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ABSTRACT

Borophenes are atom-thin boron layers that can be grown on coinage metal substrates and have become an important class of synthetic 2D
nanomaterials. The interactions between boron and substrates are critical to understand the growth mechanisms of borophenes. Here, we
report an investigation of copper-boron interactions in the Cu,Bg~ bimetallic cluster using photoelectron spectroscopy and quantum chemi-
cal calculations. Well-resolved photoelectron spectra are obtained at several photon energies and are combined with theoretical calculations
to elucidate the structures and bonding of Cu,Bg~. Global minimum searches reveal that Cu,Bg~ consists of a Cu, dimer atop a Bg molecu-
lar wheel with a long Cu-Cu bond length close to that in Cu,*. Chemical bonding analyses indicate that there is clear charge transfer from
Cu, to Bg, and the Cu,Bg~ cluster can be viewed as a [Cu,*]-borozene complex, [Cu,*][Bs*]. In the neutral cluster, no Cu-Cu bond exists
and Cu,Bg consists of two Cu” centers interacting with doubly aromatic Bg®~ borozene. The charge transfer interactions between Cu and
boron in the Cu,Bg~ cluster are analogous to charge transfer from the copper substrate to the first borophene layer recently reported to be

critical in the growth of bilayer borophenes on a Cu(111) substrate.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001833

I. INTRODUCTION

Boron-based nanotubes were proposed, soon after the discov-
ery of carbon nanotubes, with a triangular boron layer because
boron cannot form a honeycomb structure due to its electron defi-
ciency."”” However, a triangular boron layer is too electron-rich,
which induces out-of-plane distortions.”® Density functional
theory (DFT) calculations indicated that a triangular lattice with
periodic hexagonal vacancies was more stable and could be per-
fectly planar,” which would be more suitable to construct boron
nanotubes. The first experimental evidence of the viability of
planar boron sheets came from the systematic investigations of size-
selected boron clusters (B, ) using photoelectron spectroscopy
(PES) and theoretical calculations.””'* All small boron clusters were
found to possess two-dimensional (2D) structures consisting of B;
triangles with vacancies of different sizes and are stabilized by

delocalized 6 and m bonding within the cluster plane."’ The Bsg
cluster was first found to possess a hexagonal structure with a central
hexagonal vacancy,"” reminiscent of planar boron layers suggested
by DFT calculations.”” The name “borophene” was coined for such
2D boron nanostructures,” prompted by their experimental viability.
The B35~ cluster with a double hexagonal vacancy was further found
to be an even more flexible motif to construct borophenes.'*
Theoretical calculations suggested that coinage metals would be suit-
able substrates to grow borophenes'*~'” because boron does not have
similar layered bulk polymorphs. Subsequently, borophenes were
synthesized on Ag(111) surfaces'®'” and they are becoming an
important class of synthetic 2D nanomaterials.”>*' The Bys~ cluster
was confirmed to be the first bilayer boron cluster,” as suggested
theoretically.”” Recently, bilayer borophenes have also been suc-
cessfully synthesized on Cu(111) and Ag(111) substrates.” ">
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Electron transfers from metal substrates to the first borophene layer
were suggested to play an important role in the growth of bilayer
borophenes. In addition to coinage metals, borophenes have also
been synthesized on Al and Ir substrates,”®”” albeit the Al substrate
gave rise to a honeycomb boron layer due to strong charge transfer.
Thus, it is important to study the interactions between boron and
the metal substrates at the atomic level, in order to fully understand
the growth mechanisms of borophenes.

