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Multiple d—d bonds between early transition
metals in TM,Li, (TM = Sc, Ti) superatomic
molecule clusterst
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The synthesis and application of compounds with Cr—Cr and V-V d-d quintuple bonds (o, 2x, 28) have
led to new thinking about whether d—d multiple bonds also exist between early transition metals such as
Sc—Sc and Ti-Ti. In this study, by extensive unbiased global search at the density functional theory level,
the low-energy structures of 26e and 30e TM,Li, clusters were obtained. Based on the super valence
bond (SVB) theory, the prolate double-core structure of TM,Li, clusters was regarded as a superatomic
molecule, of which each half was regarded as an open-shell superatom, and the electronic shell-closure
was realized by forming multiple bonds between superatoms. Then, the quintuple super bonds (28, 2z, o)
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of the LiygTis, LixgScy, [Lit7Vol?, [LiyTiol™ clusters and the triple super bonds (2, o) of the Li>sSc, and
Lio4Y, clusters were confirmed via chemical-bonding analysis. This way of forming multiple bonds
between early transition metals through superatomic bonding has promoted the experimental synthesis

rsc.li/nanoscale and application of early transition metal multiple bond compounds.

Sc atoms, which are mostly present in ligand-protected com-

1 Introduction
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Due to electronic characteristics and unique chemical pro-
perties, some transition metals with multiple bonds aroused
widespread concern."™" The synthesis of stable compounds
with Cr-Cr quintuple bonds (o, 2x, 28) in 2005 opened the
door to metal-metal multiple bonds in the field of
chemistry."”>™ In recent years, the clusters and compounds
with Mn-Mn triple bond and Mo-Mo quintet bond have been
studied by both theoretical calculations and experiments.'® >
A theoretical study found that the binuclear vanadium carbo-
nyl compound V,(CO); consists of two V(CO), units linked by a
V-V quintuple bond.**** The main group element boron is
able to form multiple bonds with transition metals as revealed
by quantum chemical investigation and identified by
spectroscopy.>® >’ With the rapid increase in metal-metal
bonding species, chemical bonding and electron properties
were better understood because those substances were applied
to numerous important fields such as catalysis and pharma-
ceutical chemistry.>® ! In general, it is difficult for early tran-
sition metals to form electronic shell-closures by forming mul-
tiple bonds due to low number of d electrons such as Ti and
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pounds as single or double bonds.**"*

Compared with ligand-protected metal-bonded compounds,
metal clusters tend to exhibit a variety of bonding methods in
cluster science. The delocalized bonds formed in the metal
clusters were usually explained by the jellium model,*>*
which holds that the whole cluster be regarded as a superatom
(SA) as well as the proper Aufbau rules is |1S*|1P°|1D"%25?|
1F"2P°| of the electron layer in the SA were different from
those of the atom, and same as the magic number 2, 8, 20,
40..., observed on the mass spectrum.*"** Khanna, Jena and
Castleman proposed that the metal clusters of magic numbers
can be thought of as SAs, considering the stability and chemi-
cal similarity between simple metal clusters and individual
atoms.”*™’ In 2013, the theory of the super valence bond (SVB)
was proposed to explain the electron stability of Li, clusters
(Lig, Liyq, Liy4), of which metal clusters can simulate the behav-
ior of simple molecules in electronic shells.*® The stability of
non-spherical clusters was well explained using the SVB
model, which was similar to a simple diatomic molecule, and
realized the electronic shell-closure by the formation of super-
multiple bonds between two SAs.*”” Based on this model,
the as-synthesized ligand-protected Au,Ag,, and Au,Ag,s clus-
ters are analogous to a Ne atom dimer (Ne,).>® The study of
cluster bonding is helpful to develop the two-dimensional peri-
odic table into the three-dimensional one.”***

