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Molybdenum beryllium materials are being researched and applied in cutting-edge technologies. It has
been found that beryllium, even though it has a full 2s subshell, can form a variety of bonds with
specific atoms. Here, the simple building block, the MoBe molecule, is investigated to shed light in their
bonding. Specifically, forty-three low-lying states of MoBe have been investigated via complete active
space self-consistent field (CASSCF) and multi-reference configuration interaction (MRCISD(+Q)) using
the aug-cc-pV5Z(-PP) basis set. Dissociation energies (D), dipole moments, and various spectroscopic
constants are calculated, while potential energy curves are plotted. A variety of bonding is formed in
MoBe, i.e., half bonds up to the formation of triple bonds, while in most cases, Be atoms are excited at
the Be(*P) state. The ground state, X’Z", is well separated from the excited ones, i.e., the first excited
state, a°2", is lying 15.0 kcal mol™* above. The adiabatic D, of calculated states range from 2.5 (°Z*(1),
van der Waals interaction) to 57.7 kcal mol™ (b°I1). The b°I1, A1), and ®II(1) have triple bonds, while
their diabatic D, values are 86.7, 92.0 and 88.0 kcal mol™t. The MRCISD+Q bond distances range from
2.047 (A1) to 2.787 A (°Z*(1)), while dipole moments range from 1.51 to 3.28 D. Overall, the present
work highlights the exceptional ability of beryllium atoms to participate in a variety of bonding schemes,
and it could provide the opening gate for further investigation of this species or associated materials and
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1 Introduction

Materials containing rare metallic elements, such as molybde-
num (Mo), have been under extensive investigation and
research due to the exceptional properties they present, such
as high thermal and corrosion resistance, and good mechanical
performance. Alloying Mo with other elements can further
enhance these properties, making it suitable for demanding
applications. For example, this element is used in high-
temperature environments, such as in aerospace and nuclear
technology, ie. rocket nozzles and components in nuclear
reactors."™ Furthermore, it is employed in applications that
require improved strength and is suitable for situations
demanding high mechanical performance.”® Incidentally,
molybdenum beryllium materials, containing Mo-Be bonds,
are being researched and applied across these industries, due
to the unique physical and chemical properties of both
elements,” as well as they have been implemented in surface
science, where they are being studied especially for their
reflective properties as coated mirrors."*™'* Despite this, the
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molecular and electronic structure of the ground and excited
states of the molybdenum beryllium diatomic molecule have
not been investigated, while their bonding has not been
explored.

It has been extensively stressed that the elucidation of such
bonding schemes inside the simplest building blocks of such
compounds, which are their diatomic molecules, contributes
greatly to the understanding of the bonding arising inside more
complex systems comprised of them.'” While this feature is
bountiful, their accurate description on a theoretical level poses
a demanding task, due to their computational complexity rising
from their high density of states and the high space-spin
angular momentum 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.’® A thorough inspection into the simplest building
blocks of such compounds is the steppingstone towards the
investigation of more complex systems. For instance, in the
case of the MoS, 2D material, it was found that the low-lying
septet states of the diatomic MoS'” and triatomic MoS, mole-
cules are involved in the material as a building block, explain-
ing the variety of its morphologies.'®

Efforts in the exploration of the electronic structure of
molybdenum compounds are constantly ongoing, owing to
the key role they present in molecular biology, namely in
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nitrogen fixation and oxidation catalysis.">*° Incidentally,
molybdenum (Mo) presents quite a unique electronic configu-
ration as an element, that is, all of its valence subshells are half
filled; Mo: [Kr] 4d>5s*, which in turn provides it with a bonding
profile that allows it to participate in a multitude of bonding
schemes, with some of them resulting in significant properties
in the forming compounds.*'

Conversely, beryllium (Be) presents an electronic configu-
ration of a completely closed and occupied valence subshell
orbital; Be: [He] 2s”. For this reason, one would expect beryl-
lium to be highly inert, like its brethren helium (He), but in
reality, Be has been found to form many different compounds
uer a lot of bonding schemes,”**° where beryllium forms from
single bonds®>*** to multiple bonds,*“° for instance deloca-
lized bonds,*® double,” triple bonds,*® and even quadruple
bonds.***° Quadruple bonds are observed in the case of the
PdBe molecule and PbBe™ anion, specifically four datives Pd-
Be bonds are formed: (4d,, — 2p,)’, (4d,, — 2p,)’, (4d2 — 2p,)’,
and (55, « 2s)” in the X'E" state of PbBe* and (4d,, — 2p,)?,
(4d,, - 2p,)%, (4d2 — 2p,)%, and (5p, < 2s)” in the X’ state of
the PdBe™ anion.”® The corresponding dissociation energies are
52.8 keal mol™" and 56.7 kcal mol ™" respectively at MRCISD+Q/
aug-cc-pV5Z(-PP).>***® Recently, the electronic spectra for CuBe,
which is isovalent with the PdBe™ anion, were recorded using
resonantly enhanced one-color, two-photon ionization and calcu-
lated via CCSD(T) and DFT methodology and it was found
that the ground state, X°X*, has a dissociation energy (D.) of
26.7 keal mol ™" at RCCSD(T)+DKH2/cc-pwCVQZ-DK.*"

Overall, most diatomic molecules of molybdenum have been
studied extensively, but this does not hold for the MoBe
molecule. To the best of our knowledge, there exist a complete
lack of theoretical examination on the MoBe diatomic, while
only recently has there been any theoretical investigation
regarding it, carried out by our team, where the ground state
of the MoX molecules, where X = Li, Be, B, C, O, N, F via
multireference and coupled cluster methodologies with the
inclusion of correlation energy calculations of both core
(4s*4p® of Mo and 1s® of X) + valence electrons having been
carried out.*>** Here, we have shed light into the electronic
spectrum of MoBe for the first time. Specifically, we have
investigated the ground state and 42 low-lying states of the
MoBe molecule via complete active space self-consistent field
(CASSCF), while nine (9) of them were further investigated via
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 preci-
sion calculations and to fill the gap in the study of the diatomic
molecules. Furthermore, the selected calculated states are
correlated with material or complexes where the Mo-Be bonds
are included in their structure.

2 Computational details

The electronic structure of the MoBe molecule was studying
using the state-average complete active space self-consistent
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field (SA-CASSCF),*»*> CASSCF (without employing any state
average technique),** and multireference configuration inter-
action plus single and double excitations (CASSCF + single +
double replacements = MRCISD)*® methodologies. All calcula-
tions were carried out using the augmented correlation con-
sistent polarized valence basis sets of quintuple-{ quality, i.e.,
Mo: aug-cc-pV5Z-PP*” and Be: aug-cc-pV5Z.*® For the Mo atom,
the accurate core relativistic ECP28MDF pseudopotential devel-
oped from the Stuttgart/Kéln group®® has been used, which
equates to 28 core electrons ie., 1s*2s*2p®3s*3p°3d"*° electrons.
Thus, the 45”4p®4d®5s’ electrons of Mo were treated via ab initio
calculations using the contracted basis of [8s8p7d5f4g3h2i] and
1s”2s> electrons of Be were treated using the contracted
[7s6p5d4f3g2h] basis set. Instead of using a relativistic pseu-
dopotential on Mo (as in the present calculations), scalar
relativistic effects (mass-velocity and Darwin terms) can be
included via an all-electron basis set appropriate for the
second-order Douglas-Kroll-Hess (DKH2) approach. Previous
calculations from our group on the MoC molecule*! showed
that including scalar relativistic effects via DKH2 resulted in
bond distances and dissociation energies very similar to those
obtained using accurate core-relativistic pseudopotentials of
the aug-cc-pV5Z-PP basis set.”' Therefore, we expect that both
methodological approaches will yield similar results for the
MoBe molecule. Accordingly, in the present work we use only
the approach based on basis sets with accurate relativistic
pseudopotentials.

Finally, regarding the inclusion of spin-orbit coupling for
the lowest states, it is found that the ground and first excited
states are both X states, ie., X’>" and a’X’. Their energy
difference is 15.5 kcal mol™! at the MRCISD level, which is a
relatively large separation; thus, inclusion of spin-orbit cou-
pling is not expected to significantly affect their relative energy
ordering.

