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Abstract

Molybdenum lithium compounds and materials are being researched and applied in
cutting-edge industries; however, their bonding has not been explored in a systematic
way. The present study investigates the MoLi molecule, to shed light on its bonding.
Specifically, the electronic structure and bonding of the ground and 40 low-lying states of
the MoLi molecule are explored, employing multireference methodologies, i.e., CASSCF
and MRCISD(+Q) in conjunction with the aug-cc-pV5z(-PP) basis set. Bond distances,
dissociation energies, dipole moments as well as common spectroscopic constants are
given, while the potential energy curves are plotted. For the ground state, X°%, , it is found
that Re = 2.708 A, D, = 24.1 kcal/mol, we = 316.8 cm ™!, wexe = 2.11 em ™!, and p = 3.63 D.
Overall, the calculated states present a variety of bonds, from weak van der Waals up
to the formation of 2.5 bonds. The dissociation energies of the calculated states range
from 2.3 kcal/mol (a®Z ) to 34.7 (c*IT), while the bond distances range from 2.513 Ato
3.354 A. Finally, dipole moment values up to 3.72 D are calculated. In most states, a 2s2p,
hybridization on Li and a 4d»5s5p, or 5s5p, hybridization on Mo are found. Moreover, it is
observed that the excited Li(>P) atom forms the shortest bonds because its empty 2s° orbital
can easily accept electrons, resulting in a strong o dative bond. Finally, the present work
highlights the exceptional ability of lithium atoms to participate in a variety of bonding
schemes, and it could provide the opening gate for further investigation of this species or
associated material and complexes.

Keywords: diatomic molecule; multi-reference configuration interaction; MoLi; chemical
bonding; electronic structure

1. Introduction

Molybdenum lithium materials have specialized applications across several industries
due to the unique physical and chemical properties of both elements [1-3]. Specifically, the
use of molybdenum in lithium-based applications has promising roles in energy storage,
battery technologies, lubrication, catalysis, electronics, etc. [4-8]. Furthermore, materials
or compounds, including Mo-Li bonds, are being researched and applied in cutting-edge
industries, like electric vehicles, renewable energy systems, and advanced manufactur-
ing [9-13]. However, the molecular and electronic structure of the ground and excited
states of the molybdenum lithium diatomic molecule have not been investigated, while
their bonding has not been explored.

While compounds containing transition metal atoms are of interest, their accurate
description on a theoretical level poses a demanding task due to their computational com-
plexity rising from their high density of states and the high space-spin angular momentum
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of the contained transition metal atoms. Therefore, the understanding of the bonding
schemes between a transition metal element and a main group element is not an easy
task [14]. Thorough insight into the simplest building blocks of such compounds is the
steppingstone towards the investigation of more complex systems [15]. For instance, in the
case of the MoS, 2D material, it was found that the low-lying septet states of the diatomic
MoS [16] and triatomic MoS; molecules are involved in the material as a building block,
explaining the variety of its morphologies [15].

The exploration of the electronic structure of molybdenum compounds is of consider-
able interest because they present a key role in molecular biology, specifically in nitrogen
fixation and oxidation catalysis [17,18]. Interestingly, molybdenum (Mo) has a unique elec-
tronic configuration as an element, i.e., all of its valance shells are half filled, Mo: [Kr]ad®5s!,
allowing it to participate in a multitude of different bonding schemes, with some of them re-
sulting in significant molecular properties [19-23]. Per se, many molybdenum compounds
portray an important role as selective catalysts in organic synthesis and in the chemical
industry. Lithium (Li), on the other hand, has another interesting electronic configuration
on its own, one of a half-filled valence subshell containing a single electron, Li: [He]2s'.
With such a simple structure, one would expect Li to exhibit a very blunt chemistry, but it
showcases some interesting behaviors [24-26], where Li forms double bonds [24].

Until now, most diatomic molecules of molybdenum have been studied to much
extent, but this is not the case for the MoLi molecule. As far as we know, there are not any
experimental studies on the MoLi molecule. Theoretically, recently, our group studied the
ground states of the MoX molecules, where X = Li, Be, B, C, O, N, F via multireference
and coupled cluster methodologies, where the correlation energy of both core + valence
electrons has been calculated [27]. In the present study, the electronic spectrum of MoLi
is investigated for the first time. Specifically, the ground state and 40 low-lying states of
the MoLi molecule have been investigated via a complete active space self-consistent field
(CASSCF), while 12 of them were further investigated via a multi-reference configuration
interaction (MRCISD and MRCISD(Q)). The present study aims to deliver a more detailed
discussion of the properties of this molecule, with high precision calculations and to fill the
gap in the study of the diatomic molecules. Furthermore, the selected calculated states are
correlated with material or complexes that include Mo-Li bonds in their structure.

2. Results and Discussion
2.1. SA-CASSCF

Given that there was not any previous experimental or theoretical study on the
electronic spectra of MoLi, some preliminary SA-CASSCEF calculations were carried out,
simply for the purpose of mapping the abundance and compactness of the MoLi’s
molecular electronic spectrum, from which it was possible to identify 41 electronic
states. From the combination of Mo + Li, 41 21 A molecular states were gathered at
the SA-CASSCEF/aug-cc-pV5Z(-PP) computational level, specifically 11 octet states, i.e.,
8(=+{3},x,I1{3},A{3},®), 11 sextet states, i.e.® (Xt {3},X~,T1{3},A{2},®,T), 9 quar-
tet states, i.e., (X, X7, I1{3}, A{2},®,T), and 10 doublet states, i.e., 2 ({2}, I1{2}, A{2},
@, T, H,I). The number in braces, i.e., IT{3}, denotes that three IT states have been calculated.
To sum up, all states that adiabatically correlated to Mo(a’S, a°S, a®D) + Li(a®S), Mo(a’S)
+ Li(a®P) and some states that adiabatically correlated to Mo(a>G, a°P, a®D, aG) + Li(a®S,
a?P) have been calculated. Note that the triplet excited states of Mo, i.e., a’P, aD, a3G,
are very close lying. Regarding, their lowest energy j term, their ordering is a’P, a°D, a3G;
however, for their j-average term, the a3G term is the lowest one, and this is the reason why
the doublet states of MoLi correlates adiabatically to the a*>G term.
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The SA-CASSCF potential energy curves for all calculated molecular states are de-
picted in Figures 1-4, their bond distances and the relative energy differences are given in
Table 1. In cases where more than one state with the same spin and angular momentum
have been calculated, the ordering is given in parenthesis, i.e., 41‘[(2) is the second *T1 state.
The bond distances range from 2.61 A to 3.22 A, while three of the calculated states are
repulsive at the CASSCEF level of theory, i.e., 8%.+(1), 8=*(3), and °T. The shortest bond
distances are observed for the doublet and quartet states, i.e., 2A(2), *TI(1), 2A(1), and 2T1(1),

see Table 1.
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Figure 1. Potential energy curves of the lowest ten doublet states of MoLi at the SA-CASSCF/aug-
cc-pV5Z(-PP) computational level. The Mo (@®G) + Li (3S) limit, to which the 25+ state correlates, is
used to define the zero of energy for this figure.
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Figure 2. Potential energy curves of the lowest nine quartet states of MoLi at the SA-CASSCF/aug-cc-
pV5Z(-PP) computational level. The Mo (a 5D) + Li (3S) limit, to which the 41T state correlates, is used
to define the zero of energy for this figure.
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Figure 3. Potential energy curves of the lowest eleven sextet states of MoLi at the SA-CASSCF/aug-

cc-pV5Z(-PP) computational level. The Mo (a 78) + Li (2S) limit, to which the X ®X.* state correlates, is
used to define the zero of energy for this figure.
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Figure 4. Potential energy curves of the lowest eleven octet states of MoLi at the SA-CASSCF/aug-
cc-pV5Z(-PP) computational level. The Mo (a 7S) + Li (2S) limit, to which the 8X* state correlates, is
used to define the zero of energy for this figure.

