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ARTICLE INFO ABSTRACT i
|

Due to attractive candidate for the laser application and searching for the permanent electric dipole mo-
ment of the electron (eEDM), mercury bromide (HgBr) is of much interest to researchers. However, de:
tailed information of the electronic structure of HgBr is still lacking, especially for spin-orbit interactions
in excited states. In this work, high-level configuration interaction calculations of low-lying states corre:
lating to the lowest two dissociation limits Hg('S) + Br(*P) and Hg(*P) + Br(*P) of HgBr are carried out.
Keywords: order to ensure good accuracy, the Davidson correction and spin-orbit coupling (SOC) effect are all takef
HgBr into consideration in our computations. The potential energy curves (PECs) of 14 A-S states and 30 @
Configuration interaction states are determined. Based on the PECs, the spectroscopic constants of the bound states are obtained,
Spin-orbit coupling most of which have not been reported in previous studies. The calculated SOC integrals of 22 *-22]}
Spectroscopic constant indicate a strong spin-orbit interaction, which can explain the apparent perturbations between BZZ‘,},'
Potential energy curve and C2T1y;, found in the HgBr fluorescence excitation spectrum. Finally, to reveal more detail on tran:
sition properties of excited states, transition dipole moments of C?IT;-X?Z*yp, D2[T3,-X2E* 1y, and
B2X+,-X2E*y), transitions and radiative lifetimes of C2I1yj, D*[13p, and B>+, are determined. =
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lar candidates for permanent electric dipole moment of the ele¢
tron (eEDM) searches [8]. Mercury monohalides are heavy pold

1. Introduction

Due to the important role of mercury halides in chemical re-

actions and environmental science [1,2], much efforts have been
made to understand how mercury species are introduced into
the environment. The gas phase HgBr molecule, a basic mer-
cury specimen, is of particular interest being the initial oxida-
tion step of atmospheric Hg via Hg + Br, which is important
in mercury depletion events [3,4]. As the observation of lasing
in the visible spectral region has been reported in the reaction
HgBr(B2E+) — HgBr(X?T*) + hv, HgBr dissociation laser also
has gained a lot of attention [5-7]. Another motivation for in-
vestigating the electronic structure of HgBr is to seek molecu-
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searching experiments. Thus, detailed electronic structure infor &
tion of low-lying electronic states of HgBr is valuable to aid sudl
research. 4

Experimentally, pioneering analysis on the characteristic bane
of HgBr in the Nitrogen after-glow was carried out by Wieland if
1929 [9], where three classes of bands (2450-2700 A, 2650-29004
and 3200-5000 A) were categorized. The Class I (2450-2700 }
and 11 (2650-2900 A) bands degraded to violet, which were a
cribed to the diatomic molecule HgBr and the triatomic molec ]
HgBr>, respectively'. The Class III bands occurring in the longer {
gion (3200-5000 A) were diffuse and complex. Since then, malg
spectral experiments have been performed on ground and lo ]
excited states of HgBr. For Class II bands (2650-2900 A), Sasth!

ascribed the ultraviolet bands to the X 2% transition in HgH

[10]. Howell analyzed the strongest groups of heads at 34.5
and 34,668 cm~! and concluded they were A = 0 sequen 1‘
of the ?I1-?% transition [11]. Rao found a new headless al¥




