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Predissociation resonances and accurate ab initio
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Itis very interesting and challenging to investigate the electronic structures of diatomic dications, due to the
nature of coulombic repulsive and bound attractive dissociation limits and their avoided diabatic
interactions. Using the multi-reference configuration interaction approach, comprehensive ab initio
calculations of the first 36 electronic states, corresponding to 15 dissociation limits, of dication HF?* are
reported. Good agreements for the vertical excitation energies and dissociation limits are achieved with
the available references. Besides the common interesting quantities as adiabatic potential energy curves,
dipole moments and spectral constants for the bound states, the nonadiabatic radial coupling matrix
elements for the I states are also presented. A showcase for the diabatic potentials of *II states are
presented and discussed. Furthermore, predissociation states from the nonadiabatic couplings or
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. Introduction

The studies of multiply charged ions and highly charged ions
have been a long-standing interest due to their important
participations in various dynamic processes as in astro-
physics,*™ plasma physics,® planetary ionospheres,® interstellar
chemistry,” mass spectrometry® and so on. In this work, we
focus on the investigations of doubly charged diatomic dica-
tions, which have received much attention lying not only on
their importance in diverse areas, but also on their interesting
physical properties. Different from the highly charged and
neutral systems, both Coulomb repulsive and chemical attrac-
tive interaction in diatomic dications play important roles, and
avoided crossings between the potentials in short internuclear
distances and metastable states could appear resulting from
their diabatic interplay.®**® The metastable states of dications
are of particular interest for both experiments and theories™
as in absorption and emission spectroscopy,'®’” fragmenta-
tions,"™" jon scatterings®*** and so on. Furthermore, the
recently developed X-ray free-electron laser facilities can
generate ultra-short and ultra-intense X-ray pulses,®* and
provide versatile Auger electron spectroscopy and kinetic energy
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investigated by using the WKB and scattering methods.

release spectra to manipulate the nuclear dynamics of dica-
tions. These applications urgently ask for highly accurate elec-
tronic structures as potential energy curves (PEC) of
dications,**** which is also highly required for the charged
transfer investigations in heavy ion collisions.?

As a typical diatomic dication, it is interesting that not too
many works of HF*" have been recorded. HF** can be obtained
by kicking out two electrons of HF molecule, while HF gas can
easily dissolve in water as extremely strong and caustic acid,
very few related experiments have been performed.*” This fact
asks for much more investigations from the theoretical and
computational aspects for HF*" dication. The lowest PEC of
HF>" is a repulsive one, corresponding to the dissociation limit
of ground-(F" + H"). The ionization potentials (IP) of F" ion and
H atom are 35.970 eV and 13.598 eV, respectively. The first
excited energy of H atom is 10.199 eV, so the HF*" excited states
with dissociation limits less than 31.571 eV (above the ground-
(F* + H")) correspond to the repulsive ones-(F'* + H') and
attractive ones-(F>** + H). For example, the dissociation limit of
the lowest attractive curve is the ground-(F** + H), 21.372 eV
above the ground-(F" + H'). The Coulomb repulsion dominates
the whole internuclear interactions of HF*", interplayed by the
excited attractive PECs. These facts lead to the difficulties to
investigate the electronic structures and metastable states of
dications by both theory and experiment.*®

The first comprehensive work about HF** electronic struc-
tures could be the measurements of Auger electron spectra of
HF molecule excited by X-ray photoionization in 1975 by Shaw
et.al.,”” where most of the final states in HF*" have been iden-
tified. Relevant theoretical investigations of the Auger electron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectra have been performed by Cederbaum's group***® in
1990s, where the complete active space self-consistent field
(CASSCF) method has been employed to calculate the repulsive
electronic structures of HF**. However, the correlations from
the attractive states are not sufficiently introduced in the
calculations and the PECs are restricted in the short internu-
clear distances of 0.4-2 A. Up to now, the most advanced studies
of HF*" electronic structures could be the calculations by the
multi-reference single- and double-excitation configuration
interaction (MRDCI) method by Bruna et.al. in 2006, where the
vertical transition energies up to the first bound state (1°7)
have been comprehensively calculated. Bearing in mind that the
X-ray free-electron laser facilities have supplied more advanced
degrees of freedom to investigate the dications. The present
electronic structures of HF*" are apparently far less and accu-
rate enough. More comprehensive investigations for a broad
internuclear distance and enough electronic states in high-level
investigations are highly required.

