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Boron presents an important role in chemistry, biology, and materials science. Diatomic transition-metal borides (MBs) are
the building blocks of many complexes and materials, and they present unique electronic structures with interesting and
peculiar properties and a variety of bonding schemes which are analyzed here. Comparisons between MB molecules
along the three rows are presented, and their differences and similarities are analyzed. The bonding of the diatomic
borides is also described. Three of them RhB(XZ*), RuB(X?A) and TcB(X3X™) form quadruple g?0%r?rt? bonds in their X
states. The RhB form quadruple bond also in two low-lying excited states.
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| 1. Introduction

Boron has an important role in chemistry, biology, and materials science . It is well known that it forms single, double,
and triple bonds, but it was only recently found that it can form quadruple bonds in specific diatomic molecules [ZIEIE4IE],
Additionally, its chemistry is quite interesting to preparative chemists, theoreticians, industrial chemists, and technologists.
It is noteworthy that it is the only non-metal in group 13 of the periodic table, and it presents many similarities to its
neighbor, carbon, and its diagonal relative, silicon. Hence, like C and Si, it showcases a marked propensity to form
covalent, molecular compounds, but it differs greatly from them in having one less valence electron, a situation sometimes
referred to as “electron deficiency”. This deficiency plays a key role in its chemistry 1.

Transition-metal borides have received considerable attention since they present common catalytic properties for the
hydrogenation of alkenes and alkynes, the reduction of nitrogenous functional groups, and deoxygenation reactions (€.
They are important building blocks in many complexes and materials. Moreover, they possess remarkable physical
properties, such as very high conductivity (TiB,) d—even superconductivity (MgB,) El—as well as super hardness (ReB,)
(9, |n solid state, many computational and experimental studies have been carried out; see, for instance, LYLL[12](13][14][15]
[16II17][18] - computationally, the DFT methodology is applied to determine the bond lengths, frequencies, and vibrational
properties of solids L3l density of state; bond population; charge density maps 4l relative stability; mechanical,
electronic, and magnetic properties 12l; elastic behavior; and elastic anisotropy 1€, Furthermore, ab initio molecular
dynamic (AIMD) simulations at finite temperature have also been employed in order to investigate the structural stability of
materials, for instance, those of DB (U = Ti, Cr, Nb, Mo, Ta, and W) 18],

It has been reported that the electronic structure and the chemical bonding of diatomic and triatomic molecules are
strongly related to their structure, the variety of their morphologies, and the properties of their 2D- materials and solid
state 1929 Therefore, an investigation of the electronic structure and the bonding of the diatomic transition-metal
borides, which constitute the simplest building blocks of the compounds or materials in question, would lay the foundation
for understanding the very complex solid-metal borides and even their bulk properties. Finally, it should be noted that the
diatomic transition-metal borides showcase unique electronic structures presenting interesting and peculiar properties and
a variety of bonding schemes.

The present entry is adapted from Ref 21, where presents the bond distances, dissociation energies, frequencies, dipole
moments, and natural NPA charges of all three rows transition-metal borides. Here the comparisons between the MB
molecules of all three rows are presented, and their differences and similarities are analyzed. Finally, transition-metal
borides forming quadruple bonds are described and analyzed here, and for the first time, we report on the RuB and TcB
molecules.



| 2. Transition Metals Monoborides

Quantum chemical computations provide details on the chemical bonds and electronic structures of these species. In
general, the bond lengths of the transition-metal borides increase in the periodic table from left to right, or as one goes
down a group of elements. Of course, anomalies occur, but the data are the result of the variety of bonding schemes that
are formed in the MB molecules. These bonding schemes depend on the bonding and the filling of g, T, and d orbitals.
MBs can form one-and-a-half, double, triple, and even quadruple bonds, with the latter being recently discovered in RhB
and RhB~ @Ml while here, we found that RuB and TcB also form quadruple bonds.

The bond distances of the ground states of the MBs of all three rows, with respect to the different M atoms, are plotted in
Figure 1a. Moving from up (first row) to down (third row) the bond distances, in the cases with the same bonding, the r
values increase by about 1 A. Also, moving from left to right, the r, value decreases up to the seventh or eighth MB, and
then the re value increases sharply. All differences are a result of the type of bonding. In all rows, there are three MBs that
present similar strong bonding. Thus, along the first row, from the sixth to the eighth MB, i.e., FeB, CoB, and NiB, a triple
bond and similar r, values, around 1.7 A, are observed. Similarly, along the third row, from the sixth to the eighth MB,
OsB, IrB, and PtB, a triple bond and similar re values, around 1.76 A, are found. On the contrary, in the second row, from
the fifth to the seventh MB, i.e., TcB, RuB, and RhB, a quadruple bond is formed with similar r, values, around 1.7 A.

