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The molecular structures and electron affinities of the &HH,~ (n = 1—4) and SiH,/SikH,~ (n = 0—6)
molecules, as well as the silicon atom, have been investigated using density functional theory (DFT) and
hybrid Hartree-Fock/density functional theory. Specifically, four different types of electron affinities are
reported in this work: the adiabatic electron affinity (&) zero-point corrected Ef (EAzery), the vertical

electron affinity (EAer), and vertical detachment energy (VDE). The basis set used in this work is of dpuble-
plus polarization quality with additional s- and p-type diffuse functions, and is denoted as'D@Pthe six
different density functionals used in this work, the BHLYP functional predicted the best molecular structures,
and the B3LYP functional predicted the best electron affinities. When compared to the available six
experimental electron affinities, the B3LYP functional has an average absolute error of just 0.06 eV. We
predict the unknown electron affinities for,Bi (dibridged), SiHs, Si,H,4 (disilene) and SjHs (disilyl radical)

to be 0.45, 2.21, 1.34, and 1.85 eV, respectively. These predictions assume that the (unknown) molecular
structure of each anion is analogous to the known structure of the corresponding neutral molecule. The most
interesting aspect of the present research is that fgd,Siand SjH,~, the lowest energy structures are
qualitatively different from those of the neutrals. Fostsi™ the disilavinylidene structure4SiSi, is predicted

to lie 24 kcal/mol below the dibridged or “butterfly” anion. For8j~ the silylsilylene anion BSiSiH™, is
predicted to lie 3 kcal/mol below the disilene anion structug8iBiH,~. The zero-point corrected adiabatic
electron affinities of disilavinylidene, silylsilylidyne, and silylsilylene are 1.87, 1.01, and 1.71 eV, respectively.
The saturated closed shell systems SaAd SiHg do not have conventional electron affinities.

Introduction drocarbon EAs. Experimental EA%10.13.19gre available for Si,
SiH, SiHp, SiHs, Si;, and SiH.

When predicting molecular energies, structures, and electron
affinities, there are many theoretical approaches, but considering
both reliability and computational expense, gradient corrected
density functional theory (DFT) has been shown to be effective
for predicting EAs of many inorganic species such as the/SiF
Sik,~, SR/SK,~, PR/PR,~, CIF/CIF,~, C;F/C.F,~, and Brk/
BrF,~ series’1 3943 |n addition, while the theoretical prediction
of an electron affinity is generally difficult due to the result
being a small difference between two very large energies, our
previous work has shown that DFT can be a dependable source
for electron affinity prediction}~4” when used in a knowledge-
able manner.

Silicon, like its first row counterpart, carbon, is a chemist's
cornucopiat The ability of silicon to make one, two, three, four,
and even five-coordinate compounds is one of the primary
reasons for its inexhaustible chemistrAmong the simplest
silicon species are the silicon hydrides, gifd = 0—4) and
SibHn (n = 0—6). Silicon hydrides play an important role in
silicon chemical vapor deposition (CVD) processesjich are
of great significance to the semiconductor industry. Because of
this significance, numerous experimefitéd and theoreticaf—36
studies have examined various chemical properties of the silicon
hydrides, their corresponding ions, and other simple silicon-
based compounds.

Silicon hydride systems are also of interest to chemists
because of their sometimes unique bonding characteristics Wher}\/lethods
compared to their simple hydrocarbon analogues. Although
analogous carbon and silicon species are isovalent, the chemical Six different density functional or hybrid Hartre&ock/
properties of carbon and silicon congeners can be quite different.density functional methods were used in this study. Five are
One of the reasons for these differences is that the relative orbitalgradient corrected functionals: Becke’'s 1988 exchange func-
sizes of the valence s and p orbitals are different for the carbontional*® (B) with Lee, Yang, and Parr’s correlation functioffal
and silicon atoms; silicon has a larger p orbital than carbon, (LYP), BLYP; Becke’s half-and-half exchange functioi¥{BH)
and carbon has a larges orbital than silicor?”3® Many with the LYP correlation functional, BHLYP; Becke’s three-
properties of the species in the $I8iH,~ (n = 0—4) and SiH,/ parameter exchange functioflalB3) with the LYP correlation
Si;Hq™ (n = 0—6) series may be compared to their carbon functional, B3LYP; the B exchange functional with the Perdew
analogues, and some interesting differences may be found, forcorrelation function&® (P86), BP86; and the B3 exchange
example, by comparing the adiabatic electron affinities of simple functional with the P86 correlation functional B3P86. The sixth
silicon hydrides to their hydrocarbon analogues. density functional scheme used in this study was the standard

In this work, we investigate the electron affinities (EA) of local-spin-density approximation (LSDA) which employs the
the silicon hydrides and the ability of density functional theory 1980 correlation functional of Vosko, Wilk, and Nusgialong
to predict accurate electron affinities for these species throughwith Slater's exchange function2d.The unrestricted Kohn
comparisons to known experimental EAs and analogous hy- Sham method was used for all closed and open shell sysfems.
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All computations have been evaluated with the Gaussian 94 TABLE 1: Electron Affinity of Siin eV (kcal/mol in
program suit&® Using the default integration grid (75 302), the Parentheses)

integrals that are evaluated in this study should be accurate to method EA
1 x 10 °Ep The Kohn—Sh_am density was converged tox1l B3LYP 1.36(31.4)
10-8E;, and Cartesian gradients were converged to at leas$t 10 B3PS86 1.99(45.9)
au. BHLYP 1.18(27.1)
A standard doublé-plus polarization (DZP) basis set with BLYP 1.24(28.6)
the addition of diffuse functions was utilized. The DZ part of Eggg 21517(?66'53))
the basis set was constructed from the Huzirdgenning- exptP 1.389521:+ 0.00002(32.0)

Hay?’ set of contracted Gaussian functions. The DZP basis was
formed by the addition of a set of five d-type polarization
functions for Si and a set gktype polarization functions forH ~ geometries for each molecular species with all functionals are
[0a(Si) = 0.50,a5(H) = 0.75]. The DZP basis was augmented shown in Figures +14.

with diffuse functions; Si received one additional s-type and ~ A. Si and Si~. The electron affinities of the SPR) atom
one additional set of 4ype functions, and H received one With various functionals, as well as the experimental electron
additional s-type function. The diffuse function orbital exponents affinity are reported in Table 1. All six functionals predict the
were determined in an “even-tempered sense” as a mathematicaglectron affinity of the Si atom within a deviation of at most
extension of the primitive set, according to the formula of Lee 0.62 eV (LSDA) from experiment. As is the case for most

a Reference 14.

and Schaeféf [a4(Si) = 0.02729,a,(Si) = 0.02500,0(H) = atomic systemé$’ B3LYP predicts the best electron affinity for
0.04415]. The final contraction scheme for this basis is Si Si. In this instance, the electron affinity was 0.03 eV lower than
(12s8p1d/7s5p1d) and H (5s1p/3slp). the experimental value, given by Scheer, Bilodeau, Brodie, and