At first, 43 states were studied via SA-CASSCF/aug-cc-pV5Z(-PP)
method.*>*”*® The SA-CASSCF reference wavefunctions are
obtained by distributing eight active electrons [Mo (4d’5s') +
Be (25%)] to ten orbital functions, one “5s” and five “4d”
orbitals on Mo, one 2s” and three “2p” orbitals on Be. All
calculations were carried out under C,, symmetry constraints.
The CASSCF wavefunctions have the correct axial angular
momentum symmetry, ie., |A] = 0 (£, £7), 1 (1I), 2 (A),
3 (@), 4 (), 5 (H), 6 (). Thus, =" corresponds to A; symmetry,
X" corresponds to Ay; A, I', and I are linear combinations of A,
and A, symmetries, while I1, ®, and H are linear combinations
of B; and B, symmetries. The SA-CASSCF was applied for states
within the same multiplicity of spin, while two groups were
obtained for each multiplicity of spin, i.e., the first one contains
four states of the A; and four states of A, symmetries, which
includes =¥, =7, A, T, and I, and the second one contains four
states of B; and four states of B, symmetries, which includes I1,
®, and H. All states at the SA-CASSCF/aug-cc-pV5Z(-PP) method
are optimized with weight 1. The thresholds used are: 10> for
the orbital gradient and 10~® for change of the total energy.

Then nine states out of forty-three, ie., the lowest in
energy states and some selected ones were further studied via

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03025k

Open Access Article. Published on 15 October 2025. Downloaded on 11/24/2025 8:41:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

CASSCF/aug-cc-pV5Z(-PP)***7*® followed by the MRCISD/aug-
ce-pV5Z(-PP)***® method. Note that MRCISD wavefunctions
may not display pure spatial angular momentum symmetry,
however, in the present calculations, their CASSCF wavefunc-
tions have the correct spatial angular momentum symmetry
and thus the corresponding MRCISD wavefunctions retain the
same axial angular momentum symmetry.*’

The CASSF reference spaces consist of 5154 (*Z%), 5220 (*TI),
5196 (*A), 2070 (°Z"), 2060 (°T1), 303 ("X*), 292 ("TI), 9 (°Z*), and
12 (°M) configuration state functions (CSFs). The corres-
ponding MRCISD spaces consist of 2 x 10® (*°Z", *, A), 1 x
10° (°Z*, °I0), 3 x 107 (X’Z*, "), 2 x 10° (°Z*, °I) CSFs. The
thresholds used are: 10" for the orbital gradient and 10~® for
the change of the total energy. In all multireference calcula-
tions, the internal contraction scheme was used,’® where the
multireference CSFs were reduced by about two orders of
magnitude. Since this scheme is used for all multireference
calculations, the notation MRCISD will be used for simplicity.
Finally, the Davidson correction for unlinked quadruples (+Q)**
was employed, which minimizes the size non-extensivity
problems.

For all calculated states, bond distances, dissociation ener-
gies, and other spectroscopic constants have been computed at
all levels of theory. The corresponding potential energy curves
(PECs) have been plotted. Additionally, for some states where
avoided crossings were observed, their diabatic PECs are also
plotted. Furthermore, spectroscopic constants were obtained
via a Dunham analysis.>> Moreover, 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
valence molecular orbitals. Mulliken population analysis® is
also included using a small correlation consistent polarized
valence basis set of triple-{ quality basis set, cc-pVTZ(-PP), since
Mulliken population analysis is basis set dependent, and it
provides better data with simple non-augmented basis sets.>® It
is generally accepted that population analysis, either Mulliken
or natural population analysis, helps in comparing similar
states of the same molecule.>* All computations were catried
out using the MOLPRO> code.

3 Results & discussion
3.1 SA-CASSCF

On the basis that a complete lack of any previous background,
on either experimental or theoretical grounds regarding the
picture on the electronic spectra of MoBe, as a starting point
exploratory SA-CASSCF calculations were carried out to deter-
mine 43 electronic states and set the scene. Specifically, 10
nonet states, ie. °(Z* [2], =7 [2], IT [3], A [2], @, T), 11 septet
states, i.e. /(X" [3], 7 [2], [T [3], A [2], @), 11 quintet states, ie.
3(Z*[3], 7, T [3], A[2], @, IN), and 11 triplet states, i.e. *(Z* [2],
>, II1[3], A[3], @, I), with the numbers in the square brackets
i.e., T1[3], denoting that three IT states have been calculated.
The calculated states are correlated to Mo(a’S, a’S, a’D, a’°G,
a’P, a’P, a’D, a®G) + Be('S, °P), adiabatically. It is worth noting
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Fig. 1 Potential energy curves (PECs) of the eleven triplet states of MoBe
at the SA-CASSCF/aug-cc-pV5Z(-PP) computational level. The Mo(a®G) +
Be(*S) limit, to which the lowest in energy triplet states, *I1(1), A(1), and
35*(1), correlate, is used to define the zero of energy.

that the triplet excited states of Mo, i.e., @’P, a’D, and a°G, are
very close lying. Additionally, regarding which of their j term
lies lowest in energy, a’P, lies lower than a’Dy, which in turn
lies lower than a’G;, meaning that their ordering is exactly like
that of @°P, @®D, and a®G. However, because the calculation that
were carried out considered their j-average term, the @G term
will be regarded as the lowest one, and this is the reason why
the triplet states of MoBe correlate adiabatically to the
a’G term.

The SA-CASSCF PECs for all calculated molecular states are
plotted in Fig. 1-4, and, additionally, their bond distances as
well as their relative energy differences are also provided in
Table 1. Due to having retrieved a large number of calculated
spin states with the same angular momentum symmetries, for
clarity regarding their energetic succession we have included
the ordering inside parenthesis, i.e., >X*(1) is the first °Z" state,
while *Z¥(2) is the second *Z* state. The bond distances range
from 2.096 A (in *A(1)) up to 3.459 A (in °Z*(2)). Interestingly,
the shortest bond distances are observed in triplet and quintet

Table 1 Equilibrium bond distances (R./A) and relative energy differences
with respect to the ground electronic state, X’Z*, (To/kcal mol™) of 43
calculated states of MoBe at the SA-CASSCF/aug-cc-pV5Z level of theory

State R, Te State R, Te State R, Te
X’Tt 2497 0 °r 2.505 53.0 ’T(3) 2.574  65.9
1) 2474 113 0 2.151 538 °T 2.379  67.6
TI(1)  2.293 26.0 °X 2401 552 °X*(2) 2.375 679
“TI(1) 2.438 363 ’X°(3) 2.746 553 7A(2) 2.699  70.1
TI(2) 2.329 384 °M(1)a 2.556 554 ’'=7(1) 2.603 718
°¥f(2) 2.373 395 SGA(2)  2.226 55.8 ‘X (2) 2.395 88.4
’Sf(2) 2.521 431 °M(2) 2179 571 °ST(1) 2461  93.4
K 2.321 43.6 % 2.136 58.6 °TI(2) 2.889 101.6
SA(1) 2419 43.8 'TI(2) 2.569 59.9 °® 2.875 108.3
°%7(3) 2.485 444 °T(3) 2234 604 °A(1) 2979 1083
*A(2) 2456 472 PA(3) 2339 60.8 °X(2) 2.957 109.8
M) 2.399 482 @ 2.569 63.3 °I(3) 2.903 109.8
A1) 2.096 49.0 °T(1) 2.597 64.3 °A(2) 2.607 116.3
TI(3) 2.671 49.7 7A(1) 2735 645 °X7(2) 3.459 122.5
’2'(1) 2.409 519
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Fig. 2 Potential energy curves (PECs) of eleven quintet states of MoBe at
the SA-CASSCF/aug-cc-pV5Z(-PP) computational level. The Mo(a®S) +
Be(*s) limit, to which the *Z*(1) state correlates, is used to define the zero

of energy.
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Fig. 3 Potential energy curves (PECs) of eleven septet states of MoBe at
the SA-CASSCF/aug-cc-pV5Z(-PP) computational level. The Mo(a’S) +
Be(*S) limit, to which the X”Z*(1) state correlates, is used to define the
zero of energy.

states, i.e., *A(1), *Z7(1), *®(1), *T1(2), *A(2), *T1(3), *TI(1), see
Table 1, which, at the MRCISD/aug-cc-pV5Z level of theory,
showcase identical bonding schemes, see discussion bellow.
The PECs of the triplet states of MoBe are plotted in Fig. 1.
They are lying about 48 kcal mol~ ' (x1.7 eV) above the ground
state and they present bond distances around 2.1-2.2 A, see
Table 1. As seen in Fig. 1, at around 2.3 A, an avoided crossing
between the °TI(2) with the °II(3) state occurs, where the
corresponding states interexchange configurations. Similarly,
the *A(1) state appears to be coupled to the *A(2) state, where
an avoided crossing occurs at around 2.3 A. Additionally, the
3A(2) state presents a coupling to the *A(3) state, where an
avoided crossing occurs at around 2.3 A, too. Furthermore, the
3A(3) state presents, another coupling to some higher in energy
state, that has not been calculated, however their crossing is
easily observed in their configurations, as depicted in Fig. 1, at
around 2.9 A. Lastly, the *®(1), and *Z7(1) states showcase
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Fig. 4 Potential energy curves (PECs) of ten nonet states of MoBe at the
SA-CASSCF/aug-cc-pV5Z(-PP) computational level. The Mo(a’S) + Be(®P)
limit, to which the °TI(1) state correlates, is used to define the zero of
energy.

avoided crossing with some higher states, cooccurring at
around 2.4 A.

