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The electronic spectrum of the silicon monoxide molecule has been studied theoretically by using ab initio-
based multireference singles and doubles configuration interaction calculations, which include the effective
core potentials of the atoms. Potential energy curves of all 18 states, which correlate with the lowest dissociation
limit Si(3Py) + O(Py), are constructed. Spectroscopic parameters, namgly,, andwe of a large number

of boundA-S states of the molecule, are estimated and compared with the available experimental and other
theoretical data. In addition, dissociation energies and dipole moments of the ground and some excited states
are computed. The changes in the spectroscopic properties and potential energy curves after the inclusion of
the spin-orbit coupling are discussed. Transition probabilities of many dipole-allowed and spin forbidden
transitions are reported. The radiative lifetimes of some of the excited states suii,&&8'A", and 21T are
estimated and compared with the experimental results. Dipole momgrasd dipole derivativesif/ar) of

the molecule in X=t, &%+, b1, A1, and EX* states as a function of the bond distance have been computed.

I. Introduction high-frequency discharge through a mixture of j@kygen,

and argon flowing at low pressures. The vibrational as well as
rotational analyses of the high-resolution spectrum have revealed
two electronic transitions, namely2Id;—a®I1, and =" —a[T,.

It is also suggested that the upper staiE'dis located 33 640
cm1 above &Il. Bredohl et al? have observed a spin
forbidden transition #1,—X=* between 2870 and 3235 A in
emission using a hollow cathod discharge in flowing helium.
The vibrational analysis of the-&X system has revealed two
subbands, which correspond &1;,—1%;, and 3[lo—1%,
Condon factor and-centroids for some bands of thelli— components. The former transition is found to be more intense
XI3+ system have been determine@he absorption spectra than the latter. These studies have determined _spec;ro_scopic
of the gaseous SiO, GeO, and SnO in the region of 250 constants of botRIT; and®I1y+ components. The dissociation

2000 A have been examined by Barrow and co-worRéfEhe energy of the?_lr state h.as also beef‘ reported. .
vibrational analyses of a number of new band systems are also Hager et ak? have studied the_ reaction ) + NZO.H SiO
carried out by these authors. Spectroscopic constants of 11 stated N_2 in the gas phase_._The emission spectrluT of SiO has been
of SiO have been reported. Dissociation energies of some Ofasis?ned to two transitions, r1+ameI923i—> X1x* and BI1—
these states have been determined. The linear extrapolation of 2. Becausea new lowe®E" state has been observed, these
vibrational levels of the ground state of SiO gives an ap- authors have designated & as BI1;. The reportedl values
proximate dissociation energy, (SiO) = 8.02 eV. The E state 107 @ ~ X and b— X systems are 33 417 and 33 863 tin

has been assumed to dissociate int6/it- OCP) with an respectively. Verma and Shankthave excited the emission
estimated dissociation energy of 1.530.03 eV. In the region ~ Pands of the #1,—b°ll; system in a chemiluminescent flame

of 4200-4300 A, a spectrum ofs~—3I1, has been observed of SiO. The rotational analysis and the deperturbation for the
by Verma and Mullikerd. The lower 3[1, state of SiO is 0-1 band of the &b system have revealed that theldv = 0)
analogous to the?8l, state of CO with an electronic configu- €Vel iS perturbed by the I (v = 23) level. As a result of the

ration of oz, while the upper statéX-) of the present system ~ Mixing of ATTT with dI1, the (23-1) band of the AI—b°Il;
is similar to =~ of CO with a configuration ofr3c%r. However, transition has been observed.

further studies of this spectrum have suggested that these bands Du_r!ng the search of t_riplet _tra_nsitions of SO, a simEIeZ_
involve a3~ —2I1 transition instead ofS —3I1 as reported transition was observed in emission as a byproduct and attributed

earlier errorneously to the E—X2=* transition of the SiO ion.1®
Nair et al® have calculated potential energy curves for some -@ter on, Bredohl et af tentatively assigned this band system

electronic states of oxides and sulfides of group IVA from the to alx ._12 .transmor! of neutral S.'O' Bgrroyv and Sidﬁe
experimental energy levels by using some semiclassical method.halwf reinvestigated this band and identified it as thE'E
Dissociation energies of these molecules are estimated from theX = _lsystem of SiO. The h|gh-resolut|on gbsorptlc_)n spectrum
potential curves. Two electronic transitions of SiO in the region ©f SO has been recorded in the ultraviolet region to study

of 3700-3950 A and at 2970 A have been obseAfédin a many high-lying Rydberg staté&1°® The ionizatiqn potentials
of several states are also reported in these studies. HagePet al.

*To whom correspondence should be addressed. E-mail: kalyankd@ Nave observed the chemiluminescence spectrum of SiO produced
hotmail.com, kalyankd@vsnl.net, das_kalyank@yahoo.com. in a flowing gas phase reaction 8 + N,O — SiO + No.

The electronic structure and spectroscopic properties of silicon
monoxide have been the subject of a number of experimental
as well as theoretical investigations over the past several
decades 3¢ for its astrophysical interest and its similarity to
CO. The ultraviolet band system of SiO was first observed by
Jevor in the range of 2176:62925.3 A. These bands are found
to be due to alll— I=' transition analogous to the fourth
positive band of CG.The rotational analyses of these bands
have been performed subsequently by SdpEne Franck-
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The emission bands are found to originate in tAl and &=* extensive treatment of the electron correlation. Very recéfitly,
states and terminate in the ground state of SiO. These bandfinite field many-body perturbation theory and coupled cluster
systems are thus analogous to the spin forbidden Camé&brna  calculations were used to accurately determine the electric
X1Z* and the Hopfield-Birge =" —X1=" systems of CO. A dipole, the quadrupole moment, and the dipole polarizability
general survey has been made for the emission spectrum of theof CS, SiO, and SiS molecules. In recent yedrs! ab initio-
chemiluminescent flame of SiO, and the various band systemsbased CI calculations of the low-lying excited states of isovalent
in the region of 230684600 A have been identified by Shanker molecules such as GeS, GeSe, GeTe, and SiS were carried out
et al2! Linton and Capell® have also investigated spectra of to reveal their spectroscopic features. Cl calculations of heavy
the chemiluminescent flame produced by the same reaction ofmolecules and clusters were extensively reviewed by Bala-
silicon vapor with NO as mentioned above and observed strong subramaniaf?43
emission from the AIT-X1Z+, BII-X1ZF, and & —X1ZF In this paper, we have computed potential energy curves and
systems of SiO with a preferential excitation into ti€llstate. spectroscopic features of low-lying electronic states of SiO by
Mass spectrometric determinatfdiof the dissociation energy ~ Using the MRDCI method, which includes relativistic effective
of gaseous SiO has been made by studying isomolecularcore potentials (RECP). The spiorbit interactions are also
equilibrium Ge(g)t+ SiO(g)= GeO(g)+ Si(g). The dissociation introduced in the calculation to study spin forbidden transitions.
energy and ionization potentia| of SiO are reported to be 7.93 The estimation of radiative lifetimes of some excited states of
+ 0.13 and 11.6t 0.2 eV, respectively. However, an average SiO is also the subject of the present study.
of the dissociation energies obtained from several thermochemi- _
cal determinations giveB) (SiO) = 8.26 eV24 The molecular !l Methodology of Calculations