The geometries reported in Figures 14 were found to be ~ Haugen'’s single and multiphoton tunable infrared laser experi-
minima after determining the harmonic vibrational frequencies ments** We note here that carbon and silicon have similar
via analytic gradients at the corresponding stationary point electron affinities from experiment,C = 1.262 eV, Si= 1.389
structures of each functional. eV and that B3LYP and BLYP are within 0.15 eV for both

Finally, for SiH and SiH, we have performed coupled cluster silicon and carbori!
studies with all single and double excitations and perturbative ~B. SiH and SiH™. Theoretical equilibrium geometries of
nonconnected triple excitations [CCSD(P§}s! to verify silylidyne (silicon monohydride), SiH (XII), and its anion,
experimental data. The basis set used for the CCSD(T) com-SiH™ (X °2") are displayed in Figure 1. The experimernabf
putation was the correlation-consistent polarized valence qua-neutral silylidyne is 1.5201 A> Comparing with the experi-
druple< set of Dunnin§?2 augmented with diffuse functions ~mental value, the most accurate bond length was predicted by
and is denoted aug-cc-pVQZ. An ROHF reference was used BHLYP, being only 0.008 A shorter than experiment. The
and core electrons for Si were frozen during CCSD(T) energy hybrid functionals (B3LYP, B3P86, BHLYP) are withix 0.013
computations. These computations were done using ACES I A of experiment, while the pure functionals (BLYP, BP86,
ab initio program systerf. LSDA) overestimate experiment by at least 0.026 A. All

Electron affinities are evaluated as a difference in total functionals give a longer bond length for the anion than the
energies in the following manner: the classical adiabatic electron neutral, by about 0.03 A on average. In 1975, Kasdan, Herbst,

affinities are determined by and Linebergérestimated the experimental of the anion at
1.4744 0.004 A which is 0.09 A shorter than our average bond
EAs4 = E(optimized neutralj™ E(optimized anion) length of 1.565 A. In 1978, Rosmus and MeSfeeinterpreted

the laser photoelectron data of Kasdan et al. and fou(6iH™")
zero-point corrected adiabatic electron affinities are determined= 1 566+ 0.004 A with awe (SiH") = 1804 cn1l. Both the

by original and revised values are based on a Badger’s rule estimate,
EA  =E e and early theoretical resuffs®8 supported the revised values.
zero ~ —(zero—point corrected neutral) (zero—point corrected anion) Our DFT results also pI’EdiC& of the anion in good agreement

with the revised experimental results.

the vertical electron affinities by To further investigate this matter, we performed CCSD(T)/

EAert = Eoptimized neutralj~ Eanion at neutal equili ) aug-cc-pVQZ computations on SiH and SiHWe obtainre
ver optimized neutral anion at neutral equilibrium geometry] (SiH) =1.524 A ande (SiH—) = 1.553 A, along Wi'[l’we (SiH)
and the vertical detachment energy by = 2043 cnt! and we (SiH™) = 1860 cntl. The theoretical

neutral bond length is just 0.004 A longer than experiment and
the harmonic frequency is only 1 cthgreater than the experi-
mentalwe = 2042 cntl. Furthermore, previous UCCSD(T)/
Note that in many cases theoretical fFAalues are closer to  aug-cc-pV5Z calculatiort$ predictre (SiH) = 1.522 A. Ourre
experimental electron affinities than Ef values, despite the  (SiH™) is 0.013 A shorter than Rosmus and Meyer’s revised
fact that experimental values are truly E&**7 This effect value. Because the original experiment did not directly deduce
may be due to errors in a harmonic approximation to zero-point we, an error of~50 cnt! in the determination ofv. can be
vibrational energy; however, the corrections for zero-point expected.We therefore suggest that the tms@ndwe for SiH~
vibrational energies are always relatively small, and thus are within4 0.01 A and=+ 40 cnt?! of our CCSD(T)/aug-cc-

VDE = E(neutral at anion equilibrium geometry) E(optimized anion)

unimportant in terms of our overall results. pVQZ values. As with SiH, the hybrid functionals predict the
bestr. for SiH™, being within+ 0.008 A of the CCSD(T) value,
Results while the pure functionals overestimate the CCSD(T) result by
The electron affinity for the Si atom is given in Table 1. All  at least 0.019 A.
four electron affinities for Sikl(n = 1—4) and SiH,, (n = 0—6) The EAyg with CCSD(T) is 1.248 or 1.259 eV with ZPVE

are reported in Tables 2 and 3, respectively. Optimized correction, and is only 0.029 or 0.018 (with ZPVE) eV lower
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TABLE 2: The Adiabatic Electron Affinity (EA aq4), Zero-Point Corrected EAaq (EAzero), Vertical Electron Affinity (EA ver), and
the Vertical Detachment Energy (VDE) for SiH, (n = 1—4) Species, Presented in eV (kcal/mol in Parentheses)

species method EA EAzero EAven VDE

SiH B3LYP 1.28(29.6) 1.30(29.9) 1.28(29.5) 1.29(29.7)
B3P86 1.89(43.7) 1.90(43.9) 1.89(43.6) 1.90(43.8)
BHLYP 1.11(25.6) 1.12(25.9) 1.11(25.5) 1.12(25.8)
BLYP 1.16(26.8) 1.17(27.0) 1.16(26.7) 1.17(26.9)
BP86 1.48(34.0) 1.49(34.3) 1.47(33.9) 1.48(34.1)
LSDA 1.89(43.7) 1.90(43.9) 1.89(43.6) 1.90(43.8)
CCSD(T) 1.248(28.8) 1.259(29.0)
exptk 1.277+ 0.009 1.276+ 0.006

SiH, B3LYP 1.17(27.0) 1.20(27.6) 1.16(26.8) 1.18(27.3)
B3P86 1.76(40.7) 1.79(41.2) 1.75(40.4) 1.77(40.9)
BHLYP 1.00(23.2) 1.03(23.8) 0.99(22.9) 1.02(23.5)
BLYP 1.05(24.3) 1.08(24.8) 1.04(24.0) 1.06(24.5)
BP86 1.34(31.0) 1.37(31.5) 1.33(30.8) 1.35 (31.2)
LSDA 1.74(40.1) 1.76(40.6) 1.73(39.9) 1.75(40.3)
exptP 1.124+ 0.020 1.124+ 0.003

SiHs B3LYP 1.40(32.2) 1.45(33.4) 0.96(22.0) 1.91(44.0)
B3P86 1.89(43.5) 1.94(44.7) 1.43(32.9) 2.42(55.9)
BHLYP 1.17(26.9) 1.22(28.1) 0.72(16.5) 1.68(38.8)
BLYP 1.31(30.3) 1.37(31.5) 0.84(19.4) 1.81(41.8)
BP86 1.49(34.5) 1.55(35.7) 1.05(24.3) 2.02(46.6)
LSDA 2.02(46.5) 2.06(47.6) 1.57(36.3) 2.55(58.7)
exptF 1.406+ 0.014

