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The astrophysical importance of the SiH radical has motivated significant experimental and
theoretical work. However, only thé¢2I1 andA 2A states of SiH have been extensively investigated
experimentally, while the study of higher excited states is rather limited. From a theoretical point of
view, most of the studies have been focused on spectroscopic and thermochemical quantities of the
ground state. The lack of accurate spectroscopic parameterdd,we,wXe,@e,De,Te)
pertaining to higher excited states was the driving force of the present work, in line with our
previous study of the isovalent CH molecil&. Kalemos, A. Mavridis, and A. Metropoulos, J.
Chem. Phys.111, 9536 (1999]. Using the multireference configuration interaction approach
coupled with very large correlation-consistent basis sets, we have constructed potential energy
curves for 18 molecular states correlating to’8i(D,*S,%S,3P,P) +H(%S). At the same level,

the potential energy curve of the ground Sildtate X 13 *) has also been constructed. We report
total energies, dissociation energies, and the usual spectroscopic constaigsfbfH and for all

states studied. Most of our results are in excellent agreement with existing experimental values. In
particular, we believe that our dissociation energy forXh&tate,D .= 73.28 kcal/mol, is the most
reliable reported so far in the literature. @002 American Institute of Physics.

[DOI: 10.1063/1.1461817

I. INTRODUCTION various molecular constant$?®®"7278.7984 transition
_ _ , _ moments? ionization potentials>®°#and dissociation en-
The SiH radical Xvas first observed by optical SpeCtrOS'ergies and enthalpies of formatight®6468:808L83rg oy
copy in the 1930&_ Itis the simplest of the four silicon  n6\iedge, only a limited number of experimental papers
hydrides and its role in the chemistry of these hydrides agjea) with the higher excited states, but the extracted param-
well as in the process of chemical vapor depositioh'D) of  g(ers yseful to the present theoretical work are very few,

hydrogenate(_j34 amorphous silicon thin films is  well jiniteq mostly to term values. These papers include the work
documented>* References 31 and 33 list many papers, UPof Verma® Herzberget al,® Bollmark et al,%2 and Johnson

to 1991 and 1995, respectively, pertaining to various aspectgq Hudgen&? The latter authors have located a state at

of silicon hydride chemistry. SiH is also of astrophysical 45700+ 10 e ® and identified it as either AT or a?2st

importance because of its presence in stellar atmospheres agde Based on our present wdgkde infra) it is the F 21T

Its S“Sﬁf’scfed but not yet proven, presence in interstellafiaie |t is noteworthy that there is no experimental value for
the dipole moment of SiH and that the values of its dissocia-

clouds:
SiH has been studied by optical, infrared, and far-jon energy vary significantly. A list of papers on the SiH and

infrared spectroscopy, by radio frequency transitions, and by spectroscopy up to 1998 and a brief summary of each
mass spectroscopy. It is usually produced from the silang,,y is given by Ranet al®

(SiH,) molecule by flash photolysis, laser-induced photoly-  the first theoretical treatment of SiH appeared in the
sis, rf discharge, or by reaction with fluorine atoms. Becausiarature in 1966 and reported its energy of formation and
of its importance, the assignments of spectral lines and thg,o axcitation energies of the ground- and the low-lying ex-
determination of accurate spectroscopic and thermochemicglieq states using a semiempirical metfibab initio calcu-

quantities comprise a large body of experimeH@!' and  |41ions soon followed, first at the SCF level and then at levels

: 5-131 H H
theoretical 2W0rk on S|H2and Sib. _ of accuracy beyond SCF. Table | shows results of such cal-
Only theX “IT and theA “A states of SiH and SID have jations relevant to the present work along with the corre-

been extensively investigated experimentally. Work on thesg,qnding latest experimental values. Often, work on SiH was
two states includes ;hegg%%gr?mat!or?Md_ou_bhng ransi-  part of a larger investigation on silicon hydrides. Oikawa
tion frequencies foX *IT, %% radiative lifetimes and os- ¢ al1®investigated the mechanism of formation of SiH dur-

H 2 2 43,45,47,61,64,74
cillator strengths of theA"A—X"II system, ing plasma CVD. Allen and Schaetédid an extensive in-

vestigation of the ground-state properties of the silicon hy-
dElectronic mail: mavridis@chem.uoa.gr drides and gave extensive references to related experimental
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TABLE |. Previous theoretical estimates of total energigartred, dissociation energieB(kcal/mol), bond distances,(A), harmonic frequencies

we(cm™ 1), anharmonic correctionex.(cm 1), rotational—vibrational coupling constants(cm ), centrifugal distortionsﬁe(cm’l), dipole moments
w(D), and energy separatioffg(kcal/mol) along with recent experimental values of the SiH molecule and in different states.

