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Borophenes, a new class of synthetic 2D nanomaterials, are usually grown on coinage metal surfaces because of
the weak boron-metal bonding. Coinage metal and boron binary clusters provide ideal systems to examine the
bonding and interactions between coinage metals and boron, which are important to understand and control the
growth of borophenes. Here we report a photoelectron spectroscopy and quantum chemical investigation on a
series of di-copper boride clusters, CusBy (x = 5-7). Vibrationally resolved photoelectron spectra are measured
for the binary cupper-boron clusters and are combined with quantum calculations to probe their structures and
bonding. We find that all three clusters exhibit elongated ribbon-like structures consisting of a double-chain B,
motif and two terminal Cu-B covalent bonds, similar to the corresponding di-hydride (H2By) and di-auride
(AugBy) clusters. The surprising covalent bonds between Cu and boron in these clusters are shown to be
dictated by the high stability of the double-chain B, motifs in this size range, whereas ionic bonding between Cu
and boron is expected to take place in larger boron motifs.

1. Introduction

Boron forms a variety of bulk allotropes consisting of different cage
structures due to its electron deficiency [1-3]. However, there is no
boron allotrope with a graphite-like layered structure consisting of
hexagonal units. Density function theory (DFT) calculations suggested
that a planar boron monolayer could be formed out of a triangular boron
lattice with hexagonal vacancies [4,5]. Different from bulk boron,
size-selected boron clusters have been found to possess planar structures
through joint experimental and theoretical studies, in particular,
photoelectron spectroscopy (PES) [6-11]. Planar boron clusters usually
consist of B3 triangles interspersed with tetragonal, pentagonal or hex-
agonal vacancies [8-10,12-16]. The structures of planar boron clusters
are stabilized by two-center two-electron (2c-2e) B-B ¢ bonds on the
periphery and delocalized nc-2e ¢ and n bonds over the plane of the
clusters [17-19]. The discovery of the Cg, B3¢ cluster with a central
hexagonal vacancy provided the first experimental evidence for a
graphene-like boron sheet (borophene) [20]. The B35 cluster was further
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found to possess a planar structure with a double hexagonal vacancy, a
more flexible building block for borophenes [21]. Subsequently, bor-
ophenes were successfully synthesized on metal substrates [22,23],
becoming a new class of synthetic 2D materials with novel properties
[24,25]. The discovery of the B4 cage cluster marks the first all-boron
fullerene (borospherene) [26]. Even though Bgg was first suggested to
have a fullerene-like cage structure [27], further calculations showed
that the cage structure was a much higher energy isomer [28,29].
Recently, the Byg cluster has been found to be the first bilayer boron
clusters [30,31], laying the foundation for bilayer borophenes which
have also been synthesized subsequently on coinage metal substrates
[32,33]. Theoretical analyses revealed that charge transfer from the Cu
substrate to the first layer of boron played an important role in the
stabilization of the second layer of borophene [32]. Thus, it is essential
to investigate the interactions between boron and the metal substrate at
the atomic level, in order to understand and control the growth of
borophene materials.

There has been significant research on metal-doped boron clusters to
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study the interactions between metal atoms and boron motifs over the
last two decades using PES and computational chemistry [10,34,35].
Investigations on transition-metal-doped boron clusters revealed a wide
variety of structures including metal-centered molecular wheels
[36-38], metallo-boronanotubes [39-41], and metallo-borophenes [34,
42,43]. For small boron clusters, B;, Bg, and Bg were found to possess
interesting planar structures consisting of a central B atom coordinated
hyper-valently by a monocyclic boron ring [17,44]. The closed-shell By
cluster has a highly symmetric Dg}, structure with ¢ and z double
aromaticity [17,45], which inspired the design and discovery of a series
of metal-centered borometallic molecular wheels [36-38]. The
closed-shell B3~ and B~ species, which are also doubly aromatic, were
found in various metal-doped boron clusters and even boron oxide
clusters due to their high stability derived from double aromaticity
[46-49]. More interestingly, the structure and bonding in B3~, B3, By
were found to be similar to that in the prototypical hydrocarbons CsHs,
CeHg and C;H7 in a recent investigation on a series of LnBg lanthanide
clusters, leading to the proposal of “borozene” for this series of
wheel-like boron clusters [50]. Recent studies on BiBg and AuBg pro-
vided new examples for the high stability of borozenes [51,52].

On the other hand, multi-metal boron clusters or coinage boron
clusters have been less explored. Di-lanthanide boron clusters LnyBy (x
= 7-9) were found to have inverse-sandwich structures with a mono-
cyclic boron ring [53,54], whereas di-gold AuBY ™ (x = 3,6,7) and
di-bismuth Bing/ ~ (x = 2—4) species were found to consist of
double-chain boron motifs with two terminal metal atoms [55-58]. A
theoretical study on di-phosphorus boron clusters found similar
double-chain structures [59]. Di-tantalum boron clusters TasBy (x =
2—5) were shown to contain a Tay dimer surrounded by boron atoms
[60], leading to the highly symmetric inverse sandwich Dgp, TasBg [61].
Theoretical studies suggested that several other transition metal MyBg
clusters may also have inverse-sandwich-type structures [35], while
MyBg (M = Mg, Zn, Cd, and Hg) species were predicted to be Ma-bor-
ozene complexes [62-64]. Our recent study on CuyBg showed a unique
structure consisting of a Cu dimer interacting with the B~ borozene
[65]. The Cu—Cu bond length is similar to that of bare Cuj and further
bonding analyses revealed that CuyBg can be viewed as a Cug-borozene
complex, the charge transfer from copper to boron in CuyBg is similar to
that in the growth of bilayer borophene on copper substrate, where
charge transfer from the copper substrate to the first layer of borophene
is critical to stabilize the structure [32].