The PECs of the doublet states have been plotted in Figure 1. They are lying about
70 kcal/mol (=3.1 eV) above the ground state, and they present bond distances around
3.1 A, see Table 1. Quartet states are lying about 42 kcal/mol (=1.8 eV) above the ground
state. Their PECs are plotted in Figure 2, where it is clearly shown that the three lowest in
energy quartet states, i.e., 411(1), *+, and *A(1), present avoided crossing at about 3.5 A
with the #T1(2), #X*(2), and *A(2) excited states, respectively, see discussion below. The
eleven lowest in energy sextet states are plotted in Figure 3. It is found that the ground
state is the X L+ state, which is separated clearly from the remaining sextet states, i.e., the
X state is about 36 kcal/mol (=1.6 V), lying below their bunch of states. Avoided crossings
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are observed between the ®TI(1) the ®T1(2) states. Moreover, the °® and °A(2) states present
crossing with higher in energy states that have not been calculated; however, the crossings

are observed in their configurations and depicted in Figure 3. Finally, the octet states are
plotted in Figure 4. SA-CASSCF and CASSCF methods predict that the 8%+ is repulsive;
however, MRCISD and MRCISD+Q confirm that the state is slightly bound. It is a van
der Waals state, see discussion below. The excited 8A(2) and 8A(3) states present avoided

crossing at about 3.0 A. It is quite interesting that three quartet states, i.e., IT, 8A(2), and

8A(3) present short bond distances of about 2.66 A, even though the states present seven

single occupied orbitals, see discussion below.

Table 1. Equilibrium bond distances (Re/ A) and relative energy differences (T./eV and kcal/mol)
for the calculated states of MoLi at the SA-CASSCF/aug-cc-pV5Z(-PP) level of theory.

STATE R T. (eV) T. (kcal/mol)
X2+ (1) 2.802 0.000 00.00
8¥.+(1) (repulsive)
8T1(1) 2.674 1.395 32.2
6%+(2) 2.882 1.577 36.4
6%.+(3) 3.004 1.806 41.6
411(1) 2.620 1.812 41.8
6T1(1) 2.982 1.887 43,5
4y 2.731 1.918 44.2
4A(1) 2.711 1.977 45.6
4P 2.656 1.988 45.9
8v.+(2) 2.869 2.019 46.6
6A(1) 3.044 2.036 46.9
4A(2) 2.756 2.115 48.8
41(2) 2.726 2.142 49.4
°T1(2) 2.873 2.149 49.5
ir 2.762 2.207 50.9
4y~ 2.702 2.434 56.1
411(3) 2.801 2455 56.6
6P 2.712 2.674 61.7
°T1(3) 2.892 2.756 63.5
5A(2) 2.816 2.800 64.6
6y~ 2.809 3.003 69.6
or (repulsive)
2y % (1) 2.663 3.080 71.0
2T1(1) 2.634 3.094 71.4
2A(1) 2.627 3.100 71.5
2¥4(2) 2.654 3.119 71.9
2P 2.657 3.148 72.6
T 2.683 3.170 73.1
2T1(2) 2.668 3.177 73.3
8 3.098 3.183 73.4
8T1(2) 3.106 3.220 74.2
21 2.705 3.220 74.2
’H 2.693 3.220 74.3
8A(1) 3.225 3.243 74.8
2A(2) 2.614 3.247 74.9
8T1(3) 3.100 3.328 76.7
8y~ 3.181 3.412 78.7
8Y.*(3) (repulsive)
8A(2) 2.650 3.981 91.8
8A(3) 2.660 4.028 92.9
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2.2. MRCISD(+Q) Methods

Based on their relative energetic positions, sequential order, and angular symme-
try characteristics, the first electronic state of each spin multiplicity exhibiting > and I1
symmetries—within the Co, point group of the molecule—was identified, under the as-
sumption that these symmetries are the most relevant for molecular bonding, in light of
the atomic electronic configurations, i.e., the eight electronic states X0t (1), °TI(1), 8= * (1),
8T1(1), 4T1(1), #=* (1), 221 (1), and 2T1(1). Furthermore, the two excited states that lay very
close to the X state and portray the same spin and angular symmetry, i.e., °~*(2), and
6%+ (3), as well as two states that present avoided crossing, i.e., ,2I1(2), with the 4TI(1) state,
and °TI(2), with the °TI(1) state, respectively, were further investigated at the MRCISD(+Q)
level of theory, for a more accurate description. As such, CASSCF calculation—providing
a multi-reference wavefunction that captures static correlation and optimized orbitals—
preceded the subsequent MRCISD for each state, which were performed in conjunction
with an augmented, correlation-consistent, polarized valence basis set of quintuple-( qual-
ity. The PECs of these states were calculated, see Figure 5 and Figure S1 of Supplementary
Materials, while their bonding across their PECs were analyzed. It is noteworthy that while
the " (3) state of MoLi is hanging lower than the °I1(1) at CASSCF/aug-cc-pV5Z(-PP)
level of theory, it was found that the order is reversed at the MRCISD and MRCISD+Q/
aug-cc-pV5Z(-PP) computational levels. Additionally, the ordering of the °Z* (2) and 8T1(1)
states changes from CASSCF to MRCISD, and finally in MRCISD+Q, i.e., at CASSCE, the
8T1(1) is lower in energy than the °% 1 (2) state. At MRCISD, the two states are energetically
degenerate, and finally, at MRCISD+Q), the b3+ (2) state is the lowest between these two
states, cf Tables 1 and 2. It should be noted that CASSCF and SA-CASSCF present the same
relative energy ordering of the states in general; however, when the states differ about
3 kcal/mol or less, their relative energy ordering may be altered.

—T r 1T rrr+-rrrrrr-r1— 1T o1 7T
70 - Mo(a_G) + Li('S) -
60 2
. —a— 11
50 —— 22+
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Figure 5. PECs of the selected states of MoLi at the MRCISD+Q/aug-cc-pV5Z(-PP) computational
level. The Mo (a ”S) + Li (%S) limit, to which the X®X* state correlates, is used to define the zero of
energy for this figure.
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Table 2. Bond distances (Re/A), adiabatic dissociation energies and diabatic in parenthesis
(De/kcal/mol), harmonic frequencies (we/ cm™1), anharmonic corrections (weXe/cm™1), dipole
moments (y/D), and relative energy differences (T, /kcal /mol) of the MoLi molecule at the CASSCEF,
MRCISD, and MRCISD+Q/aug-cc-pV5Z(-PP) levels of theory.

States Methodology Re De We WeXe pEF ° () ? Te
Xbx+ CASSCF 2.817 09.66 273.3 2.29 1.87 1.87 00.00
MRCISD 2.717 22.67 312.1 212 3.46 2.69 00.00
MRCISD+Q 2.708 24.06 316.8 2.11 3.63 00.00

alxt CASSCF (repulsive)

MRCISD 3.436 01.60 086.7 4.44 1.30 0.64 21.08
MRCISD+Q 3.354 02.26 101.1 4.06 1.54 21.80
APxH CASSCF 3.134 14.84 181.2 —1.42 0.50 0.50 40.22
MRCISD 3.046 17.86 184.3 —0.04 1.24 0.09 36.41
MRCISD+Q 3.027 19.04 198.8 —2.79 1.42 34.88
b8IT CASSCF 2.688 25.80 309.6 1.61 2.30 2.30 32.23
MRCISD 2.653 29.43 321.9 1.68 2.97 2.80 36.20
MRCISD+Q 2.654 30.22 321.1 1.72 3.03 - 36.48
A1 CASSCF 2.628 1.74(15.8) b 338.1 1.72 218 2.18 49.82
MRCISD 2.575 18.28(32.3) b 352.7 1.85 3.14 2.96 40.90
MRCISD+Q 2.570 20.68(34.7) b 354.6 1.85s 3.32 39.35
dizt CASSCF 2.729 00.42 325.3 213 2.30 53.06
MRCISD 2.678 10.10 338.1 0.70 3.27 43.45
MRCISD+Q 2.674 11.89 339.5 0.43 41.72
BOIT CASSCF 2.766 3.44(9.90) © 248.3 1.94 1.01 1.01 48.12
MRCISD 2.528 15.38(21.83) 301.5 1.46 0.89 0.42 43.80
MRCISD+Q 2513 17.98(24.66) © 311.7 1.67 1.19 42.05
cox " CASSCF 2.949 09.38 319.3 11.74 1.04 1.04 50.64
MRCISD 2.997 13.01 253.2 04.96 0.42 49.21
MRCISD+Q 3.029 13.24 237.2 02.27 47.71
oI1 (2) CASSCF 3.027 8.11(1.65) 4 267.0 2.83 2.12 212 46.43
MRCISD 2.988 14.11(7.66) 4 237.8 4,51 2.86 51.52
MRCISD+Q 2.981 15.64(8.96) 4 230.4 5.11 51.06
41 (2) MRCISD 3.064 19.5(5.50) © 193 8.0 1.70 53.68
MRCISD+Q 2.954 21.9(7.86) © 217 15.1 52.17
25 F CASSCF 2.682 14.46 340.2 2.05 2.29 2.29 78.63
MRCISD 2.639 29.42 353.8 1.87 3.56 3.22 62.59
MRCISD+Q 2.635 31.45 355.7 1.90 3.72 60.31
211 CASSCF 2.636 10.09 339.2 222 2.64 2.64 80.46
MRCISD 2.594 25.02 365.9 1.35 3.53 3.35 66.73
MRCISD+Q 2.589 27.03 370.1 1.23 3.70 64.63

prr: Dipole moment via finite field; (u): dipole moment calculated as an expectation value.

b Adiabatic D, with respect to Mo(a®D; 5524d4) + Li(®S); diabatic D, with respect to Mo(a®G; 5514d5) + Li( 2S)
in parenthesis.