In the present work, the highly accurate 36 potential energy
curves of HF*" are comprehensively investigated by the multi-
reference configuration interaction approach (MRCI).* These
states correspond to 12 repulsive dissociation limits (F'* + H")
and 3 attractive dissociation limits (F**" + H). The spectral
constants of 9 bound states, transition dipole moments
between the states, radial coupling matrix elements for “°IT
states are given. The diabatic potentials of *II states are also
presented and discussed, and the position and decay width of
predissociation states are jointly investigated by using the
WKB®' and scattering methods.*>*

lI. Computation methods
A. Multi-reference configuration interaction calculations

All the calculations were performed using in the Molpro 2012
quantum chemistry ab initio package.**** Different basis sets
have been tested and finally the correlation-consistent aug-cc-
pV5Z basis set**?® for F (15s9p5d4f3g2h — 7s6p5d4f3g2h)
and H (9s5p4d3f2g — 6s5p4d3f2g) are employed. The irreduc-
ible representations of C,, is used to describe the linear mole-
cule of Cooyas P =A;, 3 =A,, II=B; +B,and A = A, + A,.
Since both states A and =" share the same A;, the unnatural
avoid crossing or interplay in the PECs between A; of A and A; of
>* should be corrected; so do the PECs for states =~ and A.

To obtain more accurate PECs of HF**, MRCI is adopted in
the calculations for each internuclear distance, with the refer-
ence wave functions generated by a state averaged-CASSCF (SA-
CASSCF) procedure.** In SA-CASSCF calculations, the initial
molecular orbitals (MOs) are prepared by Hartree-Fock
method, the active MOs for both singlet and triplet states are
5a;, 3b; and 3b, (termed as (5330)), and the quintuplet states
use the active MOs of (6220), all 8 electrons are active. The
relativistic correction for the valance energies of F* and F** is in
the order of 0.01 eV,*" that the spin-orbit interaction could be
safely ignored in the calculations.

Note that the key point for the application of multi-reference
methods is the rational selections of active space. However, for
dications, the conventional scheme of building active space
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according to the dissociation limit is not adequate enough than
for the neutral diatomics. Due to the avoided crossing and
interplay between repulsive and attractive adiabatic PECs, a low-
lying excited state in the dissociation limit could result from
a highly excited state at the small internuclear distance after
interplaying several times. The avoided crossing changes the
active space with the variations of internuclear distance, a larger
active space would be expected for dications to provide consis-
tent results for the whole internuclear region. After lots of
preliminary checking, the large active space (5330) for the
singlet and triplet sates, and (6220) for the quintuplet states are
implemented to generate 36 accurate PECs of HF>', corre-
sponding to 15 dissociation limits.

B. Adiabatic to diabatic transformation

Generally speaking, the PECs are calculated in the adiabatic
representation, and the nonadiabatic couplings are quite weak
between PECs away from each other. When two adiabatic PECs
of the same symmetry approach each other and even interplay
as the avoided crossing in a narrow region, the diabatic
couplings should be taken into account seriously.>**> For the
PECs with strong diabatic couplings, it would be more conve-
nient to transform the PECs into the diabatic representation.*
Since in the adiabatic representation, the nonadiabatic radial
coupling matrix A(R) would change rapidly and appear as
sharp peaks in the avoided crossing regions, while the off-
diagonal potential/Hamiltonian in the diabatic representation
indicating the diabatic radial coupling evolve slowly with
respect to the internuclear distance, bringing in less instabil-
ities for the numerical investigations in molecular dissociation,
ion collision and so on.* The adiabatic PECs V* can be
transformed into the diabatic ones V¢ by the unitary matrix C(R)
as V! = C'VAC. The transformation matrix C(R) satisfies

A(R)C(R) + %C(R) =0 with C(R — «) — L*

Practically, the radial coupling matrix elements can be

calculated numerically by finite difference method as
ad .

