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ABSTRACT: Multiple bonds between atoms are one of the most M=X
fundamental aspects of chemistry. Double and triple bonds are
quite common, while quadruple bonds are a true oddity and very
rare for the main group elements. Identifying molecules containing

quadruple bonds is very important and, even more so, determining i n
the necessary requirements for the existence of such bonds. Here .

we present high-level theoretical calculations on the isoelectronic TeN: X°A, 'E7, 1A

MX molecules, i.e., TcN, RuC, RhB, and PdBe, showing that such a RuC & ljhl}i X1L7, 0P, A'A

quadruple bond with main group elements is not that uncommon. PR n?

We found that quadruple bonds are formed in their ground states

X3A (TcN) and X'Z* (RuC, RhB, and PdBe) and in the two lowest excited states of TcN (*Z*, 'A), RuC (**A), and RhB (*3A).
The quadruple bonds consist of two 7 and two ¢ bonds: (4d,,—2p,)?% (4dyz—2py)2, (4d,—2p,)? and 5s° « 2s* (*T*) or 5p,’«2s?
(**A). Bond lengths, dissociation energies, dipole moments, spectroscopic parameters, and relative energy ordering of the states
were calculated via multireference and coupled cluster methodology using the aug-cc-pVSZy(-PP),, basis sets. We study how the
atomic states involved and how the gradual transition from covalent to dative bond, from TcN to PdBe, influence all of the
calculated data, such as bond dissociation energies, bond lengths, and relative energy ordering of the states. Finally, we report the
requirements for the occurrence of such bonds in molecular systems. All Be, B, C, and N atoms combining with the appropriate
second-row transition metal can form quadruple bonds, while they cannot form such bonds with the first-row transition metals.

1. INTRODUCTION Specifically, the exact multiplicity of the bond of the C, molecule
was placed under scrutiny.g”m_16 The quadruple bond between

The chemical bond is one of the most fundamental concepts in
Rh and B was reported very recently in a combined experimental

chemistry.l_3 Multiple bonds between atoms is one of the

aspects of chemistry that catches the imagination and attracts and theoretical work. Here we present high-level theoretical
great interest among chemists. The multiplicity of a chemical calculations showing that such a case is not that uncommon for
bond is determined by the number of electron pairs that occupy diatomic molecules containing main group elements and
the region between the two bonded atoms in bonding molecular transition metals of the second row. Finally, our ultimate aim
orbitals. Double bonds are quite common, notably in organic is to determine the requirements for the formation of such
compounds, and have been known for over 160 years.4’5 Triple bonds.

bonds are found in several frequently encountered molecules In the present study, we perform high-level multireference
such as N, and CO. Before 1964, the triple bond was assumed to configuration interaction and coupled cluster theoretical
be the bond of highest multiplicity in any chemical compound. calculations on the TcN, RuC, RhB, and PdBe molecules. We
Nowadays, the maximum bond multiplicity is considered to be found that all four molecules present ground states with a
six and it has been proposed theoretically for the homonuclear quadruple bond and, in the cases of TcN, RuC, and RhB, their
diatomicé molecules of transition metals, specifically, Cr,, Mo,, two lowest excited states have also quadruple bonds. For all four
and W,,” while 5-fold bonding was realized between two Cr(I) molecules, we study their bonding and we calculate their

centers in a stable compound.” However, quadruple bonds are a
true oddity and very rare for the main group elements. It should
be noted that the quadruple bonds are the bond of highest
multiplicity that can form the main group elements. Thus,
identifying molecules of main group elements containing
quadruple bonds is very important and, even more so,
determining the necessary requirements for the existence of
such bonds in molecular systems.

Quadruple bonds have been reported on a few occasions. It
has been suggested for C,, CN*, BN, CB~%, and RhB,’ RhB~.°

dissociation energies, the spectroscopic parameters, and the
dipole moments of their lowest in energy states. Additionally, we
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present a relative energy diagram of about 38—51 states of each
molecule. Note that the PdBe molecule has not been studied
before. Previous theoretical and experimental data on the
TcN,'”'® RuC,'”""73* and RhB”'"*7*° molecules are
discussed below, and they are summarized in Table 1 along
with our results.

Previous Studies. There are two theoretical studies on the
diatomic TcN molecule in 2009, a DFT'” and a CASPT2'®
study. Borin and Gobbo'® calculated 13 electronic states of TcN
at the MS-CASPT2/4{-ANO-RCC level of theory including
also scalar relativistic effects. They calculate the ground state,
X3A state, and three out of four lowest in energy states, 3%+, °T,
and 'A states. A triple bond is found in X>A, X7, and 'A states
previously, and a double bond in *I1. The bonding in X*A and
'A states was considered as a triple one because the 16 MO was
classified essentially as a 2s lone pair.'®

The RuC molecule has attracted researchers’ interest.
Its spectrum has been measured for the first time in 1965.” Data
of the X'T* state and of the 'TI, A, and 3A states have been
obtained via mass spectroscopy,”’ resonant two-photon
ionization spectroscopy,26 dispersed fluorescence spectrosco-
py,” optical spectroscopy,” rotational spectroscopy,”” and
high-resolution laser-induced fluorescence spectroscopy.””*!
The dissociation energy of the ground state was determined at
151.0 + 3.0,”* 154.0 + 3.0,” and 145.5 + 2.5 kcal/mol*® and the
bond length at R, = 1.605485(2) A** and R, = 1.60790(9)
A>>?° Finally, the dipole moments of the ground X' X" state and
of the 'TI, 3T1, and A excited states have been measured via
high-resolution laser-induced fluorescence spectroscogy where
the Stark shifts were analyzed,”””" i.e,, 4.09(14) debye” for X'X.
The first theoretical calculation on RuC was by Shim and
Gingerich in 1985”” via configuration interaction (CI). Then,
they calculated some low-lying triplets and singlets states via
CI** and multireference configuration interaction (MRCI).>**®
Guo and Balasubramanian®” calculated 29 states via first-order
configuration interaction (FOCI) using relativistic effective core
potentials. For the ground state, Wang et al.>* used the spin-free
exact two-component theory and it is a one electron variant
relativistic approach at the CCSD(T) level of theory; a thorough
discussion of the electron correlation effects was presented.
Finally, RuC has been calculated via the density functional
theory (DFT)."”** The chemical bonds in all three lowest lying
states were considered as triple bonds composed of one ¢ and
two 7 bonds.”®

The first experimental study on RhB was in 1970, where the
dissociation energy of the ground state, X'Z*, was measured via
mass spectroscopy at 112.8 + 5.0 kcal/mol.”” In 2006, its bond
length was measured at 1.69 A, by laser-induced fluorescence
spectrum.”® In 2019, the dissociation energies of a series of
transition metal borides were measured via resonant two-photon
ionization spectroscopy;” and the dissociation energy of the
ground state, X'T* was measured at 121.1 kcal/mol with respect
to the ground state products. Experimentally, the excited states
1'TT and 2'Z* have been also measured.*®*® The first theoretical
study was in 2008, where 11 states, singlet and triplet states, were
calculated by the MS-CASPT2/4{-ANO-RCC methodology39
including also scalar relativistic effects. In 2009, it was studied via
the DFT(B3LYP/LANL2DZ) methodology.'” Finally, very
recently in 2020, Cheung et al.” studied the ground state of RhB~
and RhB via photoelectron spectroscopy and CCSD(T)/aug-
cc-pVQZy(-PPy;,) and they concluded that the bond in both
molecules is a quadruple one, while all previous theoretical and
experimental studies considered the bond in the ground state of

17,19-34
20

6670

RhB as a triple one, because the 16 MO was classified essentially
as a 2s lone pair.”