Copper-boron binary clusters (Cu,B, ) are ideal models to understand
the interaction between boron and copper. In the current work, we
report a joint PES and quantum chemical study on the CuyBy (x = 5-7)
clusters. Well-resolved photoelectron spectra are obtained at different
detachment photon energies and are used to compare with theoretical
results to investigate the structures and bonding of the di-copper boron
clusters. Different from CuyBg, these smaller clusters all possess struc-
tures consisting of a double-chain boron motif with one copper atom
covalently bonded to a boron atom on each end at the apex positions,
similar to what has been observed previously in the corresponding di-
gold boron clusters [55,56].

2. Experimental and theoretical methods
2.1. Experimental method

The experiment was carried out using a PES apparatus equipped with
a laser vaporization cluster source, a time-of-flight (TOF) mass spec-
trometer, and a magnetic-bottle photoelectron analyzer, details of which
can be found elsewhere [9,66]. The CuyBy clusters were produced by
laser vaporization of a hot-pressed Cu/!'B disk target prepared using
natural isotopic Cu powder and 97% !!B-enriched boron powder. The
clusters formed inside a large-waiting-room nozzle were entrained by a
He carrier gas seeded with 5% Ar and underwent a supersonic expan-
sion. After passing through a skimmer, negatively charged clusters from
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Fig. 1. The photoelectron spectra of CuyBs at (a) 355 nm (3.496 eV), (b) 266
nm (4.661 eV), and (c) 193 nm (6.424 eV).

the collimated beam were extracted perpendicularly into the TOF mass
spectrometer. The CusBy (x = 5-7) clusters of interest were
mass-selected and decelerated before photodetachment. Three different
photon energies were used in the experiment: 355 nm (3.496 eV) and
266 nm (4.661 eV) from a Nd:YAG laser, and 193 nm (6.424 eV) from an
ArF excimer laser. Photoelectrons were collected by the magnetic bottle
and analyzed using a 3.5-m-long TOF tube. The photoelectron kinetic
energies were calibrated using the known transitions of the Bi~ atomic
anion. The kinetic energy (Ey) resolution (AEy/Ey) of our PES apparatus
was around 2.5%, i.e., ~25 meV for electrons with 1 eV kinetic energy.

2.2. Theoretical method

Global minimum (GM) searches were performed by using the AFFCK
global optimization method [67]. At least 1000 random structures were
generated for each stoichiometry. Both singlet and triplet states for
structures with an even number of electrons, doublet and quartet states
for structures with an odd number of electrons were tested for each
cluster. The generated structures were initially optimized at the
PBEO/LANL2DZ level of theory [68,69] with the Hay-Wadt
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Table 1
The measured VDEs of CuyBs compared with theoretical results of the GM
structure at the PBEO/aug-cc-pVTZ level of theory. All energies are in eV.

Final state and electron configuration VDE VDE
(exp)” (theo)

X 2A{.. 2.32 2.15
(10b)%(112)2(12a)*(11b)%(12b)%(13a)2(13b)*(14a)' }

A 2B{.. 3.59 3.60
(10b)4(112)%(122)%(11b)(12b)%(13a)%(13b)' (14a)?}

B 2A{... 4.15 4.13
(10b)2(11a)%(12a)%(11b)(12b)%(13a)' (13b)?(14a)%}
2B{... 4.21
(10b)%(112)%(122)%(11b)%(12b)*(13a)%(13b)%(14a)?}

c ZB{.. 4.59 4.56
(10b)2(112)%(12a)%(11b)*(12b)%(13a)*(13b)%(14a)?}
A4 ... 4.7
(10b)%(112)%(12a)" (11b)%(12b)*(132)?(13b)?(14a)}

D 2A{.. ~5.6 5.3
(10b)%(11a)'(122)%(11b)2(12b)*(13a)*(13b)?(14a)?}
2B{... 5.3

(10b)*(112)%(12a)%(11b)%(12b)*(132)%(13b)?(14a)}

# The uncertainty of the VDEs was +0.02 eV.

pseudopotential applied to the Cu atoms [70]. Then, low-lying isomers
were reoptimized and harmonic frequencies were calculated at the
PBEO/aug-cc-pVTZ level of theory [71,72], as implemented in
Gaussian-16 [73]. All low-lying isomers within the energy range of
10-15 kcal/mol above the GM were ordered according to energies ob-
tained at the CCSD(T)/aug-cc-pVTZ//PBEQO/aug-cc-pVTZ level of theory
with zero-point energy correction for each stoichiometry. The
one-determinant character of the GM wave functions was examined by
the wave function stability test (stable = opt) [74].

The first vertical detachment energy (VDE;) was calculated as the
energy difference between a neutral and the corresponding anion both at
the anion geometry optimized at the CCSD(T)/aug-cc-pVTZ level of
theory. Higher VDEs for the GM structure and some low-lying isomers
were calculated by using two approaches: (1) time-dependent DFT (TD-
DFT) at the PBEQ/aug-cc-pVTZ level of theory, and (2) ACCSD(T)/aug-
cc-pVTZ. The adiabatic detachment energy (ADE) for the GM structure
was calculated as the energy difference between the optimized anion
and the optimized neutral structure started from the corresponding
anion. Although spin-orbit effects were not treated explicitly in the
present work, the good agreement between the theoretical VDEs with
the experimental spectra, as well as previous works that used similar
algorithms [51,65] allowed us to justify the chosen approach.

Chemical bonding was analyzed using the Adaptive Natural Density
Partitioning (AANDP) algorithm implemented in AANDP 2.0 as a time-
proven probe for deciphering delocalized bonding in complex clusters
[75,76]. This method is based on the idea that an electron pair is the
main element of chemical bonding models. The AANDP algorithm re-
covers both classical Lewis bonds (i.e., 1c-2e lone-pairs and 2c-2e bonds)
and delocalized bonds. The latter naturally introduces the concepts of
aromaticity and antiaromaticity [77]. In the current work, the AANDP
analyses were done at the PBEQO/aug-cc-pVTZ level of theory.