SiH, B3LYP —0.74(-17.0) —0.73(-16.8) —0.74(-17.0) —0.74(-17.0)
B3P86 —0.32(-7.3) —0.30(-7.0) —0.32(-7.3) —0.32(-7.3)
BHLYP —-0.91(-21.1) —-0.91(-21.0) —0.91(-21.1) —0.91(-21.1)
BLYP —0.80(-18.4) —0.79(-18.2) —0.80(-18.4) —0.80(-18.4)
BPS6 —0.64(-14.7) —0.62(-14.4) —0.64(-14.7) —0.63(-14.6)
LSDA —0.28(-6.5) —0.26(-6.1) —0.28(-6.5) —0.28(-6.4)

aReference 4. Reference 4.¢ Reference 7.

than the experimentalaser photoelectron value of 1.277
0.009 eV. As with Si, the best DFT electron affinity for SiH
was predicted by B3LYP, which value is close (better than 0.03
eV) to experiment for both EA:and EA.o Other functionals
gave electron affinity results withitt 0.2 eV, except for LSDA
and B3P86. (See Table 2.)

The electron affinit$® of CH is similar to the electron affinity
of SiH,* 1.238 eV vs 1.277 eV. Density functional theory also
describes EAy (CH) well,*” though our results for E4 (SiH)
are about 0.1 eV better on average.

C. SiH; and SiH, . Our optimized geometries for silylene,
SiH, (X A1) and Sik~ (X 2B,) are shown in Figure 2. The
three hybrid functionals are withit: 0.014 A of the experi-
mental® SiH, ro value, while the pure functionals overestimate
experiment by at least 0.014 A. All functionals are within°1.1
of the experimental angle, except LSDA. Our results for the

geometries between the neutral and the anion, the differences
with a given functional between Ef EAze, EAver, and VDE
are small. From Leopold et &it,CH, has an experimental
electron affinity of 0.652 eV compared to Kasdan, Herbst, and
Lineberger’s laser photoelectron spectrometry results fop SiH
of 1.1244 0.020 eV* The large difference in EAs for methylene
and silylene is due to the fact that the extra electron must add
to a singly occupied;aorbital in CH, but adds to a unoccupied,
nonbonding b orbital in SiH,. For SiH, B3LYP, BLYP, and
BHLYP EA.ero values are withint 0.09 eV of experiment;
remarkably in CH, B3LYP, BLYP, and BP86 are within 0.14
eV of experiment. However, BHLYP suffers from Hartree
Fock deficiencies, predicting an EA 0.35 eV lower for the
multireference described GH’

D. SiH3 and SiHz~. The C3, symmetry equilibrium geom-
etries of the SiH (X 2A1) radical and Sik~ (X A1) anion are

neutral species are similar to the recent UCCSD(T)/aug-cc-pV6Z shown in Figure 3. The neutral, silyl radical bond lengths ranged

results of 1.516 A and 92234 We observe little change in the
HSIH angle between SiHand SiH—, in accordance with the
Walsh picture for the valence;bmolecular orbital in XH
molecules. The bond lengths in SiHare about 0.02 A longer
than the neutral. Compared to methylene,,CtHe electronic
states for the aniongg;) are the same, but states for the neutral
species are different: the ground state for methylerf@is/s

A1 in silylene. Predicted geometries and electron affinities with
DFT for SiH, and Sik~ should be more accurate than for
CHy,*" which has large multireference character in its wave
function due to the near degeneracy of the valencana i
molecular orbitals.

Our theoretical EAy, EAzero EAver, and VDE for Sib are
listed in Table 2. The predicted Ef&ranges from 1.00 to 1.74
eV, among which BHLYP predicts the lowest EA The
BHLYP EA.q and EAer are often lower than those obtained
with the other functionals, as is the case in many inorganic
fluoride series?43 Because there is not much difference in

from 1.474 (BHLYP) to 1.496 (BP86) A, and the bond angles
from 111.2 to 111.4. All methods overestimate the experiment
value€? of 1.468 A and 110.5 However, our results are much
closer to the UCCSD(T)/aug-cc-pVQZ valdésf 1.482 and
111.3. The anion bond distances are significantly longer, 1.532
to 1.558 A, and the angles are tighter, $2896.0. This is in
agreement with an experimentally observed tightening from
~112.5 to ~94.5 between the neutral species and the anion.
Our hybrid functional bond lengths for the anion are just
0.007 A from the BS1 CCSD(T)-R12 resultgsi-n) = 1.538

A, obtained by Aarset et &.The pure functionals overestimate
the CCSD(T) result by at least 0.14 A. All bond angles are in
reasonable agreement with the BS1 CCSD(T)-R12 bond angles
of 95.196.

The best electron affinity result was from the B3LYP level
of theory, EAg4 = 1.40 eV, which is 0.01 eV lower than that
determined by photoelectron spectroscofy406+ 0.014 eV,
though agreement is slightly worse with the ZPVE correction.
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TABLE 3: The Adiabatic Electron Affinity (EA aq), Zero-point Corrected EAaq (EAzer0), Vertical Electron Affinity (EA verr), and
the Vertical Detachment Energy (VDE) for SkH, (n = 0—6) Species, Presented in eV (kcal/mol in Parentheses)

species method EA EAzero EAver VDE

S, B3LYP 2.06(47.5) 2.05(47.4) 1.86(42.9) 2.28(52.6)
B3P86 2.65(61.2) 2.65(61.1) 2.44(56.4) 2.89(66.6)
BHLYP 1.79(41.3) 1.78(41.1) 1.60(36.9) 2.00(46.1)
BLYP 1.98(45.6) 1.97(45.4) 1.77(40.8) 2.08(47.9)
BP86 2.28(52.6) 2.27(52.4) 2.07(47.6) 2.28(52.7)
LSDA 2.90(66.8) 2.89(66.7) 2.66(61.3) 3.16(72.8)
exptk 2.202+ 0.010

SibH (281 — ?A;) B3LYP 2.27(52.3) 2.26(52.1) 2.22(51.2) 2.31(53.3)
B3P86 2.86(65.8) 2.85(65.6) 2.81(64.8) 2.90(66.9)
BHLYP 2.08(48.0) 2.07(47.8) 2.04(47.0) 2.13(49.1)
BLYP 2.13(49.0) 2.12(48.9) 2.08(48.0) 2.17(50.1)
BPS6 2.42(55.8) 2.41(55.6) 2.37(54.7) 2.46(56.8)
LSDA 3.00(69.1) 2.99(68.9) 2.95(68.0) 3.05(70.3)

