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Abstract: The entire 12 A-S electronic states of SiBr+ cation are calculated with
high-level ab initio caculation in which electronic structure internally contracted
multi-reference configuration interaction plus Davidson correction (MRCI+Q) method
at the level of aug-cc-pVTZ, where Douglas-Kroll scalar relativistic effect is taken into
account as well. The spin-orbit coupling (SOC) effect is introduced to make these 12 A-S
electronic states split into 23 Q states. The potential energy curves (PECs) of A-S and Q
states are depicted with the aid of the avoid crossing rule between the same symmetry.
The shapes of () states are different from these of the original A-S states because of the
avoiding crossing rules of the same symmetry. Based on the obtained PECs, the
spectroscopic constants of A-S states and () states are determined, most of the PECs for
Q) states are no longer smooth and the corresponding spectroscopic constants are not
easy determined. The transition dipole moments (TDMs) of the transitions from several
excited Q) states of 0* and 1 symmetries to the ground state X0+ are predicted as well.
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Introduction

The silicon-containing molecules and ions are particularly important due to their importance
in many fields of physics and chemistry, especially applications in the plasma and surface
physics [1, 2]. As one of them, silicon monobromide cation could be found in large number
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in the reactive SiBrs environment [3, 4] and the accurate electronic structure of the SiBr*
could therefore be conducive to explore the reactive mechanism in the SiBrs environment.
However, to the best of our knowledge, the accurate data for the electron structure of SiBr*
still in shortage. So far, only few early experimental studies on SiBr* have been reported
[3-5].

The early experiment date of spectra for SiBr* summarized by Huber and Herzberg [5]
barely centers on the spectroscopic constants (Te, w. and wexe) of one low-lying excited state
with ground state, and the corresponding irreducible representations and spin multiplicities
of these two electronic states were not given. The emissions a3 To--X'X* and a’[T:-X'X* of SiBr*
were detected and identified by Tsuji et al. [4] in He, Ne, and Ar afterglows in the region
from 335 to 380nm. In their work, the partial spectroscopic constants for electronic state a’IT:
and X'X* were obtained. Later, Ishiguro et al. [5] launched the study of microwave spectra on
SiBr*, where the microwave spectrum of SiBr* with its isotopic species were observed in a
free-space cell by a discharge through pure SiBrs gas. At last, only the spectroscopic
constants Re and B. of ground state for SiBr* were determined. It is also well known that the
spin-orbit coupling SOC effect plays an important role in the spectroscopy and dynamics of
molecules. Especially at the dissociation limit of SiBr*, experimental data show that the
ground 2Pu state of the Br atom is split by 3685cm.. This strongly affects the shape of the
potential energy curves PECs and dissociation energy of SiBr*. Moreover, electronic
wavefunctions for the electronic states of the diatomic molecule are often dominated by
more than one electronic configuration of multiconfigurational wavefunctions.

Here, the spin-orbit coupling effect (SOC) is introduced into the calculations by drawing
support from the full Breit-Pauli Hamiltonian operator (Hzr) after the MRCI+Q calculation.
The state interaction is employed in our SOC calculations, which means that the SOC
eigenstates are obtained by diagonalizing the matrixes He+Hso in the basis of eigenfunction
of He. In the process, the Haoand Hso are obtained from MRCI+Q calculations and CASSCF
wave functions, respectively. The SOC potential energy curves are drawn with the aid of the
avoided crossing rule of the same symmetry. Based on the potential energy curves of the
bound A-S and Q states, the spectroscopic constants, including the equilibrium inter-nuclear
distance (R.), the excited energy (T¢), the vibrational constants (we and wex.), the balance
rotation constant (Be¢). The dissociation energies (D.) are obtained by comparing the
molecular energy at the equilibrium inter-nuclear distance and at a large separation. Based
on the above, the multi-reference configuration interaction (MRCI) method is selected to
perform the current work. In this paper, the entire 12 A-S states of SiBr* are calculated and
the scalar relativistic effects are also considered in the calculation. The spin-orbit coupling
effect is taken into account to make the original calculated 12 A-S states split and recombine
to 23 Q) states. Based on the calculated potential energy curves (PECs) of A-S states and Q
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states, the spectroscopic constants are determined by the LEVEL 8.0 program [7], which is in
good agreement with the experimental values. The transition dipole moments from the
excited () states to ground state are predicted. The Frank-Condon factors and radiative
lifetimes of the transitions are evaluated as well.