beam electric resonance spectra of SiO and GeO have been The core electrons of both Si and O were described by the
measured by Raymonda et’&lo determine the electric dipole  gffective potentials of Pacios and Christianée@s a result,
moments and dipole derivatives of these molecules in the Iower3§3p2 electrons of Si and 22p* electrons of O were kept in
vibrational states. In addition to a large number of experimental e valence space for Cl calculations. The total number of active
studies on the electronic states of SiO, there are many theoretical|actrons to be excited in the CI step was 10. The (4s4p)
calculations as well. primitive Gaussian basis sets of Si were also taken from Pacios
McLean and Yoshimir#€ were the first to attempt the near  and Christianseff These were augmented with many diffuse
Hartree-Fock ground state calculations of SiO. Later on, ab and polarization functions. Three s functioris & 0.04525,
initio-based configuration interaction (CI) calculations on 0.02715, and 0.01632), two p functions , = 0.06911 and
valence-excited states of SiO were performed by Heil and 0.02499 g2, five d functions {4 = 4.04168, 1.46155, 0.52852,
Schaefef’ Potential energy curves and spectroscopic constants0.19112, and 0.06911y&), and two f type functions& =
of a large number of states, which dissociate into several low- 0.19112 and 0.06911,&) were added?® The first two sets of
lying limits, were also calculated by these authors. Oddersheded functions were contracted with contraction coefficients of
and Elandet calculated spectroscopic constants and radiative 0.054268 and 0.06973, respectivélyTwo sets of f functions
lifetimes for valence-excited bound states in SiO by using the were also contracted with coefficients 0.29301 and 0.536102,
self-consistent polarization propagator approximation. Langhoff respectively*> Hence, the final AO basis set for Si in the present
and Arnold® computed potential energy curves and some one calculation was (7s6p5d2f/7s6p4dif). For the oxygen atom, the
electron properties for the X", C1=~, A1, and EX" states (4s4p) basis set of Pacios and Christiariéevas augmented
of SiO by using the self-consistent field (SC#)CI method. with a set of d functions of an exponent 1.33% which made
These authors calculated a ground state dissociation energy othe final basis (4s4pld) in the uncontracted form.
8.1 eV. The electric dipole moment function (EDMF) for the SCF calculations were carried out at each internuclear
ground state has been constructed. Transition probabilities andseparation by using the above-mentioned RECP and basis sets
lifetimes for AI-X!Z* and EX*—X=* band systems are  of Si and O. These generated symmetry-adapted optimized
also reported. Werner et #l.have used MCSCFCI wave molecular orbitals (MO) that were used as one particle basis
functions with large basis sets to calculate potential energiesfor Cl calculations. The silicon atom was kept at the origin with
and dipole moment functions for the ground state of SiO and oxygen along the-z-axis. The entire computations were carried
for the X2=* and AT states of Si®. On the basis of the highly  out in Cy, to take advantage of the simplicity of the Abelion
correlated ab initio calculations using the coupled electron pair group direct product relationship.
approximation, Botschwina and Rosrtstudied spectroscopic The one electron basis used for Cl often depends on the state
properties of SiO and HOSi Peterson and Claude Wod#8s  for which SCF MO calculations are carried out. Tdfer* 1=+
performed singles and doubles Cl to calculate potential energyis known to be the ground state of SiO. Sometimes the SCF
and dipole moment functions for a large number of diatomics, MOs of the ground state may not be suitable for the calculation
which are isoelectronic with SiO. The most extensive study of of the excited states, which have occupigdMOs. In such a
EDMF of the SiO molecule was carried out by Tipping and situation, it is required to optimizer* MOs in the SCF
Chackeriar?® These authors also reported many transitions basedcalculation. There are three other choices of states, namely,
on a dipole moment in the form of a Padpproximant chosen  ga*7*3I1, 0%737*32~, andx*r*2 32—, which could be used for
to reproduce the experimental moments for= 0—3. Dipole SCF MO calculations. Howeverz*z* 3IT ando?37* 33~ states
moments of the oxides and sulfides of Si, Ge, Sn, and Pb werehave the disadvantage of having inequivalent and
calculated by Kelloand Sadlé}* using a variety of high-level ~ components, while the doubly excitéHl~ state does not pose
correlated methods. These authors also determined the relativsuch a problem. Throughout the present calculations, eigenvalues
istic contributions to the dipole moment of these molecules in and eigenfunctions retain their perfect symmetries inaBd
their ground state. The relativistic effect to the dipole moment B, irreducible representations. Hence, the states remain
was found to be negligibly small for SiO. Following this, symmetry pure. The MRDCI codes of Buenker and co-
Langhoff and Bauschlicher 3¢.computed an accurate EDMF  workerg6-51 are used in the present study. In the first step, the
for the SiO molecule by using large one particle basis sets andcalculations ofA-S states were carried out by incorporating all
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relativistic effects except the spirorbit term through RECP.

Chattopadhyaya et al.