Extensive research has been done on pure boron and metal-
doped boron clusters over the past two decades using joint PES
and quantum chemistry calculations’™'“*** as well as ion mobility
and infrared spectroscopy.”’”’' The B,~, Bg™, and By~ clusters were
among the first few boron clusters characterized by PES.”*” The
By~ cluster was found to have a closed-shell Dgy, structure with ¢
and m double-aromaticity and its unique bonding properties
inspired the design of a class of metal-centered borometallic molec-
ular wheels (M©B,,”).”*° The closed-shell B,*~ and Bg>~ species,
possessing similar double aromaticity, were first realized in AlB,,
PrB;, and LiBg~ clusters.”” " The similarity between the © bonding
in B,”", B>, and By~ and that in the prototypical aromatic hydro-
carbons, CsHs~, CsHg, and C;H;", was recognized in a recent study
on lanthanide octa-boron clusters (LnBs~),"” and a name “borozene”
was proposed for the wheel-like aromatic boron clusters. Among the
three borozenes, Bs>~ is unique for its high stability and has been
observed in several metal-doped boron clusters (MBg~1/0) 373941
Even though transition-metal-doped MBg~ clusters are dominated by
metal-centered molecular wheels (M©Bg™),”*~%**~** the MByg species
with metals of low electronegativities have been shown to form
charge-transfer complexes as a result of the high stability of the B>~
borozene.”””>*” The recent results on BiBg~ and AuBg~ provide new
examples of metal-borozene complexes."”*®

Despite recent advances on mono-metal-doped boron clus-
ters,”™>""  di-metal-doped boron clusters remain relatively
unexplored experimentally.'>*” Di-gold-doped boron clusters
B, Aw,Y™ (x=3, 6, and 7) were found to follow the double-chain
motifs with terminal Au atoms.”*™" Di-tantalum-doped boron
clusters Ta,B,” (x=2-6) were shown to consist of a Ta, dimer
with boron atoms building around it.”"”” Di-lanthanide boron
clusters Ln,B,~ (x=7-9) were found to possess inverse-sandwich
structures with a monocyclic B, ring, instead of Ln,-borozene com-
plexes.”>”* Several transition metal M,Bg species were also sug-
gested to have inverse-sandwich-type structures,”’ whereas M,Bg
(M=Mg, Zn, Cd, and Hg) species were predicted to be
M,-borozene complexes.”””” In the current article, we present a
joint PES and quantum chemical study on the Cu,Bg~ cluster to
probe the copper-boron interactions. Specifically, we are interested
in whether there would be strong charge transfer from copper to
boron and whether it would form a borozene complex or an
inverse-sandwich-type structure. The photoelectron spectra taken
at different photon energies are well-resolved and are used to eluci-
date the structures and bonding in Cu,Bs~ and its neutral. Strong
charge transfers are observed from Cu, to Bg and the global
minimum of Cu,Bg~ is found to feature a Cu," dimer atop the
Bs®~ borozene surface. The neutral Cu,Bg cluster is shown to
consist of two Cu" centers interacting with Bg>~ borozene without
Cu-Cu bonding. The charge transfer interactions between copper
and boron in the bimetallic clusters are similar to those from the
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copper substrate to the first borophene layer suggested to be critical
for the growth of bilayer borophenes on a Cu(111) surface.”

Il. EXPERIMENTAL AND THEORETICAL METHODS
A. Photoelectron spectroscopy

The experiment was performed with a PES apparatus consist-
ing of a laser vaporization supersonic cluster source, a
time-of-flight (TOF) mass spectrometer, and a magnetic-bottle
photoelectron analyzer, details of which can be found elsewhere.''
The Cu,Bg™ cluster was produced by laser ablation of a mixed
Cu-B disk target, prepared from a Cu powder (natural isotopes)
and a ''B-enriched (97%) boron powder. The laser-induced plasma
was quenched by a pulsed helium carrier gas seeded with 5%
argon, initiating nucleation. Clusters formed inside the nozzle were
entrained by the carrier gas and underwent supersonic expansion.
After passing through a skimmer, negatively charged clusters in the
collimated beam were accelerated perpendicularly into the TOF
mass spectrometer. The Cu,Bg™ cluster was mass-selected and
decelerated before crossing with the detachment laser beam. Three
different detachment laser wavelengths were used, including the
193.0 nm (6.424 V) radiation from an ArF excimer laser and the
third harmonics (354.7 nm, 3.496eV) and fourth harmonics
(266.0 nm, 4.661 e¢V) of a Nd:YAG laser. Photoelectrons were col-
lected with over 90% efficiency by the magnetic bottle and analyzed
in a 3.5 m long electron TOF tube. The photoelectron kinetic ener-
gies were calibrated using the known transitions of the Bi~ atomic
anion. The kinetic energy (Ej) resolution (AE,/E,) of the magnetic-
bottle photoelectron analyzer was about 2.5%, that is, ~25 meV for
electrons with 1 eV kinetic energy.