2. BASIS SETS AND METHODS

For the Be, B, C, and N atoms, the correlation consistent basis
sets of Dunning et al o= aug-cc-pVSZ, (15s,9p,5d,4£,3g,2h) —
[7s,6p, 5d,4£,3g,2h], and for second row transition metal Tc, Ru,
Rh, and Pd atoms, the Peterson et al.*> correlation consistent
basis sets, i, aug-cc-pVSZ-PP, (17s,14p,12d,5f4g,3h2i) —
[8s,8p,7d,5f,4g,3h, 2i], were chosen. The latter employ accurate
core relativistic pseudopotentials for the 1s*2s*2p 3s?3p°
electrons and treat the 4s?4p°(5s4d)’™'" electrons of the
transition metal atoms in the ab initio calculation. Thus, the
contracted basis sets employed here consist of a total of 324
spherical Gaussian-type one electron functions.

At first, a complete active space self-consistent field
(CASSCEF) calculation was carried out by allotting the 12
“valence” electrons, namely, (5s4d)”~'" and (2s2p),””> to 10
valence orbitals, i.e., six (5s4d) + four (2s2p) orbitals of the TcN,
RuB, RhB, and PdBe molecules. In total 51 (TcN), 38 (RuC), 39
(RhB), and 39 (PdBe) states at the CASSCF level of theory were
calculated. Then for the lowest in energy states the multi-
reference configuration interaction + single + double excitations
(MRCISD) method was employed.** The Davidson correction
(+Q) was also included in the icMRCISD energy (icMRCISD
+Q).* The MRCISD spaces range from 13 X 10° (°Z7) to 1089
X 10° (A’L*) CSFs. By applying the internal contraction
approximation (icMRCI),** the size of the CI spaces is reduced
by more than an order of magnitude, thus making the
computations tractable.

Additionally, the restricted coupled cluster + singles + doubles
+ perturbative triples (RCCSD(T))* single reference method
was also employed for the ground states X'X* of RuC, RhB, and
PdBe and for X*A and 'E* for TcN to confirm the MRCI results.
In all RCCSD(T), the 2s2p electrons of Be—N and the 4dSs
electrons of the Tc—Pd atoms were correlated. The RCCSD(T)
spaces is 1.3 X 10° CSFs. In order to evaluate our RCCSD(T),
which is a single-reference method, we checked the single (t,)
and the double (t,) amplitudes and the T diagnostic. We found
that in all calculations of the present work the t; and ¢,
amplitudes were very small. In most cases, they were smaller
than 0.05. Moreover, the T, diagnostic is about 0.03 or less in all
calculations. These small values of ¢; and ¢, amplitudes and T
diagnostic indicate that the single-reference RCCSD(T)
method is an appropriate method for the calculated states.

All calculations were done under C,, symmetry constraints;
however, the CASSCF wave functions possess correct angular
momentum symmetry, i.e., IAl = 0 (£%), 1 (IT), 2 (A), 3 (®), 4
("), and S (H). This means that IT, @, and H states are linear
combinations of B, and B, symmetries, A and I' are
combinations of A; and A, symmetries, whereas X* and X~
correspond to A; and A, species, respectively. Of course, MRCI
wave functions do not display in general pure spatial angular
momentum symmetry but A, for X" and A, A, for £~ and A, and
B, (or B,) for IT states.

For all states, potential energy curves (PECs) have been
plotted at the CASSCF and MRCISD levels of theory. It should
be noted that most of the calculated states do not correlate in the
ground atomic states. Additionally, in many cases they present
avoided crossings; as a result, the in situ atoms in the minimum
are not the same with the correlated ones. Thus, the dissociation
energies, D,, of all states are calculated with respect to the
ground atomic states (D), with respect to the adiabatic

https://dx.doi.org/10.1021/acs.jpca.0c03208
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products (D,*), and with respect to diabatic products (D,?).
Furthermore, the relative energy ordering at all used levels, i.e.,
CASSCF, MRCISD, MRCISD+Q, and RCCSD(T), are
computed. Finally, at the MRCISD, MRCISD+Q, and RCCSD-
(T) levels, the spectroscopic constants and dipole moments are
reported. The dipole moments are calculated as expectation
values ({(u)) and by the finite-field method (pgg)."”**
Comparing calculated values with experimental ones, it has
been found that the finite-field method is to be preferred for the
calculation of dipole moments.*® It is reasonable that the finite-
field method give better results than expectation values because
the MRCISD calculations have truncated spaces, i.e., the
calculations are not full CI. It should be noted that spin—orbit
effects are not needed to be considered given that accurate core
relativistic pseudopotentials are employed and only 15—18
electrons of the transition metal atoms are treated in the ab initio
calculations.

The bonding of the lowest in energy states is analyzed, and it is
depicted pictorially via a valence bond Lewis (vbL) diagram*’
and via 3D contour plots of the valence molecular orbitals
(MO). Note that the vbL diagrams provide a compact
representation of the 3D valence MO. The bond order is the
number of chemical bonds between the atoms. A whole bond
corresponds to a pair of electrons, while a half-bond corresponds
to a bond with one electron. It should be noted that Mulliken,
NBO, and CMS population analyses have been carried out;
however, while all three analyses confirm the bonding, big
differences among the three analyses are observed at the total
charge of metal; namely, the Mulliken analysis provides more
negative charged metals while CMS more positive charged
metals, and the NBO charges are between them; see the
Supporting Information (SI). Note also that the use of
nonaugmented basis set reduces slightly the charge of the
metals only up to 0.15 e”. The electron charge transfer
corresponds to the part of an electron that is transferred from
one atom to another in the molecule with respect to the atomic
species. In order to check the DFT methodology, the TPSSh*’
functional has been used in conjunction with the aug-cc-pV5Zy,
aug-cc-pVSZ-PPy; basis set for the lowest singlets and triplets
states of the molecules. The DFT calculations were carried out
via Gaussian 16.°" All CASSCF, MRCI, and RCCSD(T)
calculations were carried out with the MOLPRO®” suite of
codes.