TABLE 1: Dissociation Correlation between the Molecular
For the low-lying states of a given spatial and spin symmetry, and the Atomic States of SiO

a set of reference configurations were chosen for excitations.

relative energy

These reference configurations describe the states throughout (cm™)
the potential energy curves. All possible single and double molecular state atomic state 5i0  expé  calcd
excitations were pe_rmltted from each of t.he.se reference 572). 3, TI(2). A, (B0)°P, +(20)P, o o
configurations. The eight lowest roots were optimized for states $4(2), 35, °T1(2), °A,

of singlet and triplet spin multiplicities, while five roots were 55+(2), 55, 5T1(2), 5A

computed for quintets. A large number of configurations, up to 3=*,357(2), 3T1(3), 3A(2),3®@ (3p)'Dg+ (2p*)P, 6124 7597

15 million, were generated from these excitations. However,
the configuration selection and energy extrapolation techniques

aRef 63.

were employed to reduce the sizes of the secular equations. INTABLE 2: Spectroscopic Parameters of theA-S States of

the present calculations, we have fixed the configuration

SiO

selection threshold at 5/hartree so that the largest dimension Te(cmh) re (A) we (cm™)
of the selected CI space remains below 50 000. The sum of the gtate  theory  expt  theory expt  theory expt
squares of coefficients of the reference configurations for each — 0 0 1501 15097 1216 12416
root always remained above 0.90. The effect of higher order 160 ' 101% ’
excitations from these reference configurations was partially 150
adjusted by the multireference analogue of the Davidson correc- 1.496 1248
tion.>253However, the correction did not make much difference 1.518 1242
in excitation energies. The estimated full Cl energies and ClI 1-513 124_11,?
wave functiqns ofA-S sta}tgs were us'ed for the cglculations of £+ 33568 33630 1'15.%08 1.70 126821 790
spectroscopic and transition properties of the SiO molecule. 24118 1.80 664

The spir-orbit coupling was included in the next step by 37 82F 1.7# 671
employing the spirorbit operator& compatible with RECP 32343 1.70
of Si and O. The spin-independent MRDCI wave functions were gg 3% 33845 117-%86 1.5624 83312 1013.8
multiplied with appropriate spin functions, which transformed 35972 160 8610
as Cy, irreducible representation. THe states obtained after 35 327 1.60°
the spir-orbit interaction were classified into;AA,, and B d*A 36880 36487 1.717 1.715 797 767
representations of5, The B representation was degenerate 30972 1.88 629
with Bj; hence, states belonging te ®ere not computed. The gé ggg 1;% 845’
fgll Cl energies in tha_\-S _CI calcu_lations_, were kept_in the  &s- 37848 38309 1738 1726 785 748
diagonals of the Hamiltonian matrix, while the off-diagonal 32 988 1.90 506
elements were calculated from the RECP-based -spmibit 43 473 1.78 803
operators andA-S CI wave functions. Energies and wave 36 537 1.78
functions of spin-orbit states were obtained from the diago- €= 37 923 38624 1-;43 1727 ;25 740
nalization of these spinorbit blocks. All A-S states, which ii 335 1:33 %51
correlate with the lowest limit SiPg) + O(Py), were included 37 343 177
in the spir-orbit CI treatment. The advantage in such a two 1.746 703
step procedure for the inclusion of the sporbit coupling was D'A 38955 38823 1.744 1.729 732 730
that the wave functions o states could be easily analyzed in 35 408 1.98 464
terms of A-S eigenfunctions. Moreover, the computational labor gg ig; %'gg 708
was much lower to achieve the desired level of accuracy. AT 43863 428354 1.650 1.6206 813 8528

Potential energy curves of spin-independent and spin-included 38 634 1.7% 676
states of SnO were fitted into polynomials to determine their 45 328 1.64 853
spectroscopic parameters. The nuclear Sdihger equations 39 360 1-22’4& a1s
were then solve.d numer!cally to compute vibrational energies tiv. 55965 528609 1755 173978 725 675.5
and wave functions, which were used to calculate transition 48 15F 1.9 567
dipole moments for the pair of vibrational functions in a 1.77% 620
particular transition. Einstein sponteneous emission coefficients ¢*" 56 495 57 551.3 1578 1.5561 828 949.1
and transition probabilities were calculated. Finally, the radiative 1~ 59809 1.800 618
lifetimes of excited states at various vibrational levels were o1 gi ggg 21'17%5 687
estimated from these data. ¢S* 67077 680914 1535 152116 1176

285~ 73445 1.659 794

Ill. Results and Discussion 5%~ 82167 1.684 837

A-S Potential Energy Curves EighteenA-S states of singlet,
triplet, and quintet spin multiplicities correlate with the ground

aRef 55.° Ref 27.¢ Predicted values in ref 27.Ref 28.¢ SCF +
Clin ref 29." MCSCF-CI in ref 30.9 CEPA-1 in ref 31" CI-SD(s)

in ref 32.
states of both Si and O atoms. The first excited stéDg)(of

Si interacts with the ground state of O to generate nine triplets, smaller than the value computed from the MRDCI calculations
while the next higher state'%,) of Si provides three states, of the molecule at a very large bond length~( 15 &). Figure
namely 3=~ and3[1(2). Table 1 shows how the molecular states la—c shows the potential energy curves of the low-lying
of SiO correlate with atomic states in the lowest dissociation singlets, triplets, and quintets of SiO, respectively. All of the
limits along with their relative energies. The observed energy curves converge into the lowest dissociation limit*8jf +
separation betwe€iP; and!Dg states of Si is nearly 1500 crh OCPy). In Table 2, we have displayed spectroscopic constants
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Figure 1. Computed potential energy curves AfS states of SiO for (a) singlet, (b) triplet, and (c) quintet spin multiplicities.