3. Experimental and theoretical results
3.1. Experimental results

The photoelectron spectra of CuyB, were measured at three wave-
lengths, as shown in Fig. 1—3 for x = 5—7, respectively. From the single-
particle approximation, the detachment features (labeled as X, A, B, ...)
come from electron detachment from valence molecular orbitals (MOs)
of the GM structure of each CuyBx cluster and the binding energies
observed represent the negative of the orbital energies based on the
Kooppmans’ theorem. Spectroscopically, these features represent elec-
tron detachment transitions from the ground state of the anion to the
ground (X) and excited (A, B, ...) states of the corresponding neutral
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Fig. 2. The photoelectron spectra of CuyBg at (a) 355 nm, (b) 266 nm, and (c)
193 nm.

CuyBy clusters. The 193 nm spectra reveal more detachment transitions
while the spectra taken at lower photon energies generally have better
spectral resolution. The VDE of each detachment transition is measured
from the band maximum, while the ADE is estimated by drawing a
straight line at the leading edge of the detachment transition and then
adding the instrumental resolution to the intercept with the binding
energy axis. The ADE is usually only measured for the ground state
transition (X), which also represents the electron affinity (EA) of the
corresponding neutral CuyB, cluster.

3.1.1. CusB:

The PES features of CuyBs are relatively well resolved (Fig. 1). The
355 nm spectrum (Fig. 1a) displays one detachment band (X) centered at
2.32 eV, while its ADE is estimated to be 2.20 eV, i.e. the EA of CusBs. At
266 nm (Fig. 1b), two broad bands (A and B) are observed with VDEs of
3.59 eV and 4.15 eV, respectively, following a large energy gap from
band X. Band A appears to contain partially resolved vibrational struc-
tures. The 193 nm spectrum (Fig. 1c) reveals a well-resolved band C at
4.59 eV, followed by congested spectral features beyond 5 eV. A label
(D) is given for the sake of discussion. The observed VDE:s for all the PES
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Table 2
The measured VDEs of CuyBg compared with theoretical results of the GM structure at the PBEO/aug-cc-pVTZ level of theory. All energies are in eV.
Final state and electron configuration VDE" (exp) VDE (theo)
X 1Ag { ... (729)*(2a4)(7b,)*(2bg)*(8b,)(8ay)*(3a,)*(3bg)*(4a,)*(9a,)*(9b,)*(10a,)*(10b,)*(11a,) (4by)°} 2.49 2.67
A 3By { ... (72)%(22,)%(7b,)*(2by)(8b,)*(82,)*(32,)*(3by)*(4a,)(924)%(9b,)*(102,)(10b,)*(11a,)" (4by) ' } 3.03 2.93
'Bg { ... (7a5)*(2a,)*(7b,)*(2bg)*(8b,)*(8ag)*(3au) *(3bg)*(4a,)*(9a5)*(9b,)*(10a5)*(10b,)*(11ag) (4bg) '} 3.16
B 3Au{ ... (7ag)*(2a,)*(7by)*(2by)*(8b,)*(8ag)*(3a4) (3by) (4a,)*(925)*(9b,)*(10a-)*(10b,) ' (11a,)*(4by) ' 3.58 3.55
C Ay { ... (7ag)*(2a,)*(7b,)%(2by)*(8b,)(8ag)*(3a,)*(3bg)*(42,)*(925)2(9b,)*(10a,)*(10b,) " (11a5)*(4by) 3.84 3.94
D 3By { ... (725)%(2a,)°(7by)*(2bg)*(8b,)*(8ag)*(3a,)*(3bg)*(4au)*(9ag)' (9b,)*(10ag)*(10b,)*(11ag)(4bg) 4.29 4.25
E 3Au{ ... (7a9)*(2a,)*(7by)*(2by)*(8b,)*(8a5)*(3a4) (3bg)*(4a,)*(925)*(9by)' (10a5)%(10b,)*(11a5)*(4bg) ' 4.41 4.41
3By { ... (725)%(22,)%(7by)*(2bg)(8b,)(82,)*(32,)%(3by)*(4au)(925)%(9b,)*(10a,)! (10b,)*(1125)*(4by) ' 4.43
F 3By { ... (725)%(2a,)%(7b,)%(2by)*(8b,)*(8a5)(3a,)*(3by) (4a,)" (925)*(9b,)*(10a5)*(10b,)*(11a,)%(4by) ' 4.62 4.63
'Bg { ... (7a5)*(2a,)*(7b,)*(2bg)*(8b,)*(8a5)*(3au) *(3bg)*(4ay)*(9a)*(9b,)*(10ag)! (10b,)*(11ag)*(4bg) ' 4.68
G Ay { ... (7ag)*(2a,)%(7b,)%(2by)*(8b,)*(8ag)*(3a,)%(3bg) *(42,)%(924)%(9b,,) ' (1024)%(10b,)*(11a,)%(4by) ' 4.79 4.77
!By { ... (7ag)*(2a4)(7b,)*(2bg)*(8b,)*(8a,)*(3a,)(3bg)(4a,)*(925)" (9b,)%(10a)*(10b,)*(11a,)*(4by) '+ 478
"By { ... (725)*(2a,)°(7by)*(2bg)*(8by)*(8ag)*(3a,)(3bg)*(4ay)' (9a5)*(9b,)*(10ag)*(10b,)*(11ag)*(4bg) '} 5.17
H 3By { ... (729)%(22,)%(7b,)%(2by)%(8b,)%(8a,)" (3a,)%(3bg)(4a,)%(9a,)*(9b,)%(10a,)*(10b,)*(11a,)*(4by) '} ~5.9 5.48
A4 { ... (7ag)*(2a,)%(7b,)*(2bg)(8b,,)" (8a,)*(3a,)*(3bg)*(42,)%(9a5)*(9b,)%(10a,)*(10b,)*(11a,)*(4by) '+ 5.48
3Bu{ ... (7a5)*(2a,)*(7by)*(2bg)*(8by)*(8a5)*(3au)' (3bg)(4au)*(9a,)*(9by)*(10a5)*(10b,)*(11ag)*(4bg) '} 5.48
%Ag { ... (729)*(22,)*(7b,)*(2b)*(8b,)*(8a)*(3a,)*(3bg) ! (4a,)*(925)*(9b,)*(10a5)*(10b,)*(11a5)*(4bg) ' } 5.48
TAg £ ... (729)%(22,)%(7b,)%(2by)*(8b,)?(8a5)(32,)%(3by) (4a,)%(924)%(9b,)*(10a,)*(10b,)*(112a5)*(4by) ' 5.57
!By { ... (7ag)*(2a,)(7b,)*(2bg)*(8b,)*(8ag)" (3a,)%(3bs)*(4a,)*(9a,)*(9b,)%(10a,)*(10b,)*(11a,)*(4by) '+ 5.57
1By { ... (7a9)*(2a)*(7by)?(2bg)%(8bw)*(8a,)*(3a4) ' (3bg)*(4a,)*(925)*(9b,)*(10ag)*(10b,) (1 1a,)%(4by) ' 5.58
Ay { ... (7ag)*(2a,)%(7b,)%(2by)*(8b,) " (825)(32,)%(3by)*(4a,)*(925)*(9b,)*(10a4)%(10b,)*(11a,)%(4by) ' 5.58
3Ag { ... (7ag)*(2a,)*(7b,)*(2by)" (8b,)*(8a5)*(3a,)%(3by)*(4a,)*(925)*(9b,)*(10a5)*(10b,)*(11a,)*(4by) 5.63
Bu{ ... (7ag)*(2a,) (7b,)*(2bg)*(8by)*(8a)*(3a,)*(3bg) (4au)*(9a5)*(9by)*(10ag)*(10b,)*(11ag)*(4bg) '} 5.71
3AuA{ ... (7a9)*(2a,)*(7by,)" (2by)*(8b,)*(8as)*(3a,)%(3bg)*(4a,)*(924)*(9b,)*(10a,)*(10b,)*(11a)*(4bg) ' 5.82
3By { ... (7a)'(2a)%(7b,)*(2bg)%(8b,)*(8ay)*(3a,)%(3bg)(4a,)*(9a,)*(9b,)%(10a,)*(10b,)*(11a,)*(4by) '} 5.91
TAuA{ .. (7ag)*(2a,)*(7by)' (2bg)*(8b,)*(8a,)*(3a,)°(3bg)*(4a,)*(925)*(9by)*(10a5)*(10b,) *(11a5)*(4bg) ' 5.93
By { ... (7a)' (2a,)*(7b,)*(2by)*(8b,,)*(8a4)*(3a,)*(3by)*(4a,)*(9a,)(9b,)*(10a,)*(10b,)*(11a5)*(4by) ' 6.03
TAg £ ... (729)%(22,)%(7b,)%(2bg)" (8b,)*(82,)*(32,)%(3by)*(4au)*(924)%(9b,)*(10a,)*(10b,)*(112a5)*(4by) ' 6.20
"By { ... (7ag)*(2a,)" (7b,)*(2bg)*(8b,)*(8ag)*(3au)*(3bg) *(4ay)*(9ag)*(9by)*(10ag)*(10b,)*(11ag)*(4bg) '} 6.33