-E D, le We WeXe e Do(10%) o Te Ref./year
(XI)
76.33 86/1966
289.436 2 51.43 1.521 87/1967
289.3234 1.561 2200 90/197%
289.540 770 71.26 1.526 2034.7 36.0 0.216 0.141 96975
289.505 20 65.72 1.552 1965.9 37.2 0.2151 3.9 104£1982
289.5180 70.11 1.544 2015 39.0 0.208 0.124 105a/1983
289.513 87 72.60 1.51521 1949 107/1988
65.93 2181.24 108/1983
1.520 2044 0.160 110/1986
1.523 2022 0.118 110/1986
289.528 786 1.52142 2062 38.5 0.21755 0.077 1114986
289.541 256 72.09 1.520 2057.8 37.8 0.218 0.123 113/1987
289.533 59 1.541 1996.4 28.94 0.080 114/1987
1.5201 0.1218 122/1992
289.554 544 73.20 1.52142 123/1992
289.546 30 70.61 1.5259 124/1998
289.529 03 1.5108 125a/1993
289.552 25 72.90 1.5236 2036.2 35.8 0.2147 126/1993
1.533 2050 127/1994
289.524 369 15201 0.091 128/1896
289.556 8 73.61 1.521 131/1999
1.503 0.140 132/1999
D°<70.57 1.520 1 2041.80 35.51 0.2190 3.97 67/1979
72.35-73.46 1.519 68) 2042.52208) 36.05525)  0.218142)  4.055645) 78/1986
(a*x")
61.57 86/196®
289.285 7 1.522 2255 23.98 90/1871
289.447 68 29.70 1.522 1982.5 60.6 0.2858 4.3 36.09 10491982
33.90 1.511 2030 65.0 0.313 0.030 36.44 105a/1983
1.5201 0.1383 122/1992
289.472 80 15108 35.28 125a/1998
1.501 2086 38.97 127/1994
14.30 66/1979
(A?A)
289.209 6 1.554 1955 71.49 90/1871
20.06 1.546 1797 91.0 0.420 0.118 71.26 105a/1983
289.426 924 1.517 1884.4 68.4 0.242 71.72 113/1987
15201 0.1451 122/1992
289.41511 1.5108 71.49 125a/1998
1.523 4, 1858.90 99.17 0.3445 5.24 69.48 67/1979
20.58-21.69  1.519 781Bl) 0.215 11915) 69.35 84/1998
(B?x7)
70.71 86/1966
289.2011 76.75 90/1971
75.64 105a/1983
289.408 49 1.5108 75.64 125a/1998
73.31-76.24  53/1960
(c2xh)
100.78 86/1966
289.1780 1.585 1710 91.09 90/1971
1.553 155650 0.171 89.71 105a/1983
15201 0.1141 122/1992
289.383 14 1.5108 91.55 125a/1998
1st min 3.8 91.01 67/1979
2nd min 1.6} 91.04 67/1979
(D2%) 104.70 105a/1983
(E22H) 114.61 105a/1983
(c*27)
1.970 1245 22.0 0.094 150.13 105a/1983
1315 66/1979
(F211)
289.048 9 1.571 1944 172.27 90/1971
132.14 105a/1983
133.52 82/198%
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TABLE I. (Continued)

-E D, le We WeXe Qg D(10% m Te Ref./year
(G2 130.06 105a/1943
(H 2A) 139.52 105a/1983
1.48 141.59 67/1979
(1 211) 140.44 105a/1943
(3 21) ~148.74° 105a/1983
() 149.44 105a/1983
1.51% 3.92 152.66 67/1979
(e *1T) 163.73 105a/1943

aSemiempirical calculations at=1.48 A.

PSCF with a large basis set of STFssp1d/3s1p), and extensive optimization of the orbital exponents; the total energy reported has been calculated at the
experimental .. An “experimental” energy value of-290.549 hartree is also reported.

°SCF/CISD[ 6s3p/1s] basis; reported energies afigs atr=2.87 bohr.

dCEPA[13s10p2d1f/6s2pld,] basis set; the reportaq value is estimated to be reduced by 0.004 A when core—valence correlation effects are taken into
account.

*MCSCF+ 1+ 2,[4s3p1d/3slp] basis set.

fFull-ClI estimate of the MRD-CI results using two different basis géts5p4d1f/3s1pld], and[ 7s5p2d1f/3s1pld] for the description of Rydberg and
valence states, respectivell,’s are vertical excitations from the ground state at the equilibrium geometry o the state; dipole moments are also
calculated at this internuclear separation.

IMP4/6-31+ G(2d f,p)//HF/6-31G() results; the , was not optimized to five significant figures but is given to this precision for reasons of reproducibility.
"MP4/6-31G* //HF/6-31G results, coupled with empirical correction factors to account for systematic deficiencies due to basis set truncation.
ISCF+1+2 (=CISD) using large STO basis setssgp3d2 f/4s3p2d).

ICoupled pair functionalCPP calculations, basis set the same as in i.

kCISD/[ 6s5p2d/4s2p].

'CASSCF+ contracted Cl/8s6p4d2 f/7s4pld].

MCl4(SDQ)[ 6s5p2d/4s2p].

"Valence—shell Hamiltonian method based on quasidegenerate MBBIp2d/3s1pld] basis set. All calculations at the of the X-state.
°CCSOT)/[6s5p3d2 f1g/4s3p2d1f]//CISD/ 6s5p2d/4s2p].

PG1/IMP2/6-31G().

IMRCI/TZP; reportedT,'s are vertical excitation energies calculated at2.855 bohr.

'CASSCF+1+2/cc-pV5Z.

SMRCI+ Q//MCSF results using pseudopotential on Si.

'CISDT"/POL1; [7s5p2d/3s2p] basis at the experimental=1.5201 A from Ref. 67.

YUGA-CCSD(T)/aug-cc-pV6Z results for the total energy angd, while the D, value takes into account the CBS limit. Corrections for core—valence
correlation effects, scalar relativistic, and spin—orbit effects gi, aalue of 73.3 kcal/mol.

YMulti-reference CC approadi¥s5p2d/3s2p].

“Experimental results.

*Experimental results from analysis of the infrared emission spectrum &f$lild radical;D, value from Ref. 113.

YShock-tube determination of absorption cross sections.

ZFourier transform emission spectroscopy on A&\ — X ?I1 transitions of SiH:T, (=24 257.1271) cm™ %) from Ref. 65.

Experimental value from absorption spectroscopy.

PPExperimental value from resonance-enhanced multiphoton ionization spectroscopy.

““Approximately obtained from Fig. 4 of Ref. 105a.

