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H I G H L I G H T S

• The Lewis-base stabilized borylenes and boryls is applied for molecule and material design.

• B5(CO)5 is the η5-ligand with stronger bonding affinity with Mn and Fe than the traditional cyclopentadiene.

• The designed nanowire [VB5(CO)5FeB5(CO)5]∞ is predicated as an organic half-metal.

A B S T R A C T

The Lewis base stabilized borylenes and boryls are used to construct one dimension nanowires. Using the Lewis base (L) to coordinate sp2 borons, we constructed
B5L5− cyclic compounds with six π-electrons. Then, using B5L5 and transition metals as building units, we further constructed half-sandwich and sandwich com-
pounds. We found that the B5(CO)5 is the η5-ligand with stronger bonding affinity with Mn and Fe than the traditional cyclopentadiene. The calculated electronic
band structures suggested that the constructed nanowire [VB5(CO)5FeB5(CO)5]∞ is an organic half-metal. The results may cast light on the future synthesis of boron-
based metallocene-like molecules.

1. Introduction

Boron has three valance electrons but four valance orbitals and thus
is electron deficient. The bonding model a is well-known for sp2 hy-
bridized borons, which successfully explains the chemical properties of
many organoboron compounds like borane BH3. Interestingly, experi-
mental and theoretical studies in the past decades have unambiguously
demonstrated the stable existence of different boron compounds, where
the chemistries of borons are better explained with models b and c
(Fig. 1) [1–8]. For example, Robinson and co-workers [9] have syn-
thesized the Lewis based stabilized diborene, in which the B atoms form
the B = B double bond and adopt the bonding configuration b. In 2011,
Bertrand and co-workers first synthesized tricoordinate organoboron
where the B atoms adopt the configuration c [10]. Braunschweig and
co-workers [11] then synthesized Lewis base stabilized monoborenes,
where the B atoms also adopt the configuration c. One of the main
differences for models a, b, and c exists in the pz orbital occupation
numbers, where n(pz) = 0, 1, and 2, respectively. The n(pz) values are
equal to the numbers of donor–acceptor bonds made by the B sp2 or-
bitals and the base ligands L [n(L → sp2) = 0, 1, and 2, respectively].
Such base stabilized borylenes and boryls have opened a broad

opportunity to design and synthesize novel boron molecules [12,13],
which have potentials in applications like catalysis [3,14–16] and low-
temperature nitrogen fixation [17].

Recently, Gao et al. have computationally studied the two-dimen-
sional (2D) frameworks containing the c-type borons, suggesting the
possibility to use the based stabilized borylenes and boryls for material
design [18]. On the other hand, Tai and Nguyen have reported that the
b-type borons can form stable molecules containing monocyclic Bn

(n = 3–6) rings [7]. Inspired by these results, we hereby study the
possibility to use the Bn rings as the ηn-ligands to form metallocene-like
molecules with transition metals M, and further construct one dimen-
sional (1D) nanowires based on the sandwich metallocene-like struc-
tures. We report that the BnLn rings have the capability as the ηn-ligands
to bind with transition metals to form metallocene-like molecules, and
that the (MB5L5)∞ nanowires have metallic, semiconducting, and half-
metallic electronic structures.

2. Methods

For 0D molecular, all geometries were optimized using the B3LYP,
M062X and PBE functional with the 6-31G(d, p) basis sets [19,20] for
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light atoms and the SDD basis sets and pseudopotential [21,22] for
metals, as implemented in the GAUSSIAN 09 package [23]. The dis-
persion is considered. DFT-D3(BJ) is applied with B3LYP and PBE
functional and DFT-D3 is applied with M062X functional. Frequency
analyses were conducted at the same level of theory to ensure that there
is no imaginary frequency for the stationary point on the potential
energy surface. The ETS-NOCV analysis [24–26] was performed to
calculate the orbital interaction contributions to the bonds between two
fragments in a molecule. These calculations were performed using the
BP86 [27–29] exchange–correlation functional with the TZ2P basis
sets, as implemented in the ADF (2014.10) package [30].

For 1D nanowire, geometry optimization, projected density of states
(PDOS) and band structure calculation were performed using the VASP
program [31,32]. GGA + U method [33], a plane-wave cutoff of
520 eV, a Gaussian smearing of 0.05 eV, an energy convergence cri-
terion of 10−5 eV and a force convergence criterion of 0.02 eV/Å were
adopted. The effective U values for metals are listed in Table S2 in the
supporting information (SI). For the geometry optimization, the
(7 × 1 × 1) Monkhorst−Pack [34] mesh k-points were used and for
the PDOS and band structure calculations, the (11 × 1 × 1) k-points
were used. To distinctively set the magnetism states, ferromagnetic
(FM) and antiferromagnetic (AFM), for the 1D nanowire, a supercell
containing 4 unit cells were used.