-
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diffuse band system in the ultraviolet region between 2430 and
2470 A, which was assigned to the 2X-X2X% transition [12]. Kr-
ishnamurthy [13] photographed the ultraviolet bands in the re-
gion of 2720-2900 A and then divided the bands lying in 2770-
2900 A into two systems arising from the two components of
[1-2% transition with a separation of 2IT equal to 3828 cm™,
while another system lying between 2720 and 2770 A was prob-
ably due to a 2X—2% transition. Later, Greig[14] obtained the
spectroscopic constants T = 34,741 cm~!, and w,’ = 274 cm~!
of C(2)2T1yj2 by analyzing C(2)2T1q;,-X? X+, bands in absorption
spectroscopy. Misra et al. [15] observed the emission bands of
C(2)2U1/2‘X22+1/2 (2730-2940 A) and D(2)21'I3,2-X7-Z+1/2 (2471~
2665 A) systems of HgBr radical in the collision experiments
of N* and Ny* with HgBr, molecules, which both degraded to
red. Schimitschek et al. [5] measured the laser spectra of the
B(2)*E*12 = X*Z ) band using an ArF excimer laser photodis-
sociation of HgBr,, whose wavelengths range from 502 to 505 nm.
The radiative lifetime of the vibrational level v'=0 of B(2)2E+”2
was measured to be 23.3 ns [16]. Tellinghuisen et al. [17] ana-
lyzed the B(2)2E+1/2 —> X22+1/2 emission spectrum of HgBr and
gave an estimate of the dissociation energy De = 0.6819 eV lower
than that of Wieland's earlier analysis for ground state X2X+, 2
They also evaluated the spectroscopic constants of B(2)22:+1/2
and X?S*1),. These experimental studies mainly concentrated on
low-lying states, such as ground state X2X+, 2 and excited state
B2+ et al, but the spectral properties of other states remain
unclear or inadequate.

Although there have been a number of experiments on the
low-lying states of HgBr, few theoretical studies on its electronic
structure have been performed. Wadt [18] obtained the equilib-
rium distance R, for X2X+ and B(2)2Z*using the configuration
interaction (CI) method, and also gave an estimated value (27.6 ns)
of the radiative lifetime for the B(2)2X* state. Bhartiya et al.
[19] determined the dissociation energy D. = 0.64 eV for the
X2 ¥ *state by fitting empirical potential functions. Later, Liao et al.
predicted the equilibrium distance R. and harmonic vibrational
frequency we of X2X+ with the relativistic density-functional
method [20]. In 2005, Shepler et al. performed accurate calcu-
lations on the D, Re, and w. of the ground state X2+, via a
composite approach up to full quadruple excitations [3]. In order
to search for attractive candidates in future eEDM experiments,
Prasannaa et al. performed accurate relativistic coupled cluster
calculations of the effective electric fields on mercury mono-
halides[8]. All the above theoretical studies mainly concentrated
on the ground state. However, for higher excited states of HgBr
molecule detected but not characterized in previous experimental
work, theoretical investigations are still lacking.

In this work, high-level computational investigations have been
carried out on low-lying states of the HgBr molecule. In order
to accurately estimate spectroscopic constants, the electrons cor-
relations of the 5d shell of Hg, spin-orbit coupling (SOC) effect
and the Davidson’s correction are all taken into consideration in
Sur calculations, which exhibit significant influence on the elec-
tronic structures and dissociation energies [21,22]. The potential
eénergy curves (PECs) of the 14 A-S states correlating to the low-
st two asymptotes of HgBr, as well as the 30 Q states associ-
ated with the lowest eight asymptotes are calculated. Based on the
Calculated PECs, the spectroscopic constants of low-lying bound
States are obtained. With the aid of SO matrix elements, the per-
turbations on the C2My), states are analyzed in detail. Finally,
the radiative lifetimes of the six low-lying vibrational levels of
B2 E+, C2M4j, and D?Ils, states are derived. Our present work
feports a high-level computational study on low-lying electronic

States‘of HgBr, which can provide helpful information for these
States,
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2. Methods