SibH (A1 — 1A)) B3LYP 2.31(53.2) 2.31(53.3) 2.30(53.1) 2.31(53.3)
B3P86 2.86(66.0) 2.87(66.1) 2.86(65.8) 2.90(66.9)
BHLYP 2.20(50.8) 2.21(50.9) 2.20(50.7) 2.13(49.1)
BLYP 2.13(49.0) 2.13(49.1) 2.12(48.8) 2.17(50.1)
BPS6 2.38(54.8) 2.38(54.9) 2.37(54.6) 2.46(56.8)
LSDA 2.87(66.2) 2.87(66.2) 2.86(65.9) 3.05(70.3)
exptP 2.31+0.10

Si,H, (dibridged) B3LYP 0.34(7.7) 0.45(10.4) 0.23(5.3) 0.47(10.8)
B3P86 0.91(21.0) 1.01(23.4) 0.80(18.5) 1.04(24.0)
BHLYP 0.06(1.4) 0.18(4.1) —0.04(-0.9) 0.18(4.2)
BLYP 0.29(6.8) 0.38(8.7) 0.18(4.3) 0.44(10.1)
BPS6 0.57(13.1) 0.65(14.9) 0.46(10.6) 0.70(16.2)
LSDA 0.93(21.5) 1.00(23.1) 0.83(19.0) 1.07(24.6)

SioHs B3LYP 2.21(51.0) 2.21(51.0) 2.09(48.2) 2.28(52.7)
B3P86 2.78(64.1) 2.78(64.1) 2.65(61.1) 3.65(84.3)
BHLYP 2.00(46.0) 1.99(45.9) 1.88(43.4) 2.91(67.1)
BLYP 2.09(48.1) 2.09(48.2) 1.93(44.5) 2.16(49.9)
BPS6 2.35(54.3) 2.35(54.3) 2.18(50.3) 2.43(56.1)
LSDA 2.92(67.4) 2.92(67.3) 2.68(61.9) 3.02(69.7)

SipH, (disilene) B3LYP 1.28(29.5) 1.34(31.0) 0.58(13.5) 1.80(41.4)
B3P86 1.83(42.2) 1.89(43.6) 1.08(24.9) 2.37(54.6)
BHLYP 1.16(26.8) 1.23(28.4) 0.28(6.4) 1.75(40.3)
BLYP 1.13(25.9) 1.19(27.4) 0.54(12.5) 1.59(36.7)
BP86 1.36(31.4) 1.42(32.8) 0.74(17.1) 1.85(42.7)
LSDA 1.68(38.8) 1.74(40.1) 1.01(23.3) 2.19(50.6)

Si;Hs (disylyl radical) B3LYP 1.80(41.5) 1.85(42.7) 1.20(27.6) 2.46(56.8)
B3P86 2.32(53.5) 2.37(54.6) 1.70(39.1) 3.01(69.4)
BHLYP 1.56(36.0) 1.61(37.2) 0.96(22.1) 2.22(51.3)
BLYP 1.71(39.5) 1.77(40.8) 1.11(25.7) 2.37(54.6)
BP86 1.92(44.3) 1.97(45.5) 1.30(30.1) 2.60(60.1)
LSDA 2.46(56.6) 2.50(57.6) 1.84(42.4) 3.16(72.8)

SixHe B3LYP —0.61(-14.1) ~0.53(-12.3) —0.63(-14.5) —0.59(-13.5)
B3P86 —0.16(-3.7) —0.08(-1.8) —0.18(-4.1) —0.13(-3.0)
BHLYP —0.88(-20.4) —0.83(-19.2) —0.89(-20.6) —0.87(-20.2)
BLYP —0.61(-14.0) —0.50(-11.6) —0.63(-14.6) —0.56(-13.0)
BPS6 —0.42(-9.8) —0.32(-7.4) —0.49(-10.4) —0.38(-8.8)
LSDA —0.08(-1.8) 0.05(1.0) —0.11(-2.6) —0.02(-0.5)

aReference 10° Reference 13.

The EA.r ranged from 0.72 to 1.57 eV and the VDE ranged a formal electron affinity. For Sikj only EAset has any physical
from 1.68 to 2.55 eV. It is interesting to note that the electron meaning, as it represents the magnitude of the temporary
affinity of the methyl radical? where the neutral specieshs; (picosecond) electron resonant anion state.
(?A2"), is only 0.08 eV compared to 1.406 eV for the silyl ; - - : 3% —
radical” B3LYP and BLYP both predict EA (Ch) to within F. Slf anci S+'2 - our optlm_lzeq geometries for SiX *%y)

and Sy~ (X 2X*) are shown in Figure 5. The geometry closest

0.05 eV74 h
E. SiHs and SiH,™. The optimizedTy geometries of silane, EE experlrrr:_erk]]t for tr(l)eotéc;ng llength ‘t':las a&tge BH:Y: Ie\t/)el O,f
SiH4 (X 'A;) and SiH~ (X 2A;) are shown in Figure 4. The eory, which was . onger fhan Huber and Herzberg's
value$s Other functionals overestimate experiment by at least

three hybrid functionals predict a neutral-% bond length A
within 0.008 A of the experimental valfewhereas the pure ~ 0-025 A, and even the UCCSD(T)/aug-cc-pV6Z reSuver-

functionals overestimate experiment by nearly 0.02 A. We also €stimates by 0.006 A. For the anion, the bond length shortens
note that UCCSD(T)/aug-cc-pV5Z results give a bond length OVer that of the neutral as the electronic configuration changes
of 1.480 A34 from a 04?12 configuration to all, %oy configuration, which

Although SiH;~ is predicted to have an equilibrium geometry corresponds to a X" state. The’Il, state arising from a
with each functional, all functionals predict the anion to be Il 04 configuration is known from experimefit'?to lie just
unbound with respect to neutral SiHSee Table 2.) As both  0.025 eV higher. Our predicted bond lengths for the anion are
CH, and SiH, have filled (Ne, Ar-like) valences, neither displays in reasonable agreement with experimental value £.127 A
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B3LYP 1.533
B3P86 1.532
BHLYP 1.512
BLYP 1.546
BP86 1.548
LSDA 1.547
CCSIXT) 1.524
Expt. (r;)  1.5201 +/- 0.001
‘ &
Neutral
B3LYP 1.561
B3P86 1.560
BHLYP  |.546
BLYP 1.575
BP86 1.576
LSDA 1.572
CCSD(T)  1.553
Expt. {re)  1.566 +/- 0.004

Figure 1. The molecular geometries for the &I state of SiH and
the X 32~ state of SiH. Bond lengths are in angstroms. All results
were obtained with the DZP basis set. Experimental results for
SiH and SiH are from refs 65 and 66, respectively.

B3LYP 1.526
B3P86  1.525
BHLYP 1.511
BLYP  1.539
BP86 1.541
LSDA  1.539

Expt. (rg) 1.525 +/- 0.006

89.8
91.8 +/- 0.1

Neutral

B3LYP 1.553
B3P86 1.552
BHLYP 1.539
BLYP 1.566
BP86  1.568
LSDA 1.562

Anion

Figure 2. The molecular geometries for t¥eA; state of SiH and
the X 2B, state of SiH~. Bond lengths and bond angles are in angstroms
and degrees, respectively. All results were obtained with the™DZP
basis set. Experimentaj results are from ref 70.

for 224" as given by Nimlos, Harding and Elliséh.This is
also similar tore = 2.1104 A as derived by Liu and Daviéks!?