B. Theoretical methods

We performed extensive global minimum (GM) searches for
the Cu,Bg™ anion and the neutral Cu,Bg cluster using the AFFCK
global optimization method,” which involved an intermediate
optimization step with a classical force field. More than 3300
starting geometries were generated for Cu,Bg~ during the GM
search. After the initial optimization at the PBE0/def2svp level,””*
the low-lying isomers were reoptimized and ordered at the
PBEO/aug-cc-pVTZ +ZPE and CCSD(T)/aug-cc-pVTZ//PBEO/
aug-cc-pV'TZ levels of theory as implemented in Gaussian-16.""""
Both doublet and quartet states for Cu,Bg~ were tested for each
generated structure. Similar GM searches were done for Cu,Bg
neutral clusters. Vertical detachment energies (VDEs) and the adia-
batic detachment energy (ADE) for the GM of Cu,Bg~ were calcu-
lated using two approaches: (1) time-dependent DFT (TD-DFT) at
the PBEO/aug-cc-pVTZ level of theory and (2) the more accurate
CCSD(T)/aug-cc-pVTZ method. The first VDE was calculated as
the energy difference between the neutral and anion at optimized
anion geometry. The ADE was computed as the energy difference
between the optimized anion and the optimized neutral starting
from the corresponding anion structure. The inclusion of scalar
relativistic corrections at the PBEO/ZORA-def2-TZVP level, as
implemented in the ORCA package,”* did not change the relative
order of isomers and had negligible effects on calculated VDEs.
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Chemical bonding of Cu,Bg™ and Cu,Bg clusters was analyzed
using molecular orbital (MO) analyses as well as the Adaptive
Natural Density Partitioning (AdNDP) method” as an effective
probe for deciphering bonding in complicated doped clusters®>*”
and other complex systems with electron delocalization.”*””" The
AdNDP algorithm was a generalization of the natural bonding
orbital (NBO) analysis and was based on the diagonalization of the
blocks of the first-order density matrix in the basis of natural
atomic orbitals. The AANDP approach works within the concept of
occupation numbers, such that a reliable bonding picture should
exhibit bond occupancies close to 2.0 (1.0 for one-electron bonds)
and agree with overall electron counting.

Electron Counts (a.u.) &

Ill. RESULTS
A. Experimental results

The photoelectron spectra of Cu,Bg™ at different wavelengths
are shown in Fig. 1. The spectra are well resolved with distinct fea-
tures labeled as X, and A to F. Band X refers to detachment transi-
tion from the ground state of Cu,Bg™ to that of neutral Cu,Bs,
while the bands at higher binding energies represent transitions to
excited states of neutral Cu,Bg. The first VDE of Cu,Bg™ is obtained
from band X as 2.80 eV and the ADE is estimated from the onset
of band X to be 2.65 eV, which also represents the electron affinity
of neutral Cu,Bg. A sharp and intense band A is observed at
3.34¢V in the 266 nm spectrum, which is partially cut off in the
355nm spectrum, followed by a weaker band B at 3.53 V. The
266 nm spectrum also reveals a broader band C at a VDE of
3.88 eV. Two strong bands D (VDE: 4.64 ¢V) and E (VDE: 4.91 eV)
are resolved in the 193 nm spectrum, following an energy gap.
Highly congested spectral features are observed beyond 5eV and
are labeled as F for the sake of discussion. Due to the isotopic dis-
tribution of copper, the mass spectrum is rather congested and
contaminations are observed, as indicated by weak features labeled
by asterisks at low binding energies in Fig. 1. The most likely con-
taminant around the mass of Cu,Bg~ was CusB,” because of the
isotopic distributions of Cu even though ''B-enriched boron was
used. The binding energies of all the observed spectral features are
given in Table S1”* in comparison to the TD-DFT results. 0 1 2 3 4 5 6

Binding Energy (eV)