. . . . TABLE |I. Total energiesE(hartree of the P(3s?3p?), 'D(3s?3p?),
and theoretical work. Kalch&f did extensive comparisons 15(3573p), 55(3s13p%), IP(3s23plasl), 1P(3s°3plasl). 3D (3s13pY).

betweerab initio and pseudopotential cal_cullations at variogsandaD(3523p14p1) Si states and corresponding energy gABs(eV) with
levels of accuracy for the neutral and anionic species of, SiHrespect to the ground state at the MRCI level of theory. Experimental values
(n=1,2,3), trying to judge the validity of pseudopotentials in parentheses.

for calculations on larger silicon hydride clusters. Greeff and

. . State —EP AES

Lestet?® have done a Monte CarlC) calculation on SiH
as a means of estimating the advisability of MC calculations ~ *P(35°3p%)° 288.940 143 0@.0
on larger silicqn hydride molecules where huge basis sets 12((3?;;52)) ;gg:g%ggg g:;{:’({g:;gg
would be required _for accuracy comparable to MC. Other 55(3s13p%) 288.795 048 3.948.113
papers deal exclusively with the ground- and the low-lying 3p(3s23plast) 288.757 063 4.982.923
excited states of SiH. Meyer and Rositfi used large ba- 1p(3s?3pl4st) 288.751 215 5.145.064
sis sets with the pseudonatural orbitals-configuration interac-  -D(3s'3p®) 288.735 503 5.568.599

3D(3s?3pt4p?) 288.720 387 5.986.953

tion (PNO-C) and coupled electron pair approximation

(CEPA) methods to calculate energies, ionization potentialSithe SCF energy of théP state is—288.854 348 as compared to the
and spectroscopic constants of the ground state. Richards amgimerical HF value of-288.854 3624, Ref. 138.
co-workerd”102.103 -5 cylated theA-doubling in the lowest PThe active space of the CASSCF wave functions includes 13 orbitals re-

. 2 - . 4 lated to the 3, 3p, 3d, 4s, and 4 atomic orbitals. Spherical symmetry
rotational level of thex ’IT. Mavridis and Harrisot?* have was induced by performing state-average CASSCF calculations.

doneab initio calculations on theX H anda®X" states. °Experimental values, averaged oW , are taken from the Atomic Spectra
Petterson and Langhdtf calculated dipole moments of the Database of NIST, Ref. 140. 1 hartre87.2114 eV.
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TABLE IlI. Total energiesE(hartree), dissociation energi@, (kcal/mol), bond distances, (A), dipole
momentsu(D), and energy separatioiig(kcal/mol) of all bound calculated states of the SiH system. Existing
experimental results are also included.

State Method -E De re o Te
X2 SCF 289.437 788 52.25 15127 0.269 0.0
CASSCF 289.533 299 65.63 1.5196 0.150 0.0
MRCI 289.557 373 73.55 1.5223 0.124 0.0
MRCI+Q 289.5577 73.73 1.5227 0.0
CCsOT) 289.556 482 73.57 15221 0.0
Expt. 72.35-73.46 1.519 66° 0.0
a*s~ SCF 289.406 304 32.49 1.4653 —0.144 19.76
CASSCF 289.476 683 29.69 1.500 6 —0.022 35.53
MRCI 289.495 594 34.73 1.497 4 —0.027 38.77
MRCI+Q 289.4957 34.79 1.4974 38.90
CCSOT) 289.494 509 34.68 1.4953 38.89
Exptd 14.30
AA CASSCF 289.418 798 15.86 15351 0.110 71.85
MRCI 289.447 424 22.28 1.5240 0.098 68.99
MRCI+Q 289.4479 22.45 1.5237 68.91
Expt. 20.58-21.69 1.5197 816, 69.39
B23~ MRCI 289.440 547 0.19 3.440 0.093 73.31
MRCI+Q 289.4406 0.20 3.426 73.49
Expt? 73.31-76.24
Local minimum
MRCI 289.439778 1.7154 0.621
MRCI+Q 289.4400 1.7128
C23* MRCI 289.416 551 2.89 1.5338 0.178 88.37
MRCI+Q 289.4171 3.17 1.5328 88.26
Expt!
Local minimum
MRCI 289.414 926 2.40 —1.245
MRCI+Q 289.4153 2.38
Expt!
D25* MRCI 289.402 681 20.29 1.7923 —0.279 97.07
MRCI+Q 289.403 6 20.94 1.7943 96.73
E?S* MRCI 289.374571 73.67 1.5374 -0.975 114.71
MRCI+Q 289.3757 74.30 1.5346 114.22
Local minimum
MRCI 289.303 480 3.1824 —9.552
MRCI+Q 289.304 9 3.1949
c*S~ CASSCF 289.325673 22.60 1.9802 —0.031 130.29
MRCI 289.343 814 30.60 1.9453 0.049 134.01
MRCI+Q 289.3441 30.74 1.9428 134.08
Expt¢ 131.5
F 211 MRCI ~289.3412 ~1.43 —0.363 ~135
MRCI+Q ~289.342 ~1.43
Expt! 133.52
G2 MRCI 289.279 506 17.66 2.5387 —2.009
MRCI+Q 289.2809 18.38 2.5340
H2A MRCI ~289.3228 ~54.8 ~1.56 0.331 ~147.2
MRCI+Q ~289.382 ~81.6 ~1.56 ~110
ExptX 141.59
1211 MRCI 289.310 652 33.63 3.175 —9.543 154.82
MRCI+Q 289.3116 34.15 3.17 154.43
el CASSCF 289.277 442 19.67 1.5157 —2.301 160.55
MRCI 289.300 964 27.53 1.5081 —2.316 160.90
MRCI+Q 289.3013 27.68 1.5082 160.9
f4A MRCI 289.263 953 17.86 1.5497 —2.149 181.12
MRCI+Q 289.264 6 7.86 1.5545 183.9
J21 MRCI ~289.2577 ~4.06 ~2.33 ~188
g‘s* MRCI 289.259 725 1.60 1.5483 —1.847 186.78
MRCI+Q 289.260 2 1.78 1.551 186.7

a8+ Q, refers to the multireference Davidson correction.

bReference 113.
‘Reference 84.
YReference 66.

fReference 113; see also the text.

'Reference 84.
9Reference 65.
"Reference 53.
iSee the text.