Quintet states are lying about 10 kcal mol™" (x 0.4 eV) above
the ground state, placing them adjacent to it, in reality inter-
mediating between the ground and the rest of the septet states.
Their PECs are plotted in Fig. 2, where an observant reader can
discern an avoided crossing between the °TI(1) with the °T1(2)
state, at around 2.5 A, and another one, between the °TI(2) with
the °I1(3) state, at around 2.75 A, as well as between the *A(1)
with the *A(2) state, at around 2.75 A, as well. While not easily
noticed in the quintet PECs, the >X*(2) couples with the *Z"(3),
as well, at around 2.6 A. This was examined at the MRCISD level
too, where the same avoided crossing occurs, albeit we won’t be
discussing it any further, as it goes beyond the scope of the
present study. Lastly, the *®(1), and °I'(1) states showcase
avoided crossing with some higher states, at around 2.5 A,
and 2.6 A, respectively.

In Fig. 3 we have collected the eleven lowest in energy septet
states. It is observed that the X’X'(1) state, standing well
separated from the bunch of the rest of the septet states., i.e.,
it lies about 36 kcal mol ' (x/1.6 eV) below them, and thus it is
undoubtedly the ground state of MoBe. An avoided crossing is
observed between A(1) and “A(2) at about 2.5 A and they
interchange their character, see Fig. 3.

Finally, the nonet states are plotted in Fig. 4, lying at about
55 kcal mol™' (x2.4 eV) above the ground state. While SA-
CASSCF calculations predict that the °TI(1) and °X*(1) correlate
to entirely different adiabatic products at their atomic limits, in
the CASSCF, MRCISD, and MRCISD+Q calculations, that pro-
ceeded, it was revealed that they corelate to the exact same
products, (a’S) + Be(*P). Moreover, while at the SA-CASSCF/aug-
cc-pV5Z computational level, the PECs of °TI(1) and °TI(2) give
the impression of a coupling being involved between the states,
even though they are clearly separated, at the CASSCF, MRCISD,
and MRCISD+Q/aug-cc-pV5Z(-PP) levels it's demonstrated that
such coupling doesn’t occur, and no avoided crossing between
those two states takes place, as °TI(1) is found to be a single-
reference state.

This journal is © the Owner Societies 2025
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:;:_ ' ' ] states, ie. 3A(1),- *T1(1), *=*(1), which are closegly packed
. e go%ether, along with the two lowest nonet states, “II(1), and
g0.] e >'(1), were further investigated at the MRCISD(+Q) level of

g 704 M"(a_ae)ﬂ)_ b theory. Their PECs were calculated, see Fig. 5, while their
T 607 ﬁm;s—e(ﬂ'_'_:“ bonding across their PECs were analyzed. It should be men-
g j:: / e AAvn tioned, as it will matter later on, that, while the *A(1) lies higher
3 %] Mo(a °S) + Be('s) b in energy than the °I(1) state at the SA-CASSCF and CASSCF
g 20 :;’; levels of theory, at the MRCISD(+Q) computational levels the
= 12' Mo(a’S) + Be('S) successive order of this pair is reversed, see Tables 1 and 2.
10 ] Moreover, it should be noted that CASSCF and SA-CASSCF
20 _ present in general the same relative energy ordering of the

4 3 4 5 e 7 8 states, with the one exception being the high spin state °X*(1).
internuclear distance R/A Additionally, the ground molecular state of MoBe, "X (1), along

Fig. 5 PECs of the selected states of MoBe at the MRCISD+Q/aug-cc-
pV5Z(-PP) computational level. The Mo(a’S) + Be(*S) limit, to which the
X’T* state correlates, is used to define the zero of energy.

with the three lowest-lying excited states, them being *X*(1),
°TI(1), and "TI(1), are clearly separated for the remaining excited
states across all used methods and their ordering is retained in
all methods.

To sum up, our best results are obtained at the MRCISD+Q
The four low-lying electronic states, "£*(1), °£*(1), °TI(1), and level; the states are named based on their MRCISD+Q energies
"TI(1), as well as the bunch of the three lowest lying triplet as X’%", a°Z*, b°I1, A1, *A(1), *T1(1), *Z*(1), °I1(1), and °Z*(1).

3.2 MRCISD(+Q) methods

Table 2 Bond distances (R./A), adiabatic dissociation energies (De/kcal mol™), harmonic frequencies (we/cm™2), anharmonic corrections (wexe/cm™3),
dipole moments (u/D) and excitation energies (To/kcal mol™?) of nine electronic state of MoBe at CASSCF, MRCISD, MRCISD+Q/aug-cc-pV5Z(-PP) levels
of theory

State Methodology R. D, We WeXe Lpp” (W T.
X'zt SA-CASSCF? 2.497 4.39 0.0
MRCISD 2.481 11.42 330.7 6.26 1.41 0.94 0.0
MRCISD+Q 2.462 13.85 351.1 5.66 1.51 0.0
RCCSD( ) 2.481 13.51 340.3 8.22 1.28 0.0
C- MRCISD+9 2.431 13.20 383.4 5.93 1.65 0.0
C- RCCSD 2.452 14.44 349.4 11.63 1.24 0.0
a°r" CASSCF 2.488 16.79 (48.84)° 383.5 2.16 4.07 4.07 6.1
MRCISD 2.400 27.20 (59 25)e 406.8 2.22 3.02 4.13 15.5
MRCISD+Q 2.392 28.20 (60 25)e 407.3 2.26 2.76 15.0
b°Il CASSCF 2.286 33.22 (62 23 412.5 2.71 3.39 3.39 17.6
MRCISD 2.181 54.58 (83 59) 505.8 3.26 2.60 2.61 20.4
MRCISD+Q 2.177 57.72 (86 73)f 511.2 3.27 2.51 19.2
ATl CASSCF 2.464 21.61 384.2 2.21 3.25 3.25 29.3
MRCISD 2.365 38.81 435.7 2.18 1.96 2.14 36.2
MRCISD+Q 2.359 42.32 436.9 2.32 1.77 34.6
3A(1) CASSCF 2.087 27.23 (77.40)° 443.1 2.13 3.22 3.22 48.3
MRCISD 2.045 40.66 (90.83)¢ 571.1 1.19 2.27 2.40 42.4
MRCISD+Q 2.047 41.84 (92.01)g 576.7 3.53 2.14 40.2
31(1) CASSCF 2.317 27.12 (77.29) 449.5 9.10 4.23 4.23 46.4
MRCISD 2.264 36.86 (87 OS)g 446.9 24.52 2.76 3.49 45.8
MRCISD+Q 2.266 37.81 (87.98)¢ 456.0 24.32 2.31 43.9
33') CASSCF 2.404 22.55 (55.63)" 445.6 4.14 3.72 3.72 50.0
MRCISD 2.338 32.61 (65.69)h 459.7 9.70 2.43 2.88 50.0
MRCISD+Q 2.333 34.12 (67.20)h 449.8 6.10 2.15 47.7
9l‘[(l) CASSCF 2.661 1.96 220.2 11.71 3.91 3.91 48.9
MRCISD 2.581 8.88 273.5 5.38 2.72 2.98 66.1
MRCISD+Q 2.579 10.43 278.5 4.54 2.41 66.5
T (1) CASSCF 2.851 2.07 141.2 21.00 3.74 3.74 50.6
MRCISD 2.752 1.77 198.9 9.00 3.36 3.67 72.7
MRCISD+Q 2.787 2.48 203.4 8.12 3.28 74.1

“ upp: dipole moment via finite field; (u): dipole moment calculated as an expectation value. ? At the CASSCF/aug-cc-pV5Z(-PP) level, the X’S" state
is nearly bound. At the SA-CASSCF/aug-cc-pV5Z(-PP) level, state-average of the X’2%(1), 7Z%(2), 7Z*(3), "A(1), "A(2), "7 (1), and "X (2) states, the X'T*
state is bound. © Ref. 42; RCCSD(T)/aug-cc-pV5Z(-PP), the valence electrons (8 electrons) are correlated. ¢ Ref. 42; C- MRCISD+Q/aug cc-pwCV5Z-
(-PP), C- RCCSD(T)/aug cc- prVSZ( PP), where C- stands for core. All 18 electrons treated via ab initio calculations are correlated. ¢ Adiabatic D, with
respect to Mo( a’S; 4d’s5s") + Be('S); diabatic D, with respect to Mo( a’s; 4d°5s’) + Be(°P) in parenthesis. / Adiabatic D, with respect to Mo(a’D;
4d*5s%) + Be('S); diabatic D, with respect to Mo(a S; 4d°5s") + Be(*P) in parenthe31s ¢ Adiabatic D, with respect to Mo(a®G) + Be("S); diabatic D, Wlth
respect to Mo(a®G) + Be(*P) in parenthesis. " Adiabatic D, with respect to Mo(a’G) + Be('S); diabatic D, with respect to Mo (a’S) + Be (SP) in
parenthesis.
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Table 3 Composition of the CASSCF molecular orbitals of nine selected calculated states of MoBe

