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Abstract: Monolayer-boron (borophene) has been predicted
with various atomic arrangements consisting of a triangular
boron lattice with hexagonal vacancies. Its viability was
confirmed by the observation of a planar hexagonal Bj, cluster
with a central six-membered ring. Here we report a planar
boron cluster doped with a transition-metal atom in the boron
network (CoBs~), suggesting the prospect of forming stable
hetero-borophenes. The CoB,g cluster was characterized by
photoelectron spectroscopy and quantum chemistry calcula-
tions, showing that its most stable structure is planar with the
Co atom as an integral part of a triangular boron lattice.
Chemical bonding analyses show that the planar CoBg is
aromatic with ten m-electrons and the Co atom has strong
covalent interactions with the surrounding boron atoms. The
current result suggests that transition metals can be doped into
the planes of borophenes to create metallo-borophenes, open-
ing vast opportunities to design hetero-borophenes with
tunable chemical, magnetic, and optical properties.

The electron deficiency of boron gives rise not only to
a variety of polymorphs in the bulk," but also diverse
chemistries with unusual structures and multi-center bond-
ing.” In the molecular and nano-scale, boron also displays
interesting chemical structures and bonding. Over the past
decade, joint experimental and theoretical studies have
uncovered a fascinating landscape for size-selected boron
clusters, ranging from planar structures to fullerene-like cage
structures (borospherenes).® In contrast to bulk boron, size-
selected boron clusters (B, ") have been found to be planar or
quasi-planar (2D) up to 27 atoms as anions,” and continue to
be 2D at n =30, 35, and 36.51% Due to its electron deficiency,
boron cannot form hexagonal monolayers like graphene,
whereas a triangular boron lattice obtained by filling a hex-
agonal boron layer was predicted to be buckled.''* Perfectly
planar monolayers were predicted for a triangular boron
lattice with hexagonal holes.>!®l Monolayer boron structures
with various hole patterns and densities, as well as their
possible realization on suitable substrates, in particular Ag-
(111), have been considered computationally.'""?!! The re-
markable finding of the planar By, and By clusters with
a central hexagonal hole provided the first experimental
evidence for the viability of perfectly planar boron mono-
layers, which we firstly named borophenes.'”*?] Recently,
borophenes have been synthesized by atomic deposition on
a silver surface by Mannix et al.”®! Comparison of high-
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resolution STM images with theoretical simulations con-
cluded that the monolayer boron consisted of a buckled
triangular lattice.””! A very recent independent study by Feng
et al. using similar methods has reported borophenes on silver
surfaces with hexagonal holes.”! Another recent study by Tai
et al. reported the formation of y-B,s 2D films on a copper
surface consisting of By, cages intercalated by B, units.*
These rapid progresses in experimental syntheses have paved
the way for possible applications of borophenes in nano-
science and nanotechnolgoies.

Unlike graphene, borophenes seem to exhibit remarkable
structural diversities. A key question is whether hetero-atoms
can be doped into the planes of borophenes, as a new means
of tuning the properties of borophenes unavailable for
graphene. Following the finding of the planar wheel structures
of the By~ and By~ clusters,” which consisted of a monocyclic
boron ring with a central boron atom (BOB,, "), similar metal-
doped boron rings were considered computationally.?”?’!
While main group elements, such as Al, were found to be
unfavorable in the central position,**? a series of transition
metal doped boron molecular wheels (MOB,~, n=_8-10)
were produced and characterized both experimentally and
theoretically.” The Nb©B,,” and Ta©B,," clusters were the
largest borometallic wheels, setting a record of coordination
number in 2D chemical systems.? Larger doped boron
clusters, such as CoB,,” and RhB,,, were found to have half-
sandwich-like structures with the metal atoms coordinated
above the quasi-planar bowl-shaped B, unit.”>* Larger
metal-doped boron clusters have been considered computa-
tionally, including the Fe-centered B, and B, double rings,
and metal-centered B, B,, and B,, cages.*”"!