R W) ~ (Wi(R+ Ag)|W;(R — 4r))/(24g),** which
can be implemented in MOLPRO with the subroutine OVER-
LAP,* and 4 = 0.001 a.u. in the present calculations. The
important radial coupling matrix elements for »*II states have
been calculated, and the diabatic potentials of *II states are
transformed and discussed as a showcase.

Aij = <g/i

C. Vibrational levels and spectroscopic constants

Once we get the potential energy curve of an electronic
state, the vibrational energy levels can be obtained by

numerically solving the radial Schrodinger equation
" d*W,;(R .
“a 7d;€é( ) +V;(R)W,;(r) = E,yj¥,;(R), where p is the

reduced mass of the system, J is the rotational quantum
number, R is the internuclear distance, and the rotationless
(electronic) potential V(R) plus a centrifugal term forms the
effective one-dimensional potential V)(R). The piecewise
exact power series expansions method*® has been employed

RSC Adv, 2021, 11, 9600-9607 | 9601
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to efficiently solve the ro-vibrational levels in the present
work. Generally speaking, the spectroscopic constants for
a single bound state can be extracted from the numerical
potential energy curves. For diatomic molecules, the poten-
tial energy curves of electronic states are simple and well-
shaped, and the first few vibrational levels could be well
represented by Morse potential.** Therefore, the parameters
including the equilibrium distance (R.), the well depth (D),
the vertical transition energy (T.), the harmonic frequency
(we), and the anharmonic constant (w.x.) can be obtained by
fitting the vibrational levels. The other spectroscopic
constants, such as rotational constant (B.), can be generated
by fitting the rovibrational levels as,*>*° E, ; = G(v) + B,[J(J + 1)]
DU+ V)P +HJU+ )P + ... = moKnW)JJ + 1)1, where
G(v) is the vibrational energy level, B, is rotational constant,
D,, H,, ... are anharmonicity.

D. Tunneling-predissociation states

When the PEC has a potential barrier above its dissociation
limit, and the barrier is strong enough to temporally support
localized states, these states will ultimately decay into the
continuum through tunneling. These states are known as the
tunneling-predissociation quasi-bound states, or shape reso-
nances in particle collisions.***** The state/resonance position
and decay width are quite important to understand the pre-
dissociation dynamics of dications. For the tunneling states
with very long lifetimes, the state levels could be well
approximated as the bound levels within the potential
barrier,*> and the classical WKB method*" can be efficiently
employed to calculate the tunneling lifetime as © = ¢p/w,
where ¢,;p is the oscillation period in the potential well, and
is the probability per collision of tunneling through the

barrier. Precisely, tyip = (2/,11.)1/2 152((;) [E — U(R)]fl/zdR and

(8#)1/2 Rs(E) 1/2 .
w= exp{—ih X L . [U(R)]/“dR}, where E is the bound
energy level, UR) = V(R) + [J§ + 1)/R*|(h*/2u) is the effective
potential, u is the reduced mass of the system, v and J are the
vibration and rotation quantum numbers, respectively. R;(E), R,(E)
and R;(E) are the first three classical turning points.* Note that the
LEVEL program by Le Roy* has implemented the WKB method.