High-level ab initio calculations on HgBr are performed with the
help of the MOLPRO 2012 software package [23]. Cpy symmetry is
employed in our calculations, and the relationships for the irre-
ducible representations of Cy, and C.y are as follows: £+ = A,
IT=B; + By, A =A; + Ay, and £~ = A,. For the basis sets of
HgBr, cc-pwCV5Z-PP [24] with ECP60MDF [25] and cc-pwCV5Z-PP
[26] with ECP10MDF [27] are selected for Hg and Br, respectively.
For a series of HgBr bonds (with step sizes of 0.05 A for R = 1.9-
4.0, 0.1 A for R = 4.0-6.0, and 0.5 A for R = 6.0-10.0), the single-
configuration wavefunction of the ground state is calculated with
the Hartree-Fock (HF) method. Utilizing the HF molecular orbitals
as the starting orbitals, state-averaged complete active space self-
consistent field (SA-CASSCF) calculations for 14 A-S states are per-
formed to generate multi-configuration wavefunctions [28,29]. The
14 A-S states are the ground state X2X+, 1211 correlating with the
lowest asymptote Hg('S) + Br(?P), and 12 other molecular states
(22%+, 322+, 2210, 3210, 124, 12%-, 143+, 2434, 144, 142,
1411, 2411) correlating with the second asymptote Hg(®P) + Br(2P).
Finally, the internally contracted multi-reference configuration in-
teraction including Davidson correction (icMRCI4-Q) [30,31] calcu-
lations are carried out to consider the dynamical correlation and
size-consistency error for the 14 A-S states of the HgBr molecule.
In the above CASSCF calculations, seven molecular orbitals (MOs)
and seven electrons are chosen in the active space, which include
three A, two By and two B,, corresponding to the 6s6p shells of
the Hg atom as well as 4p shells of the Br atom. In the icMRCI4+Q
calculations, the 5d10 electrons of Hg and 4s? electrons of Br are
placed into the close shell. The electrons in close shell are corre-
lated through single and double excitations. Thus, there are a total
of 19 electrons in the correlation energy computations. The inner
electrons correlated with 5s5p shells of Hg and 3s3p3d shells of Br
are kept frozen and not correlated. The SOC effect is considered via
a state-interacting approach with the ECP spin-orbit operator using
a two-step perturbative procedure [32-34]. Finally, the energies of
Q2 states are determined by the diagonalization of the calculated
SO matrix.

Based on the calculated PECs of the A-S and 2 states, spec-
troscopic constants of bound states are determined by the solution
of the Schrédinger equation with the help of the LEVEL procedure
[35]. The transition probabilities of C2IT, B2Z+, C2I1y,, D*I13p
and B22+1/2 are then calculated, and the radiative lifetimes of
the low vibrational levels of C2ITyp, D*I1;;, and B2E*y, are es-
timated.

3. Results and discussion
3.1. PECs of A-S states

The spin-free PECs of 14 A-S states of HgBr correlating to the
asymptotes Hg('S) + Br(2P) and Hg(®*P) + Br(2P) are calculated
by the MRCI+Q method and shown in Fig. 1. The energy differ-
ence between the asymptotes Hg('S) + Br(2P) and Hg(3P) + Br(2P)
is 41,150 cm~!, in good agreement with the experimental value
41,788 cm~'. [36] Among the A-S states shown in Fig. 1, the states
X2%+, B2ZEH, 210, 3227, 12A, 12X~ 142+, 142~ and 14A are
bound, whose spectroscopic constants are shown in Table 1.