Even though the proposed fullerene-like By, was shown to
be a high energy isomer,™ the recent discovery of boro-
spherenes®*) suggested the possibility of endohedral boro-
spherenes, " like the family of endohedral fullerenes.*!
The viability of endohedral borospherenes requires the
systematic characterization of doped boron clusters. Recently,
the observation and characterization of the largest doped-
boron clusters, CoB,,, was reported, revealing a remarkable
drum-like structure with the Co atom coordinated by two
connected By rings.!*”! Here we report the next largest doped-
boron cluster, CoB;s~, which has been characterized by
photoelectron spectroscopy and theoretical calculations.
Surprisingly, rather than forming the anticipated drum-like
structure, the CoB 5~ cluster is found to be a perfectly planar
cluster with the Co atom as an integrated part of a triangular
network of boron atoms (Co€B,;”). The hetero-atom allows
enough bond length flexibility, such that a perfectly planar
structure is achieved without any defects (i.e. all B; triangles)
in the boron lattice. The Co atom is found to engage in strong
covalent interactions with the seven boron atoms in its first
coordination shell. Chemical bonding analyses reveal that the
planar CoB;~ cluster is aromatic with ten m-electrons. The
observation of a transition metal atom doped in the network
of a planar boron cluster is unprecedented, suggesting the
possibility of a new class of hetero-borophenes and metallo-
borophenes.

The CoB,;™ cluster was produced by laser vaporization of
a boron/cobalt composite target and characterized by photo-
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electron spectroscopy (PES), as shown in Figure 1a. The
193 nm spectrum revealed extremely high electron binding
energies for CoBs~ with six relatively well-resolved bands
labeled as X and A-E. The X band designates the detachment

a)| 193 nm D

I rel

b)

Irel

1 2 3 4 5 6
Binding Energy (eV)
Figure 1. a) Photoelectron spectrum of CoB;;~ at 193 nm; b) The
simulated spectrum from the global minimum planar structure of
CoB,5~ by fitting the calculated VDEs (vertical bars) with a unit area
Gaussian function of 0.15 eV width.

transition from the ground state of the anion to that of the
neutral, while bands A-E denote detachment transitions to
excited states of the neutral. Since no vibrational structures
were resolved, the first adiabatic detachment energy (ADE)
was estimated from the leading edge of the X band as 4.0 eV,
which also represents the electron affinity (EA) of the neutral
CoBy; cluster. The vertical detachment energy (VDE) was
measured from the maximum of each band. The VDE of the
X band was measured as 4.14 eV. The VDE:s of all resolved
PES bands are summarized in Table 1, where they are
compared with the theoretical data. The intense band D at
5.3 eV was quite broad, suggesting it might contain multiple
detachment transitions. Above 5.5eV, the PES signal-to-
noise ratios were poor, as seen by the spikes around band E.
The first ADE of CoB;~ at 4.0eV is extremely high, in
comparison to that of CoB4~ at 2.48 eV,*! suggesting that
CoBy; is a very stable electronic system.

We searched for the global minimum of CoB;~ using
a guided basin-hopping program called TGmin,'”! as well as
manual structural constructions (see the Supporting Informa-
tion for details). More than 5000 structures with different spin
states were generated from TGmin and further optimized at
the levels of PBE, PBEO, and CCSD(T). The T, diagnostic
values were found to be negligible in the CCSD(T) calcu-
lations, implying that the relative energies of the isomers were
credible from the single-determinant methods. Vibrational
frequencies were computed to verify the minima on the
potential surface. The structures and energies of the global
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Table 1: Theoretical VDEs [eV] of CoB,;™ and final electronic configurations
at TDDFT-SAOP/TZP level compared with experimental results.

Observed VDE State Final electron configurations VDE
band (exp)™ (theo)
X0 4.14(6) *A,  ..10b,"11b,’2a,’3b,’3a,°13a,%4b,"14a," 4.28
A 436(6) B, ..10b,211b,%2a,%3b,%3a,%13a,%4b,"14a,> 4.35
B 4.62(5) A,  ..10b,"11b,%2a,"3b,3a,°13a,'4b,?14a,” 4.69
C 4.82(5) *A,  ..10b,"11b,%2a,"3b,*3a,'13a,%4b,?14a,®> 4.99

’B,  ..10b,%11b,%2a,’3b,"3a,%13a,%4b,?14a,> 5.26
D 5.30(5) *A,  ..10b,°11b,’2a,'3b,%3a,%13a,%4b,*14a,> 5.34

B,  ..10b,11b,'2a,%3b,?3a,?13a,%4b,*14a,> 5.42
E 58(1) ?B, ..10b,'11b,%2a,%3b,%3a,%13a,%4b,*14a,> 5.80

[a] Numbers in the parentheses are the uncertainty in the last digit. [b] The
first experimental ADE of CoB,;~ or the EA of CoB,4 is 4.00+£0.06 eV.