Computational details

The whole ab initio calculations on the electronic structure of SiBr* cation are performed
through the quantum chemistry MOLPRO 2008.1 program package [6]. The spectroscopic
constants are determined with the aid of the LEVEL 8.0 program [7].

The single-point energy calculations are carried out to obtain the potential energy
curves (PECs) of A-S electronic states, where the Gaussian-type all-electron augmented
correlation consistent polarized valence quadruple zeta basis sets [aug-cc-pVTZ] are selected
for atoms Si[16s10p3d2f] and Br[21s14p10d2f] in the calculations of A-S states.

In order to obtain the high-level PECs of SiBr*, the potential energies of a series of bond
lengths are calculated according to three steps as follows: first, the restricted Hartree-Fock
(RHF) method is selected to produce the ground-state single-configuration wavefunction.
Then, the multi-configuration wavefunction is calculated with the state-averaged complete
active space self-consistent field (SA-CASSCF) method [8, 9]. Finally, the internally
contracted multi-reference configuration interaction (MRCI) approach [10, 11] is employed
to launch the correlation energy calculation and achieve the accurate energies based on the
acquired optimized reference wavefunction in the SA-CASSCF calculation. At the same time,
the calculation is extended to including the relativistic effect and Davidson modification(+Q)
to improve the level of the PECs, where the one-electron integral second-order
Douglas-Kroll integrals is used to evaluate the Scalar relativistic effect and Davidson
modification is employed to correct the size-extensivity of truncated CI. The potential
energy curves (PECs) of these 12 A-S electronic states are drawn with aid of the avoided
crossing rule of the same symmetry.

Because of self-limit of the MOLPRO program, Czv point group symmetry, the subgroup
of the C~v point group, is adopted in the calculation of electronic structure, which holds
A1/B1/B2/A2 irreducible representations. For SiBr*, 5al, 2bl and 2b2 symmetry molecular
orbitals (MOs) are determined as the active space, which correspond to the atoms Si 3s3p4s
and Br 4s4p shells in the SA-CASSCF and subsequent MRCI+Q calculation. The outermost
3s23p! electrons of Si* and 4s?4p° electrons of Br are placed in the active space, and 10
electrons of 3d shell are placed in the closed shell in which the electron orbitals are doubly
occupied in all reference configuration state functions but are correlated through single and
double excitations. Namely, there are totally 20 electrons of SiBr* radical used in the
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calculation of electronic correlation energy.

The spin-orbit coupling (SOC) effect is introduced in the present work by drawing
support from the full Breit-Pauli Hamiltonian operator (Hsr) after the MRCI calculation,
where the state interaction method is employed [12]. Through the above calculation,
calculated 12 A-S electronic states split and recombine to 23 () electronic states. The SOC
potential energy curves are plotted with the aid of the avoided crossing rule of the same

symmetry.

Table 1 The spectroscopic constants of A-S state

A-S

Main Electron

Tdem?  RJA welecm™  wexelem®  Belcm™  DeleV ] ]
State Configuration/%
10220230%40%50%1*279(80.0)
O 0 21206  523.7323 1.5447 0.1809  4.5996 1(722(723(7240050‘017'(“5"‘27'(555.1)
10220230%40P5091 114270(1.4)
Exp? 0 533.3+1.8 1.5+0.7
ExpP 0 535.8 1.6
35H(D) 28371.46 25875 236.3596 1.5156 0.1215 1.1003  10220230240°50°1 1*F271%(87.0)
102202300‘40050“1714271“(83.5g
Tl 28878.92 21750 4183058 55510  0.1719  1.0205 10220230°40°501*FF2ma%(1.5)
10220230%40%50%1 t4271%(1.4)
ExpP 29005.4 428.7 6.9
3A 29456.79 2.6430 220.3096 1.5208 0.1164  0.9652  10220230240°50°1 1*F271%(87.5)
10220%30%40°50°1 tbE2 10
Al 36051.09 3.9215 54.7046 0.8738 0.0529  0.08835
(86.5)
Well(II) 36387.03 2.7730 83.3824 1.8775 0.1060 0.0467 10%20230*40%50°11*2mF(85.3)
A 2082546 2.6925 212.2630 1.4782 0.1122 09186  10220230%40°50°1 1*F271P(86.9)
1y 29948.72 2.6880 211.1791 1.4848 0.1126  0.9006  10220230%40°50°1 T*P27TP(87.3)
3y 30168.42 2.6895 209.4737 1.5298 0.1125 0.8772  10220230%40°50°1 1*F271%(87.3)
1022023024005001710‘[30‘2715560.9)
1X+(1D) 33651.65 2.9265 158.9142 1.3686 0.0950 0.4167 10220%230%40P5001 1427119(19.1)
120222023202400500171[3427'(00(7.0)
STI(I) 3643476 33225 1431207  6.8327  0.0738  0.0921 1&%&%5’0%26%5“0%{;42317}( 5}(_)1?
10220%3040°501 1427#(57.9)
ITI(IT) 36561.97 3.4190 101.2414 8.2042 0.0697  0.03299 1(722(723(72‘(120‘*50017'(‘“3B us