In Figure 1d,e, the dissociation energies with respect to the adiabatic products (Dg) and the atomic ground state products
at the zero-vibrational level (Dg s) are plotted with respect to the change in the M atom from left to right for the three
rows. The general shape is the same as that of the lowest dissociation energies being observed for the M, with atomic
configurations of (ds)® or (ds)” and d%s?, while the highest values are observed for the M with atomic configurations of
(ds)®19 for the first and third rows and (ds)’~° for the second row, and the largest values are found for the second and
third rows. Finally, it should be noted that the first two and the last two MBs present similar dissociation energy regardless
of the row.
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Figure 1. (a) Bond lengths, re, (b) dipole moments, p, (c) charge on metal, gy, via natural population analysis, (d)
dissociation energies, D, (eV), with respect to the adiabatic atomic products, (e) dissociation energies, Dy gs, With respect
to the ground state atomic products, and (f) vibrational frequencies, we, of the ground states of the 1st-, 2nd-, and 3rd-
row-transition-metal boride molecules; 1st row: MRCISD+Q/aug-cc-pV52Z 22 2nd- and 3rd-row MBs: B3LYP/aug-cc-
PVQZg(-PP)y and def2-QZVPPD,, levels of theory (2,

The dipole moment, y, with respect to the M follows roughly the same trend as the M changes from left to right in each
row, i.e., a general reduction in the u value. Any differences are related to the differences in the bonding; see Figure 1b.
The smallest differences among the three rows are observed in d's?, (ds)®, and d'%s?, while the first and third rows
present similar p values for the d®s? metals, where the second-row MB presents a p value larger by 1.5 D than the
corresponding MnB and ReB values due to the quadruple bond of TcB.
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On the contrary, the NPA charge on the metals as the M changes from left to right has the same shape for all three rows

apart, from the MnB of the first row; see Figure 1c. Finally, the change in the vibrational frequencies with respect to M for

the three rows has the same trend; see Figure 1f. In most MB molecules, the second- and third-row MBs have larger we

values than the MBs of the first row.



The dissociation energy per bond, i.e., per two bonding electrons, and the number of the formed bonds for all MBs of the
first, second, and third rows are depicted in Figure 2. Regarding the diagram of the D¢/bond, the general shape is the
same for all three rows. The largest D¢/bond, except for the first two and the last MBs, is observed for the MBs of the third
row. Thus, the fact that the 4d series exhibits greater intrinsic bond energies 23 is explained with the formation of more
multiple bonds than in some MBs of the 3d and 5d series, while the De/bond is the highest for the third row, as expected.
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Figure 2. (a) Dissociation energies, De (eV), per bond with respect to the adiabatic atomic products; (b) number of formed
bonds of the ground states of the 1st-, 2nd-, and 3rd-row-transition-metal boride molecules, MBs.

Regarding the number of bonds formed, it seems that the MB molecules of the first and third rows present the same
multiple bonds, except the (n)d®(n + 1)s? atoms, where, for VB, the ground state is X’=* and for TaB it is X°A. The
difference in spin multiplicities results in different orders of bonding. The largest observed difference between MBs of the
second row with the corresponding MBs of the first and third rows is for the fifth MB, i.e., TcB (quadruple bond) vs MnB
and ReB (two and a half bonds). Finally, the X states of the RuB and RhB molecules of the second row also have
qguadruple bonds, while the corresponding MB molecules of the other rows have triple bonds.

The formation of quadruple bonding in the MB part of the complexes has been reported in the literature. For instance, in
the anionic complex FeB(CO)3~, a quadruple bond is formed in the FeB part. The BFe(CO)3™ anion was calculated via
DFT and DLPNO-CCSD(T) methodologies and identified using mass-selected infrared photodissociation spectroscopy in
the gas phase [24],