IReference 82.
KReference 67.
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TABLE V. Harmonic frequencies,, anharmonicitesx., rotational vi- -0.12 - o
. . . . L= g X'E’ of SiH Si'CP)+H(S)
brational couplingsa,, and centrifugal distortion®, in cm * of the -
285i—12H system in different states at the MRCI level. 016 |
State We WeXe Qe 5 x 10* 020 |- s aly 3,3
e Si(3s'3p’; ‘D) Si(3sz3pl4pl; SD)
ZBSi_lH B
X 211 2043.15 35.09 0.213 4.01 0241 Si(PH(S)
Expt?2 2042.52 36.06 0.218 4.06 [
a’s- 2059.16 61.07 0.287 4.44 = OBy
AZA 1853.15 78.39 0.375 5.39 g N R SICSCS)
Expt® 1858.90 99.17 0.344 5.24 3 03
B23,° 81.74 35
Ccx4° 285.12 5 D Si('S)+H(S)
D2 2147.31 402.51 i)
25 +
E 2|+° 647.85 20.40 0.021 0.506 SICD)HES)
E25g° 2410.86 70.76 0.257 2.59
¢4y 1253.63 15.60 0.042 2.47
1210 599.33 —-0.815 —0.007 0.48 SiCPH+H(S)
eIl 1925.53 61.61 0.349 4.89
f4A 1661.86 65.66 0.319 4.37
gt 1639.63 32.94 0.217 3.92
?85i-?H
X211 1470.75 18.54 0.080 1.07 056 . . .
b <0
Expt! 1469.32 18.23 0.078 1.054 5 n p s 10 1 "
a*s” 1480.17 30.65 0.107 1.17
A2A 1333.66 40.79 0.137 1.33 R y(bohr)
Expt® 1328.08 48.11 0.132 1.379
B2y ¢ 60.59 FIG. 1. Potential energy curves of all calculated states of SiH an¥ "
I zE%c 229 71 state of SiH at the MRCI level of theory. All energies have been shifted by
D25t 1570 38 25334 +289.00 hartree.
E?3° 456.33 3.18 0.011 0.125
EZ e 1725.99 27.66 0.101 0.699 o
] accuracy, values for the ionization enefgy%81151%3he
c’s 902.85 9.09 0.015 0.66 s 105.114 124 » i
1200 435.33 215 0.002 0.14 electron affinity?819°114124he transition probabilities and
eIl 1384.93 31.79 0.123 1.29 f-factors (A 2A «— X 2IT),%2190113the A-doubling?”1021%the
e 1210.50 44.81 0.154 1.42 spin—orbit constantfor X 2I1),2°211° and the enthalpy of
gz 1219.23 45.62 0.153 1.39 formation107-108.116-118,120,121,123. 1% tice that not all states
aReference 78. have b_een idgntified_in the literature and there is a confusion
PReference 67. regarding their labeling.
“g"and *I" refer to global and local minima; see the text. The aim of the present work is to construct with the

highest accuracy presently possible the potential energy

X 211 state using a large Slater-type orbité&TO) basis set cyrves(PEQ fo_r all molecular states arising from thg lowest
with a singlereference CISD. Larss6hused a complete ac- six states of Si plus the ground state of H. !n particular, we
tive space self-consistent fieldCASSCH-contracted CI have gen%rat(—id CLirvess foar all stzatels erlnaqatlnngrOt;ﬁSrgﬂ
method and calculated the potential curves of Xl and 1 and the’P, °D, 7S, S, "P(3s"3p~4s), “P(3s3p74s’)

AZA states, transition moments, and dipole moments aStates of the Si atqgm. TWlO more state$Aaand &'A, origi-
functions of internuclear separation, as well as useful spec?@ting from the SFD(3s"3p”) have also been computed.
troscopic parameters. Winter and Miff8explained in terms ~ ©Overall, 18 PECs have been constructed spanning an energy
of hybridization the differences in thé2IT—a S~ gaps be- range pf about 8 eV, at the same accuracy, we ?Isi) report the
tween the states of SiH and CH. Calculations on higher exPotential energy curve of the StHground stateX'X". For
cited states of SiH were first done by Wirs&who studied all §t_at9s stu_dled we report absolute and binding energies,
six states by a low-accuracy calculation employing a limiteg€duilibrium distances, dipole moments, and usual spectro-
Cl and a double-zeta basis but without polarization func-SCOPIC parameters.

tions. Lewerenzt al,'% were the first to do extensive cal-

culations on SiH at an acceptable accuracy including man)U' METHODS AND COMPUTATIONAL DETAILS

excited states. They used DZP-type basis sets with the mul- The one electron correlation-consistent basis set of Dun-
tireference double configuration interacti@édRDCI) pack-  ning and co-workers? was used throughout the present
age and a selection threshold resulting in about 10 000 spirwork. In particular, for the Si atom the aug-cc-pV6Z basis set
adapted functions. They computed the potential energyas employed, while for the H atom the plain cc-pV5Z. The
curves for all valence- and many Rydberg states, as well afinal one electron generally contracted orbital space,
dipole moments, electronic transition moments, spin—orbif9s8p6d5f4g3h2i/55s4p3d2 f1g/y], contains 248
coupling parameters, and other spectroscopic and thermapherical Gaussian functions.

chemical properties. They also did a charge distribution  Our goal to construct accurate potential energy curves
analysis. Other workers have computed, at various degrees fir all states examined dictated a multireference approach.
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-0.36 |
Si(‘S)+H(S)
-0.440 | s . 038 |
SiC’P, M=0)}+H(’S)
0.40 |-
Si(D)+H(S)
A i 1 A 1 1 -0.42 1 N I
2 4 6 8 10 12 14 12 14
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FIG. 2. Potential energy curve of ti&e?3,~ state of SiH at the MRCI level FIG. 3. Potential energy curves of tiie, D-, E-, andG 23" states of SiH
of theory. at the MRCI level of theory.