¢ Adiabatic D, with respect to Mo(a°D; 5524d4) + Li(%S); diabatic D, with respect to Mo(a’S) + Li(3P) in parenthesis.

d Adiabatic D, with respect to Mo(a’S) + Li(2P); diabatic D, with respect to Mo(a°D; 5s24d%) + Li(%S) in parenthesis.

¢ Adiabatic D, with respect to Mo(a®G; 5s'4d’) + Li( 2S) ; diabatic D, with respect to Mo(a®D; 5s24d*) + Li(2S)

in parenthesis.

To sum up, our best results are obtained at the MRCISD+Q) level. Thus, the states
are named according to their MRCISD+Q energies as X°Zt, a82F, A6T* (2), b8TI, ¢*11,
d*T*, BOIT, and C®Z+ (3), °T1(2), #T1(2), 22 F, and 2IT. For these twelve electronic states,
their usual spectroscopic parameters, such as bond distances, dissociation energies, dipole
moments, harmonic and anharmonic corrections, and relative adiabatic energies at CASSCEF,
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MRCISD and MRCISD+Q/aug-cc-pV5Z(-PP) are provided in Table 2, and their leading
equilibrium CASSCF configuration accompanied by its corresponding molecular orbitals’
are given in Table 3. Over the following paragraphs, we further discuss in detail the
bonding of selected electronic states.

Table 3. Composition of the molecular orbitals of selected states of MoLi.

State MOs LCAOs
Xox+ 1o 0.79 @s55(Mo) + 0.34 @3, (M) +0.69 @5 (Li) — 033 ¢p, (Li)
20 0.97 @44 ,(Mo)
16+ 1.00 (P4dx2—y2 (MO)
17ty 0.99 @44, (Mo)
17y 0.99 @44,,(Mo)
15 1.00 @4q,, (Mo)
a8yt 1o 0.12 @55(Mo) + 0.47 @5p, (Mo) + 0.98 o (Li)
20 0.98 @55(Mo) — 0.11 @s5p_(Mo) — 0.11 @os(Li) — 0.18 ¢op (Li)
30 0.98 ‘P4dzz( 0)
16, 100 o4, ,(Mo)
171y 0.99 @4q,,(Mo)
17y 0.99 @44,,(Mo)
16 1.00 ¢4q,, (Mo
AbTF 1o 0.84 @55(Mo) +0.24 @5 (Mo) +0.55 s (Li) — 030 ¢3p (Li)
20 0.95 @44 , (Mo) — 0.19 @55(Mo) + 0.14 @sp, (Mo) +0.23 as(Li) — 0.11 @3y, (Li)
3¢ —0.24 @44, (Mo) — 0.41 @55(Mo) + 0.40 @5, (Mo) +0.73 @35(Li) + 0.31 gy (Li)
164 1.00 Pady (Mo)
17y 0.99 @44, (Mo)
17y 0.99 @44,,(Mo)
16— 1.00 @4q,, (Mo)

BI1 1o —0.18 @44 , (Mo) + 0.89 @55(Mo) +0.40 @5 (Mo) +0.55 o5 (Li) — 0.36 @2p (Li)
20 0.96 @44 , (M) +0.12 @55(Mo) +0.27 s, (Mo) + 040 o (Li) — 0.40 oy, (L)
16+ 1.00 (p4dx2—y2 (MO)
17ty 0.98 @44,,(Mo) +0.17 @ap (Li)

27, —0.14 @44, (Mo) + 0.40 @5, (Mo) +0.59 @3p, (Li)
1my 098 9q,, (Mo) + 0.17 @ap, (Li)

2my ~0.14 @4q,,(Mo) + 0.40 @sp (Mo) +0.59 @ap (L)
15 1.00 @4q,, (Mo)

C41 lo 0.26 P44 , (Mo) +0.85 @s55(Mo) +0.30 @s5p_(Mo) +0.66 ¢2s(Li) — 0.40 @2 (Li)
164+ 1.00 Pad, (Mo)

171, 0.96 @4q,,(Mo) +0.27 @p_(Li)
1n, 0.96 4a,, (Mo) +0.27 @2y, (Li)
15_ 1.00 @44, (Mo)

d*zt 1o 0.26 @4q , (Mo) + 0.80 @s5(Mo) + 0.34 @3, (Mo) +0.69 @o5(Li) — 0.40 @ (Li)
20 0.87 Pad (Mo) — 0.30 @s55(Mo) + 0.18 @sp_(Mo) + 0.14 os(Li) — 0.21 @pp (Li)
16, 100 044, ,(Mo)

17, 0.98 @44, (Mo) +0.23 @2y, (Li)
1n, 098 uq,, (Mo) +0.23 o3 (Li)
15 100 @4q,, (Mo)
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Table 3. Cont.

State MOs LCAOs

BOTI 1o 072 @14 , (Mo) + 0.64 s5(Mo) +0.41 sp, (Mo) +0.65 ¢z6(Li) — 0.53 g, (Li)
20 0.67 Pad , (Mo) — 0.66 @s55(Mo) — 0.12 @5 (Mo) — 0.24 @a5(Li)
154 1.00 Pady (Mo)
17, 0.91 @4q,, (Mo) +0.40 @y, (Li)
1ny 091 @yq,, (Mo) + 040 2y, (Li)
15_ 1.00 @4q,, (Mo)

Cox+ 1o 0.80 @5 (Mo) +0.30 @sp, (Mo) +0.29 94q , (Mo) +0.57 g2 (Li) — 0.30 @2y, (Li)
20 —0.34 @55(Mo) +0.48 @5, (Mo) — 0.44 Pad (Mo) + 0.66 ¢os(Li)
16, 100 4q,, , (Mo)
171y 0.99 @4q,,(Mo)
1my 0.99 @44,,(Mo)
16— 1.00 @44, (Mo)

25+ 1o 038 @44 , (M) + 0.78 @55 (Mo) + 036 @sp, (Mo) +0.70 g (Li) — 0.4 oy, (Li)
20 0.89 @4q » (Mo) — 0.44 @s55(Mo) + 0.13 ¢sp_(Mo)
16, 100 4q., , (Mo)
17ty 0.95 @uq,, ( 0) +0.17 @sp_(Mo) +0.28 @p (Li)
17, 0.95 @4a,, (Mo) + 017 @sp, (Mo) +0.28 @2, (Li)
15_ 1.00 @4q,, (Mo)

211 1o 024 @44, (Mo) + 0.85 @55 (Mo) + 030 @sp, (Mo) +0.66 @24 (Li) — 0.41¢3, (Li)
15, 100 4q., , (Mo)
17ty 0.96 @44,,(Mo) +0.27 @ap (Li)
1n, 096 Gud,, (Mo) +0.27 sy (Li)
16— 1.00 @44, (Mo)
2.2.1. X%+

The X°L7 state is clearly the ground one, see Table 2. It correlates to the Mo(a’S) +
Li(?S) adiabatic atomic products, and these atomic states are involved in the bonding. The
CASSCF leading configuration in equilibrium, followed by the Mulliken atomic distribu-
tions (Mo/Li) are: |X6L£ ") 220.92 [16%20" 18} 17} 17} 151 )

551.295p2.075p2.035p3.034d2.2974d2.29§y24dg.z964dg.z964d2.}?8 /250 552p0 042p9( 032p0 .03

The composition of the molecular orbitals that produce the configuration of the ground
state are given in Table 3. A visual representation of these molecular orbitals is given in
Scheme 1a, while the corresponding valence bond Lewis (vbL) diagram that summarizes
the bonding of this state is given in Scheme 1b. This vbL diagram is based on the leading
CSF, the atomic Mulliken distributions, and the molecular orbitals” composition. More
specifically, a single o bond is formed from the spin coupling between the 5s electron of
Mo and the 2s electron of Li. Note that there is hybridization in both atoms, see 1o bonding
orbital in Table 3, i.e., there is 5s5p, hybridization on Mo and 2s2p, hybridization on Li.
Overall, about 0.33 e are transferred from the Li atom to the Mo metal.