(Te, fe, andwe) of 17 A-S states of SiO within 10 eV. Many of  equilibrium bond length is 0.011 A longer than the observed
these states are experimentally observed. The results computedalue of 1.5097 A. The vibrational frequency of the ground state
here are compared with the experimental and other theoreticalof SiO is calculated to be 1216 cry which agrees well with

data available so far. The ground statelX) of SiO is the experimental value of 1241.6 cf Earlier calculations of
dominated by a closed-sheftz* (89%) configuration in which Heil and Schaeféf have reported somewhat different values.
the o orbital is a bonding type comprising s,(5i) and p (O) These authors have empirically predicieg De, andre values
atomic orbitals. Ther MO is mainly localized on thegg atomic of the low-lying states of SiO by using the difference between

orbitals of the oxygen atom, but a weak bonding combination the calculated and the experimental values of the corresponding
with pyy (Si) is also noted. The computed ground state states of isovalent CO. Many other previously reported cor-
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related calculations have given somewhat bettandw. values calculated from the SCF CI study of Langhoff and Arnok?

of the ground state molecule. Using the S&FCI method, agree well with our results. In general, transition energies of
Langhoff and Arnolé® have calculated the ground stateas all low-lying states of SiO calculated directly by Heil and
1.496 A, which is shorter than the experimental vaiuef Schaefet” are found to be much lower, but the positions of

1.5097 A. However, theiw, value of 1248 cm? is very close these states predicted empirically by the same authors are in
to the observed value of 1241.4 chnBothre andwe values of better agreement. The vibrational frequencies calculated by these
the ground state SiO obtained from MCSEEI calculations authors are also consistently much smaller than the experimental
of Werner et af® match excellently with the experimental values. On the other hand, the molecular parameters of the
values. The CEPA-1 calculations of Botschwina and Rostus low-lying excited states of SiO computed by Oddershede and
have reported 1.519 A and 1241 thasr. and we values for Elande?® using the self-consistent polarization propagator

the ground state of the SiO molecule. Thealue of the X=+ approximation, are more accurate.

state of SiO from CFSD(s) calculation® is overestimated only The BII state lies very close to the first excitesd state

by 0.005 A, while thew, value is larger by 25 cnt. of the SiO molecule. The 3I—X1Z* transition, which is
Analogous to =" of the isovalent CO molecule, théX analogous to the spin forbidden Cameron band of CO, has been

state is the first excited state of SiO. The MRDCl-estimated observed in the emission spectrum by many autko¥s2°The

transition energy of the3&* state is 33 568 cnt, which calculated transition energy of théIb state of SiO is about

matches nicely with the observdd = 33 409 cn1?! obtained 34 337 cn1?, which is only 400 cm! above the observet.

from the triplet-singlet intercombination®a™ — X1=* emis- The computedre and we are also found to be in excellent

sion band system in chemiluminescence of $i#.22 The agreement with the experimental values of 1.5624 A and 1013.8

computedr and we of &3=* are 1.708 A and 821 cm, cm1, respectively?® It would be interesting to study how much

respectively. The predicted constéifSare found to agree with  intensity is being carried through such spin forbidden transitions.

our calculated values. The bond length of th&'a state, It may be mentioned here that th&bstate is strongly bound

estimated from the potential energy curve of SiO using the with an estimated binding energy of 3.7 eV. The MRDCI wave
Rydberg-Klein method, has been found to be 1.7¢%The functions show that the®Bl state is represented predominantly
a>* state is found to be strongly bound with a binding energy by the on*r* (¢ = 0.85) configuration. The same — z*

of 3.88 eV. As shown in Table 2, spectroscopic constants excitation generates the singlet counterpart Hfl,band it is
obtained in earlier calculatio®shave larger inaccuracies. The denoted as A1. The ATI—XZ* band system is widely known
compositions of MRDCI wave functions show that th&a for SiO, SiS, SnO, GeO, and other isovalent molecules. In Table
state is described mainly by a singly excited configuration such 2, the spectroscopic constants of thHRAstate are compared
asm37*, where ther* MO is weakly antibonding with its charge ~ with the observed and other theoretical values. In the present

distribution more localized on the Si atom. calculations, the transition energy of1A is overestimated by
The samer — * excitation generates five othex-S states, 1000 cnT?. Transition energies obtained by Heil and Scha&éfer
which are denoted asdl, &3, CI3-, D!A, and ES+. All as well as by Oddershede and Elai8@re found to be too

five states are strongly bound and dissociate into the lowestlow. However, the predicted. andr. reported by Heil and
asymptote of SiO. The lowest four states are represented almosBchaefet’ agree well with the observed data. The MRDCI-
pure]y by a Sing|e Conﬁgura‘[ion such a.§.71'*. On the other estimated equilibrium bond Iength of thé'IA state of SiO is

hand, the E=*+ state, which is the second root of tAE* 1.65 A as compared to the experimental value of 1.6206 A,
symmetry, has shown a Configuration mixing with 62% while the calculatedve is smaller than the observed value by
contribution froms37*. Three states such ag¥, CL3-, and about 40 cm?. Earlier SCF CI calculationd® show a better

DA are nearly degenerate with their transition energies lying agreement of. andwe for the AT state of the SiO molecule.
around 38 000 crrt, while the @A state lies below these states It is expected that the AX transition would be very strong in

by about 2000 cmt. Field et aP* have investigated the intensity. The potential energy curve of the A state is very
perturbation of the AX system and determined the spectro- Smooth and dissociates into the lowest asymptote. The dissocia-
scopic constants of four perturbing states, namekt, CDIA, tion energy of ATl computed from the potential energy curve
e3>, and dA. The transition energy of thédl state computed  is found to be 2.56 eV, which is in good agreement with the
here is 36 880 cmt, which agrees well with the experimental ~ observed value of 2.8 0.3 eV>>°°

value of 36 487 cm®. The agreement between the calculated  The next electronic state, which is spectroscopically impor-
and the experimental values of and we of the A state is tant, is EX*. This state would, therefore, undergo a strong
also reasonably good. Energetically, tREestate lies 968 crrit transition to the ground state of the same symmetry. For all
above dA. The transition energy of3&~, estimated from the isovalent molecules such as SiO, SiS, SiSe, GeO, SnO, etc.,
experimental data, is reported to be 38 309 &mvhile theT, the E=X band is well-observed. ThE: value of the EX* state
value calculated in the present study is underestimated by 4600f SiO obtained in the EX emission is 52 860.9 cm as
cm 1. The MRDCl-estimated. of the =~ state is 0.012 A compared to the MRDCl-estimated value of 52 965 &nAs
longer than the experimental value of 1.726 A, while the seen in Figure 1a, thelE* state is reasonably strongly bound
calculatedwe is larger than the observed value by 37 ém with a binding energy of 1.36 eV. The computedand we of