Finally, it should be noted that in the transition-metal molecules, highly correlated electrons are involved in the spin—orbit
interactions, and relativistic effects exist. The use of basis sets with pseudopotentials of course simplified the complicated
effects of the motion of the core (non-valence) electrons. Furthermore, 5d MB molecules suffer from strong spin—orbit
effects, which have been neglected here. The use of atomic spin—orbit stabilization 23 may lead to reductions in the
calculated dissociation energies 28, However, our calculated values are in very good agreement with the experimental
ones, with the exception of TaB, since both M and MB species are subject to the spin—orbit effects; thus, via the
cancellation of errors, the D¢ results are good. Specifically, our B3LYP/aug-cc-PVQZ(-PP) values are in better agreement
with the experimental ones, and the energy differences between experimental and calculated values range from 0.046
(OsB) to 0.410 eV (LaB), apart from TaB, where the calculated value overestimates the experimental Dg by 0.749 eV. On
the contrary, for the second-row MBs, the energy differences between experimental and calculated values range from
0.002 eV to 0.343 eV. Finally, note that the main aim of the present study is to study the periodic bonding schemes and
trends for MB molecules over three rows, providing a quantitative and qualitative picture of the chemical bonding in the
MB species, which is presented here adequately.

| 3. Quadruple Bonding

In 2020, two works concerning the bonding structure of RhB were published, where the formation of a quadruple bond
was reported. The first study conducted by Cheung et al. [& explored the bonding nature of RhB(BO)~ and RhB species
via ADF, DFT, CCSD(T) methodologies. The second study, carried out by Tzeli and Karapetsas &, investigated the bond
occurring inside isoelectronic species between transition metals and the main group elements TcN, RuC, RhB and PdBe.
For the RhB molecule, at various levels of theory, i.e., MRCISD, MRCISD+Q, and RCCSD(T)/aug-cc-pV5Z-PPg}, aug-cc-
pV5Zg. Both studies found that the ground electronic state (X'Z') has a dominant 10%20%1m*15* configuration
determinant and correlates adiabatically to the atomic electronic spin states B(X?P;2s%2p) + Rh(a’D;4d®), resulting in a
four-fold quadruple bond. Tzeli and Karapetsas [ found that, except for the ground state of RhB, its two lowest excited
states, i.e., a®A and AlA, also present quadruple bonds ¥l. Additionally, in the ground and the first excited states of the
RhB" anion, X2z* and A%A quadruple bonds are also formed [,



Except from RhB(X1z*), the TcB(X32") and RuB(X2A) also present quadruple bonds 2. The bonding is formed from an
atomic state which has an empty 5s orbital from, for example, Tc(*F[4d"]), Ru(b®F[4d®]), and Rh(a?D[4d%)). As a result, the
5s of the metal is empty and thus it can accept electrons, forming a dative bond. The bonding in X states is
10%20%1m,*1m,?; see Figure 3. Specifically, the bonding is 102 = (M4d,2)? - (B2p,)°, which is a dative bond from the M to
the B atom; 202 = (M5sM4d.z)° — (B2s)?, also a dative bond from the B to the M; and 171, = (M4dy,)! - (B2py)* and 11,2 =
(M4dyz)l - (BZpy)l, which are both 17 covalent bonds. The similar bonding leads to similar short r values, smaller up to
0.3 A with respect to MoB, and dissociation energies of about 5 eV (4.84 up to 5.49 eV). Note that there is a 5s5d,
hybridization in M and a 2s2p, hybridization in B. The electrons added from Tc to Rh are added to non-bonding J orbitals,
i.e., 6161 in TcB, 626 in RuB, and 6262 in RhB.
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Figure 3. Molecular orbitals of the X33~ (TcB), X2A (RuB), and X'=* (RhB) states presenting quadruple bonds.

| 4. Insights

Boron plays an important role in chemistry, biology, and materials science. Diatomic transition-metal borides are important
building blocks of many complexes and materials and thus the knowledge of their dissociation energy, bond distances,
and bonding analysis dipole moments is very useful. It is interesting that boron forms a variety of orders of bonding from
single to quadruple bonds and bonds of different types, i.e., covalent, dative, and ionic bonds. In the present entry, the
diatomic borides of transition metals are presented.

Three of them form quadruple bonds, i.e., RhB which was recently reported to form quadruple bonds &4 RuB and TcB
form quadruple bonds in their ground states as well 21, The X states of these three molecules present the same
quadruple bonding, ozazrrxzrtyz, and as the metal is escalated from Tc to Rh, the additional valence electron is added to
the single occupied d orbitals, while the X states change from X33~ (TcB) to X2A (RuB) and then to X'Z* (RhB).

As a final remark, it has been reported that the states of the diatomic and triatomic molecules of sulfides are involved in
complexes and solid or 2D-materials as building blocks, explaining the variety of their morphologies 1229 Similarly, the
present data may provide a new approach to exploring the properties of solid state and 2D metastable polymorphic
materials involving transition-metal borides, while they may assist in explaining the catalytic properties of complexes,
including transition-metal boride bonds.