aRefl?l bRefl5]

Based on the PECs of the A-S and () electronic states, the spectroscopic constants,

including equilibrium internuclear distance R., excitation energy T, vibrational constants w.
and weye, balanced rotation constant B., are determined by numerical solution of the
one-dimensional nuclear Schrodinger equation. The dissociation energy D. was obtained by
subtracting the molecular energy at R. from the energy at a large separation. The
Frank-Condon factors of the transitions from the low-lying bound € electronic states to the
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ground () state are also calculated by using the LEVEL program 8.0.

Results and discussion

a. The PECs and spectroscopic constants of A-S states

The full 12 A-S states correlated to the dissociation limit of ground atom state Si*(?Pu)+Br(?Pu)
are calculated at the theoretical level of MRCI+Q/AVTZ plus scalar relativistic effect.
According to the avoided crossing rule of the same symmetry, the corresponding potential
energy curves of these 12 A-S states are plotted in Fig. 1, in which only the 3Z*(Il) state is
fully repulsive. The spectroscopic constants of the bound states are determined and
presented in Table 1, where the main electron configurations at the equilibrium position are
given as well.
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Fig. 1: The PECs for the 12 A-S states of SiBr* cation as functions of internuclear distance
R: (a) the singlet states (b) the triplet states.

The ground state X'X* of SiBr* radical mainly characterizes the electronic configuration
10220%30%40%50%1*2m° and holds the potential well with a depth of 4.5996eV. The evaluated
zero point of potential energy is located at the bond length of 2.1206A. Compared with the
experiment, the calculated vibrational constant we. and wey. are 12.1cm and 0.05cm! smaller,
while we)x. is 0.04cm™ larger than the available observed values [3].

The first excited state a’ll and Al arises from the electronic configuration
10220230%40%0%1t*27®, which results from the 30 — 27 excitation from electronic
configuration of the ground state. a’[I state has the dissociation energy of 1.0205eV and 23
vibrational levels are included. The energy minimum of 28878.9242 cm! at the equilibrium
internuclear distance of 2.1750A is a little lower than the experimental value of 29005.4cm.



356 Y.-F. Liu et al. / Commun. Comput. Chem., 1 (2013), pp. 351-361

Under the influence of the spin-orbit interaction, the state a’I1 could split to four £ states (0%,
0, 1 and 2), which will be discussed in detail in next section. It should be noted that the state
A'IT has two very shallow potential wells, which is due to the avoided crossing between the
state AIT and TI(IT). The one at the shorter bond length of 2.7730A is 0.08835eV and the
other at the longer bond length of 3.9215A is 0.0467eV.

The excitation configuration of 10220230240%0%132m! acts as main configuration of 13-,
SY- 12A(ID), sXH(II), A, 3A and 3X*(I). Among these state, only 3X* (II) is a fully repulsive state.
The remaining states all hold the potential wells with the depths around 1eV. The PECs of
¥ and 'A are nearly completely overlapped. Therefore, the corresponding spectroscopic
constants are also nearly same. The excitation energies of T. are 29948.7282cm and
29825.4689cm! respectively. The difference between equilibrium internuclear distances is
mere 0.0045A and the calculated difference between the vibrational constant w. is mere
1.1cm. Similarly, the spectroscopic constants of *A state also conform to these of the state
3L

