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Since the discovery of the first drum-like CoB1g~ complex, metal-doped drum-like boron nan-
otubular structures have been investigated with various metal dopants and different tubular
size, forming a new class of novel nanostructures. The CoB1g~ cluster was found to be com-
posed of a central Co atom coordinated by two fused Bg rings in a tubular structure, repre-
senting the potential embryo of metal-filled boron nanotubes and providing opportunities to
design one-dimensional metal-boron nanostructures. Here we report improved photoelectron
spectroscopy and a more in-depth electronic structure analysis of CoB14~, providing further
insight into the chemical bonding and stability of the drum-like doped boron tubular struc-
tures. Most interestingly, we find that the central Co atom has an unusually low oxidation
state of —1 and neutral CoBjg can be viewed as a charge transfer complex (Co~@Bygt),
suggesting both covalent and electrostatic interactions between the dopant and the boron
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drum.
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I. INTRODUCTION

Boron forms a wide variety of bulk boride materials,
such as the superconductor MgB,, superhard material
ReB, and boron arsenide crystals with ultra-high ther-
mal conductivity [1-5]. Investigations on nanoclusters
of borides can provide insight about how the interest-
ing properties of the bulk materials emerge as a func-
tion of size and provide fundamental knowledge to de-
sign materials with new properties. In the past two
decades, extensive experimental studies in combination
with quantum chemistry calculations have been devoted
to size-selected boron clusters [6-9], giving rise to the
discoveries of novel nanostructures, such as borophenes,
borospherenes, and tubular nanostructures [10-14].

Doping boron clusters with a single metal atom can
give rise to the simplest boride clusters, which allow
one to study at the most detailed level how metal
atoms interact with boron. Joint photoelectron spec-
troscopy (PES) experiments and ab initio calculations
have shown that for small mono-transition metal doped
boron clusters, perfect molecular wheels are formed
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(M©B,,~, n=8-10), which obey an electronic design
principle based on ¢ and 7 double aromaticity [15—
19]. For larger mono-metal doped boron clusters,
half-sandwich-like nanotubular and planar structures
have been found [20-26]. For boron clusters doped
by two lanthanide atoms, inverse sandwich structures
with unique delocalized §-bonding have been observed
[27, 28]. Among the mono-transition metal doped clus-
ters, CoB1g~ was the first drum-like tubular nanoclus-
ter observed to have a very high coordination number
[21], which was selected as one of the “Molecules of the
Year” in 2015 by Chem. Eng. News [29]. Shortly after-
ward, M,,B16~ became the second doped-boron cluster
found to possess a similar drum structure [24].

Because of its complicated PE spectra and electronic
structure, only the first two detachment channels were
computed and compared with the experiment for the
two low-lying isomers (Dgq and Cy4y) of CoB1g~ in the
previous study [21]. Here we report improved photo-
electron spectrum for CoB1g~ and more detailed quan-
tum chemical calculations. All detachment channels in
the energy range of the experimental spectrum are cal-
culated to yield simulated spectra. Using the ASCF-
TDDFT approach with the SAOP model, we show in
the present study that the simulated spectra agree well
with the experimental data. The bonding between the
Co atom and the B¢ tube is further analyzed using dif-
ferent chemical bonding methods. Interestingly, both
molecular orbital (MO) and charge analyses reveal that
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the extra charge in CoB1¢~ is localized on the metal
atom, resulting in a rare —1 oxidation state for Co.

Il. METHODS

A. Experimental methods

The experiment was carried out by a magnetic-bottle
PES apparatus equipped with a laser vaporization clus-
ter source, details of which can be found elsewhere
[9, 30]. Briefly, the CoByg~ clusters were produced
by laser vaporization of a hot-pressed disk target made
from a mixed powder consisting of Co and isotopically-
enriched ''B. The nascent clusters were thermalized in
a large waiting room nozzle and cooled in a supersonic
expansion by a He carrier gas seeded with 5% Ar. An-
ionic clusters were extracted and analyzed by a time-of-
flight mass spectrometer. The CoB14~ clusters of inter-
est were selected by a mass gate and decelerated before
being photodetached by the 193 nm (6.424 eV) radia-
tion from an ArF excimer laser. Photoelectrons were
collected and analyzed by a 3.5 m long magnetic-bottle
analyzer at nearly 100% efficiency. The resolution of
the apparatus is about 2.5%, that is, around 25 meV
for 1 eV electrons. Compared to the previous study
[21], the signal-to-noise ratios are significantly improved
due to the newly installed “funnel-type” microchannel
plates (MCP) electron detector, which has a 30% in-
crease in the electron detection efficiency [31].