As presented in Table 1, the ground state of the HgBr molecule
is X2X+, arising from the electronic configuration 85290%574(81).
Considering the correlation of 5d0 electrons of Hg and 4s? elec-
trons of Br in the MRCI+Q calculation, the we and wex. of X2 X *are
calculated to be 178.26 and 0.98 cm™!, respectively, differing
slightly from experimental results (186.47 and 0.97 cm~1) [37] by
821 and 0.01 cm~!. As far as we know, the previous theoreti-
cal values of R, are in the range of 2.49-2.61 A [3,4,18-20]. The
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Table 1
Spectroscopic constants of A-S states of HgBr.
state T. (cm™) we (cm~1) WeXe (cm™1) B. (cm™1) Re (A) D, (eV) Configuration at Re(%)
X2zt This work 0 178.26 0.98 0.0459 2.5337 0.7036 8029057 4(81)
Expt.? 0 186.47 0.97 0.7117
Expt. 0 188.25 1.04 0.0435 0.6819
EXpt.c 0 186.77
Expt.¢ 0 . 0.54+0.20
Calce 0 159.4 1.64 0.044 2,61 0.48
Calc.f 0 0.64
Calc8 [¢] 176 2.60
Calch 0 192.7 2.4976 0.7190
Calc 0 193.8 0.98 2.494 0.6956 2
B2x+ This work 23,609 141.57 0.23 0.0316 3.056 2.8743 8029057%4(29)
80%9025m4(44)
Expt.* 23,485 135.08 0.28 2.4710
Expt.b 23,485 135.89 0.25 0.0293
ExptJ 23,485 135.08 0.28 B
EXpt.k 23,489 135.95 0.25
Calc.e 21,778 141.8 0.29 0.032 3.04 477
e This work 36,581 223.05 0.82 0.0500 2.4285 1.2697 802546 (77)
ExptJ 37,611 241,03 1.17
32t This work 46,398 26.88 0.48 0.0240 3.5084 0.0512 80290576 (63)
80290%5m*@ 6 (20) -
12A This work 45,833 50.46 0.71 0.0292 3.1780 0.1201 80290957 “PP 6 (86) 1
80290%5m*®f6rh(13) 1
12g- This work 46,113 4429 0.74 0.0282 3.2355 0.0857 80290°57«PP6m*(86) *
80290957 h6rf(13)
g+ This work 44,496 83.78 0.86 0.0346 29197 0.2873 8029057/ 6*(98)
L= This work 45,720 61.87 0.93 0.0314 3.0646 0.1350 8029057« 6r(99) |
A This work 45,183 73.31 0.90 0.0331 2.9854 0.2025 802905 **F6m*(99) ||
a Ref. [37]. §
b Ref. [17]. |
¢ Ref. [49].
d Ref. [46].
¢ Ref. [18].
[ Ref. [19].
¢ Ref. [20].
b Ref. [3].
! Ref. [4].
1 Ref. [47].
k Ref. [48].
6 agreement with the accurate theoretical value of 2.4976 A an
0.7190 eV. The deviation between our computation and referenc
5 Hg('P)+Br('P) [3] may originate from the correlation effect of electron. After cof
sidering the effect of SOC, the relatively large deviation of De fo§
oy X2X*is expected to be reduced, which will be discussed later.
=) first excited state 12I1 correlates to the lowest dissociation limi
= Hg(1S)+Br(2P), whose vertical excitation energy is 15,541 cm=1.
a 3 The B(2) 2T+ state originating from the electronic configu
=, tions 80290%54 (29%) and 80*95 2574 (44%) indicates its mult
Qz configurational properties. When considering the correlated effed
5 our calculate values for spectroscopic constants Te, we, WeXe, Al
= . Be are 23,609, 141.57, 0.23, and 0.0316 cm~!, close to the exp
= Hg('Sy+Br('P) imental values from the B2X+-X2X* emission spectrum of Hgl
[17]. For equilibrium distance Re, our calculated value of 3.056
0 L L is close to the only theoretical result of 3.04 A estimated by Wat
6 7 8

Fig. 1. Potential energy curves of 14 A-S states of HgBr correlating to the lowest
two asymptotes Hg('S) + Br(2P) and Hg(*P) + Br(*P).

MRCI method used in our calculations does not consider size-
consistency, so the Davidson correction (+Q) is added to balance
related error. The coupled cluster calculations with iterative triple
and quadruple (CCSDTQ) excitations adopted in Shepler and Pe-
terson’s work [3] are size-consistent. The spectroscopic constant
of the X2X+ obtained by reference [3] is more reliable, which
- can be regarded as the benchmark. The R, and D in our work
is computed to be 2.5337 A and 0.7036 eV, which is in good

[18]. However, for dissociation energy De, the difference betwe€
our prediction and Wadt’s theoretical result is as large as ~1.9 €
In comparison to the available experimental D, (2.4710 eV), 0§
calculated value is about 0.4 eV overestimated. The SO effect®
important for the D, of the HgBr molecule containing high-Z &
ements, which will be discussed in the next section.

gion R = 2.35 A, which can cause perturbations to these two bouf*
states.
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Table 2 )
pissociation asymptotes of the low-lying 2 states of HgBr.
Atomic state Q state energy(cm-1)
(Hg +Br) this work Expt.?
1554 2P3p2 3/2,1/2 0 0
15,4+2P 2 1/2 3528 3685
3pg+2Psp2 3/2,1/2 37,365 37,645
3p,+2P3p2 5(2, 3/2, 3/2,1/2, 1/2, 39,262 39,412
1/2,
3pg+2Py ) 1/2 40,885 41,330
3p,+2Py 3/2,1/2, 1/2 42,782 43,098
3p,+2Psp 712,5]2, 512,312, 3]2, 3/2, 43,054 44,043
1/2, 1/2, 1/2,1/2
3p,+2Pyp2 ©5/2,3/2, 3/2, 1/2, 1/2 46,578 47,728
a Ref, [36].