The bond length of the X state is 2.708 A, and the corresponding dissociation energy
is 24.1 kcal/mol at the MRCISD+Q/aug-cc-pV5Z(-PP) level of theory, see Table 2. This
state has also been calculated via coupled cluster theory, including the correlation of the
core electron, i.e., C-RCCSD(T)/aug-cc-wcPV5z(-PP), resulting in a dissociation energy of
24.4 kcal/mol [27] along with the ground states of the MoX molecules, where X = Li — F.
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Thus, the inclusion of the correlation of the 4s?4p® electrons of Mo and 1s? of Li does
not affect the present calculated dissociation energy obtained via the correlation of the
valence-only electrons.

HOMO HOMO
1 Jia 1 |1
(Modd,_y)! (Moddy)!
HOMO-1 HOMO-1
‘ T 1]
E (Modd.;)! (Modd,;)!

HOMO-2

20

(Modd)!

HOMO-3

10'

(Mo5s)'-(Li2s)!

. oL

X5t

(b) Mo(’S) + Li(’S)

Scheme 1. (a) MO diagrams and (b) valence bond Lewis diagram of the ground state X6% " of MoLi
at the CASSCF/ aug-cc-pV5Z(-PP) level.

222 a8yt

This excited state is correlated to the same Mo(a’S) + Li(?S) adiabatic atomic products
as the ground one. Note that this state at the SA-CASSCF or CASSCF level of theory
is repulsive, while at the MRCISD or MRCISD+Q is bound. The leading equilibrium
configuration, followed by the Mulliken atomic distributions (Mo/Li) are: ‘aSZJr > =097

101201301181 1717 161 )

550-885,0.135,0.03 5p2.03 4d%74 d2.293y2 440984 d(}J,.Z% 4dl '}90 /250912p0.089,0.01 ngm

The composition of the molecular orbitals that produce the configuration of the excited
state are given in Table 3, and their visual representation is presented in Scheme 2 along
with the corresponding vbL diagram, where it is found that the atoms are in their ground
atomic states. Notably, not a single covalent or electrovalent bond is formed between
the two atoms, for this high spin state to arise, and the two atoms are most likely pulled
towards each other by some weak van der Waals interactions. This interaction is depicted in
the 10! and 20" orbitals. Specifically, the lowest-energy molecular orbital (HOMO-4 = 10)
orbital has a composition that clearly gives it the character of the Li atom’s 2s orbital,
but small electron density is transfer toward the Mo atom via its 5p, empty orbitals, see
Table 3. Similarly, the 20 orbital, which corresponds to the 5s of Mo, interacts with the
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empty 2p, orbital of Li. This renders the Li atom a center of electron density accumulation
(low potential); hence, a very small electronic charge is transferred onto it, i.e., 0.03 e. The
resulting interaction has a bond length of 3.354 A, and a dissociation energy of merely
2.26 kcal/mol at the MRCISD + Q/aug-cc-pV5Z(-PP) level of theory, see also Table 2.

HOMO HOMO
o[ s : o [T
(Moddy—)" (Modd,,)!
HOMO-1 HOMO-1
(Moddy.)! (Modd,)'
HOMO-2
E > [
(Modd::)!
HOMO-3
20 20'
(MoS5s)!
HOMO-4
lo
@) (Li2s)!
4d 2p,
% 2p,
4d, 58 2s S
et ¥ - ‘Mo Li-
4 KX t ‘.
y4d),z ..// 8
ar
7 272
() Mo('S) + Li(°’S)

Scheme 2. (a) MO diagrams and (b) valence bond Lewis diagram of the o83t state of MoLi at the
CASSCF/aug-cc-pV5Z(-PP) level.

2.2.3. Ayt and Coxt

The second excited state, A°~ T, of MoLi correlates to the Mo(a®S) + Li(®S) adiabatic
atomic products and retains these atomic states in the equilibrium. The state is multiref-
erence since its leading equilibrium CASSCF configuration has a coefficient of 0.72, i.e.,

AT ") 2072 [15'26130118] 1717151 ), while the CASSCF Mulliken atomic distribu-
tions (Mo/Li) are:
5509850175003 5p§),'03 4 dg.z% 4 dg.z9§y2 4d°964 d(}){z% 4 dg.y98 / 250‘592}32‘282})2‘022})2'02

The bonding in this state is summarized in the vbL diagram of Scheme 3, based on the
leading CSEF, the atomic Mulliken distributions, and the molecular orbitals’ composition,
see Table 3, and their visualization in Scheme 3. There is 5s4d(5p, hybridization on Mo
and 2s2p, hybridization on Li, as can be seen in the 10, 20, and 30 molecular orbitals. In
the 10 molecular orbital, an electron charge is transferred from (5s5p,)! of Mo to (2s2p,)°
of Li, while in the 30 molecular orbital, an electron charge is transferred back from (2s2pz)1
of Li to (5s4do5p,)° of Mo. Thus, we can regard that two half dative o bonds are formed
from the dislocation of Mo’s 5s electron density inside the vacant 2p, orbital of Li and from
the Li’s 2s electron density inside the vacant 5p, orbital of Mo resulting in a total charge
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transfer of about 0.07 e from the Li atom to the Mo metal. Overall, we can regard that the
molecule has a bond order of 1, a bond length of 3.027 A, and a dissociation energy of
19.04 kcal /mol at the MRCISD+Q method.

HOMO

[ oo

(Mo5s)°-(Li2s)?

HOMO-1 HOMO-1
? 15+ g @ 16

(Modde_p)t (Modd,)!
HOMO-2 HOMO-2
(Modd.)! (Modd,)!
HOMO-3
o 20
(M04!l';')l
HOMO-4

10'

(MoSs)'-(Li2s)!

@

b) Mo(’S) + Li(*S)

Scheme 3. (a) MO diagrams and (b) valence bond Lewis diagram of the AST Y state of MoLi at the
CASSCF/aug-cc-pV5Z(-PP) level.

The COL+ excited state correlates to the Mo(aSD;5524d4) + Li(*S) adiabatic atomic
products. The leading equilibrium CASSCF configuration is: |C6Z+> ~0.77 [16*2016} 17}
171%,161, ). It is lying 47.7 kcal/mol and 12.9 kcal/mol above the two lowest in energy states
with the same symmetry, i.e., X°Z+ (1) and A®L " (2), respectively. In this state, a 0> dative
bond is formed from the 55> (Mo) — 2p, (Li), and a ¢! half dative bond is formed from
the 2s! (Li) — 5pz0 (Mo), see MO in Table 3. Thus, the bond order is 1.5, while there is a
strong hybridization, i.e., 2s2p; in Li and 5s4d5p; in Mo. The MRCISD+Q bond length of
the COXL* state is 3.029 A, i.e., almost the same as the bond distance of the A®T " (2) state,
but the dissociation energy of the Co%" state is 13.24 kcal/mol, i.e., it is smaller by about
6 kcal/mol than the corresponding value of the A°T" state.

2.2.4. b1

The state correlates to the Mo(a’S) + Li(?P, 4-1) adiabatic atomic products and retains
this character in the whole calculated PEC. The leading equilibrium CASSCF configuration
of the b8TT state and the Mulliken atomic distributions (Mo/Li) are:

1
br1) = ﬁ{ 10201184 12 1m 181 ) + [10120M 18] 112 161 ) |
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550.725p2.055pg.565p§),.014d2.2934d0.93y2 4d2.z974d8.z964d2.}?9 /250.202p2.072p2.422p0.02 (Bl Symmetry)

x2

y

580.725p[z).055p2.01 5p;)7'564d0'934d0'99 24d2.z964d3.z954d2.}?9 /280.202p2.072p2.022p0.42 (stymmetry)

72 x2—y’ y

The composition of the molecular orbitals that produce the configuration of the ex-
cited state are given in Table 3, where an intense 2s2p, hybridization is observed on Li.
Additionally, there is also a 5s4d(5p,, hybridization of Mo, see Table 3 and Scheme 4. The
bonding is summarized in the vbL diagram of Scheme 4. Specifically, a ¢! dative half bond
is formed via the donation of electron density from the lone 5s electron of Mo into an empty
2sp, hybrid orbital of Li. In addition, two nit dative half bonds are also formed, either
through the donation of electron density from the lone 2p«! electron of Li into an empty 5px
orbital of Mo and the electron donation from 4dyz1 (Mo) to 2py0 (Li) corresponding to By
symmetry or 2py1 (Li) — 5py0 and 4dy,' (Mo) — 2p,? (Li). Thus, about 0.3 e is transferred
to 5px and 5py, see the Mulliken analysis above. Overall, 0.23 e is transferred from Li to
Mo, and the formed bonding order is 1.5, i.e., three half covalent bonds. The bond length is
2.654 A, and the MRCISD+Q dissociation energy is 30.2 kcal /mol. This is very interesting

due to the high multiplicity of spin of this state.