[b] The orbitals shown in bold face indicate the major electron detachment
channels.

minimum of CoB,;~ and selected isomers are shown in
Figure 2. All low-lying isomers within 50 kcalmol™" of the
global minimum at the PBE level are given in Figure S1 of the
Supporting Information. The global minimum of CoBg is

1 (Cy 'AY) I (C,, 'A) VI (Cy, 'Ay) XIX ( Dyq, "Asg)
0.00 8.78 2347 25.84
(0.00) (10.89) (18.05) (30.61)
[0.00] [11.81] [22.35] [25.15]

Figure 2. The global minimum of CoB,;~ and selected low-lying
isomers. The energies obtained from CCSD(T), PBE/TZP (in parenthe-
ses), and PBEO/TZP (in brackets) are given in kcalmol™.

found unexpectedly to be a perfectly planar and closed-shell
species with C,, (‘A,) symmetry. In fact, the first five low-lying
structures are all found to be planar (Figure S1). The nearest
competing isomer II lies almost 9 kcalmol ' higher in energy
than the global minimum at the CCSD(T) level, confirming
the high stability of the planar C,, structure of CoB .
Importantly, the Dy, drum structure of CoB 4~ (isomer XIX)
is found to be quite unfavorable, being higher in energy than
the global minimum by 25.84 kcalmol ™" at the CCSD(T) level
(Figure 2).

To verify the planar global minimum of CoB;;, we
calculated its VDEs using the scalar relativistic ASCF-
TDDFT method“**" with the SAOP density functional,*"!
as compared with the experimental data in Table 1 and
Figure 1b. The first ADE is calculated as the total energy
difference of CoBs~ and CoB; at their respective optimized
geometries. The first VDE and the ADE calculated using the
PBE/TZP, PBEO/TZP and CCSD(T) methods are compared
with the experimental data in Table S1; the CCSD(T) results
are in good agreement with the experiment. The structure of
neutral CoByg (C,, 2A’) is similar to the anion with very slight
out-of-plane distortions (Figure S2), resulting in the relatively
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sharp X band in the PES spectrum. Under the one-electron
approximation, the first PES band corresponds to electron
detachment from the 14a, orbital (HOMO) composed mainly
of Co 3d.. (Figures S3 and S4). The next three detachment
channels, corresponding to bands A, B, C in the PES
spectrum, are derived from electron detachments from the
4b,, 13a,, and 3a, orbitals with calculated VDEs of 4.35, 4.69,
and 4.99 eV, respectively, which agree well with the exper-
imental results (Table 1). The three detachment channels
from the 3b,, 2a,, and 11b, orbitals yield similar VDEs, in
excellent agreement with the intense and broad band D in the
PES spectrum. The next calculated detachment transition is at
5.80 eV from the 10b, orbital, in excellent agreement with
band E at 5.8 eV. The VDEs are fitted with unit area Gaussian
functions of 0.15eV width to produce a simulated PES
spectrum, as shown in Figure 1b. The overall agreement
between experiment and theory as shown in both Figure 1b
and Table 1 is excellent, confirming unequivocally the C,,
planar global minimum of CoB ;.

We also computed the VDEs from the isomers II, VI, and
the drum-like isomer XIX (Figure 1), as given in Table S2.
The simulated PES spectra using these VDEs for isomers II,
VI and XIX are compared with the experimental spectrum in
Figure S5. Clearly, these results totally disagree with the
experiment and they can all be ruled out. VDEs of all these
isomers are much lower in comparison with the experiment;
in particular, the drum-like 3D structures VI and XIX have
very low VDEs.