3. Results and discussion

3.1. Monocyclic B5L5− anions

[B3(NHC)3]+, [B3(NN)3]+ and [B3(CO)3]+ have been reported and
featured as the smallest π-aromatic species B3

+ [7,8]. Although the
heavier group-13 homologues [Ga3R3][M2] (M□Na, K; R = bulky,
aryl) and [E3H3]2− (E = B, Al, Ga) have been synthesized [35–37], the
base stabilized boron compounds B3L3+ are not observed yet. Here, we
studied the structures and B−L bonding strengths for six B5L5− com-
pounds 1a – 1f, where the L varies from A through F (Fig. 2). According
to the knowledge recently established for Lewis base stabilized bor-
ylenes and boryls, the reasonable bonding model for these compounds
is shown in Fig. 2a. All the B atoms are sp2 hybridized. Each B atom uses
two of its sp2 atomic orbitals to form the electron-sharing σ-bonds with
its neighbouring B atoms, leaving the remaining one sp2 orbital empty
to accommodate the lone pair electrons from the ligand L. Each B atom
has its pz orbital singly occupied. Therefore, the B5L5− compounds have
six π-electrons, satisfying the Hückel 4n + 2 rule and thus could be
expected with aromaticity. The calculated nucleus independent che-
mical shifts (NICS) at the points 1.5 Å above the B5 ring centres are
listed in the table S1 in SI. All the calculated NICS values are negative
verifying their aromaticity. 1c has the most negative NICS
of −11.0 ppm.

Another factor determining the stability of B5L5− is the strength of
their B−L bonds. Thus, we calculated the interaction energies (Ei) and

deformation energies (Ed) for the B−L bonds of 1a – 1f. These energies
are defined as follows:

= + −− −E E E Ei B L L B L5 4 5 5 (1)

= + −− −E E E Ed B L ,opt L,opt B L5 4 5 5 (2)

where EB5L5-, EB5L4-,opt, and EL,opt are the total energies of the corre-
spondingly relaxed structures, and EB5L4- and EL are single point en-
ergies of B5L4− and L which maintain the same geometric structures as
those in B5L5−. In order to get reliable results, these energies are cal-
culated using the hybrid functional M062X and B3LYP and the pure
functional PBE at the 6-31G(d, p) level. The results calculated by
M062X-D3BJ/6-31G(d, p) method are plotted in Fig. 2c. Among the six
ligands, C can make the strongest B−L bond because of its larger Ed
than those of B – F, which can be explained by the electron-donating
property of methyl. This result is in well accordance with that 1c has
the strongest aromaticity. B has relatively weaker bonding affinities
with the B5

− rings because of its lowest Ei and Ed. The energies cal-
culated by B3LYP-D3BJ/6-31G(d, p) and PBE-D3BJ/6-31G(d, p)
methods are plotted in Figure S1 in the SI, which leads to the same
results.

To analyse the B−L bonding property, we performed the ETS-NOCV
calculations for 1a and 1b as the examples (Fig. 3). For either 1a or 1b,
the orbital interaction between the B5L4− and L fragments are mainly
contributed by two components: the σ-donation from L to B5L4− (L →
B5L4−) and the π-back-donation (L ← B5L4−). According to the de-
composed orbital interaction energies (Fig. 3), the σ-donation is dom-
inating in both cases. This bonding configuration agrees with those
established for base stabilized borenes, in which the base also has π*
antibonding orbitals, and is consistent with the model of Fig. 1a
[1,38–40]. Comparing 1a and 1b, the energy contributions of the σ-
donations of 1a and 1b are −106.1 and −89.0 kcal mol−1, respec-
tively, in agreement with the relatively weaker coordination capability
of N2 than CO (Fig. 1c). We also conducted ETS-NOCV calculations for
1c−1f and the results are presented in the SI (Figure S2 in SI).

3.2. Metallocene-like borene compounds

Drawing analogy with the experimentally achievable metallocene
molecules, we constructed 30 metallocene-like compounds using the
BnLn rings as the ηn ligands (Fig. 4). Among them, 2a – 6c are half-
sandwich structures and 7a – 11c are sandwich structures. Ligand A
(i.e., CO) is used as the ligand coordinated with the boron rings because
CO has moderate affinity with B5

− ring and its small-size can avoid the
intramolecular steric repulsion. For each structural group, ma, mb and
mc (m = 2 – 11) have the same BnLn (n = 3 – 7) ring and three metals
of the same group in the periodic table. 2a – 6c can be denoted as [(ηn-
BnLn)M(CO)3], and 7a – 11c can be denoted as [(ηn-BnLn)2M], where M
are the metals. These 30 compounds have one common feature: the
central metal atoms all have 18 valance electrons.