# The uncertainty of the VDEs was +0.02 eV.

bands are summarized in Table 1, where they are compared with
theoretical results (vide infra).

3.1.2. CusBg

The photoelectron spectra of CuyBg (Fig. 2) are more complicated
due to its open shall nature, but still well resolved. Two PES bands (X
and A) are observed at 355 nm (Fig. 2a). A short vibrational progression
is resolved for band X with an average spacing of 1330 (50) cm’l; its
VDE is measured to be 2.49 eV and its ADE or the EA of neutral Cu,Bg is
estimated.

To be 2.30 eV. Band A is centered at 3.03 eV with a relatively broad
width due to excitation of low frequency vibrations. In the 266 nm
spectrum (Fig. 2b), the vibrational progression of band X is again well
resolved. In addition, two closely-spaced bands B and C are observed at
3.58 eV and 3.84 eV, respectively. Two more closely-spaced bands D and
E are observed near the detachment threshold at 4.29 eV and 4.41 eV,
respectively. The 193 nm spectrum (Fig. 2c) shows that the spectral
features become congested beyond 4 eV. Two intense bands F and G are
observed at 4.62 eV and 4.79 eV, respectively. The broad features in the
high binding energy side are tentatively labeled as H. All the observed
features and their VDEs are given in Table 2 and compared with theo-
retical results.

3.1.3. CusB;

The photoelectron spectra of CupB; (Fig. 3) are also congested, but
the spectral features are relatively sharp and well resolved, indicating
that its structure is stable and rigid with minor geometry changes upon
electron detachment. In the 355 nm spectrum (Fig. 3a), the ground state
band X at 3.09 eV is observed to contain vibrational features of two
modes with spacings of 690 (30) cm ! and 1370 (40) cm~ L. The ADE of
band X or the EA of CuyB7 is measured to be 3.03 eV. In the 266 nm
spectrum (Fig. 3b), the vibrational progression of the high frequency
mode of band X is fully observed. In addition, three more PES bands (A,
B, C) are observed. Band A at 3.63 eV also contains a short vibrational
progression with a spacing of 1370 (70) cm™?, the same as the high
frequency mode of band X. The weaker band B at 3.96 eV is broad, due to

unresolved low-frequency vibrational features. A sharp and intense band
C appears to be cut off at 266 nm. In the 193 nm spectrum (Fig. 3c), the
VDE of band C is observed to be 4.47 eV. Two more sharp bands D and E
are resolved at 4.80 eV and 5.01 eV, respectively, in the 193 nm spec-
trum. Beyond 5 eV, the spectral features become broader and less well
resolved. Two broad bands at around 5.4 eV (F) and 6.1 eV (G) are
tentatively labeled. The weak features at the low binding energy side
(X', X', *) are due to the existence of isomers or contamination. The VDEs
of all the observed features are given in Table 3 in comparison with
theoretical results.