D000 20000
11l (a) 111 (b)
RO i\ R0000 - 1\
1 §
TOO00 - RIS 70000 - SR
. U
G000 - LY G0000 - 3
50000 11 Si'('P, )+Br(’'P, ) 50000 Si'('P, )+Br('P, )
" NN P = Si'CP, )Br(P, )
= 40000 - Si (P, #Br(P,) 3 40000 - in i
=l
s
30000 - Si'CP Br(P ) 30000 - Si_[:l',.,l*'Br[:P,,,l
Si'C'P, )+BeCP, ) Si'CP)+Br('P, )
20000 - i 20000 -
10000 - \ SNzl 10000 i Syt
. ' » L
=0" =()
0 ; . ; el 0 ; . . 0,
1 2 3 4 5 6 7 1 2 3 4 5 6 7
RIA RIA
20000 20000 :
T () m ()
H000 - i H0000 - i
TO000 T
G000 - 0000 -
SO000 Si'('P, )+Br’P ) 50000 1
E Si'CP, )+Br('P g : ‘
5 o000, (P BrCP,,) 5 40000 - ip) B
) w2 1 “,”.‘/I- o 2
30000 - SiCP, +Bri’P ) 30000 - . SiCP +Br(P, )
Si'CP )Br(P, ) Si'('P, )+Br('P, )
20000 - v 200
10000 A 10000 - - Xy . 0=
N =1 e =
0 ; . . , . 0 ; . . 3
1 ] 3 4 H 6 7 1 ] 3 4 5 6 7
RIA RIA

Fig. 2: The PECs for the 23 Q) states of SiBr* cation as functions of internuclear distance R.

The electron states TI(II) and 'TI(II), resulting from the main electronic configuration
10220%30%40°50%1 #2710 and 10220230%40%50°1t*2nt, both hold a particular shallow
potential well. The well depth of the state 3IT (II) is only 0.0921eV and the well contains 8
vibrational levels. The evaluated dissociation energy D. of 'TI (II) is 0.033eV and the
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excitation energy of 36561.97cm is somewhat larger than that of the 3IT (II) state.

Table 2 The dissociation limits of Q) electronic states

Energy/cm-!
Q) States Si*+Br
This work Exp?
2,1,1,0%0 2P12+2P312 0 0
3,2,2,1,1,1, 0%0%0-,0" 2P324+2P32 277.12 287.24
1, 04,0 2P124+2P1/2 3652.57 3685.24
2,1,1,0%0 2P324+2P1/2 3929.69 3972.48
aExperimental values from the Refl*’!
Table 3 The spectroscopic constants of () state
o Dominant A-S composition at
Q) State Te/cm? Re/A we/cm?  wexe/cm?  Be/em?  De/eV
Re (%)
X0+ 0 2.1205 525.90 1.617 0.1809 4.4402 X1X+(99.89)
0a 533.3+1.82  1.5+0.72
op 535.8b 1.6°
1(1) 2771318 2.6020  210.16 3826 01201 1.0157 3T+(1)(81.68), 3T-(17.58)
Well(II) 28741.67 2.1875 392.33 7.238 0.1712 0.8616 a’11(97.01), 3X+(1.44)
29140+52 392+3.72
SL(I)(84.10), 1X-(14.38),
0-(I) 27828.49 2.6005 199.2185 4.137 0.1202 1.0245
aT1(1.5)
Well(II) 28473.46 2.1845 373.1320 15.5471 0.1720 a%11(96.62), 3X+(1)(2.79)
2(I) 28363.10 2.6620 217.41 6.255 0.1148 0.9549 3A(58.99), 1A(40.92)
Well(II) 29036.93 21880 386.0866 3.6752 0.1708 0.8714 a311(99.94)
3 28409.03 2.6455  219.8925 1.514 0.1162 0.9336 3A(100)
0+(1I) 28571.67  2.1775 415.7812 5.010 0.1716  0.9062 a’[1(99.24)
29005.4> 428.7° 6.9
Well(II) 29830.14 2.6740 194.5518 4.9367 0.1148 0.7502 3¥Y-(91.21), 1X+(11)(1.58)
2°T1(61.47), 32+(I)(18.00),
1(I0) 29761.80 2.3560 110.83 5.341 5.4505 0.7841
35(11.96), *A(8.1)
1Y-(70.94), a>I1(20.82),
0-(IL) 29926.00 2.6215 112.8683 4.672 0.1172 0.7671
35(14.38)
2(10) 30187.19 2.4059 38128 - 0.1248 0.7314 a’[1(64.08), 1A(35.91)
3-(64.65), L (I)(14.13),
1(IIT) 30477.25 2.6635 208.00 1.624 0.1147 0.6885
3A(13.58), ATI(7.62)
O°(Il)  31827.86 24670  342.81 14.833 01340 05216 35(58.65), a’[1(36.48),
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15+(11)(4.69)
15:(47.13), 32+(1)(13.3),
O(II) 3247097 24550 4053670 10278  0.1350 0.4419
aT1(39.56)
1IV) 3267305 24550 43181 19.285  0.1351 0.4156 a’T1(39.62), 3T(29.64), °A(22.22)
2(IV) 3298577 24655  386.91 18194  0.1339 0.3798 STI(IT)(100)
154(11)(60.56), 2°T1(31.64),
0°(IV)  35034.82 27115  259.29 6200  0.1107 0.5354
35(6.75)
3TH(IT)(47.11), A'TI(30.53),
1(V) 3563423 4.0855  45.10 1410  0.0487 0.0590
aT1(20.37)
aT1(71.24), 3TI(IT)(17.94),
2(I)  36409.73  3.0490 24245 7476  0.0877 0.3991
3A(5.45), 1A(5.38)