It has shown that the long-lived tunneling states close to the
bottom of the potential well could be well studied by the WKB
method, while for the states close to the barrier top, WKB
calculations would introduce uncertainties up to 10% or
more.*”*> In such a case, an alternative quantum scattering
method? can be employed by treating the collisions of A" + B" in
the potential of AB*". The phase shift §(E) of the free state
fragments carries the information of scattering between A" + B,
and the existence of resonance states would increase the phase
shift by almost 7,** and the resonance position E, and width I
can be well extracted by fitting 6(E) using the Breit-Wigner

r/2
E.—FE
ground phase shift near the resonance, and varies slowly, so the
resonance parameters can be efficiently calculated as

formula®** as 6(E) = 6o(E) + tanfl( ) 0o(E) is the back-
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View Article Online

Paper

I'=2/8, (E), where 6, (E,) is the maximum derivative value of
the o(E) with respect to the energy, and the corresponding
energy is E; as the resonance position.> Note that the electron
potential scattering code RADIAL can be properly modified to
efficiently calculate the particle scattering phases.***

With the help of Wigner-Witmer principle,*® the electronic
states of HF>" can be determined by the atomic states in its
corresponding dissociation limit, e.g., *S, + ’Sg = >~ and *=".
With the data of energy levels (F', F>* and H) from NIST,* the
tens of dissociation limits including Rydberg series up to
F**(2s2p®) + H(2s) are listed and shown in Table 1, the
combinations between different excited F>*(2s”2p®) and H(1s)
result into the 3 attractive dissociation limits, and the repulsive
ones are from the interactions between F'* and H. Note that
Rydberg states with dissociation limit F*(2s>2pnl) + H" below
the limit F**(2s*2p®) + H(2s) can not be precisely calculated,
states up to 12 repulsive dissociation limits and all 3 attractive
dissociation limits are carefully investigated in the present
work. In the calculations, the energies of dissociation limits
could be obtained as the energy differences from the ground
state at large R, (50 a.u. in the present work) for the attractive
states; while for the repulsive curves, such energy differences at
large R, minus 1/R, produce the expected energies of dissocia-
tion limits, where 1/R, represents the left positive repulsive
coulomb potential.

In Table 1, the first and second column indicate different
dissociation limits and its atomic terms. The corresponding
molecular states is given in the third column. The fourth and
fifth column are the NIST (AEyst) and present (AEpresent)
calculated excitation energies by MRCI with respect to the
lowest dissociation limit F*(2s*2p*) + H'. The ratio of difference
|AEpresent - AENIST‘

AENisT

17" dissociation limits are not precisely calculated, the calcu-
lations show that very tiny improvement of the accuracy for
states 7-9°TI requires huge active space and are very expensive,
while such a small improvement of these states tiny affect other
lower triplet states. Thus it turns much cheaper to lose the
accuracy of the three dissociation limits and related states, and
the accuracy for other dissociation limits and states can be
properly achieved. Besides, such a treatment do not affect the
18" dissociation limit of singlet states. So in Table 1, states up
to5'3", 237, 611, 3'A, 2°32*, 627, 6°I1, 2°A, 3°2 ™ and 1°11, 36
electronic states in total corresponding to 15 dissociation limits
are reported. As it shows, the present relative energies by MRCI
for the dissociation limits agree quite well with that of the NIST
data.** The absolute difference and difference ratio are within
0.18 eV and 0.8%, respectively.

The corresponding adiabatic potential energy curves of HF>*
dication by MRCI for the 36 electronic states listed in Table 1,
are presented in Fig. 1 in a broad internuclear distances of R =
0.7-50 a.u. The PECs in large internuclear distance (>10 a.u.) for
states sharing the same dissociation limits almost overlap with