HOMO HOMO
27y I:l 2y
(MoSpy-(Lizp.)! (MoSp,)-(Li2p,)"

HOMO-1 HOMO-1

16, ? 16
(Moddy_y)! (Moddy,)!
HOMO-2 HOMO-2

17, ”«' 17,
(Moddy,)! (Modd,:)!

HOMO-3
0

(Modd.)!
HOMO-4

10'

(Mo5s)!-(Li2s)"

(@
B, B,
5P 2p 2p
4d % 4d;. oensi :
T "-_2-5‘\ fzpy ad 3 e /2py
4d. y; 2, 2t .
"'é%/ + d == — MO::::L]
58 e W .
ad,”7" ad, b1
7 .2 Spy
(b) Mo('S) + Li('P)

Scheme 4. (a) MO energy diagrams and (b) valence bond Lewis diagram of the b®TT state of MoLi at
the CASSCF/aug-cc-pV5Z(-PP) level.
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2.2.5. M1 and *I1(2)

The c *I1 state correlates to the Mo(a°D; 5s24d*) + Li(%S) adiabatic atomic products,
however, it does not retain this character in the whole PEC. At about 3.5 A an avoided
crossing is observed with an excited #I1(2) state that correlates to Mo(a®G; 5s14d%) + Li(3S),
see Figures 2 and 5. In Figure 6, the adiabatic c*T1(1) and the two diabatic c*T1(1) and *I1(2)
have been plotted, where a crossing is clearly observed.

55 rr g1t 't 1 rrrrrrrrrr -1t
- 5 =12y ]
50 Mofa G) +LIC3)
S 45 - - ] -
g ] T Mofa’s)+ LiP)]
g 40 - i
= Mo(a °D) + Li(’S) -
O 354 . - -
+
(] 4 J
B 30 4
2 - = = °[1(2)-diabatic
E T - 6 i .
T 254 1}(1) diabatic
| —e— B'11(1)-adiabatic
20 - = = ‘I1(2)-diabatic
1 = = = c‘11(1)-diabatic
15 —eo— c'[1(1)-adiabatic
LA DL LN DL N NNL A NN BN RENLEN BNNLEN L BN
20 25 30 35 40 45 50 55 60 65 7.0 75 8.0

internuclear distance R/ A

Figure 6. PECs of the adiabatic and diabatic 1T and B®I1 states of MoLi at the MRCISD+Q/aug-cc-
pV5Z(-PP) computational level. The Mo (a 7S) + Li (3S) limit, to which the X0+ state correlates, is
used to define the zero of energy for this figure.

At the minimum of the c*I1 state, its leading CASSCF configuration and Mulliken dis-
tributions (Mo/L) are: [c*TT) = 2 { )1021&17&171;161 )+ ‘1021&171}(17@,161, )} =

%(Bl +By)

551‘415p2‘095p2‘055p2‘034d2'2604d2'27zy2 4d)1(f44d§,‘zl54d2'y7 6/ 250‘302p2‘032p2‘132p0‘06 (Bysymmetry)

y

551 415p) P 5p( P5p)04d04dl” H4dy, “4dy 4d 0 /250202p0 2pR %201 (Bysymmetry)

x2 y

The bonding is summarized in Scheme 5, and is formed from the spin coupling
between the 5s electron of Mo and the 2s electron of Li, resulting in a o2 covalent bond,
where about 0.65 e is transferred via this o to the Mo atom and two dative bonds, i.e.,
72 and 7tl. The 7t bonds are either a full dative 7 bond from the dislocation of the 4dy,
electron pair of Mo inside the 2p, vacant orbital of Li, and a half dative 7w bond from the
dislocation of the 4dy, single electron of Mo inside the Zpy vacant orbital of Li, or the
reverse, see MOs. Overall, about 0.42e¢ is transferred from the Li atom to the Mo metal. The
resulting interaction has an order of 2.5, a bond length of 2.570 A, and a dissociation energy
of 20.7 kcal/mol at the MRCISD+Q/aug-cc-pV5Z(-PP) level of theory with respect to the
correlated atomic products. However, the dissociation energy with respect to the diabatic
products, i.e., Mo(a’G; 5s'4d’) + Li(2S), is 34.7 keal/mol {=20.68 kcal/mol + 14.05 kcal/mol
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Mo(a5G; 5s14d° <a5D;5524d4> [28,29]}. Finally, the bond distance of the 4I_I(2) state is
2.954 A and the corresponding diabatic dissociation energy 7.9 kcal/mol, see Table 2.

HOMO
@ [1 ]
(Moddy_y)!

HOMO-1

171'x

(Modd)*-(Li2ps)

HOMO

‘ (Modd.y)!

o[1is

HOMO-1

<} 17y

(Modd,2)-(Li2p,)"

HOMO-2

10'

(Mo5s)'~(Li2s)"

B,
e B

: <P = Mo=Li
4d, ¢TI

(b) Mo(’G) + Li(*S)

Scheme 5. (a) MO diagrams and (b) valence bond Lewis diagram of the c*IT(1) state of MoLi at the
CASSCEF/aug-cc-pV5Z(-PP) level.

226. dint

The c*T T state correlates to the Mo(a®S) + Li(?S) adiabatic atomic products and
retains this character in its equilibrium. The leading equilibrium CASSCF configu-
ration and the corresponding Mulliken atomic distributions (Mo/Li) are |C4Z+> =
0.70|16°20" 18} 1717} 151 ),

551-325p00955,0.02 5p§),'02 4 d;.zoz 4 d}(éogyz 4d4°924 dg.z92 4 d)l(.}g)o / 250'482P2'052P2'072P§),'07

Considering the composition of the molecular orbitals (see Table 3) and the population
analysis, the bonding is formed as it is depicted in Scheme 6. A single o bond is formed
between the 5s electron of Mo and the 2s electron of Li as in the case of the ground state and
a total of about 0.36e are transferred from the Li atom to the Mo metal. The bond length of
the c*=F state is 2.674 A, and the corresponding dissociation energy is 11.9 kcal /mol at the
MRCISD+Q/aug-cc-pV5Z(-PP) level of theory. Its dipole moment is 3.27 D, a relatively
high value.

Comparing the ground state X°Z+ and the c*Z " state, both present a similar o bond
with bond lengths of 2.708 Aand2.674 A, respectively, however, the strength of the resulting
bond of the c state appears to be half of that of the X state, even though the X states have an
o bond length elongated by 0.03 A. The two states differ in hybridization. Specifically, the
4d,> orbital of Mo participates to an extent in the bonding of the c state, while this does not
happen in the X state, see molecular orbitals in Table 3; thus, this hybridization extends the
space of the molecular orbitals and may weaken the binding energy of the formed bond.
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TJ, lo

(Mo5s)!-(Li2s)!

4d, 2p"2p
4d,, 5 'y 29, A
4d. E§ ) @% = ‘Mo—Li1
4dxz_y:| i s,

d,

’ HOMO HOMO
2 | T e, 2|71 |1a
(Moddy_y)! (Moddy,)!
HOMO-1 HOMO-1
‘ b |17, 9|7 [
E (Modd:;)! (Modd,:)!
" HOMO-2
T 20
(Modd)!
‘ HOMO-3

(@

4

(b) Mo(’S) + Li(’S)

Scheme 6. (a) MO diagrams and (b) valence bond Lewis diagram of the d*~* state of MoLi at the
CASSCF/aug-cc-pV5Z(-PP) level.