The spin-orbit components of &~ are expected to undergo the state also agree well with the experimentally derived values
weak spin forbidden transitions to the ground state. The reported in Table 2. The composition of Cl wave functions
spectroscopic constants of the nearly degener&e @nd D'A shows a multiconfiguration feature of thé>E state. However,
states are very similar. Experimentally, the energy separationin the equilibrium region of the potential energy curve, the state
between these two states is only 200 énwhile the present is dominantly represented by théz* configuration €2~ 0.6).
calculations show a separation of about 1000 trklowever, The closed shell{*) and other excited configurations contribute
the computed, andwe values of both of these states are found to a smaller extent. The fact that the potential curve of the'E

to agree well with the experimentally determined values as state dissociates adiabatically to the ground state atoms over a
shown in Table 2. The. and we values of the &~ state potential barrier near-55.5 g is also noted by Langhoff and
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Arnold?® in their CI calculations. Thee and we of the BEX*

J. Phys. Chem. A, Vol. 107, No. 1, 200853

TABLE 3: Dissociation Relation betweenQ States and

state calculated here are found to be reasonably accurateAtomic States of SiO

Langhoff and Arnolé® have calculated a somewhat larger

relative energy

for the E=* state, while itswe is underestimated by about 56 Q state atomic state (cmt)
cm L. The transition probabilities of the-EX transition will 0t 1,2 3p, + 3p, 0

be of great importance in the present context. The radiative 0%, 07(2), 1(3), 2(2), 3 3P, + 3P, 77

lifetimes of the E=* state at lower vibrational levels have been 07,1 5Py + 3Py 158

estimated by Elander and Smfth. 81(3% 0°(2), 1(4). 2(3), 3(2), 4 ?iigz 353

Potential energy curves of three more states, namé¥,,.c  0+(2), 0, 1(2), 2, 3P, + 3p, 235

2811, and 211, which dissociate into the lowest asymptote, are  0-, 1 3P, + 3P, 304

shown in Figure 1a,b. A strong band systeld}—3IT in the 0",07(2), 1(3), 2(2), 3 3P, + 3Py 381

region of 4206-4300 A, has been observed in the chemilumi- 0" 1,2 *Po + %P 450

nescent flame spectrum of S3121 The excited®>" state is aRef 63.

denoted here as*®t, and its observed, is 57 551.3 cm?,
which is larger than the calculated value by about 1000%cm

TABLE 4: Spectroscopic Constants ofQ States of SiO

The computed, of the &= state is overestimated by0.022 state Te(cm™) re(A)  we(cm™) composition ate
A, while we is underestimated by a larger extent. The potential X1sd, 0 1.522 1211 X5+(0.99)
energy curve of the 31 state shows some avoided crossings &5, 33601 1.707 807 33+(0.99)
with the minimum located around 57 900 cinThe 211 state @5 33744 1.682 914 31+(0.99)
is found to have a minimum at 1.705 A willa = 61 850 cnt! b~ 34295 1.581 1006 #1(0.99)
andwe = 687 cnTl. A broad maximum around 4.5 adicates b1+ 34 296 1.582 1007 3b1(0.99)
the presence of avoided crossings. No state offtheymmetry 33874.8
has been reported so far in this energy range. THa & X b, 34349 1582 1006  I(0.99)
absorption band has been assigfiédlat voo = 69 483 cr_rTl. BRI, 2431 2‘31(7)'4 1581 1007 1(0.99)
However, the existence of the'l3 state cannot be confirmed 34 018.5
in this study. ®A; 36676 1.723 799  3(0.75),%1(0.25)

Among other low-lying states reported here, thestate lies A, 36724 1.722 800  \(0.99)
at Te = 59 809 cnl. The estimated, andwe of this state are d°As 36945 1.718 808  \(0.99)
1.80 A and 618 cm!, respectively. Thell state is weakly €Y, 37644 1.735 793 ®(0.99)
bound (binding energy-0.5 eV) dissociating into the lowest 93217 37749 1731 771 3§7£0'99) .
asymptote. Heil and Schaetéhave obtained somewhat dif- (:1120, 37964 1.743 729 €=7(0.96),°T1(0.037)
ferent molecular parameters as tabulated in Table 2.5The 21§2 22 ggg 1'2‘51'3 ;g? %(0'99)

. . ; , : 1 . (99)

state is fzound to be dominated py a S|r!gle configuration such Eis) 52863 1.753 703 £+(0.99)
ason%* . Experlmente_ll_ly, ther_e is no evidence o_f e state. 5T, 59 690 1.798 615  ST1(0.99)
Singh et al have identified a triple-headed and violet-degraded Ref 55

band of SiO at 2970 A and assigned it to®a t+&3I1 transition.
The upper state has been located 33 640%cabove the d1
state. Later on, the lower state is denoted &d,bwhile the
final state has been redesignated &'gIn the present study,
there exists a bound state of & symmetry withT, = 67 077
cm, which is somewhat lower thaf. of 68 091.4 cm?!

obtained from the above-mentioned high-resolution spectrum.

The g=* state has some Rydberg components, and th@Si
bond at equilibrium is considerably short. The calculatee
1.535 A compares well with the experimentally determined
value of 1.52116 A. The computed is found to be comparable

mental one. The computed dissociation energy of tHd Atate
is 2.44 eV as compared to the observed values of?2 &d
2.87+ 0.3 e\P® deduced from the A— X excitation energy.
Although the basis sets employed here are considerably large,
the discrepancy is mainly because of the use of the effective
core potentials.