Our zero-order function, namely a complete active spac
SCF (=CASSCH, correlates at infinity to (8+3p,. . Til. ATOMIC STATES
+3d, . st4s+4p, ) st (1s)y=14 atomic functions, pro-

viding a common orbital space for both valence- and Ryd'energies of the Si atom for all states involved in the forma-

t_Jerg mlolecular states. Bz dli;rrlbug_nglthefﬁvr? vaIgnt{at- tion of SiH either explicitly or implicitly. With the exception
tive) electrons among the orbitals of the active spaceps yhq5g state, the agreement between the experimental and

configuration funct|0.n.$CF) of [A|=07, 1, aqd 2 symmetry theoretical energy levels is excellent. The theoretical level of
are generated. Additional valence correlation was obtaine e 5S state is lower than the experimental one by

by single and double excitations out of the CASSCF spacg 165 eV(=1331 cn 1). This is attributed to the spin di
: ; . . = . pin differ-
(CASSCH 1+2=MRCI), using at the same time the inter- ence between thdP and °S states, which produces unbal-

nal lfong%c;czlon(ﬁ) ;czhﬁme (;ishlmfplement_ed G;rlzm_ml‘PRo anced correlation effects. It is noteworthy that thé Sstate
package.™ For the and the first excite States s not listed in the 1971 Moore tablé¥,

the coupled-cluster CCSD) method was also used for com-
parison purposes.
For excited states ofS ™ and ?II symmetry and for
purely technical reasons, the state avet¥gmethodology
was followed. The large size of the one-electron basis sdi. RESULTS AND DISCUSSION
precludes significant basis-set superposition er(BSSB.
Indeed, the BSSE error of the ground SXHII state, calcu- Total energiesE), binding energies ), equilibrium
lated by the usual counterpoise technidtfdoes not exceed bond distancesr¢), dipole momentgu), and energy sepa-
10 cm %(=0.03 kcal/mol). Also, size nonextensivity errors rations (T) with respect to the ground SiH state are pre-
are practically negligible due to the small number of activesented in Table Il at different levels of_theory. Table IV lists
electrons. spectroscopic constantsw{,wXe,a.,D¢) Of the isoto-
Spectroscopic constants for the isotopom&Si—12H pomers 28Si—1?H for all bound states. Potential energy
were extracted by obtaining rovibrational energy levelscurves for all computed states of SiH and the ground state of
through a numerical Numerov solution of the nuclear SehroSiH™ are shown in Fig. 1.
dinger equation, and then by a least-squares fit to the expan- In what follows we analyze the important characteristics
sion E(U,J)ZEMYH(U-F%)k[\](\]+ 1)]', whereY,, repre- of every state, contrasting them at the same time with the
sent the unknown spectroscopic constafits. corresponding states of the CH molectigisovalent to SiH.

Table 1l lists the MRCI absolute and relativéo 3P)
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TABLE V. D(kcal/mol),r(A), and T.(kcal/mol) values of SiH contrasted to the corresponding values of the

CH system at the MRCI level of theory.

CH? SiH
State D¢ le Te State De e Te
X211 83.37 1.1204 0.0 X211 73.55 1.5223 0.0
a“‘s™ 66.03 1.0892 17.22 a‘s~ 34.73 1.4974 38.77
A2A 45,54 1.1056 66.89 A2A 22.28 1.5240 68.99
B2~ 8.59 1.1468 74.74 B23~ 0.19 3.440 73.31
c2t 20.98 1.1164 91.85 ca* 2.89 1.5338 88.37
D2 9.35 1.6635 136.11 D23t 20.29 1.7923 97.07
¢4y~ 22.31 1.7866 157.38 c4s~ 30.60 1.9453 134.01
E 201 1.1437 169.68 F 21 ~1.43 ~135
F 211 75.22 1.3751 181.57 | 211
G2t 69.30 1.1482 187.36 E2S* 73.67 1.5374 114.71
H 211 61.03 1.3762 201.14 J2I1
|23+ 57.85 1.2639 204.15 G232t
J2A 48.92 1.6661 221.05 H 2A ~54.8 ~1.56 ~147.2
el 27.53 1.5081 160.90
f4A 17.86 1.5497 181.12
gt 1.60 1.5483 186.78

®Reference 139.

A. X°II state

The bonding in theX 21 state can be clearly pictured by
the following valence-bond Lewié/bL) icon:
3p,

3p, 3p,

=Si—H (XI)

SiCP; M=1) H(’S)
supported by the CASSCF equilibrium Mulliken populations
(Si/H)

3s8%3p29%p) *Bp) *3d 019150203

The accurate experimental dissociation energy of RiH{)

is still questionable; its chronological evolution is given in
detail by Larssorf® who concluded that 3.0%D,
<3.06ey. Using the experimental spectroscopic const4nts
we=2042.5229(8) cm?!, andwx,=30.0552(5) cm?, the
correspondin® o(= D+ w/2— weX/4) inequality(in kcal/
mol) is 72.35sD.<73.46. In Table Ill we reportD,
=73.55, 73.73, and 73.57 kcal/mol at the MRCI, MRCI
+ Davidson correction £Q), and CCSDT) levels of
theory, respectively. According to Feller and Dixbfi scalar
relativistic effects AE(sr) decrease the binding energy
by AE(sr)=0.1 kcal/mol, while core-valencAE(cv) con-
tributions do not affect th®, value!®® Taking into account
the experimental atomit’ and moleculdt* spin—orbit split-
tings, SifP,—%Py)=223.31 cm?, SIHCI .4, 1))
=151.5508 cm?, the binding energy should also be cor-
rected by

E(?I15,) X4+ E(1 ) X 2
6
EC3Po) X 1+E(®P;)X3+E(®P,) X5
9

AE(s0o =

=101.0338-149.680 07 cm=-48.646 cm?! (=-0.14
kcal/mo). Finally, including the BSSE correction
of —0.03 kcal/mol we obtainrD, (corrected=DMRCI)

+ AE(so) + AE(sn + AE(cv) + AE(BSSE = 73.55-0.27
=73.28 kcal/mol, in complete agreement with therrected
results of Feller and Dixoft® Our MRCI bond distance;,
=1.5223 A, obtained by a Dunham analysis, is by 0.0026 A
longer as compared to the experimental value of 1.519)66
A,"8 probably because the core—valence correlation effects
are not included in the present calculations.