B. Computational methods

Extensive global minimum searches were done pre-
viously for CoBig~ at different levels of theory and
for the lowest three isomers at the high level of RO-
CCSD(T) [21]. Two nearly degenerate drum-like struc-
tures isomer I (Dgq, A5) and isomer II (Cyy, 'A;) were
found to compete for the global minimum in the previ-
ous study. We reexamined the relative energies of the
fully optimized isomers I and II at the M06-2X/TZP
level [32] with the cc-pVTZ basis sets [33] for B, and
the ECP10MDF pseudopotential and the correspond-
ing valence basis set for Co [34, 35]. The first verti-
cal detachment energies (VDE) of the two isomers were
computed accurately at the ROCCSD(T) level in the
previous study. In the present study, we did not com-
pute the first VDE and instead focused on the higher
VDESs which were calculated using the ASCF-TDDFT
formalism [36] in conjunction with the SAOP model
[37], as implemented in the ADF 2013.01 software [38].
In these calculations, we used the triple-¢ Slater type
basis sets plus one polarization function (TZP) [39] and
the ZORA approximation [40] to account for the scalar
relativistic effect. The computed VDEs were used to
generate simulated spectra by fitting each VDE with a
unit-area Gaussian function of 0.15 eV width. To gain
further insight into the chemical bonding and stability
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FIG. 1 Photoelectron spectra of CoBig~ at 193 nm
(6.424 eV) (a) compared with the simulated spectra for iso-
mers I (b) and II (c) at the TDDFT-SAOP/TZP level.

of the drum structures, we performed canonical molec-
ular orbital (CMO) and energy decomposition analyses
(EDA) combined with the natural orbitals for chemical
valence (NOCV) theory [41-43], with the GGA-PBE
functional [44].

Ill. RESULTS AND DISCUSSION

A. Comparison between experimental and theoretical
results

The new PE spectrum of CoBig~ at 193 nm is pre-
sented in FIG. 1(a). The spectral features are similar to
those reported in the previous study [21], except that
the signal-to-noise ratios are improved, in particular in
the high binding energy side [24]. The VDEs measured
in the current study given in Table I are consistent with
those reported in the previous study. The computed
VDEs for isomers I and II are compared with the ex-
perimental data in Table I, where the first VDEs are
from the previous ROCCSD(T) calculations.

Before presenting the computed VDEs, let us first
understand the relationship between the structures of
isomer I (Dgq) and isomer II (Cyy ), as illustrated by the
energy level correlation diagram in FIG. 2. Isomer I was
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TABLE I Experimental and theoretical VDEs of CoB1g~ at the TD-SAOP/TZP level with Dy symmetry, which is the
smallest subgroup of Dgq. The VDEL1 values are obtained from the ROCCSD(T)/Def2-TZVP calculations [21].

Obs. features VDE/eV (Exp.)

Final state and electronic configuration

VDE/eV (Calc.)

X 2.68(6)

A 3.47(4)

B 3.95(5)

C 4.78(4)

)
Isomer I: (*Ep)..
Isomer II: (°E)..
)
)
)

D 5.34(5)
5.8—6.2 E
Isomer I: (°E

Isomer II: (°E)..

Isomer I: (*Ez).
Isomer II: (°By)..
TIsomer I: (*Bs).
Isomer I: (2B2).
Isomer II: (?A4)..
Isomer I: (2A;)..
Tsomer I: (*Ay)..
Isomer II: (?A4)..

Isomer I: (’E7)..

Isomer I: (*E7)..

Isomer II: (°E)..