Results and discussion

is given in the last column. Practically, 15-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The dissociation limits of HF2* up to F2*(2s22p°) + H(2s) with the corresponding 36 electronic states (states up to 5'S*, 27, 611, 3%a,
2%3* 6%37, 6°I1, 2°A, 3°=~ and 1°TI) calculated in the present MRCI. The relative excitation energies (eV, to states 1°37) for the dissociation limits

|AEpresent — AENisT |

are compared with that of NIST,* the ratio of differences ( ) are within 0.8%

AEnisT

Atomic state Term State AENisT AEpresent Ratio of difference
F'(2s”2p*) + H' Py 1’=7, 1°1 0 0 0
F(2s%2p") + HY 'D, 1'=% 10, 1A 2.588 2.572 0.61%
F'(2s’2p") + H" 'Sy 2's* 5.569 5.531 0.68%
F(2s2p°) + H' *Py 1’37, 2°T1 20.432 20.460 0.14%
F**(2s%2p%) + H(1s) Sy + %Sg 1°27,2°3" 21.371 21.198 0.81%
F(2s*2p®3s) + H' *Sy 2°3" 21.882 21.791 0.42%
F(25°2p®3s) + H' %S, 33 22.672 22.594 0.34%
F(2s*2p®3s) + H' °Py 1°I, 3°% 25.101 24.984 0.46%
F**(2s%2p%) + H(1s) D, + S, 2'A, 21, 1'37; 1A, 3°T1, 4%3~ 25.597 25.459 0.54%
F(2s*2p®3p) + H' Py 4TI, 5% 25.751 25.701 0.19%
F(25*2p®3s) + H' *D, 5T, 6°3 7, 2°A 26.268 26.190 0.30%
F(2s*2p®3s) + H' D, 3, 2'=7, 3'A 26.665 26.584 0.30%
F“(2522p3) +H(1s) P, + %S, 4'11, 3's%; 6°T1, 2°3° 27.762 27.605 0.57%
F*(ZS 2p?3s) + H* P, 4'3" 5'I 28.173 28.187 0.04%

F'(25°2p°3s) + *Py 4’3", 7’1 28.461 — —
F'(2s%2p®3d) + *D, 8°M, 7°27, 3°A 28.772 — —

F'(2s 2p34s) ®S, 43 29.155 — —
F'(2s%2p®3p) + H Py 337, 6'TI 29.216 29.383 0.57%
F(2s*2p°nl) + H" — — — — —
F**(2s%2p%) + H(2s) s, + 2P, BRI ¥ | 31.569 — —

each other, and the attractive and repulsive branches could Table 2. The nonadiabatic coupling and avoided crossing play
interchange at large internuclear distances, such as the crossing a very important role in the electron-nuclear correlated
around 30 a.u. between states 3'IT and 4'II. The nonadiabatic dynamics, such as the photoabsorption spectra, molecular
coupling results into the interplay or avoided crossing between dissociation yield, charge transfer in ion collisions and so
PECs, and the positions of these avoided crossings are listed in ~ on.>'®*® What is more, the related transition dipole moment

-98.0

3= 43 43
‘ 4% 3TLIA 132+,23]—I
-98.5

~_ 'z’
-99.0 n 1 1 1 " L n | 1 | s 1 f 1
0 20 40 0 20 40 0 © 20 40 2 4 6
(a) (b) R(a.u.) @ R(a.u.)

Fig. 1 Highly accurate adiabatic potential curves of the 36 electronic states (states up to 5'=*, 217, 611, 3'A, 2°5*, 6%, 6711, 2°A, 3°3~ and
1°T1) of HF?* dication by MRCI calculations, see Table 1 for more information of the states. Panels (a), (b) and (c) correspond to the 16 singlet, 15
triplet and 4 quintet states, respectively. The nine bound states are highlighted and given in panel (d).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 9600-9607 | 9603
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Table 2 The positions R. (a.u.) of avoided crossings between the
adiabatic potential energy curves

States R, States R,
2°T1-3°T1 5.75 3MI-4'T1 1.85, 27
3*1I-4°T1 2.85 4'TI-5'11 1.55, 3.55
2°11-5°T1 1.5, 14.5 5 1-6"T1 1.3
5°T1-6°T1 1.6, 19 333433~ 9.1

(TDM) and permanent dipole moment (PDM) would surely be
affected and even interchanged by the nonadiabatic couplings.
The strength of nonadiabatic coupling is imprinted by the
radial coupling matrix A(R), which must be firstly supplied to
transform the PECs into diabatic representation. All these
relevant quantities will be presented below.