Our predicted EAq values for Si ranged from 1.79 to 2.90
eV, among which the BHLYP predicts the smallest (1.79 eV).
The EAvero value predicted by BP86 was 0.07 eV larger than
the experimental value: 2.2620.01 eV1015180ur DFT results
are within 0.23 eV of experiment for this system with BP86,
BLYP, and B3LYP. We also note the QCISD(T)/17s,6p,3d,1f

Pak et al.

1.484

1.484

1.474

1.494

1.496

1.494

1.468
1112
1113
111.3
111.1
1113
111.4
110.5

Neutral

B3LYP 1.545

B3P86 1.544

BHLYP 1.532

1.556
1.558
1.552

93.8
94.5 +/-2.0

Anion

Figure 3. The molecular geometries for the2A,; state of SiH and
the X *A; state of SiH™. Bond lengths and bond angles are in angstroms
and degrees, respectively. All results were obtained with the'DZP
basis set. Experimenta] results for SiH is from ref 72, and for Sikt
from ref 7.

value EA = 2.09 eV as obtained by Raghavachari and
Ronhlfing 18

The o4 and 77, molecular orbitals in the £molecule are
extremely close in energy and give rise to two nearly degenerate
states: 1, and 1Z4*, with the latter being the groufitistate
by only 716 cn. Like many traditional ab initio methods,
density functional theory has difficulties in describing ground-
state G.47-"5"77 Indeed, most functionals predict the triplet state
to be the ground state and result in highly spin contaminated
wave functions for the singlet state. However, if one examines
the electron affinities for gusing the contaminated singlet state
results, one finds that the B3LYP, BLYP, and BP86 functionals
all predict EAZ8 within 0.3 eV of the experimental value 3.269
ev.’®

In contrast, the highest occupieg orbital is lower than the
analogousyg orbital in Si, and gives &4~ ground state in
Sip,6% and the same three functionals give EA’s within 0.23 eV
of the experimental value, with wave functions that do not suffer
from virtually any spin contamination effects for the neutral or
anion species, despite the mere 0.025 eV?2§" — A 2I1,
splitting in the anion. Hence, despite the fact that DFT can
predict EAs that are tolerable for both, @nd Sj, the DFT
results for Si appear to be more satisfying from a quantum
mechanical point of view.

G. SikH and Si;H™. There are three possible structures for
neutral SiH: linear (D.n), bent Cs), and H-bridged C,,)
structures. In 1996, at the CCSD/TZ2P(f,d) level, Ma, Allinger,
and Schaefé? predicted the lowest energy structure to®ge
(bridged) with a"x2B state for neutral $H.3° The A2A; state
was suggested to be just 0.07 eV higher tharfhestate. These
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B3LYP 1482
B3P86 1.482
BHLYP  1.473
BLYP 1491
BP86 1.494
LSDA 1492

Expt. (r;) 1.4741

Neutral
B3LYP 1485
B3P86 1.486
BHLYP 1.474
BLYP 1.495
BP86 1498
LSDA 1.499

Anion (unbound)

Figure 4. The molecular geometries for the 24 state of SiH and
the unbound XA; state of SiH™. Bond lengths are in angstroms. All
results were obtained with the DZPbasis set. Experimental results
are from ref 6.

B3LYP 2.283
B3P86 2.271
BHLYP 2249
BLYP 2318
BP86 2.310
LSDA 2283

Expt. (r,) 2.246

O

Neutral
2.102

2.093
2.135
2.125
2.098
2.127
2.1104

=&

Anion

Figure 5. The molecular geometries for the 34~ state of Si and
the X2, state of Si~. Bond lengths are in A. All results were obtained
with the DZP'* basis set. Experimental values for Si and Si~ are
from refs 65, 11, 12, and 15, respectively.

B3LYP
B3P86
BHLYP
BLYP
BP86
LSDA
Expt. (r,)

results were compared to the MRCI(D) results of Kalcher and
Sax’ which placed the’A; state 0.02 eV lower than th8;
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24, 2B,
794 829

79.0 826

794 823 1.677 1.698
797 835 1.674 1.694
79.1 830 1.663 1.685
78.4 1.691 1712

1.710
1.699

B3LYP 2.143
B3P86 2.130
BHLYP 2.124

BLYP
BP86
LSDA

2.166
2.152
2.123

Neutral

80.5
80.3
80.0
81.0
80.6
80.3

B3LYP 2.170
B3P86  2.160
BHLYP 2.144
BLYP 2.197
BPS6  2.187
LSDA 2.162
Anion

Figure 6. The molecular geometries for the?&; andA 2B, states of
Si,H and the X'A; state of SiH™. Bond lengths and bond angles are
in angstroms and degrees, respectively. All results were obtained with
the DZP'* basis set.

Our DFT results all show th#A; state to have a3° smaller
Si—H—Si angle~79° vs ~82° (See Figure 6). The three hybrid
functionals place théB; state as the ground state, by 0.008
(B3P86), 0.04 (B3LYP), and 0.12 (BHLYP) eV. While the pure
functionals have théA; state lower by 0.0007 (BLYP), 0.04
(BP86), and 0.13 (LSDA) eV. In this work, we report results
for both states. Our geometries for the neutss) state are in
general agreement with the QCISD(T)/6-31G* results of Neu-
mark23 Rsi_y = 1.690 A rsi_s; = 2.182 A, and SiH—-Si =
80.£4. The H-bridged anion has'a; ground staté”*°To ensure
that the H-bridged anion is the lowest energyHsi isomer,
we optimized linear SiSiH (!=*), which unlike neutral, linear
SiSiH, does not suffer from the Renner effect, and thus remains
a linear species. At the B3LYP level, without zero-point cor-
rection, we find linear SiSiHto be 8.9 kcal/moal (0.4 eV) higher
than the H-bridged anion. This is similar to results reported by
Kalcher and Sa&¥ of 7.3 kcal/mol using MRCI(D). Thus, both
the neutral and anion species oft$adopt H-bridged structures.

The B3LYP zero-point corrected adiabatic electron affinities
are 2.26 eV {B1—!A;) and 2.31 {A;~'A;) compared to the
experimental 2.3% 0.01 eV A;—!A,), given by photoelectron

state. Most recently, photoelectron spectroscopy experimentsspectroscopy? BP86 and BHLYP {A;—'A;) EA,eovalues are

by Neumark and co-workefs and their QCISD(T)/6-31G*
computations assigned thestate to be&A, with a 3 smaller
Si—H—Si angle than the &B; state, and an XA splitting of
only 0.01 eV by theory and 0.028 0.005 eV by experiment.

within &+ 0.1 eV of experiment. (See Table 3.) The EA (CCH),
which in contrast to SH involves linear neutral and anion
species, is larger than that fop8j the former being 2.97 e¥2.