3e1tles12e0 e 267152, 23b2% 30t 2.59
.3by26e*7e*8e*8a,29a,24b1 ! 2.61
3e1tles?2ep%de142e745a:28bo 1 302 3.25
3e1t1les12exM4e142e7152:28ba ! 3es? 3.33
3by26et7e*8e*8a129a; 14b, 2 3.35
Ber*les*2es%4e1*2e7*5a1 13by23e,2 4.05
Berles2ep14e112e7 521 13by? 36,2 4.09
3by26et7e*8e*8a; 19a,124b, 2 4.16
.36141654262446142e735a123b223622 5.02
Bertles?2epM4e1* 2e73 521 23by? 360> 5.06
Be1tles?2ex14e132e745a23by2 36,2 5.14
.3by26e*7e*8e38a129a, 24, 2 5.14
.3by26e*7e38e*8a; 292, 24b, 2 5.34
3e1les?2e214e132e715a,23by? 36,2 5.57
3ertles*2e234e1%2e745a, 23bs2 36,2 6.12
.3by26e37e*8e%8a1 292, 24, 2 6.14

Note: the orbitals in bold face indicate the major electron detachment channels.
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FIG. 2 Energy level correlation diagram between isomer I (Dgq4, *A») and isomer IT (C4y, A1) of CoB1s~. The right panel
shows the schematic potential energy surfaces of the 3A2, 1E4, and 'A; electronic states along the distortion coordinate to
C4v. The excitation energies shown in the inset were estimated using TDDFT with the SAOP functional.

found to have a triplet ground state (*As) with two un-
paired electrons in the 3es doubly degenerate HOMO.
The 3e2? configuration can give rise to three electronic
states in Dgq symmetry, 3As+'A;+'E,. The relative
energies of the three states and their potential energy
surfaces are depicted schematically in the right panel
of FIG. 2. The A, term is the ground state and the
'E, term is the first excited state with a 0.16 eV exci-
tation energy at the Dgq symmetry, while the 'A; term
is the second excited state with an excitation energy of
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0.32 eV. Upon optimization, the 'E, state distorts to
C4y symmetry due to the Jahn-Teller effect and splits
into two states 'Ay and 'A; (Table II) with a large
energy difference. The 'A; state is found to be sig-
nificantly stabilized under C4, symmetry and becomes
the ground state of isomer II. The Cy, isomer II fea-
tures alternating short-long B—B bond lengths in the
Bg ring, in contrast to the Dgq isomer I that has equal
B—B bond lengths. At the M06-2X/TZP level of the-
ory, the 'A; ground state of the Cy, isomer II is more
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TABLE II Reduction of species from the Dgq point group
to those of the D4 and C4y point groups.

Dsd D4 C4v X
A1 A1 A1 2’2
AQ AQ A2

B; A4 Ay

Bo Ao A,

E; E E

Eo Bi+B2 Bi1+B2 zy, z—y?
Es E E

Eq4 Ar1+As Ai1+As

Es E E

Ee B1+B2 B1+B2

E~7 E E Tz, Yz

stable than the 3A, state of isomer I by 2.50 kcal /mol,
in good agreement with the 1.4 kcal/mol energy differ-
ence at the ROCCSD(T) level reported previously [21].
Hence, both isomers are expected to be present experi-
mentally and have to be considered in the interpretation
of the observed PE spectrum.

The ASCF-TDDFT method combined with the
SAOP functional has been found to be an effective ap-
proach to simulate PE spectra of transition-metal doped
boron clusters [22-25]. The calculated higher VDEs for
isomers I and IT of CoB1g™ using this approach are com-
pared with the experimental data in Table I. The simu-
lated spectra are compared with the observed spectrum
in FIG. 1 (b) and (c). The simulated spectra resemble
each other due to the similarities in the geometrical and
electronic structures of the two isomers. Table I also
lists the detailed electronic configurations and the final
states of individual detachment channels. In the previ-
ous study [21], only the first two detachment channels
were computed and compared with the experimental
values. The good agreement between the fully simu-
lated spectra of the isomers I/II and the experimental
data confirm the previous study and provide further ev-
idence for the co-existence of the two drum isomers for
CoB1g~