Besides carefully checking of the convergence, the accuracy
of the present PECs could also be roughly estimated from
several points. The PECs smoothly vary with respect to R. The
repulsive brunches (F° + H') in large R decrease as the
coulombic potential 1/R and the attractive ones reach constant
limits. The relative energies for the dissociation limits show very
good agreements with that of NIST data,** where the absolute
differences are less than 0.1 eV for repulsive states and about
0.15 eV for attractive states (Table 1). Further more, the vertical
excitation energies at R = 2.2 a.u. agree quite well with that of
the available MRD-CI results by Pablo et.al.>” shown in Table 3.
The minor differences could be from different basis sets and
different levels of calculations.

To show the importance of including the dynamic electron
correlations in the calculations, PECs of low-lying excited states
by previous CASSCF** and present MRCI are shown in Fig. 2a.
The CASSCF results of Pahl et.al.>* include seven singlet states
and two triplet states given at R = 1-4 a.u., the present MRCI
results are matched at R = 4 a.u. for 1'A state. As Fig. 2a shows,
PECs of low-lying states (1'A, 1'TI, 1'=*, and 2°=") show excel-
lent agreements between the previous CASSCF and present
MRCI, however, significant discrepancies appear for higher
excited states. The fact is that the dynamic electronic correla-
tion is not fully considered in the CASSCF calculations, and
such correlations should be more important for the description
of highly excited states. Especially for the states involving
nonadiabatic coupling and avoided crossing, more accurate
descriptions of the dynamic electronic correlation are required.
PECs of (1-6)°I states by present CASSCF and MRCI are also
presented in Fig. 2b and c, respectively, to further reveal the

Table 3 Vertical excitation energies AE, (eV) relative to 1S~ at R = 2.2
a.u

Present MRD-CI data®’
1'A 2.70 2.86
1's" 4.23 4.39
1°10 2.22 2.29
111 4.72 4.92
2's" 8.41 8.61
1°3" 17.37 17.33
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-97.50

CASSCF

Present .
(MRCI)

Paul et.al.
-97.75

-98.00

Potential energy curves (a.u.)

5
R (au.)

R (a.w)

Fig.2 Panel (a) shows the PECs of some lowing excited states of HF?*

in the present MRCI level and the CASSCF level by Paul et al.;** the
PECs of °II of HF?" by present CASSCF and MRCI calculations are
given in panels (b) and (c), respectively.

importance of including dynamic electron correlations. As it
clearly shows, for these states with important nonadiabatic
couplings, the inclusion of dynamic electron correlations shift
back the avoided crossings into smaller internuclear region,
therefore the electronic structures at small internuclear
distances by CASSCF may be not reliable. CASSCF method could
not be a proper choice to treat doubly charged HF** dications,
especially for the states with nonadiabatic couplings. These
features definitely indicate the importance of using high-level
calculation methods instead of CASSCF method for dications.

Fig. 1 also reveals nine shallow bound states, 1°Z7, 2%37,
and 1'=7, 2'A, 211, 1°A, and 3'=", 311, 4°I1, locating at around
4.5 a.u., with binding energy of about 0.4 eV. The first two, the
third to sixth, and the last three states are in the same disso-
ciation limits F*'(2s2p’)'s, + H(1s)’S,, F*'(2s’2p*)’D, +
H(1s)’S,, and F>*(2s*2p°)’P, + H(1s)’S,, respectively. Detailed
spectral constants of these nine bound states are presented in
Table 4. About five vibrational states could be supported. The
leading configuration and its weight around the equilibrium of
each state are also given. It shows the configuration interactions
are quite important for all these bound states. There are two
leading configurations for both states 1°S~ and 2'TI, while
besides two leading configurations for states 3'=", 3'TT and 4°T1,
the listed additional 3% one also plays a very important role in
MRCI calculations. Dynamic correlations are very important for
the precise calculations.