STI(I1)(39.57), A'TI(23.66),
aT1(10.20), 3A(8.2), 'TI(IT)(3.78)
STI(IT)(69.18), 3T+(IT)(12.8),
aT1(9.18),'5-(4.62), 3T4(1)(4.22)
ATTI(47.42), 'TI(IT)(30.24),
1(VII) 373943508 3.2260  156.46 4014 00776 0.2799 3T(IT)(5.29), 35(4.63),
STI(IT)(4.46), 3£4(1)(3.98), *A(3.0)
aT1(53.62), 3T1(I1)(33.82),
154(11)(9.50), X'£+(2.91)
0(V) 3888519 40000 504959  1.1605  0.0508 0.1002 3%(IT)(52.98), a’T1(46.52)
32(IT)(50.25),
1(VIII)  38921.7267 4.0630  47.9329 1125  0.0492 0.1020 AITI(23.24),a°T1(22.86),
1TI(IT)(2.69)

1(VI) 36892.58  3.2500 125.34 0.476 0.0759  0.3100

0-(IV) 36895.25  3.2440 191.6572 5.651 0.0774  0.3097

07(V) 37803.24  3.4630 107.54 1.750 0.0679  0.2240

aRef] PRefl

b. The PECs and spectroscopic constants of Q states

Once the spin-orbit coupling effect is introduced into the calculation, 23 () states are
generated from the 12 A-S states including 5 () states of 0* symmetry, 5 Q states of 0
symmetry, 8 ) states of symmetry, 4 () states of 2 symmetry and 1 Q) states of 3 symmetry.
Fig. 2 displays the potential energy curves of computed Q states, while Table 2 shows the
dissociation relationship of the calculated () states. These 23 () states are respectively
correlated to the dissociation limits of Si*(?P12)+Br(?Ps12), Sit(?P3.2)+Br(?Pss2), Sit(?P12)+Br(?P112)
and Si*(?P32)+Br(*P12), which are generated from the original dissociation limit of
Si*(?Pu)+Br(*Pu). The calculated energy intervals of Si*(?P1/2)-Si*(?P312) and Br(?Ps2)-Br(*P112) are
respectively 247.56cm™? and 3652.50cm™, which are in accord with the corresponding
experimental values[13] of 287.24cm™ and 3685.24cm!. The spectroscopic constants of the
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bound () states are determined and listed in Table 3. The spectroscopic constants of bound
Q) states and their dominant A-S state compositions at R. are given in Table 3. With the
increasing of bond lengths, the states which have the same (2 components will mix, and the
compositions of these bound () states will become more complex.

The ground bound X0* state of SiBr* is mainly generated from the A-S state X!X*. And it
is uninfluenced by SOC effect in the bound area. Therefore the spectroscopic constants can
well reproduce with these of the state X'X*. The evaluated dissociation energy D. of 4.4402eV
becomes 0.16eV lowers than the original value after considering the SOC effect.