B. Chemical bonding analyses

In order to gain further insight into the chemical
bonding of the CoB16~ drum structure, we first inves-
tigate the bonding in the Big tube in the local coordi-
nate system (LCS) as shown in FIG. 3, where the radial
orbitals (o,) point to the Bg ring center and the orthog-
onal tangential orbitals (m) lie along the Cg axis. We
only consider the frontier orbitals in FIG. 3 and classify
them into two groups, o, and w. The o type radial or-
bitals on the B1g tube mainly interact with the central
atom Co (see discussion below), because of the more
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FIG. 3 A local coordinate system (LCS) analysis for the
Bis tube at the theoretical level of PBE/TZP. Here, r in
oy represents the radial direction of each Bg ring, the value
in the subscript corresponds to the number of the orbital
node, the “4+” and “—” signs represent positive and negative
overlaps, respectively.

efficient overlap with the 3d orbitals. However, these
orbitals are already fully occupied and cannot accept
extra electrons from the central metal atom.

The detailed CMO analysis for isomer I (Dgq, 3A3)
is shown in FIG. 4. It is seen that the Co 3d orbitals
are transformed into a;+ey+e; upon coordination by
the Byg tube ligand. The half-filled 3e; HOMO is com-
posed mainly of 2p 7 bonding orbitals between the two
Bg rings. The 3bs HOMO-—1 consists of ¢ bonding
along the periphery of each Bg ring, whereas the 5a;
HOMO-2 is predominantly from the Co 3d,= orbital.
The central Co atom interacts with the Big tube via its
3d,./3dy. and 3d.,/3d,2_,2 orbitals to form the 2e;
and 2e; MOs, respectively. The remaining MOs are all
primarily from the B sp orbitals. It is interesting to note
the qualitative agreement between the MO energy lev-
els in FIG. 4 and the overall spectral pattern observed
for CoB1s~ (FIG. 1(a)), as shown more quantitatively
in Table I. The CMOs of isomer II (Cyy, 1A;) are simi-
lar to those of isomer I, because of the relatively minor
distortion from the Dgq symmetry.

The MO analysis shown in FIG. 4 suggests that the
bonding in CoB14~ can be depicted as Co™ @Bgg, that
is, the extra charge seems to be localized on the Co cen-
ter, resulting in an unexpected —1 oxidation state (OS)
for Co. The atomic orbital percentages of the Co 3d
orbitals for each bonding MO are given in FIG. 4 and
highlighted in red. Due to the large repulsion effect with
the B1g tube ligand, the Co 4s electrons are promoted
to the Co 3d orbitals in the CoB16~ complex. In the
Big framework, the antibonding 2e, orbitals (i.e., o,0™
in FIG. 3) lie higher in energy than the Co 3d orbitals,
and are significantly destabilized upon interaction with
the Co 3d,,/3d,2_,2 orbitals via an inverted ligand field
interaction [45]. As a result, the Co 3d,,/3d,2_,2 or-
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FIG. 4 The MO diagram for the Dgq (3A2) isomer of CoB1s™

at the PBE/TZP level. The 3es orbital is the SOMO with

two unpaired electrons and the 4es orbital is the LUMO. Bonding orbitals between Co and Big are shown in red.

TABLE III Energy decomposition analyses of CoBig~ at the PBE/TZP level using the Co~ (d'°) and Bie
(.. .361426202b223622) fragments. Energy values are given in kcal/mol.