3.2. Theoretical results

The GM structures and low-lying isomers of CuyBy (x = 5-7) are
presented in Fig. 4. More low-lying structures are shown in Appendix A
(Figs. S1-S3). Comparison between the first experimental VDE and ADE
with those of the corresponding GM structures is given in Table 4, where
the VDE; for the first two low-lying isomers of CuyB; are also given.

3.2.1. CugBs

The GM structure of CuyBs is significantly lower in energy than all
other low-lying isomers at both the PBEO and CCSD(T) levels of theory
(Fig. 4a). It has a closed-shell quasi-planar structure (Co, 1A), consisting
of a Bs motif with the two Cu atoms bonded to the two apex B atoms. The
trapezoidal or double-chain structure of the Bs motif is similar to the GM
of the bare B cluster, which was the very first boron cluster to be
characterized by joint PES and theoretical studies [78]. The HOMO-
—LUMO gap was computed to be 2.24 eV at the PBEO level of theory,
indicating that the GM of CuyBs5 is a highly stable electronic system. Isol
to Iso4 all involve two Cu atoms bonded to the trapezoidal Bs motif in
different fashions. In Isol, Iso3, and Iso4, there is Cu-Cu bonding,
whereas Iso2 is very similar to the GM except one of the Cu atom
bridging two B atoms. All these isomers are at least 7.0 kcal/mol higher
in energy than the GM at both PBEQ and CCSD(T) levels of theory.
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Fig. 3. The photoelectron spectra of Cu,B; at (a) 355 nm, (b) 266 nm, and (c)
193 nm.
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3.2.2. CusBg

The GM of CuyBg (Cap, 2Bg) consists of two Cu atoms forming two
single Cu-B bonds via the vertices of a double-chain B¢ motif (Fig. 4b),
similar to the GM of AusBg [56]. The HOMO—SOMO (beta MOs) gap
was computed to be 1.44 eV, and the SOMO—LUMO gap (alpha MOs)
was computed to be 2.9 eV, suggesting that CusBg or the closed-shell
Cu,B%~ are highly stable electronic systems. The double-chain By
motif in CuyBg is slightly different from the GM of the bare Bg cluster,
which has a similar planar structure, but with higher symmetry (Dap)
[79]. The first low-lying isomer Isol (Cs, 2A") is quite close in energy to
the GM, 1.7 kcal/mol at the CCSD(T) level and 4.3 kcal/mol at the PBEQ
level. The Be motif in Isol forms a partial hexagon with one of the Cu
atoms completing the hexagonal structure and the other Cu atom
bridging the Cu-B bond on the asymmetric hexagon. Iso3 (Cay) and Iso4
(C4) are built on a similar partial hexagonal Bg motif with the two Cu
atoms bonded in different fashions. Iso2 (%A, C;) consists of the same
double-chain Bg motif as the GM, except that the two Cu atoms are on
one side. All these isomers are significantly higher in energy than the GM
structure.

3.2.3. CuyB;

The GM structure of CuyB7 at the PBEO level consists of a double-
chain B; motif with the two Cu atoms bonded to the two apex B atoms
(Fig. 4c), similar to that in the GM of CuyBs. The GM of the bare B
cluster in fact has a hexagonal structure with a triplet spin state (Cgy,
3A1), whereas the double-chain structure is a higher energy isomer, but
was observed experimentally [39]. The double-chain GM of CuyB; is
identical to that of AuyB7 [55]. Its large calculated HOMO-LUMO gap of
2.54 eV suggests that it is a highly stable electronic system. However,
Isol (D7, 3A;) and Iso2 (Cay, 'A;) are lower in energy than the
double-chain GM at the CCSD(T) level (Fig. 4c). Both Isol and Iso2 have
similar inverse sandwich structures with different spin states, consisting
of a heptagonal By ring capped by the two Cu atoms. These are inter-
esting structures that have been observed only for di-lanthanide hep-
ta-boron clusters (LnyB7) [54], but not for transition-metal-B; clusters.
The only inverse sandwich clusters involving a transition metal was
TasBg (Deh, 2A1g) [61]. We will show below that the true GM structure
observed experimentally for CuyB7 is indeed the double-chain structure.
In fact, the PES features, as well as the resolved vibrational structures of
CuyB7 (Fig. 3) are similar to those observed for AuyB; [50]. Iso3 (Cg,
1A is composed of a hexagonal B; and a Cuy unit atop the B; plane,
whereas Iso4 (%A, C;) consists of a double-chain By motif with a Cuy unit
on one side of the double-chain. Both isomers are significantly higher in
energy than the GM structure at both levels of theory.