H. Si;H, and SkbH,~. The dibridgedC,, or “butterfly”

It is clear that the two electronic states are essentially degenerateequilibrium geometry of disilyne, 8, (X 1A;), and its anion,



11238 J. Phys. Chem. A, Vol. 104, No. 47, 2000

T (H-5i-Si-H)
103.0 B3LYP 1.678
102.2 B3P86 1.673
102.5 BHLYP 1.665
103.6 BLYP 1.690
102.6 BP86 1.688

1014

LSDA 1.677

2192

2.248

2.237

2.211

2.2079

Neutral
T (H-Si-Si-H)

1153 B3LYP 1.684
1143 B3P$6 1.681
112.6 BHLYP 1.673
118.4 BLYP 1.694
116.5 BP86 1.694
LSDA 1.682

2.338
2314
2.404
2379
2.344

Anion

Figure 7. The molecular geometries for the 24, state of dibridged
Si;H, and the X?A; state of dibridged $H,~. Bond lengths and bond
angles are in angstroms and degrees, respectively. All results were
obtained with the DZP" basis set. Experimenta$ values are from

ref 82.

SibHo™ ()~( 2A,) are shown in Figure 7. These molecules are
good examples of silicon hydride molecules that show different
bonding characteristics from their carbon analogues: linear
acetylene, which has no formal EA. For the neutraHgithe

Cy, (dibridged) symmetry structure has been shown to be the
most stable fornd126.80.810ur hybrid DFT bond lengths for the
neutral species slightly underestimate the experim@&al-H
distance but find good agreement for the-Si distance. The
anion shows longer bond distances).13 A for Si-Si, and a
~13° larger H-Si—Si—H torsion angle.

The predicted electron affinities for &1, are small; our
values ranged from 0.06 to 0.93 eV for the gAThe B3LYP
level of theory gives 0.45 eV for EA, which may be
representative of the true electron affinity. The experimental
electron affinity is not known, as the anion £8}~) has never
been detected. Our prediction of a small, but positive EA for
Si;H» is in contrast to the conclusion of Kalcher and $SAwho
state that “dibridged disilyne...is devoid of any propensity to
bind an additional electron”. Kalcher and Sax provide no
theoretical computations to support this claim.

In 1992, Grev and Schaeférexamined four isomers of
neutral SiH,. Their work found three transition structures which
allow for intramolecular isomerization between the lowest
energy isomer (dibridged) and the higher lying isomers (mono-
bridged, disilavinylidene (silyidene), arttans-HSISiH). It is
clear from this study that neutral i, will adopt a dibridged
structure. Thus, the electron affinity for,8h discussed in the
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H

bN

1044 { Si
As

disilavinylidene anion (Cy,, 2By

AE=00
EAgero (H,Si,) =1.87eV

—Si
2210 s
08

X

T (HSiSiH) =415

H 095 Ny HSiSiH™ (C,, ’B)
1543\~ £
T AE=119
1352/ “~. 1266 H  monobridged SipHy (C,, A"
852 .
Si g L.527

AE=12.6

dibridged SiyH,™ (Cay, 2A5)

AE=243
EA,e (Si;Hp) = 0.45 eV

Figure 8. Four structural isomers of $i,~ . All results depicted are

at the B3LYP level. For optimized geometries of the dibridged structure,
see Figure 7. Relative energies are in kcal/mol and without ZPVE
correction. Bond distances are in angstroms and angles in degrees.

notably photoelectron spectroscopy, measure electron affinities
through detachment from the anion. Thus, we now briefly
discuss other isomers of B, in addition to the dibridged
structure shown in Figure 7.

In Figure 8, we show four isomers of 8l,~. With B3LYP,
we find that the disilavinylidene anion is 24.3 kcal/mol lower
than the dibridged structure, and thus represents the global
minimum for SpH,~. Detachment from the anion to neutral
disilavinylidene has an Ef = 1.86 eV or EA¢o= 1.87 eV.
This implies that, at the B3LYP level, neutral disilavinylidene
lies 10.8 kcal/mol above dibridged5i;, in good agreement
with the higher level 12.3 kcal/mol value reported by Grev and
Schaefef! Our EAzerofor disiavinylidene compares well to that
of Kalcher and Sa& who give a CEPA EA= 1.73 eV.

Thus, we have two electron affinities for,8b: EAzero =
0.45 eV, representing electron attachment to the dibridged
neutral, and Edero= 1.87 €V representing electron detachment
from the disilyinylidene anion. However, in examining the
dibridged SjH,~ anion, we encountered wave function sym-
metry breaking problems: the UHF solution has an imaginary
b, harmonic frequency of 4839i crh, with an IR intensity too
large to be determined by Gaussian 94. Density functional theory
is known to avoid artifactual symmetry breaking in many
instances, especially when the exchange functional does not
incorporate HartreeFock exchangé Thus, it is no surprise
that the magnitude of the;lmode changed from 4839i (UHF),
819i (BHLYP), 202i (B3LYP), to real values greater than 326
cm~1 for the remaining four functionals. Nonetheless, we suspect
the B3LYP energetics to be relatively unaffected by the
symmetry breaking and hence still recommend, &A= 0.45
eV for the dibridged neutral.

I. Si,Hz and SkH3™. In 1997, Gong, Guenzburger, and
Suitovitch?® explored five neutral $H3z isomers: two mono-
bridged isomers, HSIHSIH ( and HSiHSI (Cs); a dibridged
isomer; a tribridged isomer; ands8iSi (Cs). Their ab initio
molecular dynamics method found the monobridged HSIHSIH
(Cy) isomer to be the lowest energy isomer, just 0.04 eV below
the other monobridged isomer, 0.09 eV below the dibridged
isomer, and more than 0.39 eV below the remaining two
isomers. However, they did not examine the near-planar
H,SiSiH isomer (G). G2 results for this isomer show it to be

proceeding paragraph assumes an adiabatic electron attachmemtearly equivalent in energy to the silylsilylidynez$iSi (Cs)

to the neutral dibridged isomer, without further isomerization
of the newly formed anion. However, many experiments, most

isomer?® Kalcher and Sa%485report an EA of 2.20 eV using
CEPA computations between the near-planar neuts&i$iH
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Neutral

Si————Si
H

near-planar H,SiSiH (C}, 2A)

AE=00
EA e = 2.21 eV

H 1.496
1.489 j———Si
\\\7& 2390 Si
1076 H
silylsilylidyne (Cg, *A")
AE=0.02

EAyeo = 1.01 eV

1701 s &
/83.1 £ o1si
Si————Si

l'_/ 2257
H

102.8

monobridged SiyHs (Cy, 2A)
AE=4.06

Anion

H

planar H,SiSiH (C,, 'A")
AE=00

H 1515
\

Si—————gi
1517 \\_l 2349
N
v
100.1

silylsilylidyne anion (C;, A"
AE=12827

P Iy
/(83'5 s

L
j') 2333
033

monobridged Si,Hy™ (C, 'A)

AE=1195

Figure 9. Three structural isomers of eacht® and SiHs™. All results
depicted are at the B3LYP level. For optimized geometries of the near-
planar and planar #$iSiH/H;SiSiH™ isomers, see Figure 10. Relative
energies are in kcal/mol and without ZPVE correction. Bond distances
are in angstroms and angles in degrees.

report results for other isomers.