2.2.7. B®II and °T1(2)

The B®IT state of MoLi correlates to the Mo(a®D) + Li(>P) adiabatic atomic products.
Around 3.5 A, there is an avoided crossing with an excited ®T1(2), and its character changes
to Mo(a’S) + Li(®P) atomic products, in which the Mo atom is in ground state and the
Li atom is in its first excited one. In Figure 6, the adiabatic B®TI(1) and the two diabatic
B°I1(1) and °I1(2) have been plotted where the crossing is clearly observed. The leading
equilibrium CASSCF configuration of the BTI(1) state, followed by the Mulliken atomic
distributions (Mo/Li), are:

|BOIT) { ‘1&20115117&171;151_ > + ‘101201151171}(1@151_ >} = 0.73V2(B; + By)

~ 0.73
V2

5s%815p) 75p(105p) 1 4d s 4d 5" H4d P Ady; 0 4dyy” /250 192p0 2p) *42p0 B (Bysymmetry)

x2

y

5SO.81 5pg.075p2.01 5pg.164d0.954d0.9_9y2 4d2‘2964d§,'Z234d2'}?9 /2s0.152p2.052pg.032p0.54 (stymmetry)

72 X2 y

The composition of the valence molecular orbitals and their visualization are given
in Table 3 and plotted in Scheme 7 along with the vbL diagram. A half dative o bond is
formed from the (5s4d,2)! hybridized orbital of Mo to the vacant 2sp, hybrid orbital of
Li, and either a 7t covalent bond from the spin coupling between a 4dy, electron of Mo
and a 2p, electron of Li and a half dative 7w bond from the dislocation of the 4dyZ single

electron of Mo in the vacant 2p, orbital of Li or the reverse. A total of about 0.20 e is
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transferred from the Li atom to the Mo metal. Thus, the bond order is 2, resulting in a bond
length of 2.513 A and an adiabatic (diabatic) dissociation energy of 18.0(24.7) kcal/mol
at the MRCISD+Q/aug-cc-pV5Z(-PP) level of theory. Finally, the bond distance of the
6T1(2) state is about 0.5 A elongated compared to the B°TT(1) state, i.e., at 2.981 A, and the
corresponding diabatic dissociation energy is 9.0 kcal /mol.

HOMO HOMO
d 15,, -J 16
(Moddy—y)! (Mo4d.,)!
HOMO-1
20
E (Modd.)!
HOMO-2 HOMO-2

17,

(Modd.)'-(Li2ps)!

d 17Ty

(Modd,z)'-(Li2p,)"

HOMO-3

10'

(Mo5s)'-(Li2sp;)"

'I\:/IO%iLi
B°I1

(b) Mo(’S) + Li(’P)

Scheme 7. (a) MO diagrams and (b) valence bond Lewis diagram of the B®IT state of MoLi at the
CASSCF/aug-cc-pV5Z(-PP) level.

2.2.8.2%% and 2I1

The 2-T and 21T states correlate to the Mo(a’D or a3G) + Li(?S) adiabatic atomic
products and retain this character in equilibrium since no avoided crossings are observed
for either state. It should be noted that the atomic states of Mo 3D and 3G are practically
degenerate; their lowest ] term differs only 0.05 kcal/mol, i.e., 3D; is lower than 3Gj, while
with respect to their average j term, 3G is lower than 3D by 0.23 kcal/mol [28,29]. Since
the spin-orbit coupling has not been included, our results correspond to the Mj average
term, and thus, we may consider a%G as the lowest one even though a’D and a3G are
energetically degenerate.

For the 257 (1) state, its leading equilibrium CASSCF configurations and the
Mulliken atomic distributions (Mo/Li) are: |[d?%") = 0.51 [16%20" 18} 1717} 151 ) —
0.32[10%20" 18} 17l 17 151 )

551 43 5p2.08 5p2.03 5p3’034d;'2074d2§6_ 2 4d)l(.ZOO4d;.ZOO4d2.;56 /250'40 Zpg.OS 2p2.06 2p2.06
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The state is a very multireference state, i.e., cp = 0.51. The bonding is summarized
in the following vbL diagram of Scheme 8. In short, a 02 covalent bond is formed, i.e.,
5s!(Mo)- 2s!(Li), as well as two half 7 dative bonds, 4dy,' — 2px” and 4dy,! — 2p,°, while
about 0.39 e is transferred from the Li atom to the Mo atom. The bond order is 2, while the
bond length and the dissociation energy are 2.635 A, and 31.4 kcal /mol, respectively, at the
MRCISD+Q/aug-cc-pV5Z(-PP) level of theory.

HOMO HOMO
T e, T e

(Moddy_y)! (Modd,y)!

HOMO-1 HOMO-1

\l/ 17,

(Modd,;)!-(Li2py)"

l/ 17,

(Modd,.)!-(Li2p,)"

HOMO-2
T 20

(Modd.)!

HOMO-3

1|10

(Mo5s)!-(Li2s)!

() Mo(’D or’G) + Li(’S)

Scheme 8. (a) MO diagrams and (b) valence bond Lewis diagram of the 25+ state of MoLi at the
CASSCF/aug-cc-pV5Z(-PP) level.

The 2T1(1) state is a highly multireference state, as it is shown by the leading equilib-
rium CASSCF configuration [d?IT) 2 0.50v/2{|10%18} 17171161 + [16°15} 1172151 |)

= % (B1 + Bp). The Mulliken atomic distributions are:

l 395p(z) 095p2 035p0 034d0 594d0 83 24d1 394d1 184d0 83 /ZSO 352p0 042p2 082p0 .09 (Bl symmetry)

55195p0 050 035p0 034405944083 24011 184d1 394d0 83 /95035900490 092po 98 (B, symmetry)

The bonding consists of a o2 covalent bond, i.e., 5s'(Mo)- 2s!(Li), a dative 7* bond,
and a dative 7! bond, i.e., 4d,,2 — 2pX0 and 4dyzl — 2py0 or 4dyz2 — 2py0 and 4d,,! —
2pX0, while about 0.40 e are transferred from the Li atom to the Mo atom, see Scheme 9.
The resulting bond has an order of 2.5, a length of 2.589 A, and a dissociation energy of
27.0 kcal/mol at the MRCISD+Q level of theory.
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(b) Mo(’D or’G) + Li(’S)

Scheme 9. (a) MO diagrams and (b) valence bond Lewis diagram of the 211 state of MoLi at the
CASSCF/aug-cc-pV5Z(-PP) level.

2.2.9. Trends and Electronic Spectra

The adiabatic excitation energies, i.e., relative energy levels of the 41 calculated elec-
tronic states at the CASSCF, MRCISD, and MRCISD+Q levels are depicted in Figure 7. It
is obvious that there are regions around 45 kcal/mol (=2.0 eV) and 75 kcal/mol (=3.3 eV)
where the electronic spectrum is very intense. The five lowest in energy states are clearly
separated for the remaining excited states in all three methods. Our best methodology
is the MRCISD+Q method, and the states are named according to the MRCISD+Q) order.
Some states present avoided crossing at around 3.5 A, for instance, c*IT and BTI states
with the 4TI(2) and °T1(2) states, see Table 4; X+, #A(1), and 8A(2) with the X*(2), *A(2),
and 8A(3) states, respectively, 6® and °A(2) with higher energy states.

Table 4. Equilibrium products and asymptotic products of selected states of MoLi.

State Equilibrium Products Asymptotic Products
Xt afxt Mo (a’S) + Li (3S) Mo (a’S) + Li (3S)
ASYF Mo (a°S )+ Li (®S) Mo (@°S) + Li (®S)
B°I1 Mo (a’S ) + Li *°P) Mo (2°D ) + Li (*P)
Ccoxt Mo (a°D ) + Li (3S) Mo (@°D ) + Li (3S)
b8IT Mo (a’S ) + Li *P) Mo (a’S ) + Li (3P)
c*11 Mo (a°G ) + Li (®S) Mo (a°D ) + Li (®S)
°TT (2) Mo (a°D ) + Li (°P) Mo (@’S )+ Li *P)
4T (2) Mo (a°D ) + Li (3S) Mo (a°G ) +Li(3S)
Dzt Mo (a°S ) + Li (3S) Mo (@°S) + Li (®S)

23t oy Mo (a3Dora3G ) +Li (35) Mo (a®Dora3G ) + Li (3S)

In most cases, the alkali metal atom behaves, as should be expected, as the electroposi-
tive participating element. But in the case of the a®~" state of MoLi, which is a high-spin
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van der Waals state, a negligible excess amount of electron density is accumulated on the
alkali metal atom.
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Figure 7. Relative energy levels (diabatic excitation energies) of all computed states of MoLi with
respect to its lowest-lying state at various levels of computation.