225 2

Hh —JA
1 \\IZZ+
200 4
4 .+
G —— g /
— A
175-F1H/
1, e'n
En1 ” A
150 bl :
¢ Fn
2 «~
2+
E 1254 Dz 2s
= Er
&£
= 1004 ot I
2 -
75 B e, R
A’A
50
25 B
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FIG. 4. Relative energy levels of the isovalent species of CH and SiH at the
MRCI level of theory. Dotted lines connect corresponding states between
the two species.
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By solving the radial Schidinger equation numerically, atomic distributions we can claim that the situ Si atom is
the rovibrational levels are obtained; it is found that thein a®S state, so the bonding can be described by the icon
SiH(X ?II) potential(Fig. 1) can sustain 20 vibrational lev- ~2c
els, v=0-19. In particular, for the vibrational transitions
0-1, 1-2, and 2-3 we predict 1972.84, 1902.30, and
1831.54 cm?, respectively, in excellent agreement with the e
corresponding experimental valugs1971.0413, 1900.0585, Si(’S)

and 1829.8196 citl, reflecting the accuracy of the potential o — ) o —
energy function. At the MRCI level T,(c*2 "« X“II) =T+ 1/ w(c*27)

— we(X 2I1)]=134.0- 1.14=132.9 kcal/mol(Tables Ill and

IV) is in very good agreement with the corresponding experi-
B. a*¥~ and c*X" states mental T, separation of 46 000 cit(=131.52 kcal/mol)®®

In essence, for both states above there are no experime}Yith respect to SHS) + H(*S), D=30.60(30.74) kcal/mol

tal findings (but see below The a%S ~ state correlates to aNdre=1.945(1.943) A at the MRGHQ) level, Table Ill.
Si(’P;M =0)+H(?S), Fig. 1. The CASSCF leading equilib- ,
rium  configuration is ~0.9710?2¢ 17, 17;) (counting C. A®A state
only “valence” electrons, with 10~0.72(35)+0.30(3p,) As the PEC of Fig. 1 shows, th®2A state correlates to
+0.66(1s), and 2r~0.62(35)—0.67(3p,) —0.54(1s). The  Si(*D;M==2)+H(2S). The dominant CASSCF configura-
atomic CASSCF Mulliken atomic populations at infinity and tions are
equilibrium are

. 3gl913)0.053,0993 10.993 40.061 1.0
e S oPz b by S dictating ac bond as the following vbL icon suggests
fo: 351-453p2-563p3-993p(y’-993d°'°9/150'9°2p0'°4. s

Upon bonding, a strongs3p, hybridization occurs caused - = +Si—H (A'A)
by the promotion of 0.4€& from the Si 3 to the 3, orbital;

thus, thein situ Si atom acquires a partiaB character. The
emerging bonding picture can be described as a superposi-
tion of two limiting vbL icons

~lo
- -S:i-—H (¢')

|A2A)~0.67|10%20 175) — | 10?20 1 w])),

Si('D; M=2) H(S)

very similar to that of the CHA?A state®® The above pic-
ture is corroborated by the atomic equilibrium and
+ =SiH (2'%) asymptotic CASSCF distributions

r.: 351.913p(Z).O%p)](..03p;.03d0.07/1sl.0,
Fo: 331.553pg.503 p2963 p§.963d0.10/130.882 p0.04’

The D, value obtained at the MRCI, MR@IQ, and indicating a promotion of 0.36 from the Si 3 to 3p,
CCSOT) level is practically the saméTable Il), the MRCI  resulting in a 33p, hybrid orbital, with the synchronous
value being 34.73 kcal/mol compared to 32.49 kcal/mol atransfer to that hybrid of 0.@¢9" from the 1Is hydrogen func-
the SCF level. tion.

An  experimental a“S~—X?[I separation of Although the experimental dissociation energy of the
~5000 ¢ (= 14.3 kcal/mol) has been reported by P&tk, A 2A state is not explicitly reported in the literature, it can be
based on a separatiod?II—b*II (repulsiveé of 24800 deduced by the relationship Do(AZ?A)=Dg(X?II)
cm™, and to the observed transititrfTl—a*%~ of about  +AE(Si;!D« 3P)— To(A2A« X 2IT). Employing the ex-
20000 cmb Our Te(a’S~«X21)=13559cm* perimental values (in kcallmo), 72.35<D(X 2II)
(=38.77 kcal/mol) at the MRCI level, leaves no doubt that<73.461% AE(Si;'D«3P)=17.5813 and T.(A2A
the experimental value is wrong. Our corresponding vertical— X 2[T) =69.35% one obtains 20.58 D&*/(A2A)<21.69.
transitionsb *I1—X?I1, andb*ll—a*3~ are 48607 and This range of values should be contrasted with @y
35913 cm?, respectively. =22.28 kcal/mol at the MRCI level, Table Ill. Now, the

Thec S~ state traces its origin to $i§)+H(®S), and  MRCI(+Q) r.=1.5240(1.5237) A is longer by 0.0042 A
in contrast to thea Y~ is not dominated by a single con- than the latest experimental value of 1.519 7€15A.2* As
figuration function. Indeed, the leading equilibrium CASSCFalready mentioned, this discrepancy is rather caused by

Si(’P; M=0) Si(’S)

configurations are core—valence correlation effects not taken into account in the
|c 4% ")~ |(0.86x 10220 — 0.39% 2023 present study.
—0.19<2¢"30?) 1mylmy), D. B23~ state
with 10~0.41(35)—0.57(3p,) —0.70(1s), 20~0.90(3Zk) By coupling the electrons of the*> ~ state into a dou-
+0.12(3p,) +0.35(1s), 30~0.20(36) +0.98(3p,) blet, the “quasirepulsive’B 23~ state is obtained, correlat-

—0.76(1s), and the following atomic CASSCF populations: ing to SiGP;M =0)+H(?S), Figs. 1 and 2. By following its
3s213p2 "%3pY*Bp)°%3d*191s292p%%2  Based on the PEC(Fig. 2 more closely, two minima are observed, the first
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one at r,=6.5bohr, displaying an interaction of just (equilibrium) of the D 25, state is located at the top of the
66.5 cm 1(=0.19 kcal/mol), clearly of van der Waals ori- avoided crossing r(=1.792A), corresponding toD,
gin. As we move closer, an energy barrier of =20.3kcal/mol with respect to Sif) +H(?S).