The dipole moments (DMs) of spin-free A-S states correlating
to the asymptotes Hg('S) + Br(?P) and Hg(*P) + Br(?P) are also
calculated at MRCI level in this paper, as displayed in Fig. 2.
To clarify values of the DMs, the sign convention is defined so
that positive corresponds to the Hg*Br—polarity. According to
this sign convention, the DM of X2X*at the equilibrium distance
Re = 2.55 A is computed to be 0.73 a.u,, indicating the ionic bond-
ing nature of Hgé+Bré=. Our obtained DM value of X2X*for HgBr
molecule is quantitatively consistent with that of the isovalent
molecule CdBr (1.00 a.u.) [38]. All DMs of these spin-free A-S
states tend to zero for a large distance R > 8 A, which corresponds
with the covalent dissociation limit.

Dipole moments (a.u.)

T
6 7 8

Fig. 2. Dipole moments of 14 A-S states of HgBr.

3.2. PECs of the 2 states

The spin-orbit effects are considered via a two-step pertur-
bation procedure as successfully utilized in previous theoreti-
cal papers [39,40]. Previous investigations reveal that the SOC
is of great importance to spectroscopic properties of molecules
including high-Z elements [41-45]. When considering the SOC
for the heavy metal bromide HgBr molecule, a given multiplet
A-S state can split into several different 2 states. Therefore,
there are 30 Q states in total generated from the 14 A-S states
of the HgBr molecule. All PECs of the 30  states are calcu-
lated, however for the sake of visual clarity the PECs of high-

Table 3
Spectroscopic constants of the €2 states of HgBr.

state Te(cm™!) we(cm™!) WeXe(cm™1) Be(cm-1) Re(A) De(eV) Dominant A-S composition at respective R, (%)

XZE+,,2 This work 0 176.46 1.05 0.0459 2.5351 0.5763 X2 £+(99.48)
Expt.? 0 186.47 0.97 0.7117
Expt.b 0 188.25 1.04 0.0435 0.6819
Expt.© 0 186.77
Expt.d 0 0.54+0.20
Calc.® 0 159.4 1.64 0.044 2.61 0.48
Calcf 0 0.64
Calcg 0 192.7 2.4976 0.7190
Calch 0 193.8 0.98 2.494 0.6956
Calcl 0 176 2.60

B2X+p, This work 23,569 140.93 0.23 0.0314 3.0623 2.2858 22%+(98.73)
Expt.? 23,485 135.08 0.28 24710
Expt.b 23,485 135.89 0.25 0.0293
ExptJ 23,485 135.08 0.28
Expt.k 23,489 135.95 0.25
Calc.t 21,778 141.8 0.29 0.032 3.04 4,77

Gl This work 35,001 282.41 1.76 0.0492 2.4352 22T1(94.56)
Expt.© 34,719 278.67 1.84 0.0452
ExptJ 34,722 278.63 1.82

D2y, This work 38,455 216.14 1.00 0.0497 2.4358 22T1(99.44)
Expt.© 38,573 228.46 0.87 0.0465
Expt.k 38,573 231.23 0.99
Expt.! 38,574 228.5 0.95

¥ Ref, [37).

® Ref. [17].

© Ref. [49].

¢ Ref. [46].

: Ref, [18].

Ref. [19].

£ Ref. 3],

" Ref, [4].

" Ref. [20),

! Ref. [47],

“ Ref. {48].