Overall, the correlation between bond distances, bond order, dissociation energies,
and specifically how the bonding affects them are depicted in Figure 8. While the Li atom
possesses only one electron, it can form a variety of bonds, i.e., van der Walls, covalent,
and dative. In the MoLi molecule, it was found that it forms from a weak van der Waals
bond (a82+) up to 2.5 bonds (c*IT and 217), see Figure 8. In most cases, 2s2p, hybridization
on Li and 5s4dy5p;, or 5s5p; hybridization on Mo are found, while an electron charge is
transferred from Li to Mo up to 0.4 e. The bond distances of the calculated states range from
2,513 A in BSTI(1) as far as 3.354 A in a8% 7 (1), see Table 2 and Figure 8. Generally, it is
observed that the excited Li(*P) atom forms the shortest bonds because its empty 2s° orbital
can easily accept an electron charge from the 5s4dy5p, orbitals of Mo, and thus, a strong o
dative bond can be formed. Finally, the adiabatic dissociation energies and diabatic ones in
the cases of c*IT and B°IT are depicted in Figure 8b. The calculated dissociation energies
range from 2.26 kcal/mol to 34.7 kcal/mol, see Figure 8. The dissociation energy per bond
is obtained if the diabatic dissociation energy is divided with the bond order, and the lowest
energy state (X62+, AL 4, and b3IT) is, on average, 21 kcal/mol, while the remaining
calculated states are, on average, 13 kcal/mol. Finally, the van der Waals interaction is
calculated at 2.3 kcal/mol. All these values can be used to evaluate the interaction energy
of the chemical or adsorbed Mo-Li bonds in materials and complexes.
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Figure 8. (a) Bond order magnitude and bond distances, (b) diabatic dissociation energies and
dissociation energies/bond of 12 calculated states of MoLi at the MRCISD+Q/aug-cc-pV5Z(-PP) level.

2.2.10. Comparison of MoLi with CrLi and MoB Diatomic Molecules

As mentioned in the beginning, there are no previous experimental or theoretical
studies on the species of the diatomic MoLi molecule. Moreover, as far as we know, no
previous studies on MoNa and MoK exist in the literature. Below we compare our results
on MoLi with the corresponding data of the isovalent CrLi and the MoB molecules. The
second one contains the B atom, which has one unpaired electron as the Li atom does.

As expected, the results obtained for MoLi bear impressive resemblance to those
regarding its isovalent brethren CrLi. Namely, the electronic spectrum of this molecule,
also, consists of a XL+ ground term, whilst its first excited state is of aZ* symmetry [30].
The reported bond distances, dissociation energies, and dipole moments for the afore-
mentioned two states are R = 4.87(1) ap ~ 2.58 A, D = 8769(140) cm~! ~ 1.09 eV, and
1 =3.3(2) D, with a Li®*Cr®~ dipolar character for the ground state X0Z* of CrLi at the
CCSDTQ/ aug-cc-pVQZ level of theory and Re = 6.50(2) ag ~ 3.44 A, De =553(11) em ™! ~
0.07 eV, and p = 0.67(3) D for the first excited state a¥~* at the MRCISD(+Q)/aug-cc-pVQZ
level of theory [30]. Additionally, the same ground state, CrLi X<+, has been reported to
correspond to an Re =2.751 Aanda D = 0.683 eV at the MRCI level, while a reported or1
state, approximately 1.56 eV above the ground term, corresponds to an R = 3.132 A and
a D. = 0.201 eV at the MRClI level of theory in a different examination [31]. The bonding
schemes of these states of CrLi appear to be identical to the corresponding ones of MoLi;

XZT) ~ [10%20116% 1ml1ml16L ), and [a®Z ") ~ |10'20%30M16Y 1nl1nl 18 ) [30,31],
and [BIT) ~ {|1¢'20"18} 171} 181 | + [10'20"18% 112181 ) } [31].

It is interesting that for a homologous species of an electropositive element inter-
acting with Mo, i.e., MoB, the ground state was found to be that of a X®IT term, with
quite a shorter Re = 1.968 A, a De = 218 €V, and a u = 2.7 D, while its dominant
configuration, i.e., (80%)10220130'18%17, attributes a bonding scheme to the molecule
MoB, which is similar to that of the B°IT excited state of MoLi, namely that of a o half-
bond (from one of Mo’s 0 symmetry electron density inside one of B’s ¢ symmetry va-
cant orbitals), and lateral 7 interactions (1o = B2s(0), 20 = Mo4d(o) + B(2s(0)+2p(0)),
30 = Mods(o), 16 = B4d(8), 17t = Modd(m) + B2p(m), MPA: 550.814d4.86 /251 42p1 54) at the
CASPT2+DKH/4(—8s7p5d3f2g-ANO-RCC)j, /4(—5s4p3d2fp level [32]. Similar results
were obtained in a previous work of ours [22] for MoB, i.e., ground state is of XO11 sym-
metry, has a bond length R, = 1.973 A, a dissociation energy D, = 2.247 eV, and a dipole
moment y = 2.221 D, at the B3LYP/aug-cc-pVQZ(-PP) level of theory, as well as a recent
study of the molecule, [27] where the results obtained bear impressive resemblance to
the previous ones, i.e., Re = 1.959 A, De =2.05 {2.09} eV, and u =2.31{2.47} D, using the
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C-RCCSD(T) {C-MRCISD+Q} methodologies, with an identical bonding scheme comprising
one o half-bond, one 7t covalent bond, and one 7t half-bond [27].

2.2.11. Mo-Li Bonds in Complexes and Solid State

The Mo-Li bond distances depend on the specific compound and the coordination
environment. Furthermore, in many inorganic structures, the Mo-Li interaction is not
a direct bonding pair, even though electronic interactions take place between the metal
atoms in every instance. To name a few, in organometallic or in cluster compounds,
Mo and Li are directly bonded or interacting through bridging ligands. Typical Mo-
Li bond distances observed in organometallic complexes, generally range from 2.6 A
to 2.9 A, depending on the specific ligands and structural configurations [33-35]. For
instance, in the case of the complex unit Mo, LiHC, the Mo-Li bond distances have been
determined through experimental and computational studies, and their averaged values
span a range from 2.856(7) Ato 3.03(5) A, owing to (a) o(Mo-Mo) — s(Li), (b) 7(Mo-Mo)
— s(Li), (c) 8(Mo-Mo) — p,(Li), (d) c(Mo-H) — s(Li), and (e) o(Mo-C) — s(Li) natural
orbital donor/acceptor electronic interactions [33]. Moreover, in a similar study of the
complex Mo, LiH;, Mo-Li bond distances have also been determined experimentally and
computationally. The experimental Mo-Li bond lengths range from 2.91(2) A to 3.24 A,
while computational models predict approximately Mo-Li = 2.97-3.25 A, depending on
the coordination environment, as a result from (a) 0(Mo-Mo) — py(Li), (b) 7y,(Mo-Mo) —
py (L), (c) 3(Mo-Mo) — px(Li), and (d) o(Mo-H) — p,(Li) natural orbital donor/acceptor
interactions [34]. Note also that in these homologous cluster compounds, there is hydride,
carbanide, or carbonyl bridging and not a direct bonding of Mo-Li (their interactions
are purely a result of electron delocalization) [33,34]. Additionally, when direct bonding
explicitly between Mo-Li has been reported, the bond length Mol1-Lil was 2.640(8) A,
and the effective bond order (eBO) of Mo-Li—Mo is 0.57 [35]. The Mo-Li bond distances
calculated here are within the Mo-Li bond distances observed in organometallic complexes
and can provide information on the type of Mo-Li bonding. Additionally, regarding the
dissociation energy of the Mo-Li bond, where there are no reports, the present study can
evaluate the dissociation energy of the Mo-Li bonds within organometallic compounds, i.e.,
the data obtained via the present accurate study of the diatomic molecule can be correlated
with the corresponding MoLi complexes, providing, in this way, valuable information for
the elucidation of the nature of the interactions taking place in such structures, through the
assessment of structural characteristics and energetics.

Understanding the interactions between lithium and molybdenum in solid-state sys-
tems and diffuse Li in the material can provide insights into their potential applications
in energy storage and catalysis [36-39]. Specifically, the adsorption of Li on MoS, [36]
in MoSy(1.x)Sexy alloys [37] has been studied, and it was found that Li loses the 2s! elec-
tron, [36,37], such as in the present calculations, where in some states, the 2s orbital of Li
includes only 0.15e. Moreover, depending on the type of material and the defect, it was
found that the adsorption energy in defect monolayer MoS,, when Li substitutes a S atom
and interacts with three Mo atoms, is calculated in the range of 2.81-3.80 eV [36], and per
Mo-Li moiety is in the range 22-29 kcal/mol, which is the range of the present calculated
dissociation energies. Furthermore, in first-principle characterization of absorption of Li
on Mo(110) surfaces, bond lengths dy;_po, i-e., the distance between Li and the closest Mo
atom, have been reported to range between 2.547 A and 3.151 A [40], and in the characteri-
zation of the liquid Li-solid Mo(110) interface, Li-Mo distances ranged from 2.229 A, up
to 2.663 A [41]. Consequently, this study can serve as a valuable guide for understanding
such interactions. Overall, the present study can add physical insight into Mo-Li bonding,
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and it can enhance our understanding of these interactions in materials, offering valuable
information for possible uses in lithium-based energy storage and catalytic material design.