3. RESULTS AND DISCUSSION

TcN. At first we calculated S1 states ie., singlet, triplet,
quintet, septet, and nonet X%, X7, IT, A, @, I, and H states at
CASSCF/aug-cc-pV5Zy-(PP) .. The ground states of Tc (°S,
55*4d°) and N (*S) give rise to a total of four molecular states,
ie, >>7°%~ The first excited state of Tc (°D, 55s'4d°), the second
(*D, 5s'4d°), the third (*P, 55'4d®), and the forth (*F, 4d")
combined with the ground state of N (*S) give rise to a total of
12 (3>A, 11, £7), 12 (WS7A, 10, £7), 8 (571, Z¥) and 16
(7@, A, T1, ) molecular states. Their relative energy levels
of the 51 states are given in Figure 1. The calculated singlet,
triplet, quintet, septet, and some of the nonet states correlate
adiabatically to the ground states of N (*S) + five atomic states of
T, ie, S, °D, *D, *P, and *F. Their PECs are plotted in Figures
S1-SS5 of the Supporting Information. The energy separation of
the atomic states of Tc are given in Table S1 of the SI. Our data
are in very good agreement with the experimental ones.>

Then, we calculated at MRCISD/aug-cc-pVSZy-(PP)y, the
lowest in energy states, X°A, 'Z*,*%7, 51, and 'A. These states,

6671

"o(1)

5 1 7 Tt 7H(4)
'), G), 2 ) )

"AQ) o
'A@Q), TI(2), (1)
T@.2(1),°43), 10G)

AR T, A=
T1(2) 72+(1), Sr(l),52+(1)

R),’AQ) ——
32
(D), 'e(1)

T (eV)

e

: lz+(2), 521(2)
"II(D), (1), *T (1), *AD), 'H(D)

3
5 —11(2) i

SA-CASSCF CASSCF MRCISDMRCISD+Q RCCSD(T)

TcN

Figure 1. Relative energy levels (T,) of 43 states of the TcN molecule at
different levels of theory using the aug-cc-pVSZy(-PP)y, basis set.
Repulsive nonet states are not plotted.

except 'Z*, have been calculated before by Borin and Gobbo."®
The 'Z* state is calculated here for the first time, it is
energetically degenerate with the I and 'A states, and it is
calculated here as the first excited state. However, the interesting
point about the '* state is that it presents a quadruple bond as
the X?A and 'A states do. Moreover, RCCSD(T) calculations
were carried out for both XA and 'Z* states. Finally, we
calculated also two X~ states at MRCISD/aug-cc-pVSZy-
(PP) .. The potential energy curves of the X°A, 'A, *£7, °I1, and
'T* states at the MRCISD level are depicted in Figure 2. The
ground state is a X3A state, and above it, there are three close

0.15 : : . :
o Te('F) + N('S)]
0.10 } . Te('P)+ N('SH
///*“ Te('D) + N('S)]
0.05 - ‘ .
= foee Te(D) + N('S),
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3 //7/’ Te(’S) + N('S))
=
= 0.05 §
-0.10 4 —— XA 'A
—e—'S" —o— "' (diabatic)
-0.15 - v v ()
Moo "3 (1) —— 3
T T T T T T T T 1
4 5 6 7 8

R, (Angstrom)
Figure 2. MRCISD/aug-cc-pVSZy(-PP) . potential energy curves of
the TcN molecule.
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lying in energy states, i.e., I3+ 1A, and 327, lying at 14.5 (15.9),
15.2, and 14.9 kcal/mol at the MRCI+Q (RCCSD(T)) level of
theory; see Table 1. The three excited states are energetically
degenerate, lying within 0.7 kcal/mol, so any of them could be
the first excited state.

The ground state, X3A, and the low-lying excited state, 1A,

present no avoided crossings, and they correlate to Tc-
(°D,55'4d®) + N(*S) and Tc(*D,5s'4d®) + N(*S), respectively,
i.e, first and second excited states of Tc. Both states have a
quadruple bond. Two 7 bonds, 4d,,'—2p,' [0.62 (4d,,) 1. + 0.69
(2p.)n] and 4d,.* = 2p,° [0.62 (4d,,) 7. + 0.69 (2p,)x], and two
6 bonds, 5p,° « 2s* [16 ~ —0.37 (5p,)1c + 0.91 (2s)y] and
4d'—2p,' [20 ~ 0.72(4d ) 1. — 0.75 (2p,)n]), are formed; see
the vbL diagram below and the 3D plots of valence molecular
orbitals (MOs) in Figure 520 of SI. The bond lengths of the X*A
and 'A states are 1.599 (1.595) and 1.588 A, respectively, at the
MRCI+Q (RCCSD(T)) level of theory. The binding energies of
the two states with respect to their correlated products are 123.3
(123.3) and 131.4 kcal/mol, respectively (see Table 1); the 'A
state presents the largest value. Finally, it should be noted that
the 16 bond is not as strong as in the case of 'Z* (see below),
where the empty orbital is the Ss. As a result, the binding energy
in the >'A state is about 35 kcal/mol less than in the 'Z* state;

see below.

R

XAl'A

Te(‘D/'D) + N('S)

The 'Z* state has not been calculated before. It correlates to
Tc(*P,55'4d®) + N(*S), i.e, third excited state of Tc. The 'Z*
state presents an avoided crossing at about 2.3 A with the 'X*(2)
state, which correlates to Tc(*F,4d”) + N(*S), the fourth excited
state of Tc. As a result, the 'X* state in the minimum has the T¢
atom at its fourth excited state *F. Tc(*F) forms four bonds with
the N atom. Analytically, two 7 bonds, 4d,,'—2p," [0.60 (4d,,)1.
+0.71 (2p,)n] and 4d,.> — 2p,° [0.60 (4d,,)r. + 0.71(2p,)x],
and two 6 bonds, 5s° < 2s* [16 ~ 0.21 (5s)7. — 0.19 (Sp,) . +
0.94 (2s)y] and 4d2'—2p," [26 ~ 0.71 (4d,,) 1. — 0.75 (2p,)nl;
are formed; see vbL diagram below and valence molecular
orbitals plots in Figure S20 of the SI. It should be noted that
there is a 2s2p, hybridization in N and a 5s5p, hybridization in
Tc. The four bonds result in binding energies of 160.1 (158.1)
[97.1] kecal/mol at the MRCISD+Q level of theory with respect
to diabatic (adiabatic) [ground state] products; see Table 1. The
bond length is short, 1.593 A, due to the presence of the
quadruple bond. It should be noted that the 'X* state has the
largest value of the dipole moment among the lowest in energy
states, i.e., 4.51 (4.48) debye at MRCI+Q (RCCSD(T)) level of
theory.
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Ne

Te(D) + N('s)

The °TI state correlates to Tc(°D,5s'4d®) + N(*S), and it
retains this character to the whole PEC. Two bonds are formed,
acbond [d,'(Tc)—p,'(N)], and a zbond, [d,,'(Tc)—p, (N)].
Pictorially the bonding is shown in the preceding vbL diagram.
The °I1 state has a dissociation energy of 103.1 kcal/mol and a
bond length of 1.673 A, namely, 0.1 A larger than the
corresponding values of the X°A, 'A, and 'T* states, which
have quadruple bonds.

The 3L~ state correlates to Tc(°S,5s?4d%) + N(*S). It presents
two avoided crossings at 3.2 and 2.3 A with the *£7(2) state
which correlates to Tc(°D) + N(*S). As a result, the 3£ 7(1) state
regains the character of the ground state atomic products at
shorter R values around the minimum. Three bonds are formed,
4 (Te)=p. (N), d,.'(Te)—p, (N), and d,.'(Te)—p, (N) (sec
the vbL diagram below), which result in a binding energy of 90.6
(96.7) kcal/mol at the MRCISD (MRCISD+Q) level of theory;
see Table 1. It should be noted that there is a 2s2p, hybridization
in N and a SsSp, hybridization in Tec.