The detailed structural parameters of the anion and
neutral species are given in Figure S2. The structures of the
anion and neutral are very similar, except a very small out-of-
plane distortion in the neutral. The peripheral B—B bond
lengths in CoB3~ are between 1.56 A and 1.65 A, smaller
than those of the interior B—B bonds (1.66-1.90 A), consistent
with those found for bare planar boron clusters.* ") The seven
Co—B bond lengths range from 1.91 A to 2.08 A, which are
close to the Co-B single bond length (1.96 A) using the self-
consistent covalent radii of Pyykko. Therefore, the Co atom
has optimal bonding with the seven boron atoms in its first
coordination shell, giving rise to the high stability of the
planar CoB 4~ cluster. It should be pointed out that Co©Bg~
was found previously to be a highly stable borometallic
molecular wheel with Dg, symmetry, in which the B—B and
Co—B bond lengths are 1.56 and 2.03 A, respectively.””) On
the other hand, no Co©B; molecular wheel could exist
because a bare B; ring would be too small to host the Co
atom.! However, in CoB,4”, six of the seven B—B bonds in
the first coordination shell of Co are interior bonds within the
cluster plane with longer B-B bond lengths (> 1.7 A), which
create a perfect space to fit the Co atom to allow optimal
covalent interactions with the surrounding boron atoms. In
contrast, the isomer II with Co coordinated by eight B atoms
lies higher in energy (Figure 2).

Using the spin-restricted open-shell ROCCSD(T)
method, we calculated the binding energy of Co (3d’4s?) +
Bis ((A;) — CoBjs ('A)) to be 162.46 kcalmol ! with zero-
point-energy correction, which quantitatively measures the
bonding strength between the central Co and the B3~ host.
The optimized structure of the bare planar C,, Bis~ cluster
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with the framework of the CoB3~ complex by removing the
Co atom lies higher in energy by 49.41 kcalmol ' than the C,,
global minimum®? at the level of PBEO/TZP. The C,, B,s~
cluster is stabilized significantly by the doping of a Co atom
with additional electrostatic stabilization via an electron
transfer from Co to the B3 moiety, resulting effectively in
a Co"eB,s* cluster (see below). Thus, both the covalent and
electrostatic interactions between Co and the B;g host make
CoBys~ a highly thermodynamically stable species.

The optimal B—B and Co—B bond length constraints can
also be used to understand why the Dy; drum isomer of
CoBys~ lies much higher in energy. In the recently reported
CoB,,~ drum,® the B—B bond length in each By ring was
1.59 A and the inter-ring B—B bond length was 1.80 A, giving
rise to a Co—B bond length of 2.22 A. Even though this Co—B
bond length was larger than the Co—B single bond length, the
high coordination number was sufficient to yield a large
binding energy between Co and the B4 drum host. However,
in the Dyg CoB,s~ drum isomer (XIX in Figure 2), the Co—B
bond length becomes 2.45 A, which is too large for Co to
overlap effectively with the B atoms, making the drum isomer
much higher in energy compared with the C,, planar global
minimum. It is also notable that the lowest 3D isomer VI
(Figure 2) involves a CoB ¢~ drum with two B atoms outside
and it is more stable than the Doy drum isomer. Hence, the
Co—B interactions are critical in determining the structures of
Co doped boron clusters.

To further understand the structure and stability of
CoB,s~, we analyzed its chemical bonding using the adaptive
natural density partitioning (AdNDP) method at the level of
PBE(0/Def2-TZVP.>! The AANDP analyses yield both local-
ized and delocalized multi-center bonds, providing a chemi-
cally intuitive bonding picture for complicated molecular
systems. The AANDP analyses transform the 32 canonical
molecular orbitals of CoBs~ (Figure S4) into three types of
bonds, as shown in the three rows of Figure 3. The first row
depicts three 3d lone pairs on Co (3d.., 3d,, and 3d,,) with the
occupation numbers (ONs) ranging from 1.83-1.99]|e]|,
compared to 2.00|e| in the ideal case, which means that
0.01-0.17 | e | participates in 7 bonding with the surrounding
boron atoms. The other two 3d orbitals (3d,._,» and 3d,,) of
Co participate in o bonding with the seven surrounding B
atoms, as displayed in the middle row of Figure 3.

The middle row displays three types of o bonds, including
thirteen 2c—2e B—B o bonds involving the 13 peripheral B
atoms with high ON of 1.82-1.92| e | . These peripheral bonds
are very similar to the peripheral bonds of bare planar boron
clusters, except the B—B bond that is directly coordinated to
Co but without a second coordination shell. This B—B bond
has a longer bond length (1.65 A, see Figure S2) and involves
partially three-center bonding with the Co atom. The Co atom
is bonded with the surrounding B, ring primarily via six 4c—2e
bonds involving the 3d,._,. and 3d,, orbitals. The inner B, ring
and the outer eleven B atoms are bonded via five 4c—2e
delocalized o bonds. The third row in Figure 3 shows five
globally delocalized xt bonds, which fulfill the (4n +2) Hiickel
rule for aromaticity. The optimal Co—B; covalent bonding in
the C,, global minimum of CoB;;~ and the aromatic
characters are the major factors for its high stability.
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3 lone pairs on Co
ON =1.83-1.99 [e|