In our previous studies, it was found that the 26e Li,s and
Li,oMg; clusters, and 30e Li;gMg;Al, adopted double icosahe-
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dral structures, which can be seen as superatomic molecules
with quintuple super bonds.”® Similarly, the electronic pro-
perties of the tubular Au,e cluster revealed the cage-cage SA
structure pattern, and the electron shell-closed of the cluster
was realized by forming a triple super bond (o, 27) between the
two cages.’® The discovery of superatomic molecules with mul-
tiple bonds provides new ideas for the generation of d-d mul-
tiple bonds between early transition metals. We hope that Li
atoms form a sealed cage on the outer layers of the early tran-
sition metals, and valence layer electrons are contributing to
form multiple bonds between the early transition metals,
thereby achieving an electronic shell-closed. Due to the 26e
and 30e magic numbers observed in the mass spectrum of
alkali metal clusters,’® the superatomic molecules with 26e
and 30e form multiple bonds to achieve an electronic shell-
closure. Therefore, we first obtained stable 26e and 30e TM,Li,,
clusters through extensive unbiased global search combining
the genetic algorithm (GA) with density functional theory
(DFT). In order to verify that early transition metals formed
multiple bonds in superatomic molecules, chemical-bonding
analysis and electron localized functional (ELF) analysis will
be discussed in the following section.

2 Computational method

The global optimal structures of TM,Li, clusters were obtained
from more than 1000 times sampling optimization of each
cluster by genetic algorithm (GA) combined with density func-
tional theory (DFT), which is a powerful method for predicting
the lowest energy structure of clusters.®® In the global
search, different spin multiplicities (m = 1 and 3) were con-
sidered. All structures were fully optimized at the PBEO/
def2TZVP®® 7 level of theory and verified as true minima by
frequency check. The adaptive natural density partition
(AANDP) method was used to perform the cluster-bonding
analysis, which was invented by Boldyrev and can well analyze
the delocalization of a multi-center bond.”* The electronic
localization functional (ELF)’>”® analysis was drawn with
Multiwfn.”* The Wiberg bond index (WBI)”> bond order (PBEO/
def2TZVP) was also given by Multiwfn. All calculations in this
paper were completed in the Gaussian 09 sequence package,”®
and the results were visualized using the MOLEKEL 5.4
program.”’

3 Results and discussion
3.1 Geometric structures

Fig. 1 shows the low-energy isomers of Li;gTi, (A1-A4), Li,Sc,
(B1-B4), Liy,Sc, (C1-C3), and LiyY, (D1-D3) clusters opti-
mized at the PBE0/def2TZVP level of theory located by the
extensive unbiased global search. The results of the global
search agree with our expectations, where TM,Li,, clusters are
prolate double-core structures. The four isomers (A1-A4) of the
Li;gTi, cluster of 26e have considerable HOMO-LUMO energy
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Fig. 1 Optimized lowest energy isomers of LiigTi, (AL—A4), Li»oSc, (B1-
B4) and Liy4Sc, (C1-C3), Lio4Y, (D1-D3) clusters at the PBEO/def2TZVP
level of theory. Purple, blue, grey and green circles represent Li, Y, Ti and
Sc, respectively. Bond lengths of TM—TM are given in A.

gaps. The isomer (A4) was 0.37 eV higher than Al in energy.
We believe that A4 not only has a similar geometric configur-
ation as A1l but also has the same electronic structure.
Similarly, the four isomers (B1-B4) of the Li,oSc, clusters of
prolate double-core structures have large HOMO-LUMO
energy gaps. The isomer B4 is 0.17 eV higher than B1 in
energy. Li,,Sc, clusters have 30 valence electrons, where the
lowest-energy one (C1) has a high D;, symmetry and a con-
siderable energy gap (Enp = 1.47 eV). Isomer C2 (Dsq, Eyp, =
1.44 eV), which is a rotational isomer of C1, is only 0.1 eV
higher in energy than C1. Y is an atom of the same main
group as Sc, and the geometric symmetry of the lowest-energy
Liy,Y, (D1) cluster is also D3y, (Eqy, = 1.47 €V).

3.2 LiygTi, and LiyoSc,

First, we discuss the electronic properties of Li;gTi, and
LiyoSc, clusters with 26 valence electrons. It can be seen in
Fig. 1 that the first four isomers of Li;gTi, (A1-A4) have very
similar geometric structures, which should also have similar
electronic configurations. As shown in Fig. 2a, the canonical
molecular orbital (MO) diagrams of A1 and A4 are very similar.
A4 has a higher D3q symmetry than A1, and it is clearer from
the MO analysis using A4. The prolate double-cage structure
(A4) can be regarded as a combination of two LigTi SA, which
is open-shell based on the jellium model: [1S*1P°](1D2S)".
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Fig. 2 Comparison of the Kohn—Sham MO diagrams of (a) LigTi (Al
and A4) cluster and (b) Li>oSc, (B1 and B4) cluster (PBEO/def2-TZVP).