1.28 kcal/mol¢ = 4.0 bohr) with respect to the van der Waals ~ Experimental results exist for, presumably, two states
minimum is developed, followed by a second, non-van detaggedB- and C?3* (see Ref. 67, and Table:ITg/(C
Waals minimum of 0.79 kcal/mol at,=1.715A. The situ- «X)=31832.4cm?, r,=3.&A, and TZAB-—X)
ation is closely analogous to thB2S~ state of CH!®  =31842.2cm', r,=1.65A. We believe that theB- and
hence, it is conjectured that the second SiH minimum isC 2% experimental states correspond to the two minima of
caused by the intervention of 25~ state correlating to our C?S" state. Indeed, at,=2.40 and 1.53 A mentioned

Si(D) +H(%S). above, the corresponding, values are 89.4 kcal/mol
(=31263cm?), and 88.4 kcal/moK30918cm?), re-
E. b*II and eIl states spectively, with respect to thé2I1 state. Finally, it is worth

- _ _ _ mentioning that the PEC morphologies and their explanation
Theb ™Il is a purely Pauli repulsive state succinctly de- of the C- andD 23 * SiH states aremutatis mutandisiden-

scribed by the picture tical to theC- andD 23" states of CH3®
The E23 ™" state correlates to the Rydberg HM
*+( (b =0)+H(2S) fragments, with its PEC presenting a lo¢hl
and a globalg) minima, Fig. 3. The leading CAS configu-

rations for thel- andg-minima are
D NA— 2
SICR; M=1) - HES) |E2S*;1)~0.6410%20'30%) + 0.5 10220230 ?)
and displaying a van der Waals interaction of 8.1 ¢rat ~0.1610220240%)
about 10 bohr. The corresponding CH values are 4.5'an ’
r=9bohr® It is interesting to observe that an avoided with
crossing occurs at 2.4 bohr with the repulsive part of the
e“ll Rydberg state(see beloy, tracing its lineage to
Si(3s23pt4st,2P;M =+ 1)+ H(?S), Fig. 1.
Now, the e“Il (Rydberg state shows a repulsive
character up to 6.5 bohr, giving rise to an energy barrier 4g~4s,
of 1.72 kcal/mol. Passing this point the PEC plummets,
resulting in an equilibrium distancer,=1.5081A |E?S*;9)~0.7§10220230")
and D.,=27.53 kcal/mol with respect to the adiabatic 2 24 1
products. The dominant equilibrium MRCI configuration +0.5415°20%407),
and corresponding Mulliken atomic populations areyith
|ell)~0.9610%20 30 17), and (F+4s)243plo

4

lo~3s, 20~0.443p,)+0.791s),

30~1.03p,) —0.451s),

3pY*3py *8d%191s%72p%%  showing a significant total 10~0.833s) +0.253p,) +0.561s),
transfer of 0.28~ from H to Si, and in particular to thed
orbital, causing the creation of a hatine electron ¢ bond. 20~0.583s) - 0.683p,) —0.591s),
30~0.23(%) +0.77(P,)—0.52(1s), 4o~4s.
F.C?x*, D?3x* E®X*, and G?X* states Ther, andD, parameters of the andg-minima are(in

A and kcal/mo) 3.18, 29.1, and 1.537, 73.7, respectively.

TheC andD 23" states correlate adiabatically to citt ] : A
The bonding in thé-min can be attributed to thes2orbital,

1 1 2oy 2 92 the 3r being simply the orthogonal counterpart of the 2
Si( D*MZO):%[ZBS 3p;) —[3s°3p}) with no practical participation of the s3or 4s atomic
Si orbitals. It is interesting that the dipole momentis=
- |3523p§)], —9.55 D, with 0.28" transferred from the Si to the H atom.
and Due to an avoided crossing of tiie with the G 23 (Ryd-

berg state at 4.8 bohr, an energy barrier of about 7.6
1 kcal/mol is created with respect to theninimum (Fig. 3);
Si('s)= 7[|3523P§>+|3323P>2<>+|3523P;2/>]a thus, the g—E2S" minimum correlates diabatically to
3 Si(3s%3p4st;'P)+H(%S). A second avoided crossing is
respectively. TheC 23" PEC presents two minima: one at observed in the repulsive part of tiestate with the previ-
r.=2.40 A and an interaction energy of 1.87 kcal/mol, main-ously discusse® 23" state, and close to 2.8 bohr, Fig. 3.
taining in essence the character of the asymptote, and a sderom the CAS configurations and the explicit form of the
ond one atr,=1.534 A with an interaction energy of 2.89 orbitals, we can speak of two “bonding” orbitals, namely the
kcal/mol with respect to the asymptotic products, Fig. 3. Thelo and 2, with the 3r and 40(~4s) carrying the spin
second minimum results from an avoided crossing with thesymmetry. Overall, less than @1 are transferred from Si to
D 23" state, so the internal bond strength of (estate is  H, resulting in a(relative) negative dipole moment ten times
2.89+ AE[Si(*S)—Si(*D)]=29.0 kcal/mol. The minimum smaller than that of thé-minimum. Finally, the similarity
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between the SiHE 23, " state and the corresponding CH statecrossing previously discussed with tRestate occurs at 3.15
(G23™), is remarkable: instead the CH PEC barrier is 9.1bohr. According to the present results and the results of Lew-
kcal/mol and theg—D .= 69.3 kcal/mol*** erenzet al,'°%@ the completd 2IT PEC should exhibit three
Due to severe technical difficulties, only part of the PECminima at distances 3.17&resent work ~1.78%0%3 gng
of the RydbergG 23 * state has been computed, Fig. 3. Thel.52 A1053°
only certain thing that can be said about Ghstate is that its The J21 Rydberg state correlates to
I-minimum occurs at 4.8 bohfthe point of the avoided Si(3s?3p*4st,'P;M=+1)+H(%S) with a few calculated
crossing, giving rise toD,=17.7 kcal/mol with respect to points shown in Fig. 1.
Si(*P) + H(?S). A global minimum surely exists as indicated
from a few calculated energy points in the PEC’s repulsiv >
part, and the work of Lewerergt al1°%@ H. H2A state
A part of the PEC’H A is shown in Fig. 1, correlating
to
2 2 2
G. FAI1, /11, and J “II states Si’D:M==+2)

