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Abstract

Theoretical investigation of the lowest electronic states of ScSe molecule, in the representation
2s+1A(+/-), has been performed via CASSCF and MRCI + Q (single and double excitations with David-
son correction) calculations. The calculated potential energy curves (PECs), permanent dipole
moment curves (PDMCs), and spectroscopic constants are reported for the 14 lowest electronic
states. The comparison of the present results with the rare available theoretical data in literature
shows an overall good agreement. To the best of our knowledge, 13 electronic states of the ScSe
molecule are not yet investigated either experimentally or theoretically; they are investigated in
the present work for the first time.
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1. Introduction

The electronic structures and nature of chemical bonds between a transition metal and a main group element are
of great interest in many areas of science, e.g., in surface chemistry [1], catalysis [2], astrophysics [3]-[5], orga-
nometallic chemistry [6], and high-temperature chemistry [7]. They can also serve as simple models for under-
standing the properties of more complex transition metal compounds. Scandium is the first transition metal atom
which has only one d-electron in the ground state. Diatomic molecules like ScSe are simple transition metal-
containing systems in which d-electrons take part in bonding and provide ideal models for understanding the
electronic structure and reactivity (chemiluminescent reactions). To the best of our knowledge, no experimental
works for the ScSe molecule have been done. The only theoretical works for ScSe in literature are those of Wu
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et al. [8] for the ground X" state using the density functional method.

Because of the lack of studies, either theoretical or experimental, for the excited electronic states of the mole-
cule ScSe and based on our previous studies on diatomic molecules particularly the scandium compounds ScO
[9], ScS [10], ScF [11], ScCl [12], ScBr [13] [14] and Scl [15], we present in this work an ab initio investiga-
tions of the lowest lying electronic states of the ScSe molecule. In the second part we show that, the calculation
has been performed via CAS-SCF/MRCI (Complete Active Space Self Consistent Field, Multireference Confi-
guration Interaction) method. Multireference CI calculations (single and double excitations with Davidson cor-
rections) in which the entire CAS-SCF configuration space was used as the reference, were performed to ac-
count the correlation effects. In the third part, the potential energy curves (PECs), the permanent dipole moment
curves (DMCs) together with the energy minimum for the ground state T, the equilibrium internuclear distance
Re, the harmonic frequency w, and the rotational constant B, are presented for the 14 lowest-lying electronic
states. Thirteen electronic states have been investigated in the present work for the first time.

2. Method of Calculations

In the present work, ab initio investigations of the lowest-lying electronic states of the ScSe molecule have been
performed via CASSCF method. Multireference MRCI + Q calculations (single and double excitations with Da-
vidson corrections) were performed to determine the correlation effects. The entire CASSCF configuration
space was used as a reference in the MRCI calculation which have been performed via the computational che-
mistry program MOLPRO. The scandium species is treated as a system with 10 inner electrons taken into ac-
count using the basis ECP10MDF [16] for s, p and d functions for ScSe. The selenium atom is treated as a sys-
tem with 28 inner electrons taken into account using the basis ECP28MWB [17] including s and p functions. In
the range of the internuclear distance R, around equilibrium distances of its ground state, the ScSe molecule is
assumed to be mainly ionic as many transition-metals Sc*Se”. Among the 55 electrons explicitly considered for
ScSe (21 electrons for Sc and 34 for Se) 38 inner electrons were frozen in subsequent calculations so that 17
electrons were explicitly treated. The active space contains 6o (Sc: 4s; Se: 4po, 58, 4do, 5pg, 6S), 37 (Se: 4p.y,
4d.4, 5p+1) and 16 (Se: 4d.,), this corresponds to 10 active molecular orbitals in the C,, symmetry distributed in-
to irreducible representation in the following way: 7a;, 3b,, 3b,, 1a,, noted [7, 3, 3, 1]. The doubly occupied or-
bitals 40 (Sc: 3s, 3py, 3do; Se: 4s), and 2z (Sc: 3p., 3d.1) and 16 (Sc: 3d.,) have been considered as inactive in
the CASSCF calculations. Correlation effects for the seven valence electrons have been taken into account
through multireference calculations MRCI + Q (single and double excitations with Davidson correction) where
the entire CASSCF configuration space has been used as reference. Calculations have been performed via the
computational program MOLPRO* taking advantage of the graphical user interface GABEDIT [18].