Then, the molecule-like electronic shell-closure can be realized
through two LisTi SAs [8e](1D2S)’-(1D2S)°[8e] quintuple super
bonds. From the MO diagrams, the valence MOs of the cluster
can be viewed as four bonding orbitals (o, 2, , 65 ) and four
anti-bonding orbitals (6%, 21%, _p,, 6*p) correspond to the lone
electron pair of each LioTi SA (1S*1P°). The remaining five
occupied bonding orbitals were two double degenerate 84, ,
orbitals, two degenerate Td,,,. orbitals, and a hybrid cy.q,
orbital. There is a fairly large HOMO-LUMO gap from ¢*, to
% a0 (1.30 eV), resulting in a stable electronic structure of
the superatomic molecule. Similarly, the Li,Sc, cluster can be
considered as a combination of two Li;3Sc superatoms and
share the nucleus of Lig. Fig. 2b compares the MO diagrams of
26e LiySc, (B1 and B4) clusters, where it can be seen that the
electron configuration and orbital shape of B4 and B1 are
identical. LiyoSc, is very similar to Li;Ti, in MO diagrams,
except for the energy level interleaving of two orbitals (84
and mg_ ).

The chemical bonding analysis of AANDP provides more
direct evidence for the SA-SA bond, which further confirms
our conclusion about the molecular orbital diagram. Fig. 3a
depicts the AANDP-bonding analysis of the Li;gTi, superatomic

xyx2—y2
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Fig. 3 Structures and AdNDP localized natural bonding orbitals of the
(a) LisgTi and (c) LizeSc; clusters. ON gives the occupancy numbers.

molecule cluster. The results show that there are four 10c—2e
lone pairs (SP®) on each LioTi SA. The five 20c-2e delocaliza-
tion bonds, consist of one ¢ hybrid bond orbital of 2S + D,
two degenerate n-bonding orbitals formed by D,,~D,, and Dy~
Dy, interactions, and then the mutual effect of D,,~D,, and
D,:_y>~D,2_. constitute two double-degenerate 5-bonds. The
chemical bonding analysis shown in Fig. 3b reveals that
LiyoSc, also has four 14c-2e super LPs in each Lij3Sc SA
(15%1P°) and five 22c-2e delocalization bonds (o, 2, 25).

In Li;gTi, and LiyeSc, clusters, the symmetry of the atomic
d-orbital of Sc and Ti matches the superatomic orbital in
forming the superatomic quintuple bonds (o, 2x, 28). On the
other hand, Ti-Ti and Sc-Sc bonds also display quintuple
bonding characters. However, in Sc; and Ti, clusters, it does
not have a clear superatom symmetry but behaves in a similar
fashion to the states formed from atomic d-orbitals.”®

3.3 Liy,Sc, and Li, Y,

Then, the electronic properties of the 30e Li,4Sc, and Liy,Y,
clusters are discussed. Li,,Sc, and Li,,Y, clusters have the
same geometric structure, which can be regarded as a combi-
nation of two Li;sTM SAs sharing the nucleus of the middle
Lig. The Li,,Y, cluster should be consistent with the Li,,Sc,
cluster in electronic configuration and orbital shapes. The MO
diagrams of LiysSc, and Liy,Y, clusters are shown in Fig. 4,
which can be viewed as six bonding orbitals (o, 21, , Op,
284, , ,) and six antibonding orbitals (c*;, 21*, , 0,
28* dxy.xzfyz)’ corresponding to the super lone pairs of each SA.
The remaining three occupied bonding orbitals are two degen-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Comparison of the Kohn—Sham MO diagrams of the Li»4Sc, and
Li>4Y> clusters (PBEO/def2-TZVP).

erate mq_ orbitals and one hybrid cs,q, orbital. Compared
with the other 30e clusters, it is found that the Li;gMg;Al,
cluster has a quintuple super bond (o, 2, 28),°° and Auy,In,
clusters have a triple super bond (o, 2r).°° However, the o-
bonding orbital in the Au,4In, cluster is a D,. orbital, whereas
it is 65,4, orbital in LiysSc, and Liy,Y, clusters.

To verify the triple super bonds of Li,;Sc, and Li,,Y, clus-
ters observed in MO diagrams, the AANDP-bonding analysis
was also performed. Fig. 5a shows the bonding analysis of the
Li,4Sc, cluster, revealing that there are six 16¢c-2e lone pairs on
each Li;sSc, SA. The three 26c-2e delocalized bonds (o, 27)
consisted of one 65,4, bond and two n-bonding orbitals (D,
and D,;). The AANDP chemical bonding of the Li,,Y, cluster
(Fig. 5Db) is exactly the same as in the Li,,Sc, cluster.