It is beyond the scope of this paper to perform a complete
investigation of all neutral and anion isomers. However, the

J. Phys. Chem. A, Vol. 104, No. 47, 20001239

Tyans (HSiSiH)
B3LYP -173.3
B3P86 -173.3
1.487 BHLYP -175.8
1.487 BLYP -171.5
1.475 BP86 -170.3
1.498 LSDA -168.2

1.490 2303 904
1.477 2286 910
1.501 2238 925
1.504 92.1
1.503 93.6
Neutral

1.503 B3LYP 2211
1.504 B3P86 2.198
1.491 BHLYP 2.192
1.514 BLYP 2233
1.518 BP86  2.221

052 @1 LSDA 2.191

105.0

1058 —

104.7

104.6

104.6 002
1.506 916
1.507 o1 1
1.493 29.0
1.519 879
1522 :
1.518

Anion
isomer and a corresponding near-planar anion. They did notFigure 10. The molecular geometries for the?X state of near-planar

Ts (HSiSiH)
28.2
29.4
24.0
37.6
379
43.8

1.523
1.522
1.509
1.533
1.535
1.529

1.541
1.541
1.527
1.554
1.557
1.552

Si;H3 and theX !A state of planar $Hs~. Bond lengths and bond angles
are in angstroms and degrees, respectively. All results were obtained

with the DZP"* basis set.

previous results just discussed would indicate that one of Neutral Anion
monobridged HSIHSIH @), near-planar BSISIH (C,), or - -
HsSiSi (C) is likely to be the neutral global minimum. In Figure .‘\\\HH ,&HH
9, we show neutral and anion results for these three isomers at \V.Si—Si"' < Si
the B3LYP level. The near-pland; isomer becomes planar H\\\H H‘\Hl

with the anion and more than 11 kcal/mol more stable than the » ) 5
other two anion isomers. For the neutral, as first noticed by disilene (Cap, 'Ag) disilene anion (C, “Ag)
Curtiss et al23 we find that the near-planar,8iSiH and HSiSi AE=00 AE=00
isomers are nearly equivalent in energy, the former being more 9y H 1510

stable by just 0.02 kcal/mol. Although our results at the present \“481613_9 LI
level of theory cannot definitively conclude which isomer is 1»491“‘.%@ 526 14514\\\\;19 23 A |5
the most stable, because of the strong preference for the anion /H}H 109.6 9.0\H' WA nso % H

to adopt a planar BiSiH™ structure we report only EA results
between the planar 43iSiH- isomer and the near-planar
H,SiSiH isomer with all levels of theory. At the B3LYP level
only, the EAeo between neutral and anion silylsilylidyne

(HsSiSi) isomers is 1.01 eV.

The near-planai@) structure of SiHs (X 2A) and the planar
Si;Hz~ (X !A") structures are shown in Figure 10. The most
accurate adiabatic electron affinity is likely to come from the
B3LYP level of theory, which gives Ef, of 2.21 eV (See
Table 3). Note that g¢H3 also has &s, H,CCH structure for
both the neutral and anion, but has a much smalleFEA667

eV 86

J. SiH4 and SkH4~. From two possibleCs (silylsilylene)
and Cp, (disilene) isomers, previous theoretical w&rk!84
determined the lowest energy structure of neutraH$io be
the Con isomer. Ernst, Sax, and Kalclépredicted silysilylene

107.8 1014

silylsilylene (C,, 'A")
AE=6.5
EA,.,=171eV

zero

silylsilylene anion (C,, 2A")
AE=-29

Figure 11. Two structural isomers of each,Biy and SiH,~. All results
depicted are at the B3LYP level. For optimized geometries of the
disilene isomers see Figure 12. Relative energies are in kcal/mol and
without ZPVE correction. Bond distances are in angstroms and angles

in degrees.

with our B3LYP results which show that disilene is 6.5 kcal/
mol more stable. In the anion, we find that the silylsilylene
structure (HSISiH-, Cg, 2A") is slightly lower in energy than

the disilene structure (@$iSiH,™), specifically, 2.9 and 1.7 kcal/

mol with B3LYP and BP86, respectively (See Figure 11).
However, because of the strong preference for the neutral species
to adopt the disilene structure, we consider only the EA of
to lie 9.1 kcal/mol above disilene with a 19.8 kcal/mol barrier disilene at all levels of theory in this present work. Our
for disilene to silysilylene isomerization. This is in agreement optimized disilene structures,8is (X 1Ag) and SiHs~ (X 2Ag)
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L.481 B3LYP 109.7
B3LYP 1185 1.480 B3P86 110.0 1140 1.488
B3P86  119.1 1.468 BHLYP 109.9 : 1.488
BHLYP 120.0 1.493 BLYP 1094 114.2 1.477
BLYP 117.4 1.495 BP86  109.8 114.0
BP86 1179 1.492 LSDA 110.1 .
LSDA 1186
1.487
1.486
1121 1.476
1156 1.497
11356 1.499
1109 1.497
1117
113.0
113.0
B3LYP 953
B3P86 949 04.1 1514
BHLYP 96.0 035 1.514
BLYP 948 : 1.502
BP86
LSDA
99.5
99.5 1.538
100.0 1.537
992 1.525
09.1 1.550 -
99.2 1.552
1.547
Anion 2342 1.498 102.7
Figure 12. The molecular geometries for the'%, state of SiHs and 1 o2t
the X 2Aq state of SiH,~. Bond lengths and bond angles are in 1518 101.6
angstroms and degrees, respectively. All results were obtained with .
the DZP* basis set. Anion

N . . . Figure 13. The molecular geometries for the2&' state of SiHs and
are shown in Figure 12. The neutral and anion geometries differ e % 1A' state of SiHs-. Bond lengths and bond angles are in

significantly. In the anion, the SiSi bond lengthens by0.16 angstroms and degrees, respectively. All results were obtained with
A and the Si-Si—H angle decreases from about 118 105, the DZP* basis set.