3. Results and Discussion

The potential energy curves for the doublet and quartet electronic states of ScSe molecule in the representation
of " A“") have been calculated in term of the internuclear distance in the ranges 2.00 A <R < 3.77 A (Figures
1-3). The electric dipole moment is a fundamental electrostatic property to study the strength of the long-range
dipole-dipole forces, and to understand the macroscopic properties of imperfect gases, liquids and solids. It is
demonstrated that the strength of vibrational excitations depends on the variation of the dipole moment as func-
tion of geometry such that the DMCs are considered important as they may help to obtain accurate predictions
of transition intensities. Hence, the static electric dipole moment of the considered doublet and quartet states are
calculated in terms of the internuclear distance R and they will be mainly used here to discuss the bond nature
and the polarity and interaction of the states. As the bond nature of an electronic state is related to the magnitude
of the dipole moment at a given distance, an ionic nature is indicated from a relatively large magnitude. It is
quite common for the molecular electronic states of the potential energy curves to make crossings or avoided
crossings. In fact, the avoided crossing regions are likely to be a leakage channels along which the molecules
flow from the higher down to the lower potential energy curves. Such crossings or avoided crossings can dra-
matically alter the stability of the molecules. If these crossings are overlooked, then low barrier transitions can

!MOLPRO is a package of ab-initio programs written by Werner, H.J., Knowles, P.J., Lindh, R., Manby, F.R., Schiitz, M., Celani, P., Ko-
rona, T., Rauhut, G., Amos, R.D., Bernhardsson, A., Berning, A., Cooper, D.L., Deegan, M.J.O., Dobbyn, A.J., Eckert, F., Hampel, C.,
Hetzer, G., Lloyd, A.W., McNicholas, S.J., Meyer, W., Mura, M.E., Nicklass, A., Palmieri, P., Pitzer, R., Schumann, U., Stoll, H., Stone,

A.J., Tarroni, R., Thorsteinsson, T.
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Figure 1. Potential energy curves of the electronic states X22*, (1)%A, (2)?A, (2)°S" and (3)’" of the molecule ScSe.
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Figure 2. Potential energy curves of the electronic states (1)*I1, (1)1, (2)°I, (2)*I1, (1)*®, (1)?® and (3)*TI of the molecule
ScSe.

be missed and an incorrect chemical picture will arise. In the range of R, several avoided crossings have been
detected in the potential energy curves for the excited electronic states of the considered molecule ScSe.

For the ScSe molecule, the spectroscopic constants such as the vibration harmonic constant we, the internuc-
lear distance at equilibrium R, the rotational constant B, and the electronic transition energy with respect to the
ground state T, have been calculated by fitting the energy values around the equilibrium position to a polynomial
in terms of the internuclear distance R. These values are given in Table 1 together with the available data in the
literature. The only values available in literature for the molecule ScSe is that for the ground state X?* calcu-
lated by using the DFT-B3LYP technique [8]. The comparison of our investigated values of R, for the ground
states with those given by Wu et al. [8] for the considered molecule shows a good agreement with the relative
differences oR./R, = 4.7% for the ScSe molecule. A good agreement is obtained by comparing our calculated
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Figure 3. Potential energy curves of the electronic states (1)**, (2)°*, (3)*", (4)*Z", (1)*A, (2)*A, 3)*A, (4)*A, (5)°A, and
(1)°T of the molecule ScSe.

Table 1. Calculated spectroscopic constants for the lowest 14 electronic states of ScSe.

States T. (cm™) R. (A) . (cm™) B.x 10% (cm ™)
Voo 0.0° 2.3794° 348.7° 10.395
0.0° 2.272° 424°
1)%A 8322 2.409 401.1 10.186
)=t 8486 2.695 252.8 8.104
@'a 9339 2.713 246.5 7.994
(3% 10,269 2732 236.6 7.884
)%= 10,437 2.399 380.5 10.213
4y’ 12,540 2735 240.5 7.869
(1)1 12,979 2.734 252.6 7.878
(21 15,513 2.507 568.5 9.361
°A 20,244 2.715 2347 7.985
() 20,364 2.717 237.4 7.974
@ 20,795 2721 2345 7.951
(3)A 20,933 2.725 234.3 7.924
1) 24,076 2.377 351.3 10.417

*Present Theoretical study; PRef [8].

value of w, for ScSe molecule with that given in Ref. [8] with the relative difference dw¢/w, = 17.6%. No com-
parisons for the other investigated data for the excited electronic states with other values, since they are given
here for the first time.