Te(’S) + N('s)

Finally, the two *Z~ states correlate to Tc(®S,55?4d%) + N(*S)
and to Tc(°D,5s'4d®) + N(*S). The interesting point about
these states is that despite all their valence electrons being

parallel, both states have a single o bond which is formed mainly
between the 2p," orbital of N empty Sp, of Tc. The *X7(1) is
bound only 2.3 kcal/mol with respect to the ground state
products, while °X7(1) and X7 (2) are bound 13.6 and 8.7 kcal/
mol with respect to Tc(°D) + N(*S); see Table 1.

RuC. Thirty-eight states i.e., singlet, triplet, quintet, and septet
X%, 27,10, A, @, and I states were calculated at CASSCF/aug-
cc-pVSZc(PP)g,. Their relative energy levels are presented in
Figure 3, and the PECs of the 38 states are plotted in Figures
S6—S9 of the SI. The states correlated adiabatically to the
ground states of C(°P) + two lowest in energy atomic states of
Ru, ie, a°F(4d"(a*F)5s'") and a’F(4d’(a*F)3s'"). The energy
separation of the atomic states of Ru is given in Tables S1—-S3 of
the SI. Our data are in very good agreement with the
experimental ones.”> Then, we calculated at MRCISD/aug-cc-
PVSZc-(PP)y, the three lowest in energy states, i.e., X'Z', a’A,
and A'A states, and at the RCCSD(T)/aug-cc-pVSZc(PP)y,
level of theory the ground state. Their potential energy curves at
MRCISD are depicted in Figure 4.

https://dx.doi.org/10.1021/acs.jpca.0c03208
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Figure 3. Relative energy levels (T,) of 38 states of the RuC molecule at
different levels of theory using the aug-cc-pVSZ(-PP)g, basis set.

X's

Ru(b’F) + C(P)
The X'T* state correlates to Ru(a’F;5s'4d”) + C(°P;2s%2p>).
At2.7 A, it suffers from an avoided crossing with the 'X*(2) state
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Figure 4. MRCI/aug-cc-pVSZ(-PP)g, PECs of RuC. Zero energy
corresponds to the atomic ground states products.
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which correlates to Ru(b’F,4d®) + C(*°P;2s*2p?) and as a result
the in situ atoms in the minimum are Ru(b°F,0) + C(*P,0). Four
bonds are formed, i.e., two 7 bonds, 4d,,'—2p,' [0.74 (4d,,). +
0.58 (2p,)c] and 4d > = 2p,” [0.74 (4d,,)x;, + 0.58 (2p,)3], and
two o bonds, 55° < 2s? [16 % 0.35 (55)g, +0.92 (25)c] and 4d,*
— 2p.? [20 ~ 0.76 (4d,?)g, — 0.65 (2p,)c]; see the preceding
vbL diagram and plots of MO in Figure S21 of the SI. Finally,
comparing the RuC and FeC molecules,****** in FeC, where
the 2s orbital of the C atom does not form a bond with the empty
orbital of Fe, the population in the 2s orbital of C is 0.6 e~ larger
than in RuC(X'Z"), where the 2s of C forms a dative bond. This
implies that the dipole moment of FeC would be greater than
that of RuC for the same state, and this actually happens; see the
discussion on dipole moment below.

The quadruple bond results in a short bond length and in a
large dissociation energy which both are in excellent agreement
with the experimental ones. In more details, the MRCISD
+Q(RCCSD(T)) [expt] bond length of the ground state is
1.604 (1.599) [1.605485°*] A; see Table 1. The MRCISD+Q
and RCCSD(T) dissociation energies are calculated at 176.4
[165.5] {145.9} and 176.5 [150.1] kcal/mol with respect to the
diabatic [adiabatic] {ground state} products, ie, Ru(b’F)
[Ru(a®F)] {Ru(a’F)} + C(°P) at the MRCISD+Q level in
excellent agreement with the experimental D, values measured
with respect to the ground state products, of 151.0 + 3.0°"** and
145.5 + 2.5%° keal /mol. Moreover, the calculated @,, @ x,, and p
values are in excellent agreement with the experimental ones,
namely, the MRCISD+Q_ (expt) values are w, = 1109.7
(1100.0°) em™, wx, = 4.7 (53%°) ecm™, and u = 4.107
(4.09%°) debye.

The first excited state, a3A, is close lying to the ground state;
i.e., itis located at 2.1 kcal/mol above the ground X' state. The
a®A state in the minimum consists of Ru(a’F,+2,5s'4d”) +
C(°P,0,2s22p%), and it correlates to these products. In the
minimum, two 7 bonds are formed, 4d,,'—2p," [0.77 (4d,,)ra +
0.54 (2p,)c] and 4d,.” — 2p,° [0.77 (4d,, ) gy + 0.54 (2p,)]; one
obond, 5p,° « 2s* [16 ~ —0.25 (5p,)py + 0.95 (25)c]; and one
obond, 4d,* — 2p,° [26 ~ 0.82 (4d,2)g, — 0.66 (2p,)c]; see the
following vbL diagram and valence MO plots in Figure 21S of
the SI. The calculated R, D,, ®,, wx,, and u values are in
excellent agreement with the experimental values, ie., the
corresponding MRCISD+Q_ (expt) values are 1.6332
(1.6352"979%%) A, 143.8 (1463 + 2.5**) kcal/mol, 1039.8
(1038.77"2°%%) em™, 497 (4.64*°) cm™), and 2.07 (1.95*")
debye.

a’A/A'A

RuC’F/’F) + CCP)

Comparing the dipole moment values of RuC and FeC we
observe that for the same state their values are similar. The
MRCISD (MRCISD+Q) dipole moment value of RuC is found
here at 4.16 (4.11) for X'Z* and 1.98 (2.07) debye for a*A, in
excellent agreement with the measured value by Steimle et
al?”" of 4.09%° and 195" debye, respectively. It should be
noted the corresponding calculated [measured] value of
FeC(X?A) is 2.14™* [2.36]° debye; i.e., FeC presents a larger
dipole moment than RuC by 0.2 [0.4] debye in the *A states.
This happens even though the X?A state of FeC presents a

https://dx.doi.org/10.1021/acs.jpca.0c03208
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shorter bond distance than the a®A state of RuC, by ~0.04 A
both theoretically’ and experimentally,* because in the ¢ frame
additional charge is transferred via the & bond from 2s of C to Ss°
of Ru.

The second excited state, A'A, is lying 15.0 kcal/mol above
the ground state, it correlates to Ru(a’F,+2;5s'4d”) +
C(°P,0;25*2p?), and it preserves this character in all its PECs.
The bonding is the same with that of the A3A state; the two
states differ only in the spin multiplicity, i, 11 (*A) and |1
(*A). The MRCISD+Q calculated R,, D,, @, and p values are
1.6230 A, 150.5 (130.9) kcal/mol (in parentheses is the D8
value, i.e., with respect to the ground atomic states), 1063.1
cm™, and 1.585 D. Comparing the A'A and the aA state, the
singlet A state presents shorter bond length by 0.01 A, larger
dissociation energy by 7 kcal/mol, and smaller dipole moment
by 0.5 D by the triplet A state.