None of the PECs of the above SiH states has been fully 0.5435'3pY(3p2— 3p2
calculated in the present work due to severe technical prob- ~0.543s"3p;(3px—3py))

lems, with the most complete among the three being that of —0.413s23pt3gt +0.213s%(3pL3d?
the F 21 state, Fig. 1. 1 Pz3dzy2) . Pichaa
The repulsive part of thé 2l state shows a van der —3p)1,3d)1,1>+ H(2S).140

Waals interaction of 56.8 cnt correlating to SitD; M=
+1)=|3s?3pl3pl) —|3s?3p:3pl) + H(2S). This character
is preserved along the PEC and up to 3.15 bohr, where ajH?A)~0.6110%20°18% ) +0.2410'20%(1 5 — 1)),
avoided crossing takes place with the incomindl Ryd-
berg state. The resulting energy barrier has a height of 9.
kcal/mol with respect to the minimum; therefore, the latter
acquires the character of tHell Rydberg state, and thus
diabatically traces its lineage to the Rydberg
Si(3s23pt4p?,®D), 5.95 eV above the SiP state, Table II.
Assuming that our lowest calculated point corresponds to the f%A and g *3™ states
minimum, we predictr,=1.43 A and T,=135 kcal/mol,

in very good agreement with the experimenfg value

of 46 700+10 cm ! (=133.5 kcal/mol.®? At r, the domi-
nant CASSCF configuration is~0.9910%20%21}),
with  the following atomic  Mulliken densities
3s18%3p1 % 0%3p)%3d* 1 ¥1s092p% 2 displaying clearly
thein situ 3D character of the Si atom. Notice that the bond
lengthr,=1.43 A of the Rydberg minimum is the shortest of
all states studied, 0.09 A shorter than tKestate, with a
diabatic bond strengtfwith respect to S{D)] of 75.8 kcal/
mol. The bonding can be described by the diagram

Close to equilibrium, the dominant configurations are

llowing the atomic character. Our numerical results, Table

I, cannot be considered reliable enough, since the reference
orbitals originate from a state average procedure of faur
states.

Only part of the PEC'sf“A state has been com-
puted due to technical difficulties, Fig. 1. Adiabatically
it should correlate to SiE3p3°3D;M=+2)+H(%S);
however, the equilibrium character implies the entangle-
ment of the Si(323p*4p?,®D) Rydberg state through
an (assumeyl avoided crossing. At equilibrium r{
=1.550A), the dominant MRCI configurations read
| 4A)~0.6710%20*(1my2m,— 1m,2m)) with 10~0.85
(3s)+0.24(3,) +0.58(%),20~0.60(F) —0.73(F,) —0.6219),
17~3p,, 2m~4p,, and populations

2n~4p (Rydberg) (3s+ 45) 1'563 p(z)54( 3 Px+ 4px)0'953d2'205( 3 Py
3p, I 4py)0.953d8.2053d0.16/150.782 p004
(FII) A bonding picture consistent with the above orbitals and dis-
3p, tributions is the following:
3p.
SiCD; M=1) 3p,
~la - (£*A)
indicating a singles bond, with no participation of the 4p,
symmetry-carrying Rydberg2,~4p, electron, and, that, in 4p,
essence, the H atom binds to & $P state resulting in SiH
X 13" state plus a loosely bound electron. A total of 0.17e™ are transferred from H to the Si atom.

The | 211 Rydberg state correlates to The g*>* state correlates to the(Rydberg
Si(3s?3pt4st,®P;M = +1)+H(?S), with its PEC showing Si(3s?3p*4s!,?P;M=0)+H(?S), and as expected shows a
a broad minimum ar,=3.175A andD.=33.6 kcal/mol  repulsive character up to=4.6 bohr, Fig. 1. At this point an
with respect to the asymptote. The interaction of thand  avoided crossing is observed with(aot calculateyl 43"
J2II states gives rise to the first avoided crossing of lthe state, correlating to SiE#3p*4p?,®D) as evidenced from
state at about 4.2 bohr, thus creating an energy barrier of 10#e equilibrium character of thg*>* state, resulting to a
kcal/mol with respect to the minimum. A second avoidedminimum atr,=1.548 A. The leading configurations, with a
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“ +”instead of a “—" sign, orbitals, distributions, and bond-
ing are identical to those of tHie*A state. Finally, they 4> *

is bound with respect to its adiabatic asymptote by 1.60 kcal/y

mol, or by 247 kcal/mol with respect to
Si(3s?3p*4pt,°D) + H(%S).
J. d°3~ state

A purely repulsive state correlating to &®) + H(%S),
Fig. 1. A van der Waals attractive interaction of 9.5 ¢nis
recorded at about 9 bohr.

K. The SIH*T X137 state

The fact that an accurate ionization energ¥) of
SIH(X?IT) has been reportett motivated us to examine the
SiH* ground state. Its potential curve is depicted in Fig. 1.

The following parameters are obtained at the MRClI/aug-cc-

pV6Z level of theory(experimental results in parentheses
E=—289.266 576 hartree, r,=1.5057 (1.5041% A, D,
=3.43 (3.30§" eV with respect to Si(*P;M=0)+H(?S),
wo(?8SiH)=2159.32157.17%"cm ™ %, wx,=33.72(34.24°%7
cm 1, andIE=7.92 (7.91-0.01! eV.

V. SUMMARY

Employing large valence correlation-consistent basis

sets, namely aug-cc-pV6Z/ cc-pV52/;, and MRCISD
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