To study the bonding affinity between the metal and BnLn rings, we
calculated their Ei and Ed (Fig. 5). The definition of these energies are
similar to those of equations (1) and (2). For 2a – 6c the two interaction
fragments are the BnLn ring and M(CO)3 cluster and those for 7a – 11c
are BnLn ring and the [(ηn-BnLn)M]. For comparison, those of the ex-
perimentally synthesized compounds [(η5-Cp)Mn(CO)3] (Cp = cyclo-
pentadiene) and [(η5-Cp)2Fe] are also calculated.

According to Fig. 5, the three-membered η3-B3(CO)3 in 2 and 7 has
the weakest coordination capability to metals. The Ei and Ed of 2 and 7
are lower than those of 3 – 6 and 8 – 11 and also lower than those of
experimentally synthesized [(η5-Cp)Mn(CO)3] and [(η5-Cp)2Fe] (the
dash lines in Fig. 5), which indicates their poor stabilities.

According to Fig. 5c and d, the η5-B5(CO)5 ligand in 4 and 9 is the
best candidate to stabilize metal or metal clusters. For the metals in the
same period in the periodic table, the Ei and Ed of 4 and 9 are generally
larger than those of the others. For the metals in the same group in the

Fig. 1. The electronic structure of boron compounds and the binding between
boron complex and Lewis basis L.
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periodic table, it is a general tendency that moving down the group, the
atomic radii of the metals increases, and the Ei and Ed also increase. For
instance, the Ei and Ed increase in the order of 4a < 4b < 4c. This
indicates the increasing trend of the bond strength moving down the
group, which is similar to the recent study on the [(η6-C6H6)M(CO)3]
where M = Cr, Mo and W [41].

Taking the dash lines, which stand for the Ei and Ed for the syn-
thesized [(η5-Cp)Mn(CO)3] and [(η5-Cp)2Fe], as references, some of the
structures have comparable or larger Ei and Ed. These results may cast
light on the future synthesis of our constructed structures. The energies
calculated by B3LYP-D3BJ/6-31G(d, p) and PBE-D3BJ/6-31G(d, p) are
plotted in Figure S3 and S4 in the SI, which leads to the same results.

3.3. Sandwich nanowire

The above results suggest that Lewis base stabilized boron rings
BnLn can also strongly bond with metals to form the metallocene-like

Fig. 2. (a) The electronic structure model of cyclic B5
− complexes 1a−1f that each has five donor–acceptor bonds and six π electrons. (b) Ligands making dative

bonds with the cyclic B5
−, in which the electron lone pairs are marked by short lines. Me, methyl; Ph, phenyl. (c) The calculated interaction energies (Ei) and

deformation energies (Ed) for 1a−1f. (d) The geometric structures of 1a−1f with key bond lengths and dihedral angles labelled and the hydrogen atoms are omitted
for clarity.

Fig. 3. Orbital interactions contributing the most to the bonding between CO
and the rest of the structures of 1a (A) and 1b (B). For each structure, the left
diagram defines the two interacting fragments; the middle and right are the
NOCV differential densities (isovalue = 0.003 au) for the two strongest orbital
interactions between the two fragments; the blue and red colors mean positive
and negative electron densities, respectively; the electrons trans from the red
areas to the blue areas; the energy contribution values are in kcal/mol.

Fig. 4. Constructed half-sandwich and sandwich complexes based on 18-elec-
tron rule. The Lewis bases are A in the all structures. All the base ligands linked
to the boron atoms are not shown for clarity.

Fig. 5. The Ei and Ed in kcal mol−1 for 2 – 6 (a and b) and 7 – 11 (c and d)
calculated at the M062X-D3/6-31G(d, p) ~ SDD level of theory. The Ei and Ed
for 7b and 7c are unavailable because of the convergence failure of geometric
optimization.
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half-sandwich and sandwich structures. And recently, one dimensional
multidecker VnBzn+1 (Bz = benzene) sandwich complexes have been
synthesized, and some have been predicted to be organic half-metals
[42–45]. This encourages us to construct the 1D nanowires based on
BnLn and transition metals. We extended the 0D molecules 7a – 11c to
1D nanowires 12a – 17c (Fig. 6). For these sandwich nanowires, both
eclipsed and staggered configurations are possible. Only the eclipsed
configuration was considered here because of the similar total energies
of these two configurations (within 0.02 eV per Cp ring [46]). To
consider different magnetic states, supercells containing four primitive
cells were used for the calculations. All the structures were optimized
without symmetry constraints. After geometry optimization, no sig-
nificant structural distortion was observed. Fig. 6 presents the geo-
metric structures for these nanowires with the optimal lattice para-
meters a labelled. For each structure, the energy difference between the
FM state and the AFM state is listed in Table S2 of the SI. The total
magnetic moment per unit cell and the localized magnetic moment on
the metal atoms of the ground states are also listed. For all the ex-
amined sandwich nanowires, the FM states have slightly lower energies
than the corresponding AFM states and thus are the ground states.