Spin—O0Orbit Coupling and Low-Lying € States.All 18 A-S
states, which dissociate into the lowest asymptotéPgi(+
OCPy), are allowed to interact through the spiorbit coupling.
The3P, + 3Py level splits into nine asymptotes, which correlate

with that of the ground state. Although there is no experimental with 50 Q states of different symmetries as shown in Table 3.

data, the 2=~ state is located around 73 445 thwith ro =
1.659 A andwe = 794 cntl. As seen in Figure 1c, the quintet

In general, the spinorbit splittings are considerably small due
to the lower mass of the molecule. Nine dissociation limits are

states dissociating into the lowest asymptote are mostly repul-spaced within only 450 cri. Potential energy curves of bound
sive. TheSZ~ state undergoes a strong avoided crossing with Q states are drawn in Figure 2d, while their estimated

its higher counterpart. The minimum - is tentatively located
around 82 167 cmt, and the estimaterk andwe are 1.684 A
and 837 cm?, respectively.

The ground state dissociation enerddc) of SiO has been
estimated from the MRDCI energies at very long distances (
> 15 @). There are several thermochemidﬁ values avail-
able for SiO. The calculatel. is found to be 7.87 eV, which
compares well with the experimental values of 793®.1323
8.18+ 0.356 and 8.36 e\P8 The smallest discrepancy of about

spectroscopic constants are tabulated in Table 4. As a result of
very weak spir-orbit coupling, spectroscopic parameters do
not change much. Two spitorbit components of 3™ are
separated only by 143 crh The equilibrium bond length of
a’2] is shortened, while itay is increased to a small extent.
The ézf component is spectroscopically important because
the spin forbidden &, —X!Z;, band has been studied in
chemiluminescent flame specitd? of the SiO molecule. The
components of {1 split in a regular order 3ily- < b3IIg+ <

0.3 eV may be considered to be within the limit of accuracy of b3[1; < b3I1,. The largest spirorbit splitting is less than 150
the MRDCI methodology used here. However, the ground statecm=1. The spin forbidden #I,—X!=" transition has been
De of 8.1 eV computed from the CI calculations by Langhoff observed in emissiolf.The observed transition energies éfl

and Arnold® has shown a better agreement with the experi- and I511; are 33 874.8 and 33 947.4 cfrespectively, in good
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Figure 2. Computed potential energy curves @fstates of SnO for (a2 = 0+, (b) Q =07, (c) @ = 1 and 3, and (d2 = 2.

agreement with the calculated values (see Table 4). The avoidectcrossings are noted in the FrargBondon region of the
curve. Atre, the coefficient of mixing of éA; with the BII;
component is shown in Table 4. ThéAd component is suitable

crossings of both #ilp- and BII; with the corresponding
components of &* are nicely demonstrated in Figure 2b,c. It

may be mentioned thafH;—X'Z;, and BTl —X1Z,, tran-
sitions are analogous to the strongest spin forbiddB-x1="
Cameron band of the isovalent CO molecule. TRA dtate
also splits in a regular ordefdl; < d®A, < d3A3 with a largest

for its transition to the ground state. Both of the components
(Q = 0" and 1) of 8 undergo allowed transitions to the
ground state. The spirorbit splitting of these two components
is estimated to be only about 100 thNo significant changes
separation of 269 cmt. Spectroscopic parameters of these take place for the spirorbit components of singlet states such
components do not change significantly. Several sharp avoidedas CX,, DA, AIl;, and EE(;. The A1H1—X12§+ and
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Figure 3. (a) Transition moment curves of six singtetinglet and triplettriplet transitions involvingA-S states of SiO. (b) Transition moment
curves of two transitions involvin@ components of SiO. (c) Dipole moment functions d&X, b*[1, A1, &=*, and EZ*. (d) Dipole derivative
functions of X=*, b1, AMI, &=, and EZ" (arrows pointing toward the respectivevalues).

ElXs —X13¢ transitions studied by several authors are ex-

Transition Properties and Radiative Lifetimes of Upper

pected to be quite strong. In the next section, we shall discussStates.Transition moments of several dipole-allowed and spin
transition probabilities of these two transitions. The potential forbidden transitions are computed from the MRDCI energies
curve of the’ITz component has been fitted, and the estimated and wave functions. In the absence of any sirbit interaction,

transition energy is found to be 59 690 thmwhile its r, and
we are 1.798 A and 615 cmd, respectively. However, spec-
troscopically, the’Ils component does not have much signifi-

cance.

three singlets, namely,'H, EIX*, and AII, are chosen for
symmetry-allowed transitions to the lower singlets. TRE*c
— BRI transition is also considered in this study. The transition
moments of six transitions are plotted in Figure 3a as a function
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TABLE 5: Radiative Lifetimes (s) of Some Excited Singlet
A-S States at Lowest Three Vibrational Levels of Si®

Chattopadhyaya et al.

TABLE 6: Radiative Lifetimes (s) of Some ExcitedQ States
at Lowest Three Vibrational Levels of SiC?

total lifetime of
upper state at

v'=0

lifetime of the
upper state

transition v'=0 V=1 V=2

transition

lifetime of the
upper state

total lifetime of
upper state at

V=0

V=1

V=2 V=0

AUMI-X1S* 28.9(-9) 28.7¢(-9) 28.6(9)

AT, —XI3!. 28.83(-9) 28.69(-9) 28.59¢-9) 7(AU1;) = 28.89(-9)

ATI-D'A  1.93(-4) 1.60(-4) 1.38¢4) 7(A'I)=28.9(-9) EISf —XIS), 7.42(-9) 7.14(9) 7.27¢9) (B3], = 7.42(-9)
SO MR ) sm oy, DI 9T 100y smO s
- 01 9 9 T =7.10+ + - _ .
noKy ECS IS000 a9 GN T HS S Eracn Toria 75009 en 6o s
- . — . . T = 1. — I+ )
CSt—BI 8.10C7) 8.36(7) 8.69C7) 7(c*EY) = 8.10(7) €S, X%, 1.26(-4) 1.28(4) 1.33¢4)1(e’s,) = 1.26(-4)

BA-XIE;  3.200-3) 4.65(3) 9.56(3)r(¢FAs) = 3.20(-3)

aValues in the parentheses are the powers to the base 10.

of the bond length. In the FranelCondon region, the transition

moments of E-X and A—X transitions are considerably large.

aValues in the parentheses are the powers to the base 10.