3. Computational Details and Methodology

The electronic structure of 41 electronic states of the MoLi molecule were investigated
using the augmented correlation consistent basis sets of quintuple-¢ quality: Mo: aug-
cc-pV5Z-PP [42], contracted to [8s8p7d5f4g3h2i], and Li: aug-cc-pV5Z [43], contracted to
[7s6p5d4f3g2h]. For the Mo atom, the accurate core relativistic pseudo-potentials were used
for the 15225?2p®3s23p® electrons, while the 4s?4p®(5s4d)® electrons of Mo were treated via
ab initio calculations. Regarding the inclusion of the relativistic effects, i.e., mass—velocity
and Darwin terms, on calculations, we found that for the MoC [23], their consideration
via the second order Douglas—Kroll-Hess (DKH?2) resulted in the same bond distances
and dissociation energies with the data obtained using accurate core relativistic pseudo-
potentials of the aug-cc-pV5Z-PP basis set. Thus, we expect that for MoLi, they will also
have no effect on the calculated data. Finally, regarding the inclusion of the spin-orbit
coupling for the lowest states, it is found that the ground and the first excited states are
the X621 and a8 states, which differ a lot, i.e., 21 kcal/mol, so the inclusion of the
spin-coupling in their calculation will not affect their relative energy ordering.

At first, 41 states were calculated via state average complete active space self-consistent
field (SA-CASSCF) calculations employing the aug-cc-pV5Z(-PP) basis set. The SA-CASSCF
reference wavefunctions are built by distributing seven [Mo (4d55sl) + Li (2s1)] active
electrons to ten orbital functions, one “5s” and five “4d”s on Mo, plus one “2s” and three
“2p”s on Li. Note that, the “5p” orbitals of Mo have not been included in CASSCF as is
customary for this atom [23,44] since previous calculations show that their involvement in
static correlation is not important, while they increase the number of CSFs of the CASSCF
and the subsequent MRCISD calculation significantly [23]. All calculations were done
under Cp,, symmetry constraints. The CASSCF wavefunctions have the correct axial
angular momentum symmetry, i.e., |Al =0 (X%, £7), 1 (IT), 2 (4), 3 (), 4 ('), 5 (H), 6(I).
So, £* and X~ correspond to A; and A, symmetries, respectively; A, I', and I are linear
combinations of A; and A, symmetries; I1, @, and H are linear combinations of B; and
B, symmetries [45,46]. SA-CASSCF was applied for states within the same multiplicity of
spin. Two groups were obtained; the first one contains the A; and A; symmetries, which
includes ©*, £, A, T, and I, and the second one contains the By and B, symmetries, which
includes I'l, ®, and H.

Then, the lowest in energy states and some selected ones, in total 12 states, were
further studied via CASSCE, i.e., without the state average, followed by the multireference
configuration interaction plus single and double excitations (CASSCF + single + double
replacements = MRCISD) in conjunction with the aug-cc-pV5Z(-PP) basis sets. Generally,
MRCISD wavefunctions do not display pure spatial angular momentum symmetry, but
their main configuration has the correct spatial angular momentum symmetry. Thus, the
corresponding MRCISD wavefunctions have the same axial angular momentum symme-
try [47].

Our CASSCF reference spaces are: 3526 (25 1), 3460 (2IT), 2272 (=), 2320 (41T), 522
(X62+), 492 (°11), 32 (82+), and 32 (®II) configuration state functions (CSFs). The cor-
responding MRCISD spaces are 1 x 108 2% "), to 1 x 108 (IT), 9 x 107 (*£7), 9 x 107
(1), 3 x 107 (X°T 1), 3 x 107 (°IT), 2 x 10”7 ®£ "), and 3 x 107 (®IT) CSFs. The construc-
tion of PECs becomes feasible after reducing these numbers by more than one or two
orders of magnitude, respectively, via the internal contraction scheme [48]. For simplicity,
the notation MRCISD is used for all multireference calculations. Finally, the Davidson
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correction for unlinked quadruples (+Q) [49,50] was used to ameliorate significant size
non-extensivity problems.

The potential energy curves (PECs) of all calculated states are obtained at the CASSCEF,
MRCISD, and MRCISD+Q levels of theory. Additionally, for some states, avoided crossings
were observed, and their diabatic PECs are also plotted. For all methods, bond distances,
dissociation energies, and other spectroscopic constants are computed. Dissociation ener-
gies are calculated with respect to the adiabatic or diabatic dissociation limit at 15 A of the
PECs. A Dunham analysis [51] is used to extract all spectroscopic constants. The chemical
bonding is analyzed. In each case, the bonding has been plotted via 2-D valence bond
Lewis (vbL) diagrams and via the 3D plot of the CASSCF valence molecular orbitals using
the GaussView 6.1.1 graphical interface [52]. Mulliken population analysis is also included
using a small basis set cc-pVTZ(-PP) since this population analysis is basis set dependent,
and it provides better data with simple non-augmented basis sets [53]. It is generally agreed
that the use of population analyses assists in making comparisons for similar states of the
same molecules. The use of the Mulliken analysis is used to compare the charges between
different states [53,54]. All calculations were performed by the MOLPRO [55] suite of codes.

4, Conclusions and Final Remarks

Employing CASSCF and MRCISD(+Q) methodologies in conjunction with correlation
consistent augmented basis sets of quintuple quality, we have explored the electronic
structure and bonding of the ground and 40 low-lying states of the MoLi molecule. Bond
distances, dissociation energies, dipole moments as well as common spectroscopic constants
have been reported while the bonding is analyzed.

The five lowest in energy states are clearly separated for the remaining excited
states in all three methods. The ground state is the X°ZF state. It has R = 2.708 A,
De = 24.1 keal/mol, we = 316.8 cm ™!, wexe =2.11 ecm ™}, and ugg = 3.63 D, while a single
covalent bond, i.e., 5s'(Mo)-2s!(Li), is formed.

The dissociation energies of the calculated states range from 2.3 kcal/mol in a8y” (1),
which is a van der Waals state, to 31.5 kcal/mol in 25" or to 34.7 in c*T1 ; the last value
corresponds to the diabatic dissociation energy of the c*I1 state. The bond distances range
from 2.513 A (b*IT) to 3.354 A (a82+). Finally, the dipole moment values range from 1.19 D
(B®IT) to 3.72 D (I1).

The present work highlights the exceptional ability of lithium atoms to participate in
a variety of bonding schemes. In the MoLi molecule, the Li atom can participate actively
in the formation of bonds by contributing its single valence electron of its ground or first
excited atomic state to Mo and/or passively become the recipient of electron density in
its vacant orbitals, despite their high energy. The arising bonds vary from van der Waals
interactions (a82+) or to as high as two and a half bonds (c*IT and IT). In most cases
states, 2s2p, hybridization on Li and 5s4d5p, or 5s5p, hybridization on Mo is found,
while electron charge is transferred from Li to Mo up to 0.4 e. Moreover, it is observed that
the excited Li(*P) atom forms shorted bonds because its empty 2s? orbital can easily accept
an electron charge from the 5s4d5p, orbitals of Mo, and thus, a strong o dative bond can
be formed.

As far as we know, the electronic spectra of MoLi have never been studied before,
neither experimentally nor theoretically. The binding schemes of all calculated states are
presented for the first time, filling the gap in the literature regarding diatomic molecules.
Moreover, regarding material and complexes, it was found that, on average, a single
covalent Mo-Li bond is about 21 kcal/mol, while if the Mo is excited, on average, a single
Mo-Li bond is about 13 kcal/mol. These values can be used to evaluate the interaction
energy of the chemically formed Mo-Li bonds in materials and complexes. Finally, the van
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der Waals interaction is calculated at 2.3 kcal/mol, and this value can be used to evaluate
the interaction energy of the physical adsorbed formed Mo. . .Li bonds in materials with
no defect. Even though this energy is low, it shows that Li has the potential to be initially
attached to the material. Therefore, this study is useful for both experimentalists and
theoreticians, as it could provide the opening gate for further investigation of this species
or associated material and complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules30132874 /s1. Energetics and potential energy curves
of the ground and excited states of MoLi at CASSCF, MRCISD, and MRCISD+Q /aug-cc-pV5Z(-PP)

levels of theory.
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