3.4 Liy,V," and Li;;Ti,~

It can be seen in Fig. 1 that the geometric structure of the
lowest-energy isomer of Li;gTi, cluster (A1) is not so good (in
C1 symmetry). However, the A3 isomer can be seen as a perfect
double icosahedral [Li;;Ti,]” plus one additional Li" cationic
atom. It is known that besides the electronic shell-closure, geo-
metry is also a key factor in the stability of clusters. Thus, the
[Li;;Ti,|” cluster should be a magic number superatomic
anion in both geometric and electronic shells. As expected,
[Liy;Ti,]|” cluster was verified to be a true local minimum struc-
ture without virtual frequency, which maintains the D5}, sym-
metry with a fairly large HOMO-LUMO gap of 1.23 eV after
structural relaxation at the PBE0/def2TZVP level of theory. The
double icosahedral [Li;,Ti,]” cluster can be regarded as a com-
bination of two Li;;Ti SAs sharing the nucleus of the middle
Lis. It can be seen in Fig. 6 that AANDP results reveal that
there are six 16c-2e super lone pairs on each Liy;Ti SA, corres-
ponding to four bonding orbitals (s, 2, , o,) and four anti-
bonding orbitals (c*;, 2%, , ¢*;) in MO diagrams. The
remaining five occupied MOs (o, 27, 28) can be regarded as a

This journal is © The Royal Society of Chemistry 2020
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(b) of the Li;;Ti,~ cluster. Bond lengths of TM—-TM are given in A.
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19c-2e super quintuple bond delocalized over the entire
cluster.

If we replace Ti by V, the [Li;;V,]" cationic cluster also has
26 valence electrons. The double icosahedral [Li;;V,]" cluster
was also verified to be a true local minimum structure main-
taining a D5, symmetry, and it has a larger HOMO-LUMO gap
of 1.38 eV. The V-V bond length in the [Li;;V,]" cluster is only
1.75 A, slightly longer than the length of typical quintuple V-V
(1.69 A)*® and Cr-Cr (1.70 A)"® bonds. Similarly, the double
icosahedral [Li;;V,]" cluster can be regarded as a combination
of two Liy;V SAs sharing the nucleus of the middle Lis. As can
be seen from the MO diagrams in Fig. 7a, different from the
case in the [Li;;Ti,]” cluster, two n bonding and one o
bonding orbitals (2nq,_ , 65-a,,) are mainly localized on two V
atoms, representing a direct V-V triple bond of d orbitals. The
other six bonding orbits (o, 27y, Op,, 25dwz,yz) and four anti-
bonding orbitals (c*s, 2%y, , 6%p,) are delocalized on the entire
cluster. Furthermore, the AANDP-bonding analysis in Fig. 7b
shows that the [Li;;V,]" cluster contains four 12c-2e super
(SP?) lone pairs in each Lij;V SA, and two 19c-2e delocalized
superatomic bonds (28) as well as three localized V-V bonds
(o, 27). From the difference between the bonding patterns of
[Liy;Ti,]” and [Liy;V,]" clusters, it can be seen that V, favors
more direct d-d multiple bonds, whereas the d-d multiple

“ “ *
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Fig. 7 MO diagrams (a) and AANDP localized natural bonding orbitals
(b) of the Li;;V,* cluster. Bond lengths of TM—TM are given in A.
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bonds between Ti, are more delocalized by a superatomic
bond, resulting in a large gap in the TM-TM bond length.

ELF is an effective method for analyzing the electronic
structures of clusters that shows the color and shape of the
electron density distributed across the cross-section of the
cluster, and has the advantages of a clear image and simple
function form. To further confirm the quintuple bonds in the
[Li;;V,]" and [Liy,Ti,]” clusters, Fig. 8 compares their ELF
contour with the molecules with a quintuple atomic bond (V,
and Cr,F,). Clearly, the superatomic clusters have very similar
ELF contour of o, = and & orbits with the simple molecules,
which further confirms the quintuple bonds between two
superatoms in [Li;;V,]" and [Li;;Ti,]” clusters. The ELF ana-
lysis for Li;gTi,, LiyoScs, LisgScy, and Li,,Y, clusters is given in
ESI (Fig. S1 and S27).