State Molecular orbital Atomic orbitals
X'z 1c 0.26¢44 , (Mo) + 0.45¢5,(Mo) + 0.27¢5, (Mo) + 0.90¢,(Be) — 0.15¢,,_ (Be)
20 0.67¢44 , (Mo) — 0.72¢5,(Mo) + 0.12¢5, (Mo) + 0.15¢,,(Be) + 0.04¢5, (Mo)
3c 0.63¢44 , (Mo) + 0.53¢5,(Mo) — 0.05¢5, (Mo) — 0.39¢,(Be) — 0.44¢,, (Be)
18, 1.00¢4q , ,(Mo)
1w, 0.97¢4q, (Mo)
im, 0. 97q04dy “(Mo)
18- 100944, (Mo)
a’z* 1c 040044, ”(Mo) + 0.66¢5,(Mo) — 0.33¢s, (Mo) + 0.70¢,,(Be) — 0.39¢,, (Be)
20 0.70¢44 , (Mo) + 0.11¢5,(Mo) + 0.19¢5, (Mo) — 0.36¢,(Be) — 0.54¢,, (Be)
30 —0.47¢44 , (Mo) + 0.68¢5,(Mo) + 0.25¢5, (Mo) — 0.42¢,,(Be) — 0.47¢,, (Be)
18, 1.00¢4, , ,(Mo)
1w, 0.97¢4q, (Mo]
1im, 0. 97(p4d (Mo)
15 1. 00¢4dﬂ1h40)
p°II 16 0.2844 - (Mo) + 0.58¢5,(Mo) + 0.30¢5, (Mo) + 0.87¢,(Be) — 0.18¢,, (Be)
26 0.89¢,4 , (Mo) — 0.38¢5,(Mo) — 0.23¢,, (Be)
18, 1.00p4, ,(Mo)
1m, 08&md(Mo)+041¢w(Bd
1im, 0.8644, (Mo) +0.410;p, '(Be)
15_ 1.0004q. (
ATl 16 0.2504 (Mo) + 0.5205,(Mo) + 0.33¢5, (Mo) +0.89¢,, (Be) — 0.17¢, (Be)
26 0.90¢,4 , (Mo) — 0.3995,(Mo) — 0.16¢,, (Be)
18, 1.00p4, ,(Mo)
im, 0.97¢4q, (Mo) +0.17¢,p, (Be)
omy —0.21¢4q_(Mo) + 0.64¢5, (Mo) + 0.65¢,,, (Be)
im, 0.9714,(Mo) + 0.17¢,,, (Be)
2, —0.21¢5q, (Mo) + 0.64¢5, (Mo) + 0.65¢5, (Be)
15" 1.00¢4q, (Mo)
A1) 1c 0.32¢44, ”(Mo) + 0.64¢5,(Mo) + 0.26¢5, (Mo) + 0.84¢,,(Be) — 0.20¢,, (Be)
26 0.86¢44, (Mo) — 0.42¢5,(Mo) + 0.14¢s, (Mo) 4 0.15¢,,(Be) — 0.26¢,, (Be)
18, 1004, , (Mo)
1m, 0.87aa_ (Mo) +0.430,, (Be)
1im, 0. 87go4d (Mo) +0.430;p '(Be)
16_ 1. 00m4dn1h40)
*TI(1) 1c 0.46¢,44 , (Mo) + 0.68¢5,(Mo) + 0.28¢5, (Mo) + 0.70¢,(Be) — 0.36¢,,,_ (Be)
26 0.35¢44 , (Mo) + 0.33¢5,(Mo) — 0.55¢,(Be) — 0.63¢,,,_ (Be)
3c 0.75¢44,, (Mo) — 0.66¢5,(Mo)
18, 1.0094q , ,(Mo)
im, 09344 (Mo) +0.27¢,;, (Be)
im, 0. 93g04d (Mo) +0.27¢2p) '(Be)
16_ 1. 00(p4d (Mo)
*T1) 1o 045044, ”(Mo) + 0.65¢5,(Mo) + 0. 26¢5, (Mo) + 0.71¢,,(Be) — 0.36¢,,_(Be)
26 0.68¢44 , (Mo) — 0.12¢5,(Mo) + 0.21¢ps(Mo) — 0.37¢,,(Be) — 0.54¢,, (Be)
30 —0.38¢44 , (M0) + 0.76¢5,(Mo) — 0.37¢,(Be) — 0.54¢,, (Be)
18, 1.00¢4q , ,(Mo)
1m, 0.93¢44_(Mo) + 0.27¢5,, (Be)
1im, 0. 93(p4d (Mo) +0.272p, '(Be)
15 1°O¢4dw( 0)
°TI(1) 1o 0.22¢,4 , (Mo) + 0.43¢5(Mo) + 0.26¢s5, (Mo) + 0.88¢,(Be)
26 0.73p44, (Mo) — 0.68¢5,(Mo) — 0.12¢,, (Be)
30 0.55044., (M) +0.54¢5,(Mo) — 0.37¢5(Be) — 0.60¢,,, (Be)
18, 1.00¢4, , ,(Mo)
1m, 0.97¢4q_(Mo) + 0.16¢,, (Be)
27, —0.26¢4q _(Mo) + 0. 36(p5p (Mo) + 0.74¢,), (Be)
1m, 0.97¢14, (Mo) + 0.16¢,,, (Be)
2m, —0.26(14, (Mo) + 0.36¢5, (Mo) + 0.74¢5, (Be)
15_ 1.00¢sq,, (o)
23770 | Phys. Chem. Chem. Phys., 2025, 27, 23765-23780 This journal is © the Owner Societies 2025
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Table 3 (continued)
State Molecular orbital Atomic orbitals
(1) 1c 0.80¢55(Mo) + 0.15¢,4 , (Mo) + 0.49¢,,(Be) — 0.37¢,, (Be)
26 —0.44¢55(Mo) + 0.29¢5, (MO) + 0.86¢24(Be) + 0.29¢,;, (Be)
30 —0.9644 , (Mo) + 0.22¢5,(Mo)
46 0.20¢55(Mo) — 0.93¢5,, (Mo) + 0.82¢,, (Be)
15, 1.00¢y, , (Mo)
1m, 0.969,4q_(Mo) + 0.16¢,, (Be)
1im, 0.96(p4dyZ(Mo] + 0.16(p2py(Be)
15 1.00¢4q, (Mo)

For these nine electronic states, their usual spectroscopic
parameters, such as bond distances, dissociation energies,
dipole moments, harmonic and anharmonic corrections, rela-
tive adiabatic energies at CASSCF, MRCISD and MRCISD+Q/
aug-cc-pV5Z(-PP) are provided in Table 2 and their leading
equilibrium CASSCF configuration accompanied by its corres-
ponding molecular orbitals are given in Table 3. Over the
following paragraphs we further discuss in detail the bonding
of these selected electronic states.

3.2.1 Ground state X’X". This state, X’Y", is clearly sepa-
rated from the remaining 42 calculated states and thus it is
assigned as the ground one. It correlates with the adiabatic
products Mo(a’S) + Be('S) and this character is retained in the
bonding at equilibrium. It should be noted that at the CASSCF/
aug-cc-pV5Z(-PP) level, the X’X* state is nearly bound, while at
the corresponding MRCISD and MRCISD+Q/aug-cc-pV5Z(-PP)
level is bound in excellent agreement with the coupled cluster
results, see discussion below. However, when the X’" state is
calculated via a SA-CASSCF approach, i.e., state average of the
X'T7(1), "Z%(2), 7=*(3), "A(1), 7A(2), "£7(1), and "7 (2) states,
the X’Z" state is bound with a D, = 4.39 kcal mol™*. The main
equilibrium configuration of the X’%" state at the MRCISD/aug-
cc-pV5Z(-PP) level, followed by the Mulliken atomic population
distributions (Mo/Be) at the MRCISD/cc-pVTZ(-PP) level, and
the composition of the corresponding molecular orbitals, are:
IX’Z") =~ 0.95]16°26'36'18}1m1my18" ) 5s"''5p,>**5p, 0'5p, 01
4d221'004dx27y20'994dx20‘944dyzo‘944dxy0‘99/251'242p20‘312px0.082py0.08-