Electron Counts (a.u.) ©

Electron Counts (a.u.) &

B. Theoretical results

1. Global minimum search for the Cu;Bg™ anion FIG. 1. Photoelectron spectra of Cu,Bg™ at (a) 354.7nm (3.496¢eV), (b)
The structures found within 20keal/mol of the global 266.0 nm (4.661eV), and (c) 193.0 nm (6.424 eV). The weak features labeled

. o ; with * are due to contaminations.
minimum are shown in Fig. 2. According to both PBEO and CCSD
(T), the GM of Cu,Bs™ is a C, (*A’) structure composed of a Bg
wheel and a Cu, dimer atop the boron plane. The B-B distances in
the Bg motif are 1.55-1.54 A for the periphery and 1.79 A for radial ~ the Cu atoms and the B atoms are between 2.13-2.19 A, longer

bonds, almost identical to those in bare Dy, doubly aromatic B>~ than a single Cu-B bond distance based on the atomic covalent
borozene.” These structural parameters suggest that there must be radii of Pyykko (1.97 A).”" This observation again is consistent
significant charge transfer from Cu, to the By moiety to fulfill its with relatively weak interactions between Cu, and the Bg moiety.

double aromaticity. The computed Cu-Cu distance in Cu,Bg™ is The nearest low-lying isomer of Cu,Bg~ (Isol) has an inverse

2.42 A, much longer than the calculated Cu-Cu distance of 2.22 A sandwich structure, which is 10.6 kcal/mol higher in energy at the
for isolated Cu,. However, the Cu—Cu distance in Cu,Bg™ is similar PBEO level and 5.1 kcal/mol higher at the CCSD(T) level above the

to that of 2.46 A in Cu,", suggesting that one electron is transferred GM. Iso2 and Iso3 both involve a quasi-planar By interacting with
from the Cu, dimer to Bg in Cu,Bg~, which can be viewed as a two separated Cu atoms, whereas Iso4 features a three-dimensional
[Cu,*]-borozene complex, [Cu,*][ Bg®~]. The distances between (3D) Bg motif interacting with a Cu, dimer.
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Iso2 A, C,)  Iso3 (A", C,) lso4 (A, C,)
15.8 17.1 17.4
[18.0] [18.8] [23.2]

FIG. 2. Global minimum and low-lying isomers of Cu,Bg™ and their relative energies in kcal/mol at PBEO/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ/PBEO/aug-cc-pVTZ
(in brackets) levels. The Cartesian coordinates of these structures are given in Table S2 (Ref. 74).

2. Global minimum search for the Cu,Bg neutral
cluster

Removing the extra electron from the GM of Cu,Bg~ leads to a
large increase in the Cu—Cu distance (2.58 A) in the neutral Cu,Bg
final state (FS in Fig. 3), suggesting that there is no formal Cu-Cu
bond. Global minimum searches reveal that the GM of Cu,Bg, in
fact, involves a Bg wheel with two separated Cu atoms, one above the
boron plane and another bonded to the edge (GM in Fig. 3). Isol,
which is also more stable than FS, features two separated Cu atoms,
one above and one below the Bg plane. Iso2 and Iso3, which are
higher in energy than the FS, both feature 3D Bg motifs. The three
lowest-lying isomers of neutral Cu,Bg (FS, GM, and Isol) are close
in energy and all consist of the Bg wheel interacting with two sepa-
rated Cu atoms, suggesting the high stability of the borozene motif.

IV. DISCUSSION
A. Comparison between experiment and theory

We have analyzed the MOs (Fig. S1)* and computed the
VDEs for the GM of Cu,Bg~ to help interpret the photoelectron

.

spectra. The first detachment channel (X) is from the 21a’ singly
occupied MO (SOMO), which is a Cu-Cu bonding orbital primar-
ily composed of Cu 4s atomic orbitals (AOs). The calculated VDE
of 2.75 eV at the CCSD(T) level is in excellent agreement with the
experimental value of 2.80 eV, as shown in Table I. The computed
ADE of 2.45 eV is also consistent with the experimental estimate of
2.65 eV. The removal of the Cu-Cu bonding electron in the anion
leads to a large increase in the Cu—Cu distance in the final state (FS
in Fig. 3), consistent with the relatively broad PES peak X and the
large difference between the ADE and VDE. The ground state band
X was not better resolved even in the 355 nm spectrum [Fig. 1(a)]
because it should contain broad low-frequency Cu-Cu stretching
vibrational progression with a computed frequency of 119.29 cm™",
significantly reduced relative to that in the Cu,Bg~ anion
(179.40 cm™"). Electron detachment from the HOMO (11a”)
(Fig. S1)”* results in two detachment channels, >A” and 'A”, with
computed VDEs of 3.37 and 3.46 eV at the CCSD(T) level, in excel-
lent agreement with the measured VDEs for A and B bands,
respectively, as seen in Table I. The relative intensities of A and B
bands agree well with the spin multiplicities of the *A” and 'A”