5 4c-2e ¢ bonds
ON =1.70-1.88 |e|

6 4c-2e ¢ bonds
ON =1.96 |e|

13 2c-2e ¢ bonds
ON =1.82-1.92 |e|

W

4 4c-2e n bonds
ON =1.80-1.83 |e|

1 19c-2e n bonds
ON =2.00 [e]

Figure 3. Chemical bonding analyses of CoB,;~ using ANDP at the
PBEQ/Def2-TZVP level.

In the C,, global minimum of CoB5~, the five 3d orbitals
from Co transform as a,(d.), by(d,,), a,(d,,), a;(d,._,»), and
b,(d,,), with the z-axis perpendicular to the By framework
(Figure S3). From the Kohn-Sham MO analyses, the 3d.», 3d,.
and 3d,, orbitals remain nearly doubly occupied, whereas the
3d,, and 3d,._,. orbitals directly interact with the B 2p orbitals
in the molecular plane (Figure S3), as also revealed in the
AdNDP analyses (Figure 3). By integrating the populations
of electrons, we find that there are two electrons derived from
the 3d,, and 3d,. . orbitals of Co in the occupied region.
Mulliken population analyses also show that the valence
electron density on the Co 3d orbitals is 8.09. Therefore,
CoB,4 is a d®-complex with Co in a rare oxidation state of 4 1
and can be viewed approximately as Co'€B¢*~ with addi-
tional ionic bonding. This species thus adds to the family of
unusual monovalent transition metal cluster compounds.©**!
As the CoB,4™ anion is closed shell, the neutral CoB g is thus
open-shell with an unpaired 3d electron and should be
magnetic.

The doping of a transition-metal atom into the plane of
a boron network is unprecedented and is a significant
experimental observation. In size-selected boron clusters for
n>9, truly planar structures always involve a tetragonal,
pentagonal, or hexagonal defects.’') A triangular lattice
always display out-of-plane distortions, just like in the
infinitely large monolayer boron with a triangular lattice.'''*l
In the finite system, the peripheral B—B bonds are stronger
with shorter bond lengths due to dangling bonds, which create
strains in the interior of the planar boron clusters. This strain
can be released either by out-of-plane distortions or non-
triangular defects. However, in the C,, planar CoB3~ the Co—
B bond distance is longer than typical interior B—B bonds,
and, therefore, the hetero-atom helps relieve the strain
created by the short peripheral B—B bonds to allow a perfectly
planar structure. This observation suggests that different
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transition-metal or f-element atoms may be doped into
monolayer borons to create hetero-borophenes. Thus,
doping can be another handle to tune the properties of
borophenes, which is not available to graphene. With
transition metals and rare-earth elements, it is conceivable
to create metallo-borophenes with tunable magnetic, optical,
and non-linear optical properties. The low oxidation state
observed for the Co atom in CoB;s~ suggests that such
metallo-borophenes may also have interesting chemical and
catalytic properties.

In summary, we have observed a unique planar CoBg~
cluster, in which the Co atom is directly doped into the
network of a planar boron cluster and becomes an integral
part of the molecular plane (Co€B,537). Photoelectron spec-
troscopy reveals that CoB,;~ is an extremely stable electronic
system with a very high electron binding energy. Global
minimum searches coupled with high-level quantum chemical
calculations have found that the most stable structure of
CoBy4 is planar and closed shell with C,, (‘A,) symmetry, in
which the monovalent Co atom is bonded with seven B atoms
in its nearest neighbor and eleven additional B atoms in its
second coordination shell. Chemical bonding analyses show
that the planar CoB5~ cluster has aromatic characters with
ten delocalized & electrons. The Co atom is found to involve
strong covalent interactions with the planar B s host, as well
as ionic bonding via metal to boron charge transfer. The
planar CoB,;~ cluster represents a new class of metal-doped
boron clusters, suggesting that metal atoms can be doped into
the plane of monolayer borons to create metallo-borophenes
with tunable magnetic, optical, and catalytic properties.
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