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ABSTRACT: The structural and energetic parameters of MU hetero-
bimetallic dimers (M = Cr, Mo, W) have been computed using the complete
active space self-consistent-field method followed by second-order perturba-
tion theory. Our results show that the effective bond order (EBO) of the
MoU dimer (5.5) is higher than that for the tungsten dimer (5.2), known to
date as the molecule with the highest EBO. These heterodimers present also
ultrashort bond distances and remarkably large dissociation energies, which
make these molecules suitable and interesting potential candidates in
synthetic bimetallic organometallic chemistry.

■ INTRODUCTION

In 1965, Cotton and co-workers showed strong evidence for
the existence of an unprecedented quadruple bond between
two rhenium atoms in the [Re2Cl8]

2− ion.1 About 40 years
later, Gagliardi and Roos found in silico2 that the uranium
dimer (U2) contains 10 bonding electrons to form a quintuple
bond. Late in 2005, Power and co-workers reported the first
synthesized quintuple bond between two metal atoms in the
dichromium complex stabilized by bulky terphenyl ligands.3

The authors suggested that two chromium(I) atoms share five
electron pairs in five bonding orbitals, but given that the
effective bond order (EBO) is less than 5, they preferred to use
the term “fivefold bonding”. Since then, chemists have
synthesized or proposed on paper many quintuple-bonded
compounds.4−15 Formally, the group VI atoms have six
unpaired electrons in a nd5(n + 1)s1 electronic configuration
(tungsten has a 5d46s2 configuration, but with a small s → d
promotion energy) that, in principle, allow them to form
homonuclear dimers involving 12 bonding electrons, i.e., a
sextuple bond. Specifically, the tungsten dimer (W2) has the
strongest known sextuple bond, with an EBO5,6 of 5.2.16

The additional shell of f atomic orbitals could, in principle,
lead to higher bond multiplicities, but its contracted radial
distribution prohibits this:5 in the lanthanide series, the 4f
orbitals are too contracted to form any chemical bond; in the
actinide series, the 5f orbitals are more diffuse than the 4f
orbitals and can participate in bond formation but only from
thorium to uranium. Beyond uranium, the 5f orbitals become
lanthanide-like and less prone to interact. The uranium atom
has a 5f36d17s2 ground-state electronic configuration, with a
small s → d promotion energy, which leads to six unpaired

electrons available to bond formation. As such, U2 is the only
molecule that could be capable of reaching a bond multiplicity
of 6. U2 has been computed with an equilibrium bond distance
of 2.430 Å (see Table 1), in which the 6d−6d and 7s−7s orbital
overlap is maximized, and only a little interaction between the
5f orbitals is present.2 This situation induces an unusual
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Table 1. Spectroscopic Constants of the CrU, MoU, and WU
Dimers Computed at the CASSCF/CASPT2 Level of
Theorya

Re ΔG1/2 CT k De EBO FSR

CrU 1.883 570 0.13 8.2 3.29 (3.88) 5.3 0.598
MoU 2.021 435 0.18 7.4 5.11 (6.14) 5.5 0.632
WU 2.080 353 0.19 7.6 4.14 (5.37) 5.3 0.671
Cr2

b 1.679 452 0.0 3.1 1.53 4.5 0.600
Mo2

b 1.938 477 0.0 6.2 4.41 5.2 0.668
W2

b 2.010 337 0.0 6.2 5.37 5.2 0.744
U2

c 2.430 265 0.0 1.20 4.2 0.694
aBond distances (Å), vibrational frequencies (ΔG1/2 in cm−1), force
constants (k in mdyn/Å), CT from uranium to metal (based on the
Mulliken population), EBOs, and FSRs are all computed at the spin-
free level; the dissociation energy (De in eV) is obtained at the RASSI-
SO level of theory (spin-free values in parentheses), which includes
spin−orbit coupling effects. De is computed by taking the energy
difference between the total energy of the dimer at equilibrium and the
sum of ground-state energies of the isolated atoms. bFrom ref 6. cFrom
ref 2.
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interaction that contains three electron-pair bonds, four one-
electron bonds, and two ferromagnetic nonbonding electrons,
for an EBO of 4.2, formally a quintuple bond.2 A similar
bonding situation is found in the chromium dimer (Cr2), whose
atoms show a size imbalance for the valence 4s and 3d orbitals.
The Cr−Cr potential energy surface (PES) shows a deep
minimum at a short distance, 1.679 Å, corresponding to the
most favorable overlap of the less diffuse 3d orbitals, while a
shelf-like region at higher energies occurs when the 4s−4s
interaction is dominant.17−20 Cr2 has a strong multireference
character and an EBO of only 4.5, despite the fact that it has the
potential to develop a formal sextuple bond. Clearly, both U2
and Cr2 have EBOs much lower than that expected by pairing
their 12 valence electrons. Two questions can immediately
arise: (1) Can chromium and uranium form a heterobimetallic
molecule with a bond stronger than those of their
corresponding dimers? (2) Is there any heterobimetallic
dimer with a bond order higher than that of W2?