" Ref. [56],
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2 3 4 RA)S 6 7 8
Fig. 3. Potential energy curves of low-lying 2 states of HgBr.
Table 4

Oscillator strength f and vertical excitation energies of the low-lying excited states.

Electronic oscillator strength f vertical excitation
states (a.u.) at R, energies (cm=!)
1%I15p 0.001 14,428

12 My 0.003 16,844

B2X+ 0.043 29,489

CM,yp 0.057 35,424

D25 0.064 38,878

lying repulsive states are not presented. Fig. 3 shows the PECs
of six low-lying € states of HgBr, including four bound states
(X2Z+yp, B(2)2 2+ 1), C(2)*T; and D(2)*T15,) and two repulsive
states (12I1;j, and 12I15,). The dissociation relationship for the £
states is shown in Table 2. Eight asymptotes Hg(1Sq) + Br(nglz),
Hg('So) + Br(®Py;p). Hg(*Pg) + Br(*Psp), Hg(®Pg) + Br(*Pyp),
Hg(®Py) + Br(®Pyp). Hg(’Py) + Br(*Pyj), Hg(PPy) + Br(*Psp),
and Hg(®P,) + Br(?Pyp) are generated from the asymptotes
Hg('S) + Br(?P) and Hg(®P) + Br(®P). The calculated en-
ergy separations of Hg('So) + Br(®Pyp), Hg(®Py) + Br(*Py),
Hg(3P;) + Br(®Py). Hg(*Py) + Br(?Pyp), Hg(PPy) + Bi(*Pyp),
Hg(3P) + Br(®P3;p), and Hg(®P;) + Br(?Pyj;) with respect to the
first dissociation asymptote Hg(1Sg) + Br(?Psj,) are 3528, 37,365,
39,262, 40,885, 42,782, 43,054 and 46,578 cm~!, respectively, dif-
fering from corresponding experimental values [36] by 157, 280,
150, 445, 316, 989 and 1150 cm~!, showing a reasonable accor-
dance.

The spectroscopic constants of the four low-lying bound £
states and their leading A-S compositions at Re are shown in
Table 3. Table 4 presents the vertical excitation energies and os-
cillator strength f of the low-lying 2 states. Since X2X+ is
mainly composed of X2+ (99.48%), the spectroscopic constants
are almost unchanged. However, due to the SOC effect, the D
of X2%+,p, is 0.5763 eV, which is 0.1273 eV lower than that of
X2+ (0.7036 eV) at MRCI+Q level. For the ground state X2X+p,
the experimental values of D, are fairly disparate (0.7117 eV,
0.6819 eV, and 0.54 + 0.20 eV) [17,37,46]. Our present theoret-
ical value of 0.5763 eV lies within this experimental range. The
excited states 12I1;, and 1213, generated from the first excited
state 1211 correlate with different asymptotes Hg('Sp) + Br(Pyp)
and Hg('Sy) + Br(2P3/2), respectively. The vertical excitation ener-

- gies and oscillator strength of 12T1;j, and 12T15p, are 16,844 cm™",
0.003 and 14,428 cm~!, 0.001, respectively. The weak oscillator

o

[H, O,I.(x 10°cm™)

2

RI(A) 5 6 T 8

Fig. 4. Evolution of spin-orbit matrix elements related to 22+ and 2°TT of Hg
(See Table S1 for the definition of these spin-orbit matrix elements.). 3

absorption spectra of 12I1;-X? ¥, transitions.

Once the SOC effect is considered, the 2211 splits into two §
states C(2)2T1y;, and D(2)2I13,, while B(2) 25+ corresponds f
one 2 state B(2)2X+;,. Because of the avoided crossing, C(2)2l'l,
and B(2)ZE+1I2 have a common Q= 1/2 component and will ré
combine into new excited states €2 = (3)1/2 and Q = (4)1/2, &
shown in Fig. 3. For R > 24 A, the PECs of (3)1/2 and (4)
originate from B(2)2 £+, and C(2)I1; 5, respectively. Some expef
imental data exists [17,37,47,48] for Te, we and wexe of B(2)2 X+
listed in Table 3. Our calculated values of T,, we and weXe 1‘
23,569, 140.93, and 0.23 cm™!, respectively, which are close 'J
the available experimental values [47,49]. For the spectroscop
constant Be, our theoretical value 0.0314 cm~' is in good agre
ment with the experimental value [17] 0.0293 cm~! and theoret¥
cal value [18] 0.032 cm™!. For the D of B(2)2X* ), only one ek
perimental value 2.4710 eV has been reported [37]. When consi

culated Re of B(2)2E+;, is 0.5272 A larger than that of X?X*j

agreeing well with the experimental result 0.57 A [17]. The :
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Transition moments (a.u.)
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o