RhB. Thirty-nine states, i.e., singlet, triplet, quintet, and septet
¥ 27,10, A, @, and T states at CASSCF/aug-cc-pVSZg(PP)gy,
were computed. Their potential energy curves are plotted; see
Figures S10—S13 of the SI. The singlet states correlate
adiabatically to the atomic states of B(*P) + Rh(a”Dfirst excited
state;4d’), the triplet and quintet states correlate adiabatically to
the atomic ground states of B(*P) + Rh(a*F;4d®(’F)Ss'), and
the septet states correlate adiabatically to the atomic states of
B(*P) + Rh(a*F)/Rh(a*P). The energy separation of the atomic
states of Rh is given in Tables S1—S3 of the SI, and they are in
very good agreement with the experimental ones.”® Then, we
calculated at MRCISD/aug-cc-pVSZg-(PP)gy, the three lowest
in energy states, ie., X2t a®A, and A'A states, and at
RCCSD(T)/aug-cc-pVSZy(PP)g, the X state. The relative
energy levels of the RhB molecule and the MRCISD PECS are
depicted in Figures 5 and 6.

The X'T* and A'A states correlate to Rh(a’D;4d’) +
B(®P;2s*2p'), while the first excited state, a*A, correlates to
the ground state products Rh(a*F;5s'4d®) + B(*P;2s*2p'). The
X'E* and a’A states retain their asymptotic character in their
minimum, while the A'A state presents an avoided crossing at
about 2.4 A with an excited 'A(2) state. As a result the in situ
atoms in the minimum of A'A is Rh(a’F;5s'4d®) +
B(*P;2s’2p"). The bond length of the ground state is 1.687 A
at both RCCSD(T) and MRCISD+Q_levels of theory in
excellent agreement with the experimental value of 1.69 A.*
The dissociation energy with respect to the asymptotic products
Rh(a’D) + B(*P) is 135.1 kcal/mol at both RCCSD(T) and
MRCISD+Q levels, while the dissociation energy with respect to
the ground state products Rh(a*F) + B(*P) is 126.6 kcal/mol.
The last value is in good agreement with the experimental value
of 121.1 kcal/mol.*” The two lowest excited states, a>A and A'A,
are lying 21.0 and 26.6 kcal/mol above the ground state, and
their bond lengths are 1.768 and 1.761 A; i.e., they are elongated
about 0.1 A compared to the bond length of the X'T* state.
Their dissociation energy with respect to their asymptotic
products is 101.2 [Rh(a*F) + B(*P)] and 102.6 [Rh(a’D) +
B(*P)], while the dissociation energy of A' A with respect to the
in situ atoms, i.e., Rh(a’F) + B(*P) (see diabatic PEC of Figure
6), is 107.4 kcal/mol at the MRCISD+Q level of theory. Our
best dipole moments values are obtained via finite-field method,
ie,3.16 (X'=*), 1.87 (a®A), and 1.26 (A'A) debye. It should be
noted that the finite-field method gives better results than
expectation values because the MRCISD+Q _calculations have
truncated spaces; see below.
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Figure S. Relative energy levels (T.) of 39 states of the RhB molecule at
different levels of theory using the aug-cc-pVSZy(-PP)p, basis set.
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Figure 6. MRCI/aug-cc-pVSZy(-PP)y, PECs of RhB. Zero energy
corresponds to the atomic ground states products.

https://dx.doi.org/10.1021/acs.jpca.0c03208
J. Phys. Chem. A 2020, 124, 6667—6681


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c03208/suppl_file/jp0c03208_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c03208/suppl_file/jp0c03208_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c03208?fig=fig6&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c03208?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

a'AIA'A

The dominant CSFs of the X!'X*, a®A, and A'A states and the
atomic population analysis are given in Tables S5 and S6 of the
SI, while their vbL diagrams are given above and the plots of the
MO in Figure S22 of the SI In the X'Z* state, taking into
account the population analysis (see Table SS of the SI) and
molecular orbitals given below, we conclude that four bonds are
formed, ie, two 7 bonds, 4d,,'—2p.' [0.86 (4d.,)r, + 045
(2p.)s] and 4d,.> — 2p,° [0.86 (4d,,)xy + 0.45 (2p,)3), and two
o bonds, 55° < 25> [16 ~ 0.37 (5s)g;, + 0.92 (ZS)Bfand 4d”> —
2p,° [26 % 0.60 (4d,2)g, — 0.45 (2p,))- In a®A and A'A states
also four bonds are formed, two 7 bonds (4d,,'—2p," and 4d),z2
- 2py0) and two 6 bonds 5p,’ < 2s”and 4d,>* — 2p,°. Note that
there is a 5sSp,4d,? hybridization in Rh. The two A states differ
only in the spin multiplicity, ie., 71 (®A) and |1 (*A). The
bonding of X'Z* differs from that of a*A and A'A to the 16*
bond, i.e, in X'T*, 16% = 55° < 2s%, while in a>A and A'A, 16* =
Sp,Y « 2s” The first one is stronger because the Ss orbital is
lying lower in energy than Sp,. As a result, the X'Z" state has a
shorter bond length by 0.1 A and stronger dissociation energy by
about 30% than the a*>A and A'A states.

It should be noted that very recently Cheung et al.” studied the
ground state of RhB™ and RhB via photoelectron spectroscopy
and CCSD(T)/aug-cc-pVQZg(-PP)gy, and they concluded that
the bond in the ground states of both species is a quadruple one
and the 2s of B is involved in the bonding of their ground states.
All previous theoretical and experimental studies considered
that the bond in the ground state of RhB is a triple one, because
the 16 MO was classified essentially as a 2s lone pair.” Here, we
conclude that a quadruple bond is formed not only in the ground
state of RhB, in agreement with Cheung et al,” but also in the
two lowest in energy excited states of the RhB molecule.

PdBe. As far as we know, the PdBe molecule has not been
studied before. We calculated 39 states, singlet, triplet, quintet,
and septet X, 7, I, A, ®, and I" states at CASSCF/aug-cc-
pVSZs.(PP)py. Their PECs are plotted in Figures S14—S17 of
the SI. The calculated singlet, triplet, and quintet states correlate
adiabatically to the ground ('S) and two lowest in energy excited
states (°D and 'D) of Pd and to the ground ('S) and to the first
excited state (°P) of Be. Our calculated energy separation of the
atomic states of Pd and Be are in good agreement with the
experimental data;”” see Tables S1—S3 of the SI. The four lowest
in energy states of PdBe, X'T*, a’Z%, b’A, and A'A, are
calculated at MRCISD and the X state also at the RCCSD(T)
level of theory. The relative energy levels of PdBe and the
MRCISD PECs are depicted in Figures 7 and 8.