The permanent dipole moment (PDM), transition dipole
moment (TDM), radial coupling matrix element (RCME) for the
typical low-lying states are also presented in Fig. 3-5, based on
the MRCI calculations. These molecular parameters are indis-
pensable to describe the dynamic processes such as sponta-
neous emission (Einstein coefficient), photo excitation and
dissociation, charge transfer in ion collisions and so on. Fig. 3
has shown the PDM and TDM for the quintet states of HF>", The
value of PDM depends on the reference point of coordinates for
charged specifies,* the mass center of molecule is chosen as the
reference point in this work, then the PDM at large R shows

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Spectral constants and leading configurations of nine bound states

View Article Online

RSC Advances

States R./a.u. we/em ™t D./eV weXe/lem ™ BeJem™* Leading configuration and weight at R

1°3~ 4.51 675 0.47 30 3.1 0.64 3046°501m” + 0.34 364017* at R =
4.5 a.u.

1°37 (ref. 57) 4.34 670

2°3" 4.97 558 0.32 31 2.9 0.97 3c401m? at R = 5.0 a.u.

1'=- 4.62 639 0.41 30 3.0 0.97 30401m?® at R = 4.6 a.u.

2'A 5.00 551 0.31 31 2.5 0.97 3c401m? at R = 5.0 a.u.

21 4.72 616 0.39 31 2.8 0.49 36%4617> +0.49 36%46°5061° at R =
4.7 a.u.

1°A 4.54 666 0.45 30 3.1 0.97 30401m?® at R = 4.5 a.u.

31 4.69 623 0.39 31 2.9 0.47 36’4017 + 0.48 36%4c1T + 0.03
26°36%4017°® at R = 4.7 a.u.

4°T1 4.71 654 0.40 33 2.8 0.45 36%4017® + 0.48 36%4c1T + 0.03
26°36%401m® at R = 4.7 a.u.

3zt 4.97 562 0.32 31 2.5 0.47 36’4017 + 0.47 36%4c1T + 0.03

nearly linear behavior with respect to R, for the repulsive
branches with one charge in each fragment. Similar features
broadly appear in many systems with charged repulsive and
even attractive branches.*> Note that 1°2~ is the lowest
quintet state, and its dipole spontaneous emission is forbidden,
1°3~ could be a long-lived stable candidate for HF**. The
leading configuration for 3°2 is 0.99 16°26°3545°56%6517,
requiring the active orbitals up to at least 6a,2b,2b, in state-
averaged CASSCF calculations.

Both singlet and triplet IT states show avoided crossings, the
PDM, TDM and RCME for states »*II are presented in Fig. 4 and
5. The linear behavior of the PDM at large R is apparently, the
abrupt changes for PDM with respect to R correspond to the
regions of avoided crossings (see Table 2), featured as signifi-
cant peaks for RCME. Both PDM and TDM show much more
complex variations compared with that of quintet states without
nonadiabatic interactions (see Fig. 3). We would expect the
nuclear wavepacket dynamics on excited IT states should seri-
ously include the nonadiabatic couplings. Note that the main
configurations for states 2°IT and 3’II are 16°2635°17’ and
0.49 10672030401’ + 0.48 106°20°3c%401m, respectively,

5

&
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N

™M
1

>
T
1
Transition dipole moment (a.u.)

Permanent dipole moment (a.u.)

-15 Il 1 1 -1 1 1 1
R (a.u.) R (a.u.)

Fig. 3 Permanent dipole moments and transition dipole moments of
quintet states.
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26°304017* at R = 5.0 a.u.

o
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Fig. 4 Permanent dipole moments, transition dipole moments and
important radial coupling matrix elements between I states.

indicating the importance of implementing the multi-
configuration method.