0.0
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Fig. 5. Transition dipole moments of 22 £+-X?X+, 12[1-X? £+and 22[1-X? T+ (a) excluding and (b) including SOC effect.
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we and wexe of C(2)*T1yp, are calculated to be 35,001, 282.41 and
1.76 cm~!, which are all in good agreement with the previous
experimental values 34,722, 278.63, and 1.82 cm~!, respectively
[47]. The B of C(2)*I1y, is calculated to be 0.0492 cm~!, only
0.004 cm~! larger than the experimental result [49]. For the T,
e, and wexe of D(2)?I15p,, our calculated results are 38,455, 216.14
and 1.00 cm™!, differing from the experimental value [48] only
by 118 (0.3%), 15.09 (6.5%) and 0.01 cm~! (1.0%), respectively. Be
is calculated to be 0.0497 cm~!, only 0.0032 cm~! larger than
the experimental value [49]. Our calculated energy separation of
C(2)*11,-D(2)*I3), is 3454 cm~!, which is reasonably close to
the experimental value of 3906 [11], 3833 [14], and 3828 cm™!
[13]. The calculated oscillator strengths f of B(2)25+j,, C(2)IT, 12
and D(2)2l'13,2 states are 0.043, 0.057, and 0.064, respectively,
which are large enough to form strong spectra bands [15,51].

3.2 Spin-orbit coupling and predissociation

_ The absolute values of SOC integrals involving the low ex-
Cted states 22X+ and 22I1 are determined to quantitatively
estimate the SO interactions, which are shown in Fig. 4. The
definitions of the schematic representation for the SO matrix
elements are listed in Table S1 (Supplementary Materials). As
shown in Fig. 4(a), the 22E+-14I1, 22%+-1211, 22%+-24T],
2%+ 2217, and 22%+-12%- SOC integrals are in the range of
200-1000 cm-!, indicating strong SOC between 22X*and 1411,
12T1, 2411, 2211, as well as 125 -states. As shown in Fig. 4(b),
In the region R > 225 A, SOC integrals of the 22IT—14I1,
2’M-14%-, and 22T1—125-are monotonically increasing, while
those of 22[1-14%+ and 22I1—14A initially increase and then
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decrease as the internuclear distance increases. For large dis-
tances, 22I1-1411, 22I1-14X-and 22[1-12X-SOC integrals are
much larger than the others, indicating the spin-orbit splitting of
2211 at dissociation limits are mainly caused by 1411, 1%~ and
123-,

As shown in Fig. 1, the excited states C2I1 and B 2X+ cross
with each other at R = 2.35 A, located at the vibrational level v/ =
0 and 1 of the 2211 state. As shown in Fig. 4(a), the calculated SOC
integral of 22X+—22IT is about 280 cm™! at the crossing point,
which indicates a strong spin-orbit interaction and could be strong
enough to introduce a predissociation pathway for C(2)2T1, v =
1). This could be used to interpret the apparent perturbations be-
tween B2+, and C2IT (v’ < 2) found in the fluorescence exci-
tation spectrum of the HgBr molecule [51].