AFEpauli AFEelstat AEq" AFB
AFE1, AFE>, AFg AFsg APFErest
395.60 —410.19 —104.4 —-90.4 —104.8 —90.6 —58.3 —463.13
(23.3%) (20.1%) (23.4%) (20.2%) (13.0%)

* The values in the parentheses correspond to the contribution percentage to the total orbital interaction.

bitals are stabilized and the four electrons on the an-
tibonding 2e, orbitals were promoted to the Big 2bg
(fully occupied) and 3eq (half-filled) orbitals. Hence,
upon coordination to Co, the B1g tube experiences no
electron gain or loss, while Co accepts the extra electron
in the CoB1g~ anion, resulting in an oxidation state of
—1 for Co. Indeed the charge population indices of the
Co atom from the Mulliken [45] and MDC-q [46] ap-
proaches, calculated to be —0.12 and —0.99 e, agree
with the unusual —1 OS for Co. This Co~! OS is un-
usual, and it is consistent with the fact that boron has
higher atomic orbital energies (cf. FIG. 3 of Ref.[14]),
leading to unusually low oxidation-state metal centers
in boron-metal complexes [26, 48]. It is also interesting
to note that neutral CoB1s upon electron detachment
from the 3ec HOMO can be viewed as a charge trans-
fer complex, Co~@B14™, with additional ionic bonding
and enhanced stability.

C. Energy decomposition analyses

The nature of the Co~'...Bj¢ interaction in the Dgqg
CoBig¢~ drum is further investigated by unrestricted
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APy AE;q = -52.2; |vyg| = 0.77 Apye AE,q = -45.2; |v,o| = 0.43

Apyg A= -52.4; |vyg| = 0.57 Apyg AEyg = -45.3; [vyg| = 0.42

FIG. 5 Plot of deformation densities Ap; and Aps (isosur-
face value=0.002 a.u.) of the orbital interactions between
the central Co and the B1g frame for both v and S electrons.
AE, and |v,| are the interaction energies (in kcal/mol) and
charge eigenvalues (in e) for each degenerate orbital, where
the charge flow direction is from red to blue (red and blue
represent charge depletion and accumulation, respectively.).

EDA-NOCV analyses, which reveal detailed contribu-
tions of each bonding interaction, as summarized in
Table III. For each spin, the breakdown of the total or-
bital term into pairwise contributions includes two ma-
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jor contributions AFE,,/3 and AE,,3, which can be
visually identified with the associated deformation den-
sities Ap1q/p and Apa, g, as shown in FIG. 5. Each
contribution consists of two degenerate terms and the
color code of the deformation density indicates the elec-
tron accumulation for blue and depletion for red.

For both spin channels, the bonding mechanisms are
quite similar showing two significant components par-
ticipating in the Co---Bjg interactions. Taking the
spin « as an example, the strongest contribution AFy,,
(—104.4 kcal/mol) comes from the bonding comprised
of Co dgy/dy2_,2 and Big 2ey orbitals because of the
more efficient orbital overlap (FIG. 4). The second
strongest stabilization AFEs, (—90.4 kcal/mol), consti-
tuting 20.2% contribution in total to the orbital inter-
action, arises from the interaction between Co d./d,.
and Biyg 2e7 orbitals. Thus, Co atom interacts with the
surrounding B atoms dominantly through o-type (dgy,
dz2_,2) and 7-type (d,. and d,.) interactions, while
the d,= orbital was fully occupied (5a; in FIG. 4), con-
tributing little to the Co- - - By interaction.

IV. CONCLUSION

A joint photoelectron spectroscopy and quantum
chemistry study has been carried out to investigate the
chemical bonding and electronic structure of CoB17,
the first metal-doped boron drum cluster. An improved
photoelectron spectrum has been obtained, as well as
more detailed electron structure calculations using the
TDDFT approach combined with SAOP model to com-
pute higher vertical detachment energies and simulate
the full spectra commensurate with the experimental
spectral range. Consistent with the previous study, iso-
mers I (Dgq, 2As) and I1 (Cyy, A1) are found to be close
in energy and give rise to similar simulated spectra in
agreement with the experimental data. The high sta-
bility of the drum structure is shown to originate from
the strong interaction between Co and the B4 tube lig-
and via the Co dg,/dy2_,2 and d,./d,. orbitals and the
o-type radial sp orbitals on Big. Remarkably, the Co
atom is found to have an unusually low oxidation state
of —1 in the CoB1¢~ anion through an inverted ligand
field interaction between Co 3d and the Big radial or-
bitals, whereas the neutral CoBig can be viewed as a
charge-transfer complex Co~ @B14™ with both covalent
and ionic bonding.
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