3.5 Effective bond order

The TM-TM bond lengths also agree with the super bond
orders. The Sc-Sc bond length in the Li,,Sc, cluster (3.50 A)
with triple bonds is obviously longer than that of the Li,,Sc,
cluster (2.94 A) with quintuple bonds. However, as listed in
Table 1, the TM-TM bond lengths are quite different in the
clusters with quintuple bonds, which may be related to the
degree of localization of the quintuple super bonds on TM,.
Thus, we calculate the occupation number localized on TM, of
the quintuple super bond (Fig. S31), and the effective bond
order is defined as half of the total localized occupation
numbers on TM,. As shown in Table 1, the calculated effective
bond orders are consistent with the WBI bond orders and the
lengths of TM-TM. In particular, the WBI (4.35) and effective
bond orders (4.46) of the [Li;;V,]" cluster are close to 5. It
further illustrates that in superatomic molecule clusters Sc and
Ti atoms tend to form delocalized multi-center bonds, whereas
V atoms tend to form localized V-V bonds. For comparison,
the bond order and bond lengths of Ti,, Sc,, and V, molecules
are also listed in Table 1 (MO diagrams of Ti,, Sc,, and V,

08

0.0

Fig. 8 ELFs of quintuple bonding [Li;;V2]* (a), [LiyzTizl™ (b), V2 (c) and
Cr,F; (d) in color and shape. The scale is labeled aside. All cross-sections
are perpendicular to the double transition metal. ELF values are
between 0 (no localization, blue) and 1 (complete localization, red).
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Table 1 Comparison of bond order, Wiberg bond indices, effective bond order and TM=TM bond lengths (A) for LisSc, (C1), LiogSc, (B4), LiygTis

(A4), [Liy7Tisl™, [LiyzVaol* clusters and V,, Tiy, Sc, molecules

Li,,Sc, LiySc, LigTi, [Liy,Tiy]” [Liy, Vo] v, Ti, Sc,
Bond order 3 5 5 5 5 5 4 2
WBI bond order 0.52 1.18 1.86 2.3 4.35 5.97 4.93 2.83
Effective bond order 1.61 2.60 3.15 3.93 4.46
Bond length 3.50 2.94 2.45 2.28 1.75 1.69 1.86 2.55

molecules are given in ESIf). The V-V distance in the [Li;;V,]"
cluster (1.75 A) is very close to that in the V, molecule (1.69 A).
However, Sc-Sc (Ti-Ti) distances in superatomic molecule clus-
ters are obviously longer than those in Sc, (Ti,) molecules,
although the former one has higher bond orders. Thus, it is
better to take the Sc-Sc and Ti-Ti bonds in superatomic mole-
cule clusters as chemical bonds displaying quintuple/triple
bonding characters.

4 Conclusions

In summary, by extensive unbiased global search at the DFT
level, the global optimal geometric structure of Li,,Y,, Liy,Sc,,
Li;gTi, and LiyoSc, clusters were located. All the structures
were verified to be stable minima with high HOMO-LUMO
gaps and without imaginary frequency. AANDP chemical-
bonding analysis shows that Li;gTi, and Li,oSc, have quintuple
bonds (o, 2x, 28), while Li,;Y, and Li,,;Sc, form triple bonds
(o, 2m). In addition, two Ds, double icosahedral clusters,
[Liy,Ti,]” and [Liy;V,]", are also very stable with high HOMO-
LUMO gaps, of which quintuple bonds (o, 2=, 25) were also ver-
ified. The TM-TM bond lengths agree with the super bond
orders, where the Sc-Sc bond length in the LiysSc, cluster
(3.50 A) with triple bonds is obviously longer than that of the
LiyoSc, cluster (2.94 A) with quintuple bonds. In the [Li;;V,]"
cluster, three bonds (o, 2n) are totally localized on V,, whereas
two & bonds are delocalized over the whole cluster. This leads
to a highly effective bond order of V,, resulting in a very short
V-V bond length (very close to the value in V, molecule). The
TM-TM bond lengths also agree well with the effective bond
orders in the clusters with quintuple bonding characters
(LisoSc,, LiygTi,, [Liy,Tiy]” and [Liy;V,]"). This study gives a
further understanding of the metal-metal multiple bonding
between early transition metals, which may provide a new
reference for the experimental synthesis.
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