■ COMPUTATIONAL METHODOLOGY
It is well-known that in such types of systems there is a substantial
mixing of configuration state functions (CSFs).2,16,19,21 In view of that,
we decided to employ the complete active space self-consistent-field
(CASSCF) method,22−24 followed by second-order perturbation
(CASPT2) theory25,26 for subsequent computation of the dynamic
correlation energy. Scalar relativistic effects have been included using
the Douglas−Kroll−Hess Hamiltonian,27,28 while spin−orbit coupling
has been added following the restricted active space state-interaction
with spin−orbit coupling (RASSI-SO) method.29 The basis set
employed on each atom is the atomic natural orbital relativistic
correlation consistent basis set of quadruple-ζ quality contracted to
(10s9p7d5f3g2h) for uranium,30 (7s5p4d3f2g) for chromium,31

(8s7p5d3f2g) for molybdenum,31 and (9s8p6d4f3g) for tungsten.31

C2 symmetry has been imposed for all dimers. All computations have
been done using the MOLCAS 7.4 package.32

A schematic view of the MU (M = Cr, Mo, W) molecular orbital
diagram is shown in Figure 1.

The ideal active space would involve 12 electrons distributed in 19
orbitals [the thirteen 5f, 6d, and 7s orbitals of uranium and the six nd
and (n + 1)s orbitals of the transition metal]. This space generates
approximately 1.5 × 108 CSFs and is too big for our computational
resources. We decided then to follow a different approach by first
analyzing a smaller active space and then increasing, step by step, its
size. Clearly, our first option was to distribute 12 valence electrons in
12 molecular orbitals, that is, a (12/12) space. In this space, in

principle, the seven 5f orbitals were removed from the ideal (12/19)
space. This choice, however, did not exclude the fact that inside the
CAS the 5f orbitals mix with the 7s and 6d orbitals. Using the (12/12)
active space, the ground state for the three MU dimers is a singlet 1Σ+.
To check whether this ground state was an artifact of the active space,
we decided to test two larger active spaces where we added first the 5fδ
orbitals, for a (12/14) space, and then the 5fϕ orbitals, for a (12/16)
space. These orbitals lie between the bonding/antibonding combina-
tions and may yield a state with higher spin states or higher spin
multiplicities with a more stable electronic structure. However, in both
cases the same state 1Σ+ was found as the ground state. Three further
orbitals, the doubly degenerate 3π and 5σ (Figure 1), could be
included in the CAS but are usually found high in energy. On the basis
of these considerations, the (12/12) active space was selected for
further analysis. For consistency with previous papers, we have
computed the bond order using the EBO scheme, which is particularly
suitable for diatomic species.6 The bond multiplicity is defined as the
lowest integer value larger than the computed EBO.

■ RESULTS AND DISCUSSION
The spin-free CASPT2 PES of the MU species are depicted in
Figure 2. As anticipated, in the region near equilibrium, up until

3.0 Å, the CAS (12/12) provides a good approximation to the
total wave function. Beyond this region, the CASSCF
approximation most likely fails (shaded region in Figure 2)
for two main reasons: (1) Along the dissociation of the M−U
bond, the total wave function assumes a significant multi-
reference character as the M−U molecular orbitals transform
into orbitals mostly localized on the metal or uranium atoms.
This means that a correct description of uranium would require
seven extra orbitals, those that will be mostly localized in the 5f
orbitals, which in the current (12/12) CAS approximation are
taken out. (2) Despite its little reliability, the shaded part of the
plot provides an important hint, i.e., that the energy curves of
the singlet 1Σ+ ground state dissociate into an excited state.
This is expected because the 1Σ+ state stems from the coupling
of the metal and uranium atoms in their lowest septet states,
which, in the case of chromium, for example, corresponds to
the ground state but for uranium corresponds to an atomic
excited state. This means that, at some point during the
dissociation, a new state (or several) might overlap and then
cross the 1Σ+ curve. The CASSCF approach, which is
variational, will thus optimize the coefficients of this new
state(s). While this might not be a problem, as we would just