10
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Fig.3: The TDMs from excited states of 1 and 0* symmetries to X0* state.

The first excited state a’[T splits into four € states including a®[To., a®ITo+, a’TT1 and a’12
by the spin-orbit interaction. At the equilibrium position of A-S state a’[l, their energy
arrangement from low to high is a®[To, a%Ilo+, a®[T1 and a®[T2. The excitation energy intervals
of a’llo-a’llo+, a’llo+-a’ll1 and a’[Ti-a’[12 are 98.21cm™, 170cm™ and 295.26cm™! respectively.
The crossing region of a’I1 yields many avoided crossings with the SOC added. As shown in
Fig. 2, the potential energy curves of the state 1(I), 0«(I), 2(I) and 0*(Il) have two potential
wells. The corresponding spectroscopic constants of the two well are also listed in Table 3.
For the state 1(I), as shown in Table 3, The wells at shorter R. are all mainly consist of the
A-S state a1, while the wells at longer R. are mainly from the A-S state 3X-. The energy
minima of the potential well(I) is 1028cm™ lower than that of the well(Il) and the R. of the
former is much smaller than that of the latter. However, the spectroscopic constants fitting of
the well (II) is coincident with the experimental data. As far as we know, no new
spectroscopic data for 1(I) state in the experiment have been reported to date. Therefore, it is
recommended that more accurate experimental measurements on those Q) states should be

performed.
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In the SOC calculation, only one (=3 state is calculated, which is purely generated from
the electronic state 3A over the internuclear distances. Therefore, the corresponding PEC is
smooth and similar to that of the A-S state *A. Compared with the spectroscopic constants of
3A state, T. value of (=3 state is 228.93 cm! lower, and the vibrational constant we is 17.9 cm?
lower by the SOC effect. Meanwhile, the depth of the potential well becomes shallower by
0.1074eV.

After taking into account the SOC effect, it could be noted that most of PECs for Q) states
are not smooth anymore and strongly different from original PECs of A-S states. The ()
states such as a®[lo., a’Ilo+, a®[T1 and a’Il> generated from a’[l state hold an unsmooth point
located at the bond length about 2A, which could be owing to the avoided crossing between
a’lT and 3T1(IT).

c. The TDMs for several transitions of 0-X0* and 1-X0* types

Fig. 3 shows the transition dipole moments (TDMs) as the functions of the internuclear
distance between the Si* and Br atoms, in which these transitions can be divided into two
types, namely, 0*-X0* and 1-X0* allowed transition. The 0*(IV)-X0* transition owns the largest
TDM peak value of 0.88a.u. at R=2.0A, where the 07(IV) state at the peak comes from the A-S
state 1X*(I) and the 'Z*(II)-X'X* belongs to the singlet-singlet allowed transition. Similiarly,
the 0*(IIT)-X0%, 0*(II)-X0* and 0*(V)-X0* also have their own peaks and the TDM values are
located at the bond length of 2.8A, 3.2A and 3.23A, respectively. The remaining transitions
of 1-X0* type, 1(1I, III, IV, V)-X0*, also hold the larger TDM values, where the TDM of
1(I1)-X0* is reduced strongly with increase of bond length from 1.5 to 2.5A.

Conclusion

The calculations of entirely 12 A-S states of SiBr* are carried out with the internally
contracted multi-reference configuration interaction (MRCI) plus Davidson modification(+Q)
at the theoretical level of uncontracted all-electron aug-cc-pVITZ basis set, where the
Douglas- Kroll scalar relativistic effect is taken into account. The spin-orbit coupling effect is
introduced to make the 12 A-S states split and recombine to 23 Q) states. These A-S states and
the corresponding spectroscopic constants are firstly reported except the ground state X'X*
with the lowest two excited states a’Il and Al Here our theoretical results for the
electronic states X!'Z*, a’I1 and AT are in good agreement with the observed values. The
transition dipole moments (TDMs) of the transitions from the excited Q) states of 0* and 1
symmetries to the ground Q state are predicted for the first time, where the TDM for the
electron state 0*(IV) to the ground state X0* located at the bond length about 2.0A is larger
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than those of the remaining transitions.
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