The molecular orbitals (MOs) of the valence electrons are
plotted in Scheme 1a and the formed bond is summarized in
the vbL diagram in Scheme 1b. MOs show that there exists an
evident 4d,.5s5p, hybridization of orbitals on the Mo atom,
while the Be atom exhibits 2s2p, hybridization, see Table 3.
Based on the MOs, it is found that a ¢ dative-type bond formed
between the 4d,. single electron of Mo and the vacant 2p,
orbital of Be, resulting in a ¢ half-bond with a length of 2.462 A,
and a dissociation energy of 13.85 kcal mol ', at the computa-
tional level MRCISD+Q/aug-cc-pV5Z(-PP), as shown in Table 2.
Also, the 1, and 1m; orbitals show that a small electron density
is transferred to the empty 2p, and 2p, orbitals of the Be atom.
Mulliken and natural population analysis at the MRCISD/aug-
cc-pV5Z(-PP) levels are given in SI. NPA shows also the existence
of a 2s2p, hybridization on Be. All populations show that the
Mo atom is in the ground state. Of course, there are some
differences in the charge distributions between population

This journal is © the Owner Societies 2025

analysis methods; nevertheless, it is generally accepted that
both Mulliken and natural population analysis are useful for
comparing similar states of the same molecule within a con-
sistent methodological framework.>*

The X’" state has been studied via coupled-cluster theory in
ref. 42, where the ground states of the MoX molecules, where
X = Li, Be, B, C, N, O, and F, have been calculated. The
X’S" state of the MoBe molecule has been calculated via
the restricted open shell CCSD(T)*® using the aug-cc-
pV5Z(-PP) basis set”® when the valence [2s*(Be) + 5s'4d*(Mo)]
electrons are correlated and using the aug-cc-pwCV5Z(-PP)

basis set’®> when all 18 electrons treated via ab initio
HOMO HOMO
@ 1(5, J 15.
(Moddip)! (Modd,,)!
HOMO-1
30'
E (Modd2)'-(Be2p.)®
HOMO-2 HOMO-2
. ln'.\~ ln,»
(Modd.)' (Modd,.)!
HOMO-3
» i
(MoSs)!
HOMO-4
(a) la
(MoSp.)*-(Be2s):

4d_ .~ <P.
4d, 1 Sp. 2P, 2s
28 - = ‘Mo --Be:
Ay (. 4d. 2p:

4d.* 7 X'

(b) Mo(’S) + Be('S)

Scheme 1 (a) MOs diagrams and (b) valence bond Lewis diagram of the
ground state X’S* of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.
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calculations [1s*2s%(Be) + 4s”4p°5s'4d’°(Mo)] are correlated. For
reason of simplicity and in accordance with ref. 42, the methods
are denoted as RCCSD(T)/aug-cc-pV5Z(-PP) and C-RCCSD(T)/
aug-cc-pwCV5Z(-PP), where C- stands for core. The coupled
cluster dissociation energy was calculated at 13.51 kcal mol™*
via the RCCSD(T)/aug-cc-pV5Z(-PP) method and 14.44 keal mol !
via C-RCCSD(T)/aug-cc-pwCV5Z(-PP).** The values are similar to
the MRCISD+Q/aug-cc-pV5Z(-PP) value of 13.85 kcal mol "
Finally, it should be added that the correlation of the 4s4p°®
electrons of Mo and 1s” electrons of Be leads to a shorter bond
distance in the ground state of about 0.03 A, see Table 2, as is
expected, either at multireference level of theory or coupled
cluster level of theory. To sum up, the C-RCCSD(T)/aug-cc-
pwCV5Z(-PP) method provides the best D. and r. values, ie.,
D. = 14.44 kcal mol * and r, = 2.452 A, for the ground state, since
the X’X" state is a single reference state. Finally, as mentioned in
the computational details section, our previous calculations on
the MoC molecule,*" using either a relativistic pseudopotential
on Mo (as in the present study) or an all-electron basis set to
correlate core electrons including relativistic effects, showed that
applying the second-order Douglas-Kroll-Hess (DKH2) approach
resulted in the same bond distances and similar dissociation
energies compared to those obtained with accurate core-
relativistic pseudopotentials of the aug-cc-pV5Z-PP basis set.”!
Therefore, we conclude that the use of accurate core-relativistic
pseudopotentials of quintuple-{ quality effectively accounts for
scalar relativistic effects.

3.2.2 First excited state a’:'. The a’X" excited state of
MoBe correlates to the Mo(a’S) + Be('S) adiabatic atomic
products, with Be lying in its ground state, whilst Mo is in its
first excited one. In the equilibrium, the in situ atomic states
differ from the adiabatic products, however the main configu-
ration state functions (CSFs) correspond to a mix of Mo(a’D) +
Be('S), and Mo(a’S) + Be(*P). Specifically, the equilibrium
CASSCF/aug-cc-pV5Z(-PP) representation of the state consists
mainly of three different CSFs, listed below. These are followed
by the Mulliken atomic distributions (Mo/Be), at the MRCISD/
cc-pVTZ(-PP) level:

View Article Online

PCCP
LUMO
[
(Modd.5s)*(Be2s2p.)*
HOMO
a1 s
(Modd,,)!

HOMO-1

(Modd,.)!

HOMO
91 ]
(Modd,)!

HOMO-1

E 17y

(Modd)!

HOMO-2

Zr!

(Modd:)'-(Be2:2p.)"

HOMO-3

(a) la

(Mot 8s°p ) ~(Be2s )t

(b)

Mo(’S) + Be(‘'P)

(a) MOs diagrams and (b) valence bond Lewis diagram of the
a°z*(1) state of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.

Mo(’D) + Be('S)

Scheme 2

scenario, molybdenum, residing in its excited Mo(a’D) state,
forms with beryllium, in its ground state, Be('S), two dative
bonds, owing to the Be atom acting as an electron density
donor, transferring its 2s electron lone pair inside Mo’s vacant
4d,. orbital, forming a dative ¢ bond, while the Mo atom
responds by forming an additional dative ¢ bond, by transfer-
ring its own 5s electron lone pair inside the vacant 2p, orbital of
Be, resulting in a double bond. In the alternative, but equally
plausible case, Mo atom is in its ground state, Mo(a’S), whilst
Be atom resides in its first excited state, Be(*P). In this combi-
nation, two ¢ covalent bonds can form, one arising from the
spin coupling between a 5s single electron of Mo with a 2s
single electron of Be, and one from the spin coupling between a
4d,. single electron of Mo with a 2p, single electron of Be,

[°27) = 0.57[16220%18} In 1518 ) — 0.47[16230%18) 1x1m! 18! ) — +0.38]16°20"36' T8, Iml I 161 )

_531,16 5p20.13 5p~¥0,02 5p}704024d22 1.044_dx2 2 1.004dXZO.944dy204944dxy0.99/280.982];)20.60 szo.OSzpy0.0S

Based on the above representation, we can assert that the
a’%" state exhibits an intent multi-reference character, at the
MRCISD/aug-cc-pV5Z(-PP) level, as indicated by the relatively
low reference weight (¢, = 0.57) of the leading configuration,
which reflects significant configuration mixing. Although this
state correlates adiabatically to Mo(a’S) + Be('S) at dissociation,
its electronic structure near equilibrium is predominantly
described by configurations corresponding to either Mo(a’D)
+ Be(*S) or Mo(a’S) + Be(*P). It was not possible to clarify which
one is the predominant since both correspond to the same
double 6 bond (16°26%). However, the origin of the electrons
forms the double bond differ, see Scheme 2b. In the first

23772 | Phys. Chem. Chem. Phys., 2025, 27, 23765-23780

giving rise to a double bond, as well. A superposition
between these two configurations exists at equilibrium. Popu-
lation analysis shows that about 0.4e” is transferred from
Be to Mo in the o frame, ie., the Mo/Be is: 55"'°5p,%"-

4d,."%/25%%%2p,%%° while, it is evident that a 4d,.5s5p, hybri-
dization exists on the Mo atom, and a 2s2p, hybridization on Be
atom. However, it can be regarded as a more likely scenario the
Mo(a’S) + Be(*P) combination, since two covalent bonds may be
more favorable than two dative or because in the case of two
dative bonds it is not likely to be transferred one electron to the
empty 4d82 of Mo. Finally, a small electron density is transferred
to the empty 2p, and 2p, orbitals of the Be atom from the 17y

This journal is © the Owner Societies 2025
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" Mo(@’S) +Be(P) ]
75 _— ]
70] Mo(a’G) + Be('s)

)

E ]

=

£ A ]

= Mo(a’D) + Be('S)

a =

3 5.