Figure 1. Schematic view of the bonding and antibonding orbital
combinations included in the CAS between the group 6 transition-
metal atoms M (M = Cr, Mo, W) and uranium. Molecular orbitals not
included in the CAS are also depicted. The plots are shown at the
contour value of 0.02 e/bohr.3

Figure 2. PES of the CrU, MoU, and WU dimers computed at the
spin-free CASSCF/CASPT2 level of theory. The shaded part of the
plot indicates the region where the CAS (12/12) is too small to
correctly describe the PES.
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follow the adiabatic energy curve, the energetic in this region is
biased by the reasons explicated at point 1, and the zero energy
reference at large separation would be wrong as a consequence
of the limited CAS dimension.
In order for all MU dimers to share a common zero energy

reference, we decided to sum up the ground-state CASSCF/
CASPT2 energies of the corresponding isolated atoms as the
reference energy. This can be obtained by computing the atoms
separately in their most commonly employed CAS, i.e., (6/6)
for the metal atoms and (6/13) for the uranium atom. This
approach introduces an active-space imbalance at the CASSCF
level because the CAS for the dimer, (12/12), does not add up
to the one of the separated fragments, (6/6) + (6/13), which is
virtually a (12/19) CAS. This imbalance is corrected, however,
at the PT2 step, where also the semivalence electrons and all
virtual orbitals are correlated. It has been demonstrated in a
previous contribution20 that this approach leads to a correct
description of the dissociation limit and therefore of the
dissociation energies. Moreover, because we chose the
reference energy as the sum of the isolated atomic ground
states, this explains why the MoU and WU energies quickly go
toward zero as they are dissociating to an excited state. CrU
behaves differently because it presents a shelf-like region at
around 3 Å, as we will discuss later.
In summary, our approach provides reliable energy profiles in

the region near equilibrium and accurate dissociation energies
but fails to describe regions of the PES above 3 Å. From Figure
2, we have thus extracted the region around the minimum, in
order to have a more detailed representation of the energy
curves that we will use for the discussion (Figure 3).

The equilibrium bond lengths, Re, are 1.883 (CrU), 2.021
(MoU), and 2.080 Å (WU), and the corresponding spin−orbit
dissociation energies, De, are 3.29 (CrU), 5.11 (MoU), and 4.14
eV (WU). An increase of the reduced mass is accompanied by a
decrease in the vibrational frequencies: 570 (CrU), 435
(MoU), and 353 cm−1 (WU). These numbers are made clearer
by a comparison with the homonuclear dimers. Table 1
summarizes the properties of both the MU and M2 dimers.
Apparently, the De values of the MU are larger than those
computed for M2, except for WU. Interestingly, the deeper
minima are found for MoU, and it is only around 0.2 eV smaller
than the calculated value for W2 (5.37 eV).
In a heterodimer, the bond is not purely covalent. The

difference in electronegativity between the two metals induces a

certain degree of ionicity, as opposed to homonuclear dimers.
The consequence is that electrostatic effects could have an
important role on the strength of the bond. Uranium (1.38, in
the Pauling electronegativity scale) is less electronegative than
chromium (1.66), molybdenum (2.16), and tungsten (2.36), so
we expect an increase of the ionicity from CrU to WU. The
charge transfer (CT) from uranium tothe metal increases along
the series. Inspection of Table 1 shows that this increase does
not automatically turn into a stronger bond: the force constants
follow an irregular trend where CrU has the largest value. In
CrU, the size difference between the 4s and 3d orbitals on
chromium and between the 5f orbitals and 6d and 7s orbitals
on uranium leads to the formation of a minimum at short
distances and a shelf-like potential at longer distances (see
Figure 3, blue line). In this latter region, the bond is dominated
mostly by the 4s−7s interaction. In molybdenum and tungsten,
the size difference between the (n + 1)s and nd orbitals is
mitigated by relativistic effects but does not disappear
completely. As a consequence, MoU and WU present each
one a single broad minimum. With the force constant being
roughly inversely proportional to the width of the potential
well, MoU and WU present computed force constants smaller
than that of CrU, which has a sharper minimum at short
distances. On the other hand, the spin−orbit coupling is usually
much larger in the isolated atoms than in the molecule. Thus,
the actual dissociation energies of the MU heterodimers are
smaller upon inclusion of this term, with the largest effect seen
for WU (see Table 1). The latter presents a spin−orbit De of
4.14 eV, 1.23 eV smaller than the spin-free value. In CrU, the
spin−orbit coupling reduces the De value of only 0.59 eV, from
3.88 to 3.29 eV.
The total wave function of these MU species presents one