In order to compute the ADEs of the GM structures of CuzBy (x =
5-7), we also optimized the corresponding neutral structures without
any extensive GM searches. The calculated ADEs for the GM of each

Table 3
The measured VDEs of CuyB; compared with theoretical results of the GM structure at the PBEO/aug-cc-pVTZ level of theory. All energies are in eV.
Final state and electron configuration VDE? (exp) VDE (theo)
X 275 { ... (2b1)*(7b2)*(8a1)*(222)(3b1)*(322)(8b2)%(9a1)*(4b1)*(10a1)*(9b2)*(10by)*(11a1)(12a;)%(4az) ' 3.09 3.08
A %A1 { ... (2b1)*(7b2)*(821)*(2a2)*(3b1)*(322)*(8b2)*(921)*(4b1)*(10a1)*(9b2)*(10b,)*(11a1)*(1221) (4a2)°} 3.63 3.59
B 274 { ... (2b1)%(7b2)*(8a1)*(222)(3b1)*(322)(8b2)%(921)*(4b1)*(10a1)*(9b,)*(10b,)*(11a;)" (1221)*(4a)*} 3.96 3.96
C 2B, { ... (2b))(7b2)%(8a1)?(2a5)(3b1)?(3a,)%(8b2)?(9a;1)%(4b;)%(10a1)%(9b2)%(10b,) (11a1)%(12a1)%(4az)?} 4.47 4.26
D 2B, { ... (2b1)*(7b2)*(8a1)*(2a2)*(3b1)*(3a2)*(8b2)(921)*(4b1)*(1021)*(9b2) ' (10b2)*(11a1)(12a1)*(4a2)*} 4.80 4.74
E %A1 { ... (2b)*(7b2)*(8a1)*(2a2)°(3b1)*(3a2)°(8b2)°(921)*(4b1)*(10a1)" (9b2)*(10b,)*(11a1)%(12a1)*(4a2)} 5.01 4.79
F 2B; { ... (2b1)?(7b2)?(8a1)*(2a,)*(3b1)(3a2)*(8b2)(9a1)*(4b,) (10a1)*(9b2)*(10b,)*(11a1)(12a,)*(4a2)*} ~5.4 5.36
2B, { ... (2b1)*(7b2)?(8a1)*(2a2)*(3b1)*(3a2)*(8b)' (9a1)*(4b1)*(10a1)*(9b2)*(10b2)*(11a1)(12a1)*(4a2)*} 5.63
%A1 { ... (2b1)*(7b,)*(821)*(222)*(3b1)*(322)*(8b2)*(9a1) (4b1)°(10a1)*(9b)*(10by)*(11a1)*(12a1)*(4a)*} 5.63
275 { ... (2b1)%(7b,)*(8a1)*(222)(3b1)*(32) (8b2)*(921)*(4b1)(10a,)%(9b2)*(10b2)?(11a1)%(1221)%(4a,)*} 5.63
2B, { ... (2b))*(7b,)*(8a1)*(2a5)%(3b1) ! (3a3)(8b2)%(9a1)%(4b1)2(10a1)%(9b2)(10b,)%(11a1)%(12a1)%(4az) %} 5.64
G 2A5 { ... (2b1)*(7b2)*(8a1)%(2a3)" (3b1)(3a2)%(8b2)%(9a1)%(4b1)%(10a;)%(9b2)%(10by)?(11a;)(12a;)*(4a2)>} ~6.1 5.93
%A1 { ... (2b1)*(7b2)*(8a1)" (2a2)*(3b1)*(3a2)(8b2)*(9a1)(4b1)(10a1)*(9b2)*(10b,)*(11a1)%(12a1)*(4az)*} 6.01
2B; { ... (2b1)'(7b2)*(8a1)*(2a2)*(3b1)%(322)(8b2)*(9a1)*(4b1)*(10a1)*(9b2)*(10b,)*(11a1)(12a1)*(4a2)*} 6.02
2B, { ... (2b1)*(7b3)'(8a1)*(2a2)*(3b1)%(322)(8b2)*(9a1)(4b1)*(10a1)*(9b2)*(10b2)*(11a1)(12a1)*(4a2)*} 6.08

# The uncertainty of the VDEs was +0.02 eV.
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Fig. 4. The GM structures and low-lying isomers of (a) CuyBs, (b) CuzBg, and (c) CuyB;. Relative energies are given in kcal/mol at the PBEO/aug-cc-pVTZ + ZPE

level and the CCSD(T)/def2-TZVP level [in brackets].

Table 4

Comparison of the experimental ADE and VDE, with the calculated values at the
PBEO/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ levels of theory for the GM of
CuyBy (x = 5-7) and two low-lying isomers of CuyB;. All energies are in eV.

Final state VDE;/ADE (theo) VDE;/ADE
- (exp)”
PBEO CCSD(T)
CuyBs (GM, C,, 'A) 2A 2.15/ 2.22/ 2.32/2.20
2.07 2.12
CuBs (GM, Con, 2By)  'Ag 2.67/ 2.51/ 2.49/2.30
2.56 2.37
CusB7 (GM, Coy, 1A))  2A, 3.08/ 3.16/ 3.09/3.03
2.97 3.02
CuyB7 (Isol, Dy, °A;)  2E; 2.46/- 2.49/- 2.48 (X)/-
CuyBy (Is02, Cay, 'A;)  2A, 2.19/- 2.46/- 2.03 (X)/-

# The experimental uncertainty was +0.02 eV.

species are given in Tables 4 and in comparison with the experimental
data.

4. Discussion

4.1. Comparison between experiment and theory and confirmation of the
GM structures of CuyBy

The experimental PES data have been critical to verify the GM
structures of size-selected clusters, in particular, for boron and metal-
boride clusters [9,10]. The calculated VDEs for the GM structures are
compared with the experimental PES results in Table 1-3 for CusBy (x =
5-7), respectively, and presented as vertical bars in Fig. 5 on the 193 nm
spectra. Since the GM structures of CusBs and CuyB; are closed-shell,
each occupied valence MO results in one detachment channel, leading
to a doublet final state (Tables 1 and 3). The open-shell GM of CuyBg can
lead to both singlet and triplet final states, resulting in more congested
spectral features (Table 2).