3 adiabatic “T1(3) |]

E diabatic °11(3) |-

= adiabatic °11(2) |]

w diabatic °11(2)
—— adiabatic b°II(1) ]

-~ diabatic b°I1(1)

T T 1 T 1 1 T T
20 25 30 35 40 45 50 55 60 65 70

internuclear distance R/ A

Fig. 6 PECs of the adiabatic and diabatic b°I1, *I1(2), and °I1(3) states of
MoBe at the MRCISD+Q/aug-cc-pV5Z(-PP) computational level. The
equilibrium minimum of the ground state X’=* is used to define the zero
of energy.

and 1m, orbitals and as a result a total of about 0.26¢ are
transferred from Be to Mo.

At the MRCISD+Q/aug-cc-pV5Z(-PP) level of theory, the a°Z*
state has a bond length of 2.393 A, and an adiabatic dissocia-
tion energy of 28.20 kcal mol™'. The diabatic dissociation
energy can be estimated by adjusting the adiabatic dissociation
energy: specifically, by subtracting the energy required
for Mo(a®s) to relax back to its ground state, Mo(a’S), and
adding the excitation energy needed for Be('S) to transition to
its triplet first excited state, Be(*P). This yields a diabatic D, of
60.25 kecal mol ' = {28.20-30.79[Mo(a’S) « Mo(a’S)] +
62.84[Be('S) — Be(*P)]} kcal mol ".>”*® Interestingly, when
referenced to the Mo(a’D) + Be('S) atomic limit, the diabatic
dissociation energy is of the same order, of 62.03 kcal mol " {=
28.00 kcal mol %, +33.83 Mo(a’S) — Mo(a’D)}, reinforcing the
equivalence between the two alternative configurations. Based
on the dissociation energies, a relatively strong covalent bond
must form between the two atoms, as expected from the
bond order.

3.2.3 Second excited state b°Il. The b°II excited state of
MoBe correlates with the Mo(a®D) + Be('S) adiabatic
atomic limit, however, it does not retain this character along
the entire PEC. At about 3 A, an avoided crossing takes place,
with an excited °TI(2) state, that correlates with the Mo(a’G) +
Be('S) adiabatic atomic limit, which, in turn, couples with the
excited °T1(3) state, that correlates with the Mo(a’S) + Be(*P)
adiabatic atomic limit, which showcases an additional
avoided crossing, at about 4 A, intertwining this lot of three
states, see Fig. 2, 5 and 6. Thus, in equilibrium, the configura-
tions of the atoms forming the bond of the b’Il excited state
reside in the Mo(a’S) + Li(*P) atomic states. In Fig. 6, both the
adiabatic and diabatic PECs of b°Il, °TI(2), and °TI(3) states
have been plotted, where the avoided crossings are clearly
observed.
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1
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Scheme 3 (a) MOs diagrams and (b) valence bond Lewis diagram of the

b°TI(1) state of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.

At the equilibrium minimum of the b’ state, the leading
equilibrium CASSCF configuration, followed by the Mulliken
atomic distributions (Mo/Be) are:

|b°TT) = %{‘102201161+1n§1n}1,161> + |10%20 18} 1mlin2150)}

550-945pZO-195px0-045py0.014d220.954dx27y21.024dle.334dy10.91

4dxy0.99/2SO.812p20‘602px0.602py0.10 B1

550'945[)20'195Pxo'o15Py0'044d220'954dx27y21'024dx20'914dyzl'33

4dxyo.99/2SO.812pzo‘602px0.102py0.60 B2

The plot of valence MOs and vbL diagram of the bonding are
depicted in Scheme 3. The bonding is based on the leading
CSF, the atomic Mulliken distributions, and the molecular
orbitals’ composition seen on Table 3. Namely, the Mo(’S)
atom forms a ¢ covalent bond with the Be(*P) atom, 5s'(Mo)-
2s'(Be), a ¢ half-bond, from the dislocation of Mo’s 4d,. single
electron inside the vacant 2p, atomic orbital of Be, 4d,."(Mo)-
2pY(Be), and, additionally it is formed a n* covalent bond and a
' dative bond, either 4d,(Mo)-2px(Be) and 4d,,(Mo)-2py orbi-
tal of Be, or 4d;,(Mo)-2p3(Be) and 4d,,(Mo)-2p,(Be). Again, a
strong 4d,25s5p, hybridization is prevalent on the Mo atom.
Overall, a total of about 0.38e are transferred from the Be atom
to the Mo metal.

Thus, a bond of order 3, c*c'n’n’, with a bond length
of 2.177 A is formed with an adiabatic dissociation energy of
57.72 kecal mol™ !, at the MRCISD+Q/aug-cc-pV5Z(-PP) level of
theory. The diabatic dissociation energy, ie., the energy with
respect to the in situ atoms, can be estimated by adjusting the
adiabatic dissociation energy, by subtracting the energy required
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Scheme 4 (a) MOs diagrams and (b) valence bond Lewis diagram of the
A'TI(1) state of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.

for Mo(a°D) to relax back to its ground state, Mo(a’S), and
adding the excitation energy needed for Be('S) to transition to
its triplet first excited state, Be(*P); D. = 86.73 kcal mol™" =
{57.72-33.83[Mo(a’S) « Mo(a’D)] + 62.84[Be('S) — Be(*P)]}.>"*®
Based on this dissociation energy, we conclude that a strong
covalent bond is formed between the two atoms, as expected
from the high bond order.

3.2.4 Third excited state A'TI. The A'TI excited state of
MoBe correlates to the Mo(a’S) + Be(*P) adiabatic atomic
products and retains this character in equilibrium. The leading
equilibrium CASSCF configuration, followed by the Mulliken
atomic distributions (Mo/Be) are:

0.94
V2

x {[16220"18! 1x2ml1n]15) + [1620118} Il 1) 2 151))

|ATIT) =

5SO.785pZO.ZO5px0.385py0.014d220.964dx27y21.004dx20.974dy20.95

4dxy0.99/2SO.942p20.072px0.642py0.06 B1

5S0.785p20.205px0.015py0.384d220.964dx27y21.004dx20.954dy20.97

4dxy0.99/2SO.942p20.072px0.062py0.64 B2

The bonding in this state is summarized in the vbL diagram
of Scheme 4. Namely, a 6> covalent bond is formed, 5s'(Mo)-
2s'(Be), and a n' half-bond either a 5pi(Mo)-2p,(Be) or 5py
(Mo)-2py(Be). Likewise, a 4d,25s5p, hybridization is observed at
the Mo atom. Overall, a total electron charge of about 0.25¢ is
transferred from the Be atom to the Mo metal. The resulting

’1' bond has an order of 1.5, a bond length of 2.359 A, and a
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dissociation energy of 42.3 kcal mol !, at the MRCISD+Q/aug-
cc-pV5Z(-PP) level of theory.

3.2.5 >A(1). The *A(1) excited state of MoBe correlates with
the Mo(a’G; 4d°(*G)5s") + Be('S; 2s%) adiabatic atomic limit,
however, it does not retain this character along the entire PEC.
At about 2.4 A, an avoided crossing is observed with an excited,
3A(2) state, that correlates with the Mo(a’G; 4d*(*G)5s') +
Be(®P; 2s'2p") atomic limit, see Fig. 7 where both the adiabatic
and diabatic PECs of A(1), and *A(2) states have been plotted.

At the equilibrium minimum of the *A(1) state, the leading
equilibrium CASSCF configuration, followed by the Mulliken
atomic distributions (Mo/Be) are:

I I
PA(L) = 0.88{—.102201161 1R 1n2) + | 10220 =217 15])
\/2 +o Xy \/j xXETY T

Ssl.145pZO.185px0.03Spy0.034d220.954dx2_y21.004dx21.534dyzl.53

4dxy0.07/2SO.652pZ0.062px0.372py0.37 Al

5S1'145on'185Px0'035Py0'034dz20'954dx27y20'074dxz1'534dyz1'53

4dxy1.00/2SO.652p20.062px0.372py0.37 AZ

The bonding is formed between the ®P state of Be and the a°G
excited state of Mo, resulting in three bonds, c’n°n”. Specifi-
cally, a covalent 6> bond is formed, 5s'(Mo)-2s'(Be), one n*
covalent bond and one n* dative bond, either 4d;,(Mo)-2px(Be)
and 4d;,(Mo) — 2py(Be) or 4d,,(Mo)-2py(Be) or 4dz,(Mo) — 2py
(Be), see Scheme 5. Hybridizations on both Mo and B are
present, i.e., 4d,25s5p, and 2s2p,, while about 0.49¢ are trans-
ferred from the Be atom to the Mo metal (Scheme 5).

This state presents the shortest bond distance and the
largest diabatic dissociation energy among the calculated
states. The bond distance is 2.047 A, the adiabatic D, value
is 41.84 kcal mol ', at the MRCISD+Q/aug-cc-pV5Z(-PP)
level of theory, whilst its diabatic dissociation energy is
92.01 kcal mol™" {= 41.84-12.67[Mo(a’G) « Mo(a’G)] +
62.84[Be('S) — Be(*P)]} keal mol .78
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SA(1) state of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.