dominant CSF, the closed-shell |1σ22σ21π41δ4⟩, which
contributes approximately in a similar way for all complexes:
68% in CrU, 77% in MoU, and 69% in WU. Note that the same
CSF in Cr2 contributes only 47% to the total wave function. In
CrU, the increase of the contribution of this CSF is explained
by the presence of a stronger bond than that in Cr2. The
stronger bonding interaction induces a larger separation from
the antibonding component and, consequently, a reduction of
the multiconfigurational mixing. The more diffuse 6dδ orbitals
of uranium allow indeed for a better overlap with 3dδ than in
the 3dδ−3dδ combination of Cr2. The occupation number of
the bonding 3dδ−6dδ orbitals in CrU is 3.66 (see Figure 4),
much larger than that in Cr2 (3.16),6 while the antibonding
occupations are 0.34 and 0.84, respectively. In contrast to the
homonuclear dimers, the 5fσ, 6dσ, and 7sσ orbitals can mix in
the heterobimetallic species, enhancing the interaction with
3dσ, while 5fπ and 6dπ can both mix with 3dπ. For instance, in
CrU, the 3dσ−5fσ/7sσ and 3dπ−5fπ/6dπ bonding orbitals
have occupation numbers of 1.86 and 3.84, respectively, versus
1.77 and 3.62 found in Cr2 for 3dσ−3dσ and 3dπ−3dπ.
The synergy between 5f, 6d, and 7s orbitals promotes the

formation of very short MU bonds with large EBOs. For
example, it is striking that the CrU has a bond length 0.6 Å
shorter than that in U2 and only 0.1 Å larger than that in Cr2.
To have an idea of how short this bond actually is, we can make
use of the formal shortness ratio (FSR), defined by Cotton,33 a
parameter computed as the ratio between the A−B bond
distance and the sum of the A and B radii. While the atomic
radius definition of an atom remains somewhat arbitrary, the
FSR has been successfully used to identify unusually short
metal−metal bond distances in newly synthesized compounds.

Figure 3. PES profiles around equilibrium of the CrU, MoU, and WU
dimers computed at the spin-free CASSCF/CASPT2 level of theory.
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For instance, the shortest homobimetallic bond ever found in
an organometallic complex involves two chromium atoms, with
a bond distance of 1.75 Å,34−37 only 0.06 Å larger than the gas-
phase Cr2 value. Assuming a chromium radius of 1.40 Å (from
the empirical Slater radii38), their FSRs are 0.625 and 0.600,
respectively. Using these values as reference for the definition of
a very short, or ultrashort, bond, we determined the FSRs for
the heterobimetallic dimers computed in this work (see Table
1). For the radii of Mo, W, and U, we used 1.45, 1.35, and 1.75
Å, respectively. CrU has a FSR of 0.598, even smaller than that
of Cr2, indicating in this way the remarkably shortness of this
bond length. It is also interesting that all of the other
heterodimers have a FSR smaller than those of their
corresponding homonuclear dimers. This surprisingly short
bond distances are very likely connected to the high bond order
of these molecules. For example, the EBO of CrU is 5.3, that is,
a sextuple bond. This is the only molecule in the literature
containing the chromium atom that can reach such a high bond
order and, consequently, a large dissociation energy. The only
two heterobimetallic molecules that can challenge this EBO are
CrMo and CrW, but they have been shown to be 4.7 and 4.4,
respectively,39 still lower than that of CrU. The same enhancing
effect on the EBO is also noted for MoU (5.5) and WU (5.3),
which have EBOs higher than those of their homonuclear
counterparts. In particular, MoU shows the highest bond order
of any given metal−metal combination in the whole periodic
table.
This enhanced effect on the EBO is more intense for the