FS ('A, C)) GM ('A, C,) Iso1 ('A, C,) Iso2 ('A’, C,) Iso3 (1A', C)
0.0 1.4 05 3.4 5.8
[0.0] [-1.3] [-0.3] 6.7] 18.4]

FIG. 3. Global minimum and low-lying isomers of Cu,Bg and their relative energies in kcal/mol at PBEO/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ/PBEO/aug-cc-pVTZ
(in brackets) levels. Note the GM of neutral Cu,Bs is different from that of the anion (Fig. 2). The Cartesian coordinates of these structures are given in Table S3 (Ref. 74).
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TABLE |. Comparison of the experimental ADE and VDEs of Cu,Bg~ with calcu-
lated values at the CCSD(T)/aug-cc-pVTZ level of theory for the GM Cq (%A') struc-
ture. All energies are in eV.

VDE/ADE Final state and electron VDE/ADE
(exp.)” configuration (theo)

X 2.80/2.65 TA" {...(20a))*(11a")*(21a)%} 2.75/2.45
A 3.34 3A” {...(202)%(11a") ' (212") 1} 3.37
B 3.53 TA” {...(20a)*(11a")' (21a)"} 3.46
C 3.88 3AY{...(202) (112")*(212")"} 3.91

*The experimental uncertainty was estimated to be +0.03 eV.

final states. Electron detachment from the HOMO-1 (20a") gives
rise to two final states, A’ and 'A’. The computed VDE for the S\
state of 3.91eV at the CCSD(T) level agrees well with band C at
3.88 eV. Unfortunately, the CCSD(T) method cannot be used to
compute the VDE of the 'A’ excited state because it has the same
symmetry as the ground state. The calculations of higher VDEs
within the CCSD(T) formalism can be done by swapping LUMO
and HOMO-# in a neutral system, which result in SCF convergence
to excited electronic states. However, swapping of LUMO and
HOMO-n that are of the same symmetry does not change the
overall wavefunction symmetry and results in convergence to the
same lowest energy state corresponding to this specific wavefunc-
tion symmetry. For same symmetry reasons, the CCST(T) method
cannot be used to compute the VDEs of any higher detachment
channels. The CCSD(T) VDE:s are also compared with the 266 nm
spectrum in Fig. 4.

Therefore, we used the TD-DFT approach to compute all the
VDEs up to the binding energies probed at 193 nm, as given in

S
s
§2]
5| GM(A, C)
O
C
o
©
o
L
0 1 2 3 4

Binding Energy (eV)

FIG. 4. Comparison of the computed VDEs with the photoelectron spectrum of
Cu,Bg™ at 266 nm. The vertical bars correspond to computed VDEs at the
CCSD(T)/aug-cc-pVTZ level of theory. The longer and shorter bars correspond
to transitions to triplet and singlet final states, respectively (see Table ).
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GM (A, C))

Electron Counts (a.u.)

Binding Energy (eV)

FIG. 5. Comparison of the computed VDEs with the photoelectron spectrum of
Cu,Bg™ at 193 nm. The vertical bars correspond to computed VDEs at the
TD-DFT level of theory [see Table S1 (Ref. 74)].