3.2.6 °TI(1). The °I1(1) excited state of MoBe, similarly to
the *A(1) one before, correlates to the Mo(a’G) + Be(*S) while in
the equilibrium the bonding the in situ atoms are: Mo(a’G) +
Be(*P). The equilibrium CASSCF representation of the state
consists mainly of two different CSFs, listed below. These are
followed by the Mulliken atomic distributions (Mo/Be), at the
MRCISD/cc-pVTZ level:

()
~ 1 24 A7RL 27 151 1 bR b - R R RN |
~ .55 ﬁ‘m 2 15+1n_xln},16,>+ﬁ‘1c 26' T8, 1nlin 15! )

1

2h la 17x0 1 17 2
263518, In In >+—
x \/i

|
+o.35{ﬁ‘1c :

29 dq 17l 1,211
‘10 26'30 16+1nxl1ty>}

5Sl.lospzo.165px0.035py0.024d220.784dx2—y20.794dle.484dyzl.08

4dxy0.80/250.892p20.49pr0.212py0.10 B1

5S1.105pzo.165pxo.oz5py0.034d220.784dx2—y20.794dle.084dy21.48

4dxy0.80/250.892p20.49prO.l()ZpyO.Zl B2

The °*TT state has a strong multi-reference character as
indicated by the relatively small coefficient (¢, = 0.55) of the
leading configuration. This change in asymptotic character
occurs due to the internally mixed nature of the state. The
bonding in this state is summarized in Scheme 6. The bonding
consists of a o” covalent bond 5s'(Mo)-2s'(Be), a ' dative
bond 554d22 (hybrid orbital; Mo) « 2s2p! (hybrid orbital; Be),
and two dative n’n' bonds, either d3,(Mo) — 2pg(Be) and 4dy,
(Mo) « 2py(Be) or dj,(Mo) — 2py(Be) and 4dy,(Mo) « 2px(Be).
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3T1(1) state of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.

About 0.26e are transferred from the Be atom to the Mo metal.
The resulting *c'n’n' bond has an order of 3, a bond length of
2.266 A, and a dissociation energy of 37.81 kcal mol™?, at the
MRCISD+Q/aug-cc-pV5Z(-PP) level of theory, whilst its diabatic
dissociation is 87.98 kcal mol ' {= 37.81-12.67[Mo(a’G) «
Mo(a’G)] + 62.84[Be('S) — Be(*P)]}.>"*®

3.2.7 >X*(1). Similarly to the two previous cases of the
lowest-lying triplet bunch, the *£*(1) excited state of MoBe
correlates to the Mo(a’G) + Be('S) adiabatic atomic limit, while
in equilibrium, the bonding is formed between Mo(a’S) +
Be(®P) states. Specifically, the equilibrium CASSCF representa-
tion of the state consists of various CSFs and the atomic
distributions (Mo/Be) are:

PEH(1)) = 0.47‘102251301151+Eiﬁ}',151_>
— 046[1620'30" 181 Tr, 1} 13" )
—028]15%20%18, Tm, 1! 15! )

+0.22[16°20%18! 1l 12! T3 )

5S1.235pZO.165px0.025py0.024d221.044dx27y20-994dx20.884dy20.88

4dxy0.99/280.972p20.5ZszO.l()zpyO.lo A-l

The *2*(1) has a strongly multi-reference character indicat-
ing the presence of configuration mixing. Although this
state correlates adiabatically to Mo(a’G) + Be('S) at dissoci-
ation, its electronic structure near equilibrium is predo-
minantly described by configurations corresponding to
Mo(a’S) + Be(*P). Two covalent o’c* bonds are formed, i.e.,
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55'(Mo)-2s"(Be) and 4d’, (Mo) « 2p! (Be) and ~0.26¢ are trans-
ferred from Be to Mo, see Scheme 7. The bond distance is 2.333
A and the adiabatic D, values is 34.12 keal mol~* at MRCISD+
Q/aug-cc-pV5Z(-PP). The diabatic dissociation energy is D,
(diabatic) = 67.20 kcal mol " {= 34.12-29.76[Mo(a’S) <«
Mo(a’G) + 62.84[Be('S) — Be(*P)]}.
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Scheme 8 (a) MOs diagrams of the °TI(1) state, (b) MOs diagrams of the °*(1) state, (c) valence bond Lewis diagram of the °TI(1) state, and (d) valence
bond Lewis diagram of the °X*(1) state of MoBe at the CASSCF/aug-cc-pV5Z(-PP) level.
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3.2.8 °II(1) and °X*(1). The °TI(1) and °Z*(1) states of MoBe
correlate to the Mo(a’S) + Be(*P) adiabatic atomic products, as
well, and these atomic states are retained in the bonding. The
leading equilibrium CASSCF configuration and the atomic
distributions (Mo/Be) are:

°1I(1)) %0.98{%’10'201361 18} 1nl2nl 118" )
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4dxy0.99/2SO.872pZO.752px0.052py0.05 A1
In the °TI(1) state, two weak dative interactions are formed,
ie., c': 5s'(Mo) — 2p?(Be) and w': 5py(Mo)- - -2py(Be) or 5p)
(Mo)- - -2p,(Be), see Scheme 8. Note that a 4d,25s5p, hybridiza-
tion exists on the Mo atom and a 2s2p, on Be. The calculated 7.
is 2.579 A and the D, is 10.43 kcal mol™* at the MRCISD+Q/aug-
cc-pV5Z(-PP) method. The (1) state is clearly a van der Waals
state, there is a 5pg(Mo)- - -2s2p2(Be) interaction resulting in a

HOMO
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Fig. 8 Relative energy levels of all computed electronic states of MoBe.

bond distance of 2.787 A and a dissociation energy of
2.48 kecal mol™ at the MRCISD+Q/aug-cc-pV5Z(-PP) level of
theory.

3.2.9 Trends and electronic spectra. The adiabatic excita-
tion energies, ie., relative energy levels of the 43 calculated
electronic states at the SA-CASSCF, MRCISD and MRCISD+Q
levels are depicted in Fig. 8. It is found that while the four
lowest energy states are clearly separated for the remaining
excited states in all three methods, the electronic spectrum
in the area that ranges from 40 kcal mol™" (x1.7 eV) to
70 kecal mol™" (x3 eV) is very dense. Some states present
avoided crossing at different geometries. Namely, at the
SA-CASSCF/aug-cc-pV5Z(-PP) level, many avoided -crossings
occur in the area 2.3-2.9 A due to the fact that the electronic
spectrum is very dense. So, *I1(2) present avoided crossing with
*T1(3), *A(1) with 3A(2), *A(2) with *A(3), *®(1) with a higher
3®(2) state, >~ (1) with a higher *Z7(2) state, *I1(1) with °T1(2),
and *®(1), also, with a higher *®(2) one, °X*(2) with °Z*(3), °['(1)
with a higher °T'(2) one, °T1(2) with °TI(3), *A(1) with *A(2), and
3A(2) with a higher *A(2) state, etc.

Table 4 lists the nine MRCISD(+Q) calculated states along
with their equilibrium products and asymptotic limits. Only
four out of nine, i.e. X°X*, A’TI, °TI(1), and °Z*(1) are single-
reference states, while their equilibrium products coincide with
their dissociation atomic limits. The remaining five states,
a’*, b°, *11(1), *T*(1), and 3A(1), exhibit avoided crossing;
thus equilibrium products differ from their adiabatic dissocia-
tion atomic limits, see Table 4 and they present a multirefer-
ence character. Specifically, the a®X", *TI(1), and *X*(1) states
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Table 4 Dissociation energies, bonding, equilibrium products, and

asymptotic products of nine selected calculated states of the MoBe
molecule at the MRCISD(+Q)/aug-cc-pV5Z(-PP) method

D. Equilibrium Asymptotic

State  (DdiaPati)  Bonding products products

X’ 13.9 c' Mo(a’S) + Be('S) Mo(a’S) + Be('S)
a’z" 282 (60.3) o°c> Mo(a’s) + Be(°’P) Mo(a’s) + Be('S)
b’ 57.7 (86.7) 020 ’n'  Mo(a’S) + Be(*P) Mo(a’D) + Be 1s)
AT 423 o’n' Mo(a’S) + Be(*P) Mo(a’S) + Be(°P)
A1) 41.8 (92.0) o’n’n® Mo(a’G) + Be(*P) Mo(a 3G) + Be('s)
*TI(1) 37.8 (88.0) 0201n2n1 Mo(a’G) + Be(*P) Mo(a’G) + Be('S)
’¥*(1) 34.1 (67.2) o%c” Mo(a’S) + Be(*P) Mo(a’G) + Be(ls)
°TI(1) 10.4 vdW: (o ©)* Mo(a’S) + Be(*P) Mo(a 7s) + Be(°P)
°'(1) 2.5 vdW: (6)*  Mo(a’S) + Be(*P) Mo(a’S) + Be(*P)

“van der Waals interaction, the symmetry of the interaction is given
parenthesis.

present a strong multi-reference character, i.e., the coefficient
of their main CSF is 0.57, 0.55 and 0.47, respectively.