The dipole moment function of these states exhibits an abrupt change reflecting the avoided crossing between
the two states as also observed at the potential energy curves. The positions of these crossings and avoid cross-
ing are given in Table 2 and Table 3.

In Figures 4-6 we show the agreement between the positions of the avoided crossings of the PECs and the
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Table 2. Positions of the avoided crossings between the different electronic states (ScSe).

State 1 State 2 Avoided crossing between (n;) state1/(n,) state2 Rac (A) AEac (cm™)
A A 1/2 2.69 1779.46
1 1 112 2.60 978.78
11 11 1/2 2.66 640.4
‘Il ‘Il 2/3 2.54 1112.04
O N 3/4 2.54 1632.84
‘A ‘A 2/3 2.28 22451
‘A ‘A 2/3 3.03 534.92

Table 3. Positions of the crossings between the different electronic states (ScSe).

State 1 State 2 Crossing between (n,) statel/(n,) state2 R. (A)
%5 2A 22 257
Bl 2p 11 2.60
1 2p 211 2.54
‘n ) 1/1 2.81
Bl ‘n 11 2.84
1 ‘Il 211 3.02
1 ‘D 211 2.09
‘n ‘D 3/1 2.54
Bl ‘Il 2/2 2.15
‘-l 2p 211 2.30
i) ‘D 1/1 2.30
BN ‘A 1/4 2.93
xt on 1/3 2.33
BN o 1/4 2.33
o ‘A 3/1 2.36
OB ‘A 4/1 2.36
R ‘A 4/5 2.54
o ‘A 412 3.41
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Figure 4. Dipole moment curves of the electronic states X*2*, (1)?A, (2)?A, (2)°* and (3)%" of the molecule ScSe.
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Figure 5. Dipole moment curves of the electronic states (1)*I1, (1)I1, (2)°I1, (2)*I1, (1)*®, (1)°® and (3)*IT of the molecule

ScSe.

2.00

1.00

0.00

-1.00

-2.00

-3.00

-4.00

-5.00

1 p(a.uw)

( 1 )42+

Gy

(5)*A

2)'A

)zt

R (A)

19

2.1

2.3

T

2.5

T T T

33

EAN \n}|

3.5

Figure 6. Dipole moment curves of the electronic states (1)*=*, (2)*", (3)*Z", (4)*", (1)*A, (2)*A, (3)*A, (4)*A, (5)*A, and
(1) states of the molecule ScSe.

positions of the crossing of the corresponding DMCs. This agreement can be considered as confirmation of the
accuracy of the present results on the ScSe molecule. In the present calculation of the DMCs, we considered the
Sc atom at the origin. One can notice that, most of the DMCs for the considered molecule are in the negative re-
gions, where the electronegativity of the Sc atom is higher than those of Se atom in these regions and it is inde-
pendent either on the internuclear distance or the different electronic states. But only for the (2)*A of the ScSe
molecule an inversion in the sign is occurred at R > 3 A. At large internuclear distances the decreased value of
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the dipole moment can be explained by the polarization of the orbital in the direction of the negatively charged
ligand whereas this orbital polarization tends toward the covalent nature for the electronic state (2)*A of this
molecule.

4. Conclusion

In the present work, the ab initio investigation for 14 low-lying electronic states of the ScSe molecule has been
performed via CASSCF and MRCI + Q (single and double excitations with Davidson correction) calculations.
The calculated potential energy curves, the permanent dipole moment curves, and spectroscopic constants T, Re,
e and the rotational constant B, are reported for the 14 lowest electronic states of the molecule ScSe. The over-
all agreement between our calculated values of the spectroscopic constants for the ground states and those of Wu
et al. [8] and the agreement between the positions of avoided crossing of the PECs and the crossing of the
DMC:s for the 13 new excited states confirm the validity and the accuracy of the present results. These investi-
gated data may help for more experimental or theoretical studies in the future for higher electronic states. It is
hoped that our computational results will stimulate further experimental studies on such diatomic molecule.
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