As a showcase for the treatments of nonadiabatic system in
the diabatic representation, the strongly coupled (2, 3, 4)°TI
states have been transformed into diabatic representation and
their diabatic PECs (including off-diagonal couplings) are

—2'n-3’n
C
© —3'n-4’n
a3 g
— 45’1
—4°n-6’n
— 5’16’

°
o

10 1.5 20 2.

o
s
Radial coupling matrix elements

Permanent dipole moment (a.u)
Transition dipole moment (a.u)

Fig. 5 Same as in Fig. 4 but for °II.
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Fig. 6 The diabatic potential energy curves from the transformations
of adiabatic potential energy curves using the radial coupling matrix
elements for showcase of °II states. (a) and (b) are the diabatic
potential energy curves and off-diagonal diabatic interactions,
respectively.

shown in Fig. 6. As it shows, the repulsive diabatic PEC
V1; crosses through both attractive ones V3, and V33, and the
diabatic off-diagonal couplings evolve normally with respect to
R. Such a transformation has depleted the difficulties induced
by the sharp radical coupling matrix A(R) in the studies related
to the nuclear wavepacket dynamics. It turns out that the dia-
batic representation is more suitable for system with intense
nonadiabatic couplings.

Finally, as a consequence of interchange between the PECs,
tunneling-predissociation levels exist in this system. These
states are also known as shape resonances or quasibound states
in ion-atom collisions, they decay through the nonradiative
tunneling process. As has mentioned in Sec. II, both WKB
method and scattering method have been employed to calculate
the predissociation level and width in a complementary way.
Table 5 has shown the predissociation levels (relative to its
dissociation limit) and widths for both states 3°=~ and 2°I1.

Table 5 The resonance parameters of the tunneling-predissociation
levels with the rotation quantum number J = 0. WKB method has been
employed to calculate the resonance parameters for states » = 1-4 of
3337, and to be more accurately, the scattering method is used for
3%3 states with » = 5, 6 and the 2°I1 states

v Position (eV) Width (em™%) Lifetime (s)
33z

0 2.45297 1.396 x 107 1.521 x 10*?
1 2.52746 7.850 x 10 '8 2.706 x 10°

2 2.59519 5.964 x 10~ 3.560 x 10"

3 2.6558 8.742 x 107° 2.430 x 107°
4 2.7089 2.820 x 10°° 7.530 x 10~
5 2.75408 8.470 x 103 1.254 x 107°
6 2.79094 1.164 x 10° 9.117 x 10~ *2
2°11

0 4.5129 4.566 x 10° 2.325 x 10" *?

9606 | RSC Adv, 2021, 11, 9600-9607

View Article Online

Paper

Note that there are six and only one predissociation states for
states 33~ and 2°T1, respectively. The WKB calculations show
that the widths for v = 5, 6 (3°2 ") and v = 0 (2°TI) are quite large,
their positions and widths have been corrected by performing
the scattering method. Typically, states v = 6 (3°27) and v =
0 (2°II) can tunneling decay as fast as in picosecond.

IV. Conclusion

In this work, accurate ab initio calculations have been imple-
mented on the electronic structure of HF** dication. 36 poten-
tial energy curves, corresponding to 12 repulsive dissociation
limits F** + H" and 3 attractive dissociation limits F>* + H(1s),
are obtained by multi-reference configuration interaction
approach. Good agreement have been achieved with existing
theoretical results with respect to dissociation limits and
vertical excitation energies. Spectroscopic constants for bound
states, dipole moments and the radial coupling matrix elements
for typical showcases are also presented. Furthermore, the
tunneling-predissociation levels, due to the nonadiabatic
coupling or avoided crossing of PECs, are investigated by WKB
method complemented by the scattering method. To achieve
reliable results for dications, the dynamic electron correlations
should be seriously taken into account, high-level calculations
beyond CASSCF as MRCI are expected.
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