Regarding the calculation of the dissociation energy, the
adiabatic D, of calculated states range from 2.5 kcal mol " to
57.7 kcal mol~'. The bonding ranges from van der Waals
interactions to triple bonds. Note that the three states, namely
b°T1, *A(1), and *T1(1), which have triple bonds, present avoided
crossings and thus their diabatic D, values, which are directly
related with the strength of the bonding, are 86.7, 92.0 and
88.0 kcal mol ', respectively. Interestingly, the bonding
schemes behind the triplet and quintet states appear to be
indistinguishable (apart from spins); i.e. the bonding scheme
of a°2" is identical to that of >°X*(1), and the bonding scheme of
b°M is identical to that of *II(1). Generally, in most states,
electron charge is transferred from Be to Mo via the bonding,
since the Be atom is the electropositive participating element.
Finally, the corresponding bond distances range from 2.047 A
[FA(1)] to 2.787 A [°Z*(1)] in accordance with the size of the
bond order.

Overall, the correlation between bond distances, bond order
and dissociation energies are depicted in Fig. 9 and specifically,
how the bonding affects them. While the Be atom possesses a
closed shell valence configuration, it can participate in a multi-
tude of bond schemes, i.e., offering and receiving half bonds,
offering and receiving dative bonds, and forming covalent
bonds. More specifically, in its ground state ('S), it can receive
electron density in its vacant 2p valence orbitals, or offer its 2s
electron lone pair density, and in its first excited state (*P), it
can use its 2s, and possibly 2p, electron’s spin for coupling, or
have its 2p valence orbitals available for reception of electron
density. In the MoBe molecule, it was found that it forms from
weak interactions such as van der Waals (in °Z*(1)) and half-
bond (in X’<*) or as high as triple bonds (in bI1(1), *A(1), and
*TI(1) states), see Fig. 9. It’s noteworthy that, in most cases, it is
found that the Be atom forms bonds in its first excited state;
Be(®P). In most states, a 2s2p, hybridization is assumed on Be,
while a 4d,25s5p, hybridization is assumed on Mo, and, in some
cases, where the Be atom assumes no hybridization, Mo still
showcases the same 4d,.5s5p, hybridization, by itself (i.e. b°I1
and A’TI). The bond distances of the calculated states range
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from as low as 2.047 A, in *A(1), as far as 2.787 A, in °Z*(1), see
Table 2, and Fig. 9. Generally, it is observed that the excited
Be(*P) atom forms the shortest bonds, partially because its 2s
orbital can accept easily electron density from the 4d,.5s5p,
orbitals of Mo, and thus form strong ¢ bonds, and partially
owing to its capability of forming bonds both along the
molecular axis, as well as laterally to it, resulting in strong
bonds of high orders.

The adiabatic dissociation energies are depicted in Fig. 9.
Additionally, the dissociation energy per bond, which corre-
sponds to the bond strength, is obtained if the diabatic (related
to the contributing towards bonding atomic configurations)
dissociation energy is divided by the bond order 0.5 (half bond
o' or n' to 3). Regarding nonet °TI(1) and °Z*(1) states, the
°%*(1) is clearly a van der Waals state, while in the °TI(1) there is
a weak interaction via ¢ and 7 frame. We can assume that each
interaction is ~10% the strength of typical Mo-Be covalent or
dative bonds. Generally, it is considered that, the upper bound
of a vdW interaction [alkyl- - -alkyl] is 5% of a typical covalent
bond (e.g. C-H bond) and 7-20% of a typical dative bond (e.g.
N—-B bond), while the upper bound of a hydrogen bond
(H---0) is 20% of the covalent bond;>® however, these % values
correspond in bonds from different two atoms and for the same
atoms like in our case. Thus, in the Mo-Be diatomic molecule,
where the vdW interaction stronger than a typical alkyl- - -alkyl
interaction, the estimation of each interaction as the ~10% the
strength of typical Mo-Be two electron bond is reasonable. It is
interesting that in all calculated states, on average, the
dissociation energy per bond of the seven calculated states is
29.8 kcal mol '. Moreover, the corresponding value of the
nine states, ie. including also the two nonet states, is again
29.8 kecal mol ™, see Fig. 9. To sum up, we have concluded that
the final value for a two-electron Mo-Be bond is 30 kcal mol .

3.2.10 Mo-Be bonds beyond diatomic molecule. Up to
now, Mo-Be clusters have not been reported, however, the
distinct chemistries of molybdenum and beryllium suggest
potential avenues for research. The electron-deficient nature
of beryllium and its ability to form multicenter bonds,
combined with molybdenum’s versatility in cluster formation

23778 | Phys. Chem. Chem. Phys., 2025, 27, 23765-23780

could lead to novel Mo-Be cluster architectures. The present
study will provide details regarding binding energies, ie., the
formation of a two electrons Mo-Be bond corresponds to about
30 keal mol™*, bond distances that depending on the type can
range from 2.05 A to 2.90 A, as well as it will be useful in the
evaluation of similar properties within MoBe complexes.
Compounds containing interacting molybdenum and ber-
yllium components in the bulk phase have been the focus of
ongoing research for some time now, whether they be alloys, co-
joint materials or interfaces and absorbed layers, aiming to
identify their physical properties.”** Despite this, thorough
inspection of the bonding taking place in these cases has been
overlooked up until now, and there are no points of reference in
order to identify bonding schemes or even predict them in such
materials. Thus, shedding some light into the details of the
interactions between molybdenum and beryllium in solid-state
systems and diffuse of either Mo or Be in a bulk material can
provide insights into their potential applications in optics,
catalysis, catalysis, lithography, aerospace, thermal applica-
tions, and electronics. Overall, the present study can add
physical insight into Mo-Be bonding, and enhance our under-
standing of these interactions in materials, offering valuable
information for possible uses in the mentioned technologies.

4 Conclusions & final remarks

In the present study, we have explored the electronic structure
and bonding of the ground and 42 low-lying states of the MoBe
molecule, employing the (SA-)CASSCF and MRCISD(+Q) meth-
odologies in conjunction with aug-cc-PV5Z(-PP) basis set. Bond
distances, dissociation energies, dipole moments as well as
common spectroscopic constants have been calculated while
the bonding of selected calculated states is analyzed, and the
variety of bonding schemes is further discussed.

The four lowest in energy states, X’>", a°~", b°I1, A’II, are
clearly separated from the remaining excited states in all used
methods. The first excited state a’X" is lying 15.0 kcal mol ™"
above the ground one. Regarding the X’T" state, it was found
that a 6" dative bond is formed between the 4d,. single electron
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of Mo and the vacant 2p, orbital of Be with a length of 2.462 A.
The dissociation energy was calculated at 13.85 kcal mol ™" at
the MRCISD+Q/aug-cc-pV5Z(-PP) method considering the cor-
relation of the valence electron.

The adiabatic D, values of calculated states, considering the
correlation of all ab initio treated electron, range from 2.5
(°Z*(1)) to 57.7 keal mol™" (b°II). Three states, namely b°II,
*A(1), and *TI(1) have triple bonds, and their diabatic D, values,
which are directly related to the bond strength, are 86.7, 92.0
and 88.0 kcal mol . The calculated bond distances range from
2.047 A, in *A(1), up to 2.787 A, in °Z*(1) while, the dipole
moment values range from —1.51 D, in X’<*, “up” to 3.28 D, in
T (1).

The present work analyzes the bonding of the MoBe mole-
cule. The Be atom participates actively in the formation of
bonds by contributing its single valence electrons 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 (°Z*(1)), and half-bonds (X’%"), to triple bonds
(b°I, 3A(1), and °TI(1)). In most states, it is found a 2s2p,
hybridization on Be and a 4d,25s5p, hybridization on Mo, while
electron charge is transferred from Be to Mo. As far as we know,
the electronic spectrum of MoBe has never been studied before
experimentally or theoretically. The binding schemes of all
calculated states are presented for the first time filling the
gap in the literature regarding diatomic molecules. It was
found that on average, a single covalent Mo-Be bond is about
30 keal mol ™.

Overall, the present work highlights the exceptional ability
of beryllium atoms to participate in a variety of bonding
schemes, explaining experimental observations of chemically
absorbed Be layers on Mo surfaces. Therefore, this study could
provide an opening gate for further investigation of this species
or associated material and complexes.
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