3.4. Transition properties

The transition dipole moment (TDM) functions of 12[1-X2X+,
C2I1-X2x+, and B2X t-X2 = *are calculated and plotted in Fig. 5(a).
In the Franck-Condon region, both TDMs of C2I1-X2X+ and B2X*-
X2x*are larger than that of 12I1-X2X*. When considering the
SOC, the TDMs curves from 1211y, 1215, C2Ilyp, D?Iy),, and
B2X+;, to X2X+, are displaced in Fig. 5(b). Comparing with
12[1-X2 5, the 12[13,-X25*), transition does not significantly
change in the TDMs curves. However, 12114 /2—X22+1/2 has some-
what changed, whose TDMs hold larger values than that of ]21‘13/2—
X2x+y 12, especially in the large bond distance region. The crossing
of C2IT and B2 *located at R = 2.35 A leads to the exchange of
wavefunctions for (3)1/2 and (4)1/2 states. Hence, for R > 2.4 A,
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Table 5

Radiative lifetimes of vibrational levels v'=0-5 of C2I1, B2+, D?[1;, and B*Z* ;.
State Radiative lifetimes (ns)

V=0 ¥=1 V=2 v'=3 v'=4 v'=5

cn 9.22 9.19 9.16 9.12 9.09 9.06
Byt 19.29 19.09 18.89 18.70 18.51 18.32
C My 11.24
DMy, 6.77 6.75 6.73 6.71 6.69 6.67
BZE*HZ 2175 21.13 20.89 20.66 20.44 20.22
Expt.? 23.7
Expt. 237+ 15
Calc.© 27.6
Calc.¢ 16
@ Ref. [57].
b Ref. [55].
< Ref. [18].
d Ref. [58].

the TDMs of (3)1/2-X2E+y, and (4)1/2-X2X ), originate from
BZX*,-X2 5%, and C?T1yp-X2 T+, respectively.

The radiative lifetime of a vibrational level v/ is given by the
following formula [52-54] (1):

Il

A = o !
647T4](10€TDM| ZU" qv/y” (AE,/UN)
4936 x 10° )
ITDMP> ¥y Qoo (AEy)’
where TDM is in a.u, ¢, are the Franck-Condon factors (FCFs)
between the vibrational wave functions of v/ and v”/, energy gap
AL, is in cm~?, and radiative lifetime 7 is in s.

Based on the calculated TDMs, FCFs, and energy gap AE, the
radiative lifetimes of the low vibrational levels of C2I1, B2x+,
C211yjy, D?*M3p,, and B2X+, ), are calculated and listed in Table 5.
The radiative lifetimes of these transitions are all in the order
of 10 ns. Considering the SOC effect, the radiative lifetimes of
(M), and D?3), are slightly larger and smaller than that of
C2T1, respectively. Similarly, the radiative lifetimes of B2)3+1/2
are also slightly bigger than that of B2X*+. The radiative lifetime
of the vibrational level v/ = 0 of 822+1/2 is calculated to be
21.75 ns, in good agreement with the previous experimental value
23.7 £ 15 ns [55].

T

4. Conclusions

High-level MRCI calculations on the PECs of 14 A-S states cor-
relating to the asymptotes Hg('S) -+ Br(?P) and Hg(®P) + Br(?P) of
HgBr have been performed. For better accuracy, SOC and Davidson
corrections are taken into consideration in our computations. The
spectroscopic constants of the bound states are determined based
on the PECs of the A-S and Q states, which are in good agree-
ment with the available experimental values. The SOC integral of
22%+-2211 (280 cm~!) at crossing point R = 2.35 A indicates a
strong spin-orbit interaction, which is consistent with the appar-
ent perturbations between B2X+;, and C2I1;,, (v < 2) found in
the fluorescence excitation spectrum. The spin-excluded and spin-
included TDMs of 12I1-X2%+, 22[1-X2 X+, and 22%+-X2 % *are cal-
culated and the SOC influence on the TDMs is discussed. Based on
the calculated TDMs, FCFs, and energy gap AE, the radiative life-
times of the low vibrational levels of C2IT; 5, D?I15,, and B2E*
are calculated, where only the radiative lifetime of the vibrational
level v/ = 0 of B22+1/2 is experimentally reported. Our calculated
value of the v = 0 level of B2X+,, is 21.75 ns, consistent with
the experimental value 23.7 + 1.5 ns. Our theoretical work reveals

- more helpful information on the spectroscopy of excited states for
HgBr.
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