The atomic ground states of Pd('S,4d'®) and Be('S) give rise
to the 'X" state, which is the ground state of PdBe. The X'Z*
state retains the character of the correlated products in the
minimum. All used methods, MRCISD, MRCISD+Q, and
RCCSD(T), predict the same results, regarding all computa-
tional data. The bond length and the dissociation energy of the
ground state are 1.912 (1.910) A and 52.8 (49.7) kcal/mol at the
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Figure 7. Relative energy levels (T,) of 39 states of the PdBe molecule
at different levels of theory using the aug-cc-pVSZy,(-PP)pq basis set.
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Figure 8. MRCI aug-cc-pVSZg,(-PP)pq potential energy curves of the
PdBe molecule. Zero energy corresponds to the atomic ground states
products.

MRCISD+Q (RCCSD(T)) level of theory. The corresponding
®, and p values are 635.8 (636.2) cm™' and 1.007 (0.786)
debye. The bonding analysis is given in the following vbL
diagram and in Figure 23S of the SI. Two 7 bonds, 4d,.,> — 2p,°
[0.95 (4d,,)pq +0.27 (2p,)s.] and 4d,,> — 2p,* [0.95 (4d,,)pq +
0.27 (2p,)p.); and two o bonds, 4d,* = 2p.° [16~ 0.91 (4d.?)pq
+0.20 (58)pg — 0.17 (5p,)pq + 0.50 (2p,)g. — 0.41 (5p,)s.] and
55° « 257 [20 ~ 0.49 (55)pg + 0.76 (25)3.], are formed. A 252p,
hybridization on Be and Ss5p,4d. on Pd are observed. Thus,
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four bonds are formed in the ground state as in the cases of the 29 . . ; i
X!Z* states of RhB and RuC and of the A'X" state of TcN. T MRCISDQ]
However, the bond length in PdBe is significantly elongated 24 | —— 'S [RCCSD(T)] ]
compared to the other three molecules, i.e,, by 0.3 A (TeN,RuC) 'S*[TPSSh]
and 0.2 A (RhB) because all four bonds are dative. E 0. *A [MRCISD+Q] i
g7 —e—A[TPSSh]
& —v— A [MRCISD+Q]
. < 19 -
= Pd=Be %
of 1.8 - i
Pd('S) + Be('S) ) G 174 i
The first excited state, a>X* is lying 35.4 kcal/mol above the
ground state, while the following excited states b>A and A'A are 1.6 -
lying 48.8 and 52.1 kcal/mol above the X'E* state. The a*~* and

b3 A states correlate to PA(D) + Be('S), while A'A correlates to
Pd('D) + Be('S). All three states, a*~*, b*A, and A'A, present
avoided crossings at 2.6 A (a’Z*, b’A) and 2.8 A (A'A) with
’%*(2), 3A(2), and 'A(2), respectively, which all correlate
diabatically to Pd(*D) + Be(®P) in the A states and to Pd('S) +
Be(®P) in the *X* state. The bond lengths of the a*%*, b*A, and
A'A states are 2.027, 2.147, and 2.132 A, and their diabatic
(adiabatic) [with respect to the ground atoms] dissociation
energies are 100.6 (37.6) [17.4], 87.2 (24.2) [4.0], and 83.9
(29.1) [0.7] kcal/mol. At the minimum of all three states, there
is a 2s2p, hybridization in Be and a Ss5p,4d.? in Pd. The vbL
diagrams and MO orbitals (Figure S23 of the SI) that describe
the bonds are the following:

e

BAIAA

PACD) + Be('P)

Comparison. All four MX calculated molecules, TcN, RuC,
RhB, and PdBe, are isoelectronic, having 50 electrons. The bond
lengths of the I3+ and 3A, 1A states with respect to the increase
of the atomic number of the metals are plotted in Figure 9. All
used methodologies are in agreement regarding the bond
lengths of the calculated states. As the atomic number of the
metals increases, the bond lengths of the three states also
increases. However, while, for the TcN molecule all three states
present similar bond length, the increase of the bond length of
the A states is larger than the bond length of the X" state and the
plots of the bond lengths of X" and A diverge; see Figure 9. The
% increase of the bond length from TcN to RuC for 'E* (*3A) is
0.7 (2.2), from RuC to RhB s 5.2 (8.5), and from RhB to PdBe is
13.3 (21.40); see Table S7 of the SI Note that the two A states
present similar bond lengths, with the bond length of the A
state being slightly larger, up to 0.01 A, than the corresponding
bond length of the 'A state. All of these differences in the values
of the bond lengths from the one molecule to the other result
from the type of bonding. The short bonds of the 'E* states of
M—X result from the fact that quadruple bonds are formed in all
molecules. However, while in the 'Z* states of all M—X a

quadruple bond is formed, the bond lengths of the 'E* state is
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T T T T

TcN RhB PdBe

Figure 9. Bond length Ry,_x of the 'T*, *A, and 'A states of the M—X
molecules at different levels of theory using the aug-cc-pVSZy(-PP)y
basis set.

increased with respect to the increase of the atomic number of
the metals and the analogous decrease of the atomic number of
X. This is attributed to the fact that, while in TcN three bonds
are covalent and one bond is dative (5s° « 2s%), in RuC two
bonds are covalent and two are dative, in RhB one bond is
covalent and three are dative, and finally in PdBe all four bonds
are dative, resulting in a large increase of the bond length in
PdBe. In A states, quadruple bonds are formed in the TcN, RuC,
and RhB molecules, while in PdBe one and a half bonds resulting
in a significant increase of 21.4% in bond length.

The dipole moments of the '=* and *A, ' A states with respect
to the increase of the atomic number of the metals are plotted in
Figure 10; see also Table 1. The dipole moments were calculated

T T : :
. o— xS IMRCISD+Q] [
I 'S’ [RCCSD(T)]
] ’A [MRCISD+Q] §|
) —>— ---<-- 'A[MRCISD+Q]
_____________________ 's"[TPSSh]
T et S ’A [TPSSh]
o
2
53
e
=3 |
o TN _
I N T
T T I I
TeN RuC RhB PdBe

Figure 10. Dipole moment (u) of the 'Z*, *A, and 'A states of the M—
X molecules at different levels of theory using the aug-cc-pVSZy(-PP),,
basis set. Solid lines correspond to values calculated via finite field;
dotted lines correspond to expectation values.

as expectation values ((¢#)) and by the finite-field method (ugy).
Regarding the comparison of the values obtained by the two
methods, in some cases both methods predict the same dipole
moment, for instance '=* of TcN and RuC; however, in some
cases they differ up to 0.6 D (°A, of RhB). Moreover, the trends
on dipole moments calculated by the two methods are the same
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for the ' states but not for the A states. The differences in the
two methods results from the fact the MRCISD method is a
truncated CI and not a full CI. We consider that the values
obtained by the finite-field method are the best ones; see below
and ref 48. In Figure 10, we observe that the increase of the
atomic number of the metals results in a significant decrease of
the dipole moment of the '* state. The dipole moment of the
'T* state of PdBe is decreased by 80% compared to the
corresponding value of TcN; see Table S7 of the SI. Regarding
the dipole moments of A states, triplets present larger values
than singlets and their values decrease from TcN to RhB by 0.52
(0.42) debye for the *A (*A) states, while, in PdBe, 'A presents
a larger dipole moment value than the triplet. The decrease of
the values of dipole moments on Iyt 3A, and A states, from
TcN to RhB, results from the fact that the difference in
electronegativity of the atoms of each molecule is decreased
from 2.1 (TcN) to 0.3 (RhB).”” In the case of PdBe, the small
value of the dipole moment results from the significant reduction
of the bond length; see above. Finally, it should be noted that the
dipole moments of the A states calculated as an expectation
value present an increase from RhB to TcN which is not
reasonable, showing that the finite-field method is the best
method for the correct calculation of the dipole moment.

