levels usuallytheory predicts the same energy differencet&10 kcal/mol
produce smaller harmonic vibrational frequencies. Another study with the cc-pVTZ basis set. When we add the effect of full-

of Si,Hs was reported by Andrews et &l.in 2002. They

triple corrections [cc-pVDZ CCSD¥cc-pvVDZ CCSD(T)] to

experimentally obtained an infrared spectrum and also carriedthe estimated value at the cc-pVTZ CCSD(T) level (to predict
out B3LYP/6-31+G(d,p) calculations. They resolved an 858.5 cc-pVTZ CCSDT), as well as with the zero-point vibrational

cm! SiH, bending mode and a 2154.0 chSi—H stretching
mode from their spectrum. Based on their B3LYP/6-31G(d,p)

energy (ZPVE) and relativistic corrections, we found that the
monobridged isomer (structufe) is 3.15 kcal/molbelowthe

predictions, they concluded that the observed peaks are associHsSi—Si isomer (structurdb), as given in Table 4.

ated with a trans-bent disilene. Their B3LYP/643£G(d,p)

The planar SHj3 isomer (structurela), previously pre-

results showed three harmonic vibrational frequencies with large dictect11:222%0 be higher in energy than thesBi—Si (structure

intensities. These are the two-Sil stretches, at 2264.0 crh
and 2231.1 cmt, and an SiH bending mode. Our results
showed that disilene has a Bi—H stretching at 2247 cmt
with a 110 km/mol intensity, an,aSi—H stretching at 2277
cm~t with a 128 km/mol intensity, and a,I8iH, bending at
922 cnt! with a 182 km/mol intensity. The experimentally
observed values of 858.5 cthand a 2154.0 crmt are close to
our active modes of pSi—H stretching (2247 cm') and k
SiH, bending (922 cml) symmetry.

D. Relative Energies. 1. SH3. Sax and Kalché? used the
MRCI technique with double and triplequality basis sets and
investigated HSi—Si ((A"”) and the near-planar 48i—SiH
isomers of the SH3 molecule. They predicted the;8i—Si

1b), is found to be stabilized by both correlation effects and
basis set expansion. Although it is 5.48 kcal/mol higher in
energy than the §Bi—Si (structurelb) at the SCF level, it is
only 0.98 kcal/mol higher in energy at the cc-pVTZ CCSD(T)
level. Including all effects (ZPVE, full-triples, and scalar
relativity) to the cc- pVTZ CCSD(T) results, we predict that
the planar form (structurga) is lowerin energy than the §bi—
Si isomer by 2.92 kcal/mol. The monobridged isomerGn
symmetry (structurdd), which was predicted to be the lowest
energy form by Gong et al, is found to be 4.20 kcal/rnigiher
than the monobridged structure @ symmetry (structuré.c).

2. SpH4. All previous SpH4 theoretical studies found that
disilene (structure2a) lies lower in energy than silylsilylene

(?A"") isomer to be 1.1 kcal/mol more stable than the near-planar (structure2b).8.2223.2528\/e similarly predict that disilene is 6.51

H,Si—SiH isomer. In the same year, Curtiss ef%atid G2

kcal/mol more stable than silylsilylene. However, the competi-

calculations, and they reported that the lowest energy isomer istion here is found to be between the newly predicted mono-

the HSi—Si ((A") structure, in agreement with the results

bridged isomer (structurgc) and silylsilylene (structur@b).

obtained by Sax and Kalcher. They also stated that “mono-, As we mentioned earlier, the newly predicted monobridged
di-, and tri-bridged structures were also investigated, but all isomer is not found at the SCF level. At the cc-pVDZ CCSD(T)
bridged structures were found to be significantly higher in level, the silylsilylene (structurgb) is 1.49 kcal/mol more stable

energy”. However, in 1997, Gong et'alpredicted a mono-
bridged structure (HSiH—SiH, C,) to be the lowest energy

isomer, after investigating six different structures: silylsilylidyne

H3sSi—Si (Cy); the near-planar y$i—SiH (C;); two monobridged
isomers, HS+H—SiH (C,) and HSi—H—-Si (Cy); a dibridged;
and a tribridged isomer. They also reported that th8iHSI

than the monobridged form. However, at the cc-pVTZ CCSD(T)
level, the monobridged isomer was found to lie 0.22 kcal/mol
lower than the silylsilylene (structurb; see Table 6 and 7).

In other words, basis set expansion favors the monobridged form
with respect to the silylsilylene. Both relativistic corrections and
ZPVE corrections favor the silylsilylene. As seen in Table 8,

(Cy like structure, which was predicted to be the lowest energy the relativistic corrections (MVD) lower the relative energy of

isomer by both Kalché? and Pople?is 9.0 kcal/mol (0.39 eV)

silylsilylene by 0.27 kcal/mol and increase the relative energy

higher in energy. The tribridged isomer was found to be of the monobridged structure by 0.12 kcal/mol with respect to

significantly higher in energy (0.64 eV). In 2001, Pak ef al.
reported B3LYP/DZR- calculations and studied the;&i—Si
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the disilene. The ZPVE for the monobridged form is estimated
to be 0.42 kcal/mol larger than that for the silylsilylene (see
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Table 5). As a result, when we collected all of the corrections, H,Si—H—Si isomer Cs, 2A") is predicted to be the lowest
the silylsilylene (structurb) is found to be 0.65 kcal/mdielow energy structure on the ground potential energy surfaceldgSi
the monobridged form. As seen in Table 6, the cc-pVTZ One monobridged and two dibridged isomers are also found
CCSD(2) level of theory also predicts the silylsilylene to be for the SpHs. In addition to the much studied silylsilylene,
more stable than the monobridged form by 0.73 kcal/mol. H3Si—SiH, we find that an unexpected monobridged isomer
Both the trans (structurd) and cis (structur@e) dibridged H,Si—H—SiH (Cy, *A) is a minimum on the potential energy
forms of SpH,4 are estimated to be about 20 kcal/mol higher in  surface. By means of Fourier transform microwave spectroscopy
energy than the disilene, the lowest energy form. As expected, of a supersonic molecular beam, the rotational spectrum of this
the trans-like dibridged form is found to be more stable than novel monobridged SiH4, as well as the for the planar §8i—
the cis-like dibridged form. As a best value, 2.13 kcal/mol SiH) isomer of SiHs, has been measured. Excellent agreement
energy is estimated for the energy gap between the latter twowith theory has been observed. Harmonic vibrational frequencies
isomers. as well as infrared intensities for all isomers are predicted at

V. Concluding Remarks the cc-pVTZ CCSD(T) level of theory.
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