TABLE 7: Calculated Dipole Moments and Dipole
Derivatives of the Low-Lying States of SiO

The transition moment curve of the—&X transition shows a

hump between 3.0 and 4.9, avhile that of A-X is monotoni- #=(D) duldr|re (DIA)
cally decreasing. The transition moment of thEI2X1=* state expt calcd expt calcd
transition has been found to give a maximum arour 3.1 X1+ —3.0882 ~3.03 —2.22 —2.72
a. All three transitions A-X, E—X, and 2I1—-X are expected —3.677 —5.00
to be strong. The computed transition moments of other —2.963

transitions are comparatively small. The estimated radiative —2.993

e - - . . —3.057

lifetimes (partial and total) of the low-lying states of SiO are _3195

given in Table 5. The total radiative lifetime of!H at the —2.848

lowest vibrational level{ = 0) is found to be 28.9 ns, which —3.044 —2.944
compares well with the value of 31.6 ns obtained from the —3.01

experimental potential energy curves. Smith and E¥szave axr —0.30 —4.71
determined the radiative lifetimgAlIl) = 9.6 &+ 1.0 ns from KlrII] :i'gg :g'g;
the phase shift measurement. This value is about three times g+ 148 666

smaller than the calculated one. Oddershede and ER&rdare
estimated an average value of 49.5 ns as the calculated radiative ; p . n _
lifetime of AMI for the AIII-XIZ* transition in SiO. These 3??:;2;133 ref 31°CI-SD in ref 32.9Ref 34.7 (433)ACPF in ref
authors have used the shapes of the experimental potential curves
of AT and X.=* carried out by Deutsch et &.and Barrow calculated in the present study. The partial radiative lifetimes
and Stoné’ The electronic oscillator strengths for théTA— of b3y and BI1; components at the lowest vibrational level
X1+ transition in SiO have been determined from shock tube are 9.72 and 1.15 ms, respectively (see Table 6). Transitions
and laser beam studié%61.62 from both the components off¥™ to the ground state are

The present calculations show that thHE-D*A transition somewhat stronger. The partial lifetimes 6&g and €
is considerably weak. The partial lifetime of!® for this components are estimated to be 0.13 and 0.68 ms, respectively.
transition is of the order of 1@ s. This particular transiton ~ The 3A; component also undergoes a weak spin forbidden
does not alter the total lifetime of the'H state. The EE+— transition to the ground state component. The computed radiative
XI=* transition is found to be stronger than the-X transition. lifetime of the dA;—X1Z, transition at the lowest vibrational
The computed radiative lifetime of'E" at’ = 0 is only 7.1 level of the upper state is 3.2 ms. Both the strong transitions
ns. Elander and Smithhave determined the radiative lifetime AII-X1Z* and EZ*—X1Z* remain unperturbed due to the
for the EX* state by using the electron beam phase shift spin—orbit coupling. As seen in Table 6, the lifetimes ofl&
technique. The value reported from this experiment is 10.5 ns, and Ez(; components do not differ much from the values in
which agrees well with the lifetime computed here. These their A-S states. The shapes of the transition moment curves of
authors have also calculated Fraﬁ@ondon factors_and A1H1—X12§+ and EEO++—X120++, as shown in Figure 3b, are
values for bands of the’ = 0 progression and determined the not altered due to the spirorbit coupling.
r dependence of the transition moment. Another possible |n Figure 3c, we have shown the dipole moments of the SiO
transition EXt—AI is weak, and the partial lifetime oflE*" molecule in X3+, b3, &3+, AT, and EES+ electronic states
for this transition is found to be 1.0¢ 10™*s. The 2I1 state  as a function of the internuclear distance. The negative sign of
may be a good candidate for its transition to the ground state. the dipole moment indicates the*SiO~ polarity. All of the
The computed transition probabilities predict thgT2-X!>* dipole moment curves tend to zero in the very large bond length
transition to be quite strong. The radiative lifetime of tH€I2 region ¢ > 20 a) indicating that the atomic transitions are
state atv’ = 0 is calculated to be 14.85 ns. However, no dipole forbidden and the atoms are neutral.rAtthe ground
experimental data are available for comparison. state dipole moment of SiO is calculated to-68.03 D, which

It has been mentioned earlier that several spin forbidden agrees well with the experimental va¥eof —3.0882 D
transitions such as’d@"—X'=*, PII-X'Z*, and €2 —X'Z* determined from the molecular beam electric resonance spectra
are observed in the chemiluminescent flame spectra of the SiOof the molecule. Figure 3c shows that the ground state dipole
molecule. The transition moments of¥f —X!Z;. are negli- moment maximizes<{1.521 eg) atr = 4.6 a. Dipole moment
gibly small so that the transition is found to be very weak. curves of other states show an identical pattern. In Table 7, we
Transition probabilities of HIg-—X1=;. and BIL—X1Z,, have compared different theoretical and experimental electric
which are analogous to the Cameron band of CO, are alsodipole momentsy) and dipole derivativesaf/dr|re) of the

aRef 33.PRef 25.© MCSCFCI in ref 29.9 MCSCF in ref 30.
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ground and a few low-lying states of SiO. Many calculations (7) Verma, R. D.; Mulliken, R. SCan. J. Phys1961, 39, 908.
at different levels of the electron correlation have reported the ~ (8) Nagaraj, S.; Verma, R. ICan. J. Phys197Q 48, 1436.