4.1.1. CupBs

The calculated ADE/VDE; for the GM of CuyBs (2.22/2.12 eV) at the
CCSD(T) level are in good agreement with the experimental values of
2.32/2.20 eV (Table 4). Even though the PBEO level seems to underes-
timate the VDEs in comparison with the experimental data, the pattern
of the computed VDEs at the PBEO level for the GM of CuyBs is consis-
tent with the observed PES bands, as shown in Table 1 and Fig. 5a. Band
X is derived from electron detachment from the HOMO (14a), which
involves weak o-bonding in the Bs motif (Fig. S4), consistent with the
relatively sharp PES band. The VDE of 2.15 eV computed at the PBEO
level is lower than the experimental value (2.32 eV) by 0.17 eV. The next
detachment channel from the HOMO-1 (13b) gives a computed VDE of
3.60 eV, compared well with the experimental VDE of 3.59 eV for band
A. The HOMO-1 (13b) is an in-plane 6 MO, involving strong peripheral
B-B bonding (Fig. S4), consistent with the broad band A. According to
Table 1, band B contains two very close VDE3 and VDE4 computed to be
4.13 and 4.21 eV from the HOMO-2 (13a) and HOMO-3 (12b), respec-
tively. The 13a orbital involves peripheral B-B c¢-bonding on the Bs
motif, while 12b is a Cu-B bonding MO. The PES band C at 4.59 eV is
mainly from detachment from the HOMO-4 (11b) with a computed VDE
of 4.56 eV. The 11b MO is a n-orbital on the Bs motif (Fig. S4). The
detachment from the HOMO-5 (12a) with a computed VDE of 4.70 eV
may also contribute to band C. The 12a MO contains contributions from
both the Bs motif and the Cu 3d orbitals (Fig. S4). HOMO-6 (11a) and
HOMO-7 (10b) give similar computed VDEs of 5.3 eV. These two orbitals
and the next six MOs are due to the 3d lone pairs of the Cu atoms, which
are expected to yield closely-spaced detachment channels, consistent
with the broad PES features beyond 5 eV (Fig. 1). Overall, the computed
VDEs are in good agreement with the experimental spectral pattern
(Fig. 5a), confirming the planar C; (*A) structure as the GM of CuyBs.

4.1.2. CugBg

The calculated ADE/VDE, for the GM structure of CuyBg are 2.51/
2.37 eV at the CCSD(T) level of theory (Table 4), consistent with the
experimental data of 2.49/2.30 eV. The corresponding values of 2.67/
2.56 eV at the PBEOQ level are overestimated in comparison with the
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a) Cu,B,

c) Cu,B

1 2 3 4 5 6
Binding Energy (eV)

Fig. 5. Comparison between the 193 nm photoelectron spectra and the theo-
retical results for (a) CuyBs, (b) CuyBg, (c) CuyB;. The vertical bars indicate
computed VDEs for the GM structure in each case at the PBEO/aug-cc-pVTZ
level of theory. For Cu,Bg, the shorter and longer bars correspond to transi-
tions to singlet and triplet final states, respectively.

experimental data. The first VDE comes from detachment from the
SOMO (4bg), which is a & bonding orbital of the B¢ motif (Fig. S5). The
observed vibrational progression for band X (Fig. 2) should correspond
to the symmetric B-B breathing vibrational mode of the Bg motif with a
computed frequency of 1360 cm™?, agreeing well with the observed
frequency of 1330 (50) cm™". The vibrational progression and frequency
for band X of CuyBg are very similar to those observed in the photo-
electron spectra of AuyBg [56], which displayed a vibrational progres-
sion with a measured frequency of 1350 (30) cm~l. The next
detachment from the HOMO (11ay) results in two final states, a high spin
(SBg) and low spin (1Bg) states with the computed VDE; (2.93 eV) and
VDEj3 (3.16 eV) at the PBEO level of theory, which are in good agreement
with the observed band A. The detachment from the HOMO-1 (10b,)
also results in a triple and singlet final states with computed VDE,4 and
VDE;s of 3.55 eV and 3.94 eV, agreeing well with the observed band B
(3.58 eV) and band C (3.84 eV), respectively (Table 2 and Fig. 5). Both
the HOMO (11ag) and HOMO-1 (10b,) are mainly 6-bonding orbitals of
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the Bg motif (Fig. S5). Detachment from the next four filled MOs
[HOMO-2 (10ag), HOMO-3 (9b,), HOMO-4 (9ag), and HOMO-5 (4ay)],
which are all Bg-based orbitals, give rise to a set of closely-spaced
detachment channels, accounting for the congested spectral features
from bands D to G (Table 2 and Fig. 5b). Following an energy gap,
another set of closely-spaced detachment channels (VDE: 5.48—6.33
eV), all from the Cu 3d lone pairs (Fig. S5), is in accord with the con-
gested spectral features in the high binding energy side of the 193 nm
spectrum of CuyBg (Table 2 and Fig. 5b). The good agreement between
the computed VDEs and the experimental spectral pattern provides
considerable credence for the Cy (ng) GM structure of CusBg.

4.1.3. CusBy

The potential energy surface of CuyB; seems to be more complicated
than that of AuyB7, for which the double-chain C,, structure is the
overwhelming global minimum [55]. The double-chain Cyy structure is
the GM for CuyB7 at the PBEO level, but at the CCSD(T) level the inverse
sandwich Iso2 (Cay, 1A1) is the global minimum with its triplet coun-
terpart Isol (Dn, A;) only 0.3 kcal/mol higher in energy (Fig. 4).
However, the experimental PES data suggest that the double-chain Cy;
structure is the true GM for CuyBy. First of all, the computed VDE;/ADE
of the Cyy CuyB7 at both the PBEO level (3.08/2.97 eV) and the CCSD(T)
level (3.16/3.02 eV) are in excellent agreement with the experimental
values of 3.09/3.03 eV (Table 4). On the other hand, the computed VDE;
values of Isol (2.46 eV) and Iso2 (2.19 eV) at the PBEO level are in good
agreement with the weak features X’ (2.48 eV) and X’ (2.03 eV), which
are present as minor isomers. Second, the vibrational progression and
frequencies resolved for the X band of CuyB; are very similar to those
observed for AuyB; [55]. The two frequencies observed for AuyB; were
1380 (40) cm~! due to the totally symmetric B-B vibration of the
double-chain By motif and 790 (40) cm ™! due to the Au-B symmetric
stretching mode. The corresponding frequencies observed for CuyB; are
1370 (40) cm ! and 690 (30) cm’l, in comparison with the computed
B-B stretching frequency of 1342 cm™! and the Cu-B stretching fre-
quency of 660 cm™!. The larger Au-B stretching frequency is consistent
with the strong Au-B covalent bond due to the strong relativistic effects
of Au [80]. Therefore, there is strong evidence that the true GM of CusB;
is indeed the Cy,; double-chain structure, indicating that the PBEO
method is more reliable for CuyB7.