CrU molecule, which changes from 4.5 in Cr2 to 5.3. In MoU
and WU, the EBOs increase by only 0.3 and 0.1, respectively.
As explained earlier, this enhancement is induced by the
synergic effect of the 5f orbitals, which have a positive effect in
strengthening the bond, in particular for CrU.
A further point of interest in these species is the presence of

multiple σ bonds. The concept of double σ bonds has in recent

years gained momentum because it has allowed speculation
about the presence of a quadruple bond in C2

43 or in more
exotic species like CUO.44 Basically, thanks to the closeness in
the radial extension of the 2s and 2p orbitals, the carbon atom
can generate two σ sp hybrid orbitals (top left of Figure 5). In

C2, these hybrid orbitals interact to form one σ bond by
overlapping the two larger lobes and one weak “rearward”
bond, with the latter stemming from an overlap between the
smaller lobes of the sp tail (bottom left of Figure 5). Inspection
of Table 2 shows that the doubly occupied σ-bonding orbitals
1σ and 2σ in the MU heterodimers are composed mostly of s
and d orbitals localized on the transition metal atom M and of
7s and 5f on uranium. In the latter, the 6d orbital is higher in
energy; therefore, for the sake of simplicity, we will not discuss
its contribution to the bond. The transition metal M σ-types of
orbitals can be represented in terms of sd hybridization, with
one sd orbital shaped by two big axial lobes with the same sign
and a small equatorial ring with the opposite sign and another
sd orbital with two smaller axial lobes and a much more diffuse
equatorial ring (top middle of Figure 5). On the other hand,
the sf (7s−5f) hybridization of uranium leads to two specular
orbitals identified by one bigger and one smaller axial lobes of
different sign and one bigger and one smaller equatorial rings
also with opposite sign (top right of Figure 5). Interestingly,
when M and uranium interact, two types of σ bonding are
obtained (bottom right of Figure 5): (a) the former, more
stable, can be described as a bond where both the more diffuse
ring and the smaller lobe on the sf hybrid orbital synergically
combine in-phase with the smaller lobe and the diffuse ring of
the sd hybrid orbital on M; (b) the second σ bond, less stable,
is mostly defined by the overlap of the two main bigger lobes
on the sd and sf hybrid orbitals. While this second bond is
constructed in the same fashion as the sp−sp main σ frontward
bond in C2, the former can be seen as having a dual nature, in
which we can extract a rearward bond, in which the main axial
lobes interact with the smaller sd and sf lobes, but also a
frontward bond, where the very diffuse equatorial rings of sd
and sf hybrid orbitals overlap with each other.

■ CONCLUSIONS
In this paper, we analyzed the structural and energetic
properties of MU heterobimetallic dimers (M = Cr, Mo, W)
based on calculations performed at the CASSCF/CASPT2 level
of theory. Our main result shows that the EBO of MoU is
higher than that for W2, which has been considered so far as the
molecule with the highest bond order. Another important

Figure 4. Bonding and antibonding natural orbitals computed at the
spin-free CASSCF level of theory for all MU species. The natural
occupation numbers are given in parentheses below each natural
orbital. The plots are depicted at the contour value of 0.02 e/bohr.3

Figure 5. (Top) Generic sp, sd, and sf hybrid orbitals. (Bottom)
Schematic representation of the double σ bond in the MU
heterodimers. The C2 molecular orbital diagram is shown for
comparison.
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consequence of this work is the possibility of using the
computed spectroscopic parameters as reference for future
experimental works in novel exotic species. In the last decades,
metal−metal bond chemistry has been the subject of a huge
amount of research that helped to go beyond the current view.
However, some aspects have not been clarified yet, and we
hereby summarize (a) metal−metal bonding in the f-block
chemistry is scarcely known,40,41 (b) transition-metal hetero-
bimetallic metal−metal bonds face synthetic challenges and are
also rather scarce,42 and (c) the successful synthetic attempts
for very short Cr−Cr bonds turned out to be a consequence of
a strain effect of the ligands rather than an efficient overlap
between the chromium orbitals. In this sense, our results
provide some important clues on aspects a and c. The predicted
large dissociation energies indicate a remarkable chemical
affinity between uranium and group VI elements. Certainly, this
could help to overcome one of the central problems in the
synthesis of complexes with metal−metal bonds in the f block,
that is, the weak interactions between the two metal centers.
Moreover, the sextuple bond in Cr−U can be envisaged as a
target for the synthesis of molecules containing ultrashort
bimetallic bonds, bearing an effective covalent interaction
between the two metal atoms.
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