The values of dissociation energies D ., D.*, and D¢ with
respect to the molecules have been plotted in Figure 11 and
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Figure 11. Dissociation energies (D,) (diabatic, DY, solid line;
adiabatic, D,%, dotted line; with respect to the atomic ground states,
D.#, dashed line) of the 'Z*,3A, and * A states of the M—X molecules at
the MRCISD+Q/aug-cc-pVSZy(-PP),, level of theory.

Figure S18 of the SI. Note that in 'E* (TcN, RuC), A (PdBe),
'A (ThB, PbBe), " (PdBe), the atomic ground states, the
correlated atomic states, and the in situ atomic states differ; as a
result the three D, values differ. In XA (TcN), 'A (TcN, RuC),
X'T* (RhB), and *TI (TcN) the correlated atoms are the same as
those of the in situ atoms but they differ from the atomic ground
states, i.e, D.* = D.%, while, in °A (RuC, RhB), X'>* (PdBe), and
3%~ (TcN) states, the in situ atoms states are the same with the
correlated ones which are the atomic ground states and, thus, the
three D, values are the same. We observe that all D, values
increased from TcN to RuC and then they decreased at PdBe;
see Figure 11. Specifically, the D, values of the three states of
RuC are larger than the corresponding values of the states of
TcN; the increase of the D% values ranges from 9 to 17% (up to
20 kcal/mol); i.e., the bonding is stronger in RuC. Comparing
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the D% values of the three states of RhB with those of RuC, we
observe that the D, values of RhB are smaller than the
corresponding values of the states of RuC by 18% ('=*) to 32%
(*A). Note that in the A states of RhB triple bonds are formed,
while in RuC quadruple bonds are formed. Regarding charge
transfer, the largest ones are calculated for RuC and RhB, while
the smallest charge transfer is calculated for TcN and PdBe for
different reasons. In TcN, three out of four bonds are covalent,
thus less charge transfer occurs than in RuC and RhB which have
two and three dative bonds, respectively; while, in PdBe, the
bonds are weaker, i.e., all are dative, than the bonds in the other
MX molecules.

The harmonic frequencies of the 'E*, *A, and 'A states of MX
are decreased from TcN to PdBe; see Figure 12. The @, values in
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Figure 12. Frequencies (®,) of the lowest in energy states of the MX
molecules at the MRCISD+Q, RCCSD(T), and TPSSh/aug-cc-
pVSZy(-PP)y; levels of theory.

RhB are slightly smaller than the values of TcN, while the
corresponding values in PdBe are half those of TcN. Thus, the
TcN and RuC molecules are more rigid than RhB, and they are
significantly more rigid than PdBe.

The relative energies T, of the calculated states of the M—X
molecules are depicted in Figure 13 and in Figure S19 of the SI
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Figure 13. Relative energy levels (T.) of the lowest in energy states of
the MX molecules with respect to the ground states of MX at the
MRCISD+Q_(solid lines), RCCSD(T) (dashed lines), and TPSSh
(dotted lines)/aug-cc-pVSZy(—PP)y; levels of theory.
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X'2*(RuC, RhB, PdBe) and a'X*(TcN)

DLWV DS

X3A(TeN), *A(RuC, RhB) and 'A(TcN, RuC, RhB)

DB DSG

Figure 14. Molecular orbitals of the '=*,*A, and ' A states presenting quadruple bonds. (The plotted 3D orbital contours correspond to RhB molecule
which are the same with the 3D orbital contours of the TcN, RuC, and PdBe; see Figures 20S—24S of the SIL.)

from a different point of view. The ground state of TcN is the
X3A state, while the ground state of RuC, RhB, and PdBe is the
X'Z* state at the MRCISD, MRCISD+Q, and RCCSD(T) levels
of theory. Note that the DFT methodology does not predict very
well the relative energy levels; see below. The PdBe molecule has
the largest energy separation between its ground state X'X* state
and the 3A state, and as the atomic number of M is decreased,
also the energy separation is decreased. Thus, in TcN, the
ordering of the states is reversed and as a result the ground state
of TcN is the X®A state; see Figure 12. This happens because of
(i) the different multiplicities of the bonds in the two states, i.c.,
in PdBe, X'T* (quadruple bond) and *A (one and a half) and in
RbB, RuC, and TcN, X'E* and *A (quadruple), and (ii) the
different types of bonds covalent versus dative. Regarding the
reverse ordering of the I3* and 3A in RuC and TcN, it results
from the fact that the energy separation of the Tc atomic states
that are involved in the molecular states is bigger than in Ru
states. In RuC, the fourth excited state of Ru(b’F;4d®) for 'Z*
and the ground state of Ru(a®F;4d’Ss") for A are involved; their
MRCISD+Q (RCCSD(T)) [expt] energy gap is 1.223 (1.147)
[1.092°%] eV. In TcN, the fourth excited state Tc(a*F;4d”) for
$* and the first excited state Tc(a®D;4d®ss') for A are
involved; their MRCISD+Q_[expt] energy gap is 1.949
[1. 926”] eV. Thus, the MRCISD+Q_[expt] atomic energy of
the two metal states in TcN is larger than that in RuC by 0.726
[0.834] eV, and as a result the relative ordering of the diatomic
states 'X* and 3A in RuC and TcN is reversed. A last comment,
the energy gap between *A and 'A states in PdBe is the smallest
one, while as the atomic number of M is decreased, the energy
gap is increased. This also results from the involved M atomic
states in the molecules. In PdBe, both A states contain the same
atomic state of Pd, while in the remaining diatomics, the in situ
atomic states of M differ and their energy difference increases as
the atomic number of M is decreased. Their MRCISD+Q
[expt>’] energy gap is 0.593 [0.632] eV for Rh(*F<*F), 0.794
[0.782] eV for Ru(a’F«a’F), and 0.987 [0.962] eV for
Tc(*D«°D). It should be noted that theoretical and
experimental data are in excellent agreement.