The first PES band (X) is due to detachment of an electron from the
HOMO (4ay) of the Cay GM of CuyB7, which is a © bonding orbital of the
double-chain B; motif with a weak antibonding interaction with the two
Cu atoms (Fig. S6). Thus, removal of a HOMO electron is expected to
weaken the n-bonding of the B; motif and slightly strengthen the Cu-B
bonds, in accord with the observed vibrational progressions, as dis-
cussed above. Electron detachment from the HOMO-1 (12a;) results in
VDE; of 3.59 eV, which is in good agreement with the measured VDE of
band A of 3.63 eV (Table 3). Electron detachment from the HOMO-2
(11a;) gives a computed VDE3 of 3.96 eV, in excellent agreement with
the experimental band B of 3.96 eV. The experimental PES bands C/D/
E/F with VDEs of 4.47/4.80/5.01/5.4 eV are also in good agreement
with the corresponding theoretical VDEs of 4.26/4.74/4.79/5.36 eV
from detachment from HOMO-3(10b,)/HOMO-4(9b5)/HOMO-5(10a;)/
HOMO-6(4b;), respectively. All these valence MOs involve the B; motif
with minor contributions from the Cu atoms (Fig. S6). Starting from
HOMO-7 (9a;) are Cu 3d-based lone pairs, which give a set of closely-
spaced detachment channels in accord with the congested spectral fea-
tures in the high binding energy side (Table 3 and Fig. 5c). Thus, the
good agreement between the computed VDEs and the experimental
spectral pattern provides further confirmation about the Cy, GM for
Cu2B5 .

4.2. Chemical bonding in the GM structures of CusByx (x = 5-7)

We used AANDP analyses to decipher the overall bonding properties
from the canonical MOs. The AANDP bonding patterns of the GM
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Fig. 6. AANDP bonding analyses for the GM structures of CuyB,. a) CusBs, b) CusBg, ¢) CusB7.

structures of CuyBy (x = 5—7) are presented in Fig. 6. In all cases we
omitted the ten localized 1c-2e 3d lone pairs on the Cu atoms. The
occupation numbers (ONs) of all the 3d lone pairs are within 1.95-2.00 |
e|, consistent with their nonbonding nature. The bonding patterns in the
three clusters exhibit some similarities. They all contain x strong 2c-2e ¢
bonds on the periphery of the double-chain B, motif, two terminal 2c-2e
Cu-B o bonds, one delocalized xc-2e ¢ bond, and different delocalized n
bonds. The CuyBj5 cluster contains one delocalized 5c-2e & bond, which
together with the delocalized ¢ bond renders it doubly aromatic,
because each delocalized system fulfills the 4 N + 2 electron counting
rule for aromaticity. The CusBg and CuyB; clusters each contain two
delocalized © bonds, which make them 7 antiaromatic, but ¢ aromatic
due to the two delocalized o electrons. The n aromaticity is consistent
with their elongated shapes. In the case of CuyBg, there are only three
electrons, but it is expected to be similar to the 4z electron closed-shell
CuyBZ~ species.

The structure and bonding in the CuyBy (x = 5—7) series are similar
to those in the corresponding AuyBy, B,Hs>, and B,(BO); systems [55,56,
81,82], which contain strong terminal B-Au, B-H, and B—BO covalent
bonds, respectively. This similarity is somewhat surprising because Cu is
not known to form covalent bonds due to its low electronegativity.
Apparently, the high stabilities of the double-chain B, motifs dictate the
structures and bonding in these smaller CuyBy clusters. We note that the
CuyBg cluster is a charge-transfer complex between the BZ~ borozene
and a Cuj unit [65], due to the high stability of the borozene [50] and
the low electronegativity of Cu. On the other hand, BgH5 and Bg(BO)2
both have the double-chain structures with strong terminal B-H and
B—BO covalent bonds [81,82]. We expect that AusBg should have a
similar double-chain structure due to the strong B-Au covalent bonding
[801.

5. Conclusions

We report a combined photoelectron spectroscopy and computa-
tional study of a series of di-copper boron clusters, CusBy (x = 5-7).
Well-resolved photoelectron spectra are obtained and used to elucidate
their structures and chemical bonding. All three clusters are found to
possess structures consisting of an elongated double-chain boron motif
with the copper atoms covalently bonded to terminal boron atoms at the
two apex sites. The closed-shell CuyBs is found to be particularly stable
due to the double aromaticity of the Bs motif, whereas for CuyB; there is
experimental and theoretical evidence for the existence of unexpected

inverse-sandwich-type low-lying isomers. The covalent Cu-B bonds
found in the CuyBy (x = 5—7) clusters are surprising, which is due to the
high stability of the double-chain B, motif in this size range, whereas the
ionic bonding nature of Cu is manifested in the CuyBg cluster. The
current work provides further insight into the interaction between
copper and boron and the size-dependence of Cu-B bonding from co-
valent to ionic with increasing cluster size.
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