(9) Nair, K. P. R.; Singh, R. B.; Rai, D. KI. Chem. Physl965 43,
ground statet. It may be noted that the calculated values 3570
are found to be smaller than the observed value. The dipole (10) Cornet, R.; Dubois, ICan. J. Phys1972 50, 630.
moments of the excited states such &§IAE=", &8=*, and 52(;%)9 Singh, M.; Bredohl, H.; Remy, F.; Dubois,Can. J. Phys1974
bIT at their respective equilibrium bond Iengt.hs are found to '(12) ‘Bredohl. H.: Cornet, R.: Dubois, 1. Remy, ¥ Phys. B: AL, Mol,
be smaller than the ground state These excited states are  ppys 1974 7, L66.
mainly generated by either*z* or 7*7* excitations, which (13) Hager, G.; Wilson, L. E.; Hadley, S. @hem. Phys. Lettl974
tend to move the electronic charge in the direction of Si, thereby 27, 439. _
lowering their dipole moment from the ground state value. The 83 \C/f;rr'r?;" S:;%hfor?gnl'ffge'?ke'\"ng'ﬁ?ﬁf}éﬁzzlx?ﬁll‘?éois_%. el
dipole derivatives du/or) atre have been calculated from the | jege 1972 41, 183.
dipole moment functions. Figure 3d shows the dipole derivatives  (16) Bredohl, H.; Cornet, R.; Dubois, I.; Remy, €an. J. Phys1973
of five states as a function of the bond length. The calculated 51, 2332. . .
aulor|re value for the ground state is found to agree well with ng7) Barrow, R. F.; Stone, T. Gl. Phys. B: At Mol. PhysL975 8,
the eXperimentaI value of2.22 D/A. The value obtained by (18) Lagerqvist, A.; Renhorn, I.; Elander, M. Mol. Spectrosc1973
Langhoff and Bauschlich&r in (433)ACPF calculations is 46, 285.

_ i (19) Lagerqvist, A.; Renhorn, . Mol. Spectroscl974 49, 157.
about—2.944 D/A. However, the calculated value reported in (20) Hager. G.. Harris, R.: Hadley. S. G Chem. Phys1975 63, 2810.

the work of Raymonda et &P.is more than twice the experi- (21) Shanker, R.; Linton, C.; Verma, R. D.Mol. Spectroscl976 60,
mental one. 197.

(22) Linton, C.; Capelle, G. AJ. Mol. Spectroscl977, 66, 62.
IV. Conclusion (23) Hildenbrand, D. L.; Murad, EJ. Chem. Physl1969 51, 807.

. . . (24) Hildenbrand, D. L.; Murad, E]l. Chem. Physl974 61, 1232.
Using RECP-based MRDCI method, spectroscopic properties  (25) Raymonda, J. W.; Muenter, J. S.; Klemperer, WJAChem. Phys.

of low-lying electronic states of SiO have been calculated. In 1970 52, 3458. _ o

general, the computed spectroscopic parameters agree well witt&oézs) McLean, A. D.; Yoshimine, MIBM J. Res. De. Suppl.1968 12,
the experimental data. The ground state bono! Iength of SiO is (é7) Heil, T. G.; Schaefer, H. F., IIU. Chem. Phys1972 56, 958.
longer than the observed value by 0.011 A, while its vibrational ~ (28) Oddershede, J.; Elander, N.Chem. Phys1976 65, 3495.

frequency differs by 26 cri. For excited states such asIA ggg \Iy\?nghoffHS.J R'Fé Arnold, PJ- gl_ ChehPhy§37§g§é 3552-169
+ + H ) : erner, H.-J.; Rosmus, P.; Grimm, Mnhem. Y. 3 .

=", and g=7, the d!s_crepan0|gs between the eXpeIImer!tal and (31) Botschwina, P.; Rosmus, B. Chem. Phys1985 82, 1420.

the computed transition energies are about 1000*¢mvhile (32) Peterson, K. A.; Claude Woods, R Chem. Phys199Q 92, 6061.

for other states such discrepancies are much less. 3Bheaad (33) Tipping, R. H.; Chackerian, C., Ji. Mol. Spectrosc1981, 88,

b3I1 states are nearly degenerate but with a notable difference352- o ,

in bond lengths between them. The computed bond lengths of ggg E:ﬂg'h\é#, ?dF'f;J'é\‘éﬁmﬂ?ﬁ%ﬁ}ﬁi? Plr?;ss.'Lemgga

the observed states are, in general, 0D2 A longer than 211, 305.

the experimentally determined values. The ground state dis- (36) Maroulis, G.; Makris, C.; Xenides, D.; Karamanis,Nfol. Phys.
sociation energy of the SiO molecule calculated here is smaller 2000 98, 481. _ o

than the observed value by 0.3 eV within the limit of accuracy 192(33]’17235?2?2?’ 3. M.; Lefebvre-Brien, H.; Gottscho, RJAMol. Spectrosc.
of the MRDCI method. The spirorbit coupling does not (38) Dutta, A.; Chattopadhyaya, S.; Das, K. K.Phys. Chem2001,

change the spectroscopic parameters much. Besides some shargl05 3232.

; ; ; i (39) Manna, B.; Das, K. KJ. Phys. Chem1998 A102 214.
avoided crossings, potential energy curves do not change their (40) Dutta, A.: Manna, B.: Das, K. Kind. J. Chem2000 39A 163.

shapes. Transitions from 1132[,. EXF, and 211 states to the (41) Chattopadhyaya, S.; Chattopadhyay, A.; Das, KI.®hys. Chem.
ground state are found to be highly probable. Two tripteplet 2002 A106 833.
transitions, namely,21—b®IT and éX*—bqI1, are also strong. (42) Balasubramanian, KRelatwistic Effects in Chemistry Part A.

; inti At 1 + Theory and TechniquedViley-Interscience: New York, 1997.
The estimated radiative lifetimes of'H and EX compare (43) Balasubramanian, KRelatwistic Effects in Chemistry Part B.

well with the experimentally determined v_alues. Several spin applications to Molecules and Clustefdiley-Interscience: New York,
forbidden transitions such asliy-—X, €3%,,—X, b3I1;—X, 1997. _ o
e3ZI—X, etc. are expected to be weak in intensity. The radia- (44) Pacios, L. F.; Christiansen, P. A.Chem. Phys1985 82, 2664.

. L (45) Matos, J. M. O.; KellpV.; Ross, B. O.; Sadlej, A. 1. Chem.
tive partial lifetimes of these components are of the order of phys 1983 89, 423.

milliseconds. The computed dipole moment)(and its first (46) Buenker, R. J.; Peyerimhoff, S. Dheor. Chim. Actel974 35,
derivative Qu/or|re) for the ground state of SiO agree well with 33-(47) Buenker, R. J.; Peyerimhoff, S. Dheor. Chim. Actal975 39
the experimentally determined values. 217, B n ‘ ' '

) ) ) (48) Buenker, R. Jint. J. Quantum Chenil986 29, 435.
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