Comparing the different methodologies used here, we observe
that MRCISD (MRCISD+Q) and RCCSD(T) methods predict
similar data; see Table 1. Comparing the relative energy levels
calculated by CASSCF and by SA-CASSCEF, we observe that, in
the case of RhB, both methods predict the same results in
agreement with the MRCI methods. In the case of RuC, the SA-
CASCF method calculates better the relative energy ordering
than the CASSCF method; CASSCEF reverses the ordering of
'T* and *A in disagreement with our MRCI methods; however,
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note that both states are close lying, i.e., within 2 kcal/mol at the
MRClI level. For the TcN and PdBe molecules, there are energy
differences between CASSCF and SA-CASSCF with the MRCI
methods. In both molecules, CASSCF seems to be a better
method than SA-CASSCEF. In TcN, the CASSCF (SA-CASSCF)
methods overestimate the relative energy levels less than 6.8
(18.9) kcal/mol, while, in PdBe, they underestimate them less
than 16.6 (23.8) kcal/mol. In general, the poorer performance of
SA-CASSCF comparing to the CASSCF is due to the large
number of states being averaged. Comparing the DFT/TPSSh
data with MRCISD (MRCISD+Q) and RCCSD(T) results, we
observe that DFT predicts very well the bond lengths and quite
well the dipole moments and the harmonic frequencies of all of
the 'T* %A, and 'A states. In D ¥ values, the largest deviation
between DFT and MRCISD+Q or RCCSD(T) are up to +15
kcal/mol. Finally, the relative energy levels of the I3+ and A
states are not very well described by the DFT/TPSSh; for TcN
the energy gap is significantly overestimated by 74% while, in
RhB, is underestimated by 72%. Finally, in RuC, *A is calculated
as the ground state instead of '=*. To sum up, for the correct
study of diatomic molecules containing second-row transition
metals, the use of the multireference configuration interaction or
coupled cluster methodology is necessary.

Thus, we have analyzed how the relative energy of the atomic
states involved and the gradual transition from covalent to dative
bond, from TcN to PdBe, influence all calculated data, such as
bond dissociation energies, bond lengths, dipole moments, and
relative energy ordering of the states. Regarding the ability of the
MX calculated molecules to form quadruple bonds in their
ground states and excited states, this results from the fact the
transition metals have low lying in energy atomic states having Ss
and Sp, unoccupied orbitals that can receive electrons via dative
bonds. It should be noted that the quadruple bond is the bond of
the highest multiplicity that can form the main group elements
of the second period. From the present study we observe that all
Be, B, C, and N atoms combined with the appropriate second-
row transition metal can form quadruple bonds. Finally,
comparing the first-row transition metals®”*® with the second
row, the first ones have no low lying in energy atomic states,
having 4s unoccupied orbitals, and thus, they cannot form
quadruple bonds with the main group elements.

4. SUMMARY AND CONCLUSIONS

Multiple bonding attracts great interest. In diatomic molecules,
double and triple bonds are found in several frequently
encountered molecules; however, quadruple bonds are rare.
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For the main group elements, quadruple bonds are the bond of
highest multiplicity. The main purpose of the present study is to
show that a quadruple bond is not that uncommon and to
discuss and explain the requirements for the occurrence of such
bonds.

In the present study, we have carried out high-level theoretical
calculations on isoelectronic MX molecules, i.e., TcN, RuC,
RhB, and PdBe, which all have 50 electrons. We calculated up to
51 states for each molecule, and we plotted their potential
energy curves. For the low-lying states, we computed their bond
lengths, diabatic and adiabatic dissociation energies, dipole
moments, and spectroscopic parameters at the MRCISD
(MRCISD+Q) and RCCSD(T) levels. Emphasis is given in
the bonding analysis and how it affects all of the calculated data
as the metal change.

We found that the ground states of all four molecules have
quadruple bonds as clearly shown in Figure 14, reaching
dissociation energies up to 176.4 kcal/mol. Additionally, the two
lowest excited states of TcN, RuC, and RhB have also quadruple
bonds. Namely, X*A, a'S*, and b'A of TcN, X'Z¥, A*A, and a' A
of RuC and RhB, and X'Z* of PdBe have quadruple bonds. The
MRCI+Q bond length, the diabatic (adiabatic) [with respect to
the ground state] dissociation energy, and dipole moments of
the ground states and '* of TcN are 1.5930 A, 160.1 (150.8)
[97.1] kcal/mol, 4.512 D for a'Z* (TcN); 1.5992 A, 123.3
(123.3) [111.6] keal/mol, 2.389 D for X°A (TcN); 1.6042 A,
1764 (165.5) [145.9] keal/mol, 4.107 D for X'Z*(RuC);
1.6873 A, 135.1(135.1)[126.2] kcal/mol, 3.160 D for X'T*
(RhB); and 1.9117 A, 52.8 (52.8) [52.8] kcal/mol, 1.007 D for
X'T* (PdBe).

The quadruple bonds of the 'S* states of molecules, ie.,
ground state of RuC, RhB, and PdBe and first excited state of
TcN, result from the fact that these four transition metals have
low-lying atomic states of the type 5s°4d.”~"" This atomic state is
the fourth state for Tc and Ru lying at 2.505 (2.332) and 1.223
(1.131) eV at MRCI+Q (expt™’), the first excited state for Rh
lying at 0.386 (0.342) eV, and the ground atomic state for Pd. In
'T* states of the calculated molecules, additionally to a triple
bond (two 7 and one ¢ bond) which is commonly formed in
molecules containing transition metals, a fourth ¢ dative (5s° «
2s%) is formed. In total, in TcN three bonds are covalent and one
bond is dative, in RuC two bonds are covalent and two are
dative, in RhB one bond is covalent and three are dative, and
finally in PdBe all four bonds are dative resulting in a increase of
the bond length in PdBe.

In TcN, RuC, and RhB, quadruple bonds are also formed in
the 3A and A states, ie., in the ground state X3A and the second
excited state b'A of TcN and in the first aA and second A'A
excited states of RuC and RhB. Both A states of TcN contain an
excited Tc, i.e, X>A has a Tc(°D,5s'4d% first excited state) and
b'A has a Tc(*D,5s'4d%second excited state). The >A state of
RuC contains a Ru atom in its ground state (°F, 5s'4d”) and the
A'A of RuC has a Ru atom in its first excited state (°F, 5s'4d”).
Similarly, the *A state of RhB contains a Rh(*F, Ssl4d8;ground
state of Rh) and the A'A of RhB has a Rh(*F,5s'4d%second
excited state of Rh). The two A states in each molecule differ
only by the spin multiplicity, i.e., 11 ((A) and |1 (*A). As in the
'T* states, additionally to a common triple bond (two 7 and one
o bond), here a fourth ¢ dative bond (5p,° < 2s?) is formed.
Thus, in TcN three bonds are covalent and one bond is dative, in
RuC two bonds are covalent and two are dative, and in RhB one
bond is covalent and three are dative.
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Finally, we analyze how the relative energy of the atomic states
and the gradual transition from covalent to dative bond, from
TcN to PdBe, influence all calculated data, such as bond
dissociation energies, bond lengths, dipole moments, and
relative energy ordering of the states. We conclude that there
are two necessary requirements for the occurrence of quadruple
bonds: (i) the existence of low-lying atomic states that have low-
lying unoccupied orbitals that can receive electrons via dative
bonds and (ii) atoms with double occupied orbitals that can
form dative bonds. The first-row transition metals do not have
low-lying atomic states having 4s unoccupied orbitals, and thus,
they cannot form quadruple bonds with the main group
elements. Finally, we observe that all Be, B, C, and N atoms
combining with the appropriate second-row transition metal can
form quadruple bonds. To sum up, it is important to analyze the
reasons why atoms can form multiple bonds because that will
lead to the identification of molecules forming such bonds.
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