In 2008, Lu and co-workers reported the similar 1D sandwich na-
nowires consisting of vanadium (V), Fe, Cp, and Bz [46]. The (VCp)∞
and (VBzVCp)∞ wires are predicted to be organic half-metals which can
realize 100% spin polarization transportation and thus is intriguing for
organic spintronics. In order to get an insight into the electronic
structures of the nanowires based on BnLn, we calculated the electronic
band structures for 12a – 17c. Taking 14a, i.e., [B5(CO)5Fe]∞ as the
example, its FM state is the ground state, but is energetically lower than
the AFM state by only 3 meV per B5(CO)5Fe. Fig. 7a and b display the
band structures for its FM and AFM states, respectively. For the FM
state, both of the majority and minority spin have metallic nature with
a doubly degenerate band crossing the Fermi level (Ef). But for the AFM
state, the majority spin has a semiconducting nature with a direct band
gap of 0.32 eV, meanwhile the minority spin also has a direct band gap
of 0.05 eV. Thus, [FeB5(CO)5]∞ is an organic metal in FM state but a
semiconductor in AMF state.

Inspired by Lu’s work, we displaced one Fe with V and constructed
15, i.e., [VB5(CO)5FeB5(CO)5]∞ nanowire. As shown in Fig. 6, the
B5(CO)5 rings are arranged unevenly in 15, agreeing with the different
atomic radii of Fe and V. Also, the FM state is the ground state. The
band structure and the projected density of states (PDOS) of FM 15 are

shown in Fig. 7c and d, respectively. Its majority spin of has a semi-
conducting nature with a direct band gap of 1.33 eV, whereas the
minority spin is metallic. Thus 15 is an organic half-metal. According to
the PDOS in Fig. 7d, in the majority part, the bands near Ef are mainly
derived from the 3d orbitals of the V atom and the 2p orbitals of the B
atom. While in the minority part, the bands near Ef are mainly derived
from the 3d orbitals of the Fe atom. The total magnetic moment of 15 is
5.29 μB per unit cell. The localized magnetic moment is 2.27 μB on V,
3.68 μB on Fe and −0.33 μB per B5(CO)5 ring. The low capability to
accept electrons form π-orbital of boron ring is vital for opening a band
gap in the majority spin part of the nanowire and finally leads to its
half-metal nature.

To evaluate the stabilities of 15, which is an organic half-metal and
has promising application in spintronics, we conducted 2 ps molecular
dynamic (MD) simulations at 300 K, 500 K, 1000 K and 1500 K.
According to the snapshots taken from the MD trajectories at 400 fs,
800 fs, 1200 fs, 1600 fs and 2000 fs (Figure S5 in the SI), no obvious
bond cleavages appeared at 300 K, 500 K and 1000 K although crinkles
existed. Only at higher temperatures of 1500 K, the deformation of
boron ring occurred. These MD simulations suggest that 15a can sur-
vive at considerably high temperatures.

4. Conclusions

Lewis base stabilized B5L5– compounds have six π-electrons and thus
possess aromaticity. Among the six ligands L studied, the acetonitrile C
has the strongest coordination capability to B5− ring thus forms the
strongest B–L donor acceptor bonds. The B5(CO)5 rings have compar-
able or even stronger coordination capabilities than cyclopentadiene
when forming the half-sandwich and sandwich metallocene-like mole-
cules with transition metals. Further construction and computation of
1D nanowires based on these B5L5 and transition metals suggest that the
sandwich nanowires can have intriguing spin properties. For example,
[FeB5(CO)5]∞ is metallic in its FM state but semiconducting in its AMF
state, and the hybrid [VB5(CO)5FeB5(CO)5]∞ wire is an organic half-
metal. The results suggest the opportunity to design metallocene-like
molecules and nanowires with intriguing electronic properties based on
Lewis base stabilized borynes, which may greatly expand the applica-
tion of such peculiar borons.

Fig. 6. Geometric structures for the extended 1D nanowires 12 – 17. The metal species and the corresponding lattice parameter a are labelled.
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