Table S17* and shown in Fig. 5. DFT is not a truly ab initio method
since its exchange-correlation part is usually empirically fitted.
Among a plethora of DFT exchange-correlation functionals, we
used PBEO, which is a time-proven DFT functional for doped
boron clusters. The PBEO functional does not contain empirical
parameters and its exchange-correlation part is fitted using funda-
mental constants only. Even though the TD-DFT results are less
accurate than those from CCSD(T), they give qualitative under-
standing of high binding energy PES features. As seen from MOs
in Fig. S1,”* the HOMO, HOMO-1 to HOMO-3 involve © or ¢
bonding in the By motif with minor contributions from Cu 3d
AOs, corresponding to the discrete PES features observed between
3 and 5eV. The HOMO-4 to HOMO-13 are basically nonbonding
Cu 3d AOs, which should give rise to congested spectral features,
in agreement with the almost continuous PES signals beyond 5 eV.
The excellent agreement between the CCSD(T) results and the
experimental data and the good agreement between the TD-DFT
results and the overall spectral pattern provide unequivocal confir-
mation for the GM of Cu,Bg™.

B. Chemical bonding in Cu,Bg:Cu,* on the Bg>
borozene surface

Compared to MO analyses displayed in Fig. S1,”* the overall
bonding picture in Cu,Bg™ is recovered better via the AANDP anal-
ysis, as shown in Fig. 6. Because of the nonbonding nature of the
Cu 3d' AOs (Fig. S1),”* each Cu atom in Cu,Bg~ contains five 3d
lone pairs represented as lc-2e bonds, which are omitted from
Fig. 6 (see Fig. S2).”* The AANDP analysis revealed a 2c-le Cu-Cu
6 bond (bond order=%) and seven 2c-2e B-B ¢ bonds on the
periphery of the Bg motif [Fig. 6(a)], three 8c-2e delocalized o
bonds on the Bg wheel [Fig. 6(b)], and three 10c-2e delocalized n
bonds [Fig. 6(c)], which are mainly centered on the Bg wheel. It is
known that the neutral Bg cluster has a triplet ground state with
two unpaired electrons occupying two degenerate 1 MOs.”” Adding
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7 x 2c-2e o-bonds
ONs =1.92

2c-1e o-bond
b) ON =0.99

Y

3 x 8c-2e o-bonds
ONs =2.00

3 x 10c-2e 1-bonds
ONs =2.00

FIG. 6. AdNDP bonding analysis for Cu,Bg™. (a) The 2c-1e Cu-Cu o-bond and
seven 2c-2e B-B o-bonds. (b) Three 8c-2e delocalized o-bonds. (c) Three
10c-2e m-aromatic bonds. ON stands for occupation number. Note the ten Cu
3d 1c-2e lone pairs are omitted.

two electrons to Bg results in the closed-shell Bg>~ species with six
delocalized o electrons and six delocalized 7 electrons, both satisfy-
ing the 4N+2 Hiickel rule for aromaticity. The doubly (c and )
aromatic Bg>~ is known as borozene.”” The double ¢ and © aroma-
ticity in the Bg>~ motif, manifested by three delocalized ¢ and =
bonds, is maintained in Cu,Bs™. A charge is transferred from Cu,
to the Bg motif to fulfill the double aromaticity of Bg>~ borozene,"’
while reducing the bond order on the Cu, dimer.

It is important to note that there is no direct Cu-B covalent
bonding, indicating that the two Cu atoms interact with the Bg
motif primarily via ionic bonding, and thus, the Cu,Bg™ cluster can
be viewed as a [Cu,"][Bg*] borozene complex. Although we
include the two Cu atoms in the AANDP results for the delocalized
n bonds, their contributions to the occupation numbers are quite
small, ~10%. The weak Cu,-Bg © bonding can be glimpsed in the
HOMO-1 (20a") (Fig. S1).”* The bonding in the Cu,Bg™ cluster is
reminiscent of the lanthanide-borozene complexes, [Ln*][Bs>],*°
as well as that in the [M,]**[Bs>] clusters (M = Mg or group IIB
elements), which were investigated computationally.55 =7 In [M,]?
*[Bg>"] clusters, the Bg motif withdraws two s-electrons from the
M, dimer to fulfill the double aromaticity of the By~ borozene. A
key feature of these metals is their low electronegativity, which
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7 x 2c-2e o-bonds
ONs = 1.88-1.94