The SpH,~ anion appears to be two Silinits loosely bound
(Si—Si~ 2.33 A) by a single electron between two overlapping  The best adiabatic electron affinity is expected to be 1.85

is oriented perpendicular to the molecular plane). On the other gy vp) to 2.50 eV (LSDA) for EAere and 0.96 to 1.84 eV
hand, neutral $Hy4 is bound by the overlap of two filled (in- ¢, EAver and 2.22 to 3.16 eV for the VDE.

plane) a orbitals from each Sikunit leaving SiH4 nearly ) o o L
planar (Si-Si~ 2.17 A). For SiH., our optimized geometries L L. SizHe gnd SeHg™. The D?d §ymmetry d|§|lane, 2Hs (X ,
agree with Curtiss et al2& MP2/6-31G* results, which give ~ “A1g) and SiHe™ (X ?Az) optimized geometries are shown in
Si—Si = 2.164 A. Figure 14. All of our gradient functionals overestimate the
In contrast to SH., ethylene ha,, symmetry. Whereas  €xperimental bond distance extracted from Shotten, Lee, and
planar ethylene has no electron affinffySi,Hs has a rather ~ Jones’s Raman spectroscopy restlfBhe Si-Si bond distances
large electron affinity, specifically, EA = 1.28 eV at the with the BHLYP and B3P86 level of theory are only 0.005 A
B3LYP level of theory (see Table 3). This is similar to the longer than experiment, 2.327 A. Our DFT average bond angle
B3LYP EAyq4for a single SiH unit, 1.17 eV. The EAqvalues of equatorial THSiIH was 108.6 compared to the experimental
for SiHs ranged from 1.13 to 1.68 eV, 0.28 to 1.08 eV for 107.8. Our results are close to previous UCCSD(T)/aug-cc-
EAver, and 1.59 to 2.37 eV for VDE, which agree well with  pVQZ results®* which giversi-si = 2.346 A rgiy = 1.484 A,
previous CEPA predictior®.There are no experimental electron and H-Si—H = 108.7. The anion displays a similar geometry
affinities available for SHa. We predict the SHq (disilene)  with a Si-Si distance which is about 0.07 A longer. It is

electron affinity to be 1.34 eV, using our B3LYP Eresult. interesting to note that previous UHF/DZPD restiishow that
The EAero between neutral and anion silylsilylene s$iSiH) Dsy SibHs~ has two doubly degenerate imaginary frequencies
isomers is 1.71 eV. and a long SiSi bond of 3.423 A. In contrast, all our DFT

K. SioHs and SkbHs™. The Cs symmetric optimized geom-
etries of the disilyl radical, $Hs (X 2A") and SjHs~ (X 'A")
anion are shown in Figure 13. There are no experimental results
for the geometries of SHS or SizHS* or for the electron aff|n|ty Our predicted adiabatic electron aff|n|ty for disilane-i8.61
of SibHs. Our neutral SHs DFT results match well with a eV (B3LYP), and unbound with each functional (see Table 3).
previous optimizatiof? at the MP2/6-31G* level, which gives ~As one might expect, there are no experimental electron
rsi-si = 2.326 A. Note that SHs adopts the sam@; conforma- affinities available, as is the case fosHg, and the only relevant
tion as GHs 88 theoretical results are the B4, as with SiH.

results for theDsy anion show it to be a minimum with a much
more reasonable SiSi length of about 2.4 A.
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B3LYP 2343 It is also comforting to see that all of B3LYP, BLYP, BP86,
E;‘}?SP 5335 and BHLYP methods have absolute average errors of less than
BLYP 2357 0.2 eV, despite low-lying excited states encountered in some
BPSG 2341 e silicon hydride systems (i.e., Siand SiH). It is not necessarily
Expt. (r,) 3327 +1.0.008 1475 surprising that BHLYP predicts the best geometries but not the
ivig‘; best electron affinities. The BHLYP functional has significant
1.495 Hartree-Fock exchange which increases the method error in
1.482 energy predictions, while on the other hand offsetting the density
functional tendency to overestimate bond-lengths (as noted in
the preceding paragraph).
Comparing the geometries and electron affinities of the silicon
hydride systems to corresponding carbon analogues, shows
igg-g important differences. For examplezH; and SiH,4 have very
108.6 different bonding characteristics and show different electron
107.8 +- 0.9 affinities. The GH4 hasD,, symmetry whereas @i, hasCo,
Neutral symmetry, and SH; has an electron affinity of 1.34 eV
(B3LYP) whereas ethylene has no electron affinity. Furthermore,
gg{;gg’ ;;‘gg one can see that Sand G have a rather large electron affinity
BHLYP 2371 difference, about one eV. Some analogues are similar in nature
ggg’ gﬁg ijg% in terms of geometry and/or electron affinities: Si vs C, SiH
’ 1478 vs CH, SiH, vs CH,, SiHs5 vs GHs SioHg vs GHg. We hope
502 that these theoretical predictions will provide motivation for the
e experimental study of the lesser characterized silicon hydride
systems, especially in instances such a$iSi, SiHz~, and
SibH4~ where the anion potential energy surface does not mirror
that of the corresponding neutral species. It seems clear that
DFT methods would also be useful in predictions of the electron
108.7 affinities of the larger silicon hydrides, beginning with thet&i
107.5 series.
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with the DZP't basis set. Experimentad values are from ref 17, but

ro(Si—H) is an assumed value. Appendix

After submission of this manuscript, electron affinity com-
putations of SiHy molecules were published by M. T. Swihart

On the basis of the known experimental geometries (SiH, [J. Phys. Chem200Q 104, 6083]. Although Swihart focuses
SiH", SiH,, SiHs, SiHs, Sk, Sk™, SkHa, SizHe) of these systems,  on larger SixHy compounds, he presents briefly B3LYP/6-
we conclude that the DZP BHLYP level of theory predicts 311+G(3df,2p)//B3LYP/6-31G(d) results for Si, SiH, SiH
the best geometries, as is the case for other inorganic SiH; Si,, SiH, SiH, (both HSiSiH and HSIiSiH,) and SiHs
species!39-43 The average bond distance error with BHLYP  which are within 0.1 eV of our computed B3LYP/DZP
were less than 0.01 A, compared to all experimental values. Inresults. Comparison of geometries are not possible because
general, the hybrid functionals gave better results than the purestructures are not given by Swihart; however, Swihart notes
functionals; pure functionals often overestimated bond lengths, geometric changes between the neutral and anion species of
by as much as 0.02 A in some cases. H,SiSiH, and HSiSiH, which are nearly identical to our results.

For electron affinities, the average absolute error ARA'S Swihart does not provide EAs for $1, or SiHs, or any EAer
exptl) with each functional in order is B3LYP (0.06 e\ or VDE energies. Swihart does not specify which state gl Si
BLYP (0.12 eV) < BP86 (0.15 eV)< BHLYP (0.19 eV) < was used for his $H EA. Swihart's paper complements this
B3P86 (0.57 eV)< LSDA (0.63 eV). The average maximum  present work by investigating electron affinities of larger silicon

error for each functional in order is B3LYP (0.15 e¥)BLYP hydrides, and we encourage interested readers to consults both
(0.23 eV) < BP86 (0.25 eV)< BHLYP (0.42 eV) < B3P86 papers.
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