3 x 8c-2e o-bonds
ONs =2.00

3 x 10c-2e m-bonds
ONs =2.00

FIG. 7. AdNDP bonding analysis for the final state of Cu,Bg upon electron
detachment from the GM of the anion. (a) Seven 2c-2e B-B o-bonds. (b) Three
8c-2e c-aromatic bonds. (c) Three 10c-2e m-aromatic bonds. ON stands for
occupation number. Note that the ten Cu 3d 1c-2e lone pairs are omitted.

facilitates charge transfer to Bg and is critical to maintain the
doubly aromatic Bg®>~ borozene. Strong covalent interactions
between the heteroatom and boron would distort the Bg wheel
structure, such as in H,Bg~ or Bg(BO), ,”””” where the By motif is
elongated to a double chain structure to favor the formation of two
terminal B-H or B-BO bonds, respectively.

The NBO analysis reveals that that the Cu, unit carries a posi-
tive charge of +0.5 |e| while that on the Bg fragment is —1.5 |e],
consistent with [Cu,]*[Bs>7] formulation. From a quantitative
point of view, this indicates that a copper dimer donates 0.5 |e| to
the boron wheel within the NBO scheme. In a discrete formalism,
as provided by AANDP, one of the two s-electrons is withdrawn
from the Cu, dimer to fulfill the aromatic condition of the Bg>~
borozene.

According to the recent synthesis of bilayer borophenes on a
copper substrate,”* there is significant charge transfer from the
copper substrate to the first layer of borophene, which is critical for
the ordered nucleation of the second boron layer and key for the
formation of bilayer borophenes. Similar charge transfer from Cu
to boron is also manifested in the Cu,Bg~ bimetallic cluster.
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C. Chemical bonding in Cu;Bg:Cu atoms on the
borozene surface

The removal of the Cu-Cu bonding electron in the SOMO of
Cu,Bg™ leads to a large increase in the Cu-Cu bond length in the
final state of Cu,Bg (FS in Fig. 3) and destroys the %2 Cu-Cu o
bond, as shown in the AANDP analysis in Fig. 7. The Cu,Bg cluster
can be viewed as two Cu" centers interacting ionically with the
doubly aromatic Bg>~ borozene, ie., [Cu'ly[Bg*"]. The large
Coulomb repulsion due to the proximity of the two Cu” centers in
the final state of Cu,Bg explains why it is not the global minimum
on the potential energy surface of the neutral system. Both the GM
and Isol of Cu,Bg, which are slightly lower in energy, consist of
two separated copper atoms interacting with the Bg motif, as
shown in Fig. 3. The AANDP bonding analysis confirms that the
GM of Cu,Bg is also composed of two Cu™ centers interacting with
a doubly aromatic Bg”~ borozene, as shown in Fig. $3.”* It should
be noted that the first three structures of neutral Cu,Bg (FS, GM,
and Isol in Fig. 3) are all close in energy [within 1.3 kcal/mol of
each other at the CCSD(T) level], consistent with ionic interactions
between the two Cu" centers and the borozene surface. In the GM
of Cu,Bg, the n®-Cu® center enjoys optimal interactions with the
borozene, whereas in Isol the two Cu" centers are positioned as far
as possible.

V. CONCLUSIONS

We report an investigation on the structures and bonding of
the Cu,Bg~ bimetallic cluster using photoelectron spectroscopy and
quantum chemical calculations. The global minimum of Cu,Bg”
was found to be a Bg wheel with a Cu, dimer atop the boron plane.
The copper dimer donates one electron to the Bg motif to fulfill
double aromaticity of the Bg*~ borozene, whereas the Cu, dimer
becomes Cu," with a one-electron Cu-Cu bond. The copper dimer
is not involved in direct covalent bonding with boron and is weakly
bonded to the Bg motif via ionic interactions, forming a Cu," boro-
zene complex, [Cu,*][Bg>"]. The removal of the extra electron in
the anion results in a neutral Cu,Bg cluster, which contains no Cu-
Cu bonding. Instead, the global minimum and low-lying isomers of
Cu,Bg consist of two Cu" centers interacting with the doubly aro-
matic Bg>~ borozene. The current results not only confirm again
the high stability of the doubly aromatic Bg*~ borozene, but also
provide insight into how copper interacts with boron surfaces,
which is critical to understand copper as an important substrate for
the growth of borophenes.
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