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The structure and chemical bonding of the 24-atom boron cluster are investigated using photoelec-
tron spectroscopy and ab initio calculations. The joint experimental and theoretical investigation
shows that B24

− possesses a quasi-planar structure containing fifteen outer and nine inner atoms
with six of the inner atoms forming a filled pentagonal moiety. The central atom of the pentagonal
moiety is puckered out of plane by 0.9 Å, reminiscent of the six-atom pentagonal caps of the well-
known B12 icosahedral unit. The next closest isomer at the ROCCSD(T) level of theory has a tubular
double-ring structure. Comparison of the simulated spectra with the experimental data shows that
the global minimum quasi-planar B24

− isomer is the major contributor to the observed photoelectron
spectrum, while the tubular isomer has no contribution to the experiment. Chemical bonding anal-
yses reveal that the periphery of the quasi-planar B24 constitutes 15 classical 2c-2e B-B σ -bonds,
whereas delocalized σ - and π -bonds are found in the interior of the cluster with one unique 6c-2e
π -bond responsible for bonding in the B-centered pentagon. The current work suggests that the 24-
atom boron cluster continues to be quasi-2D, albeit the tendency to form filled pentagonal units,
characteristic of 3D cage-like structures of bulk boron, is observed. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4824156]

I. INTRODUCTION

The natural inclination of three-dimensional (3D) pure
boron1 and boron-rich2, 3 solids to assemble in icosahedral
units has spurred interests recently to consider them as po-
tential candidates for semiconducting quasicrystals.4 Raman
scattering experiments under high pressure were compared
with ab initio lattice dynamics calculations for the icosahe-
dral α-boron.5 However, for isolated clusters it was computa-
tionally shown6, 7 that icosahedral cage structures of B12 and
B13 were unstable, even though they were initially proposed
as possible candidates for these two clusters.8 Instead, small
boron clusters have been experimentally and theoretically
shown to exhibit planar or quasi-planar structures in their
ground states up to B23

− for anionic,9–20 B20 for neutral15, 21

(except for B14, which is also 3D as shown in Ref. 22), and
B16

+ for cationic clusters.23 Chemical bonding analyses of
these clusters have established that the presence of strong pe-
ripheral 2c-2e B-B σ -bonds along with 2D electron delocal-
ization plays a crucial role in their stability, which is asso-
ciated with the concepts of aromaticity, multiple aromaticity,
and antiaromaticity. The validity of applying these concepts
in describing the electronic structure of planar and quasi-
planar boron clusters is evident through the striking similar-
ities of the π -systems of these clusters when compared to
unsaturated cyclic hydrocarbons. In fact, the 2D boron clus-
ters have been shown to be all-boron analogs of such hy-

a)Electronic mail: lai-sheng_wang@brown.edu
b)Electronic mail: a.i.boldyrev@usu.edu

drocarbons as benzene,13, 14, 24, 25 naphthalene,18 coronene,18

anthracene,16 and phenanthrene.16

In addition to their interesting electronic and bonding
properties, the planar boron clusters also display peculiar
structural features. For example, the B19

− cluster possesses
a perfectly planar geometry with a 13-atom outer ring and
an internal B-centered pentagonal unit. Molecular dynamic
calculations revealed that the central pentagon is capable of
internal rotation against the 13-atom peripheral ring with a
low energy barrier.26 Such systems have been considered as
molecular Wankel motors.26 It has been further shown that the
internal pentagon can rotate in a chosen direction by employ-
ing circularly polarized infrared (IR) radiation.27 This is pos-
sible due to the delocalized bonding inside of the planar B19

−

cluster, which allows the rotation to occur without breaking
any of the strong two-center two-electron (2c-2e) peripheral
B-B bonds.28 A similar filled pentagonal moiety was revealed
in the B21

− cluster, along with a unique 2c-2e σ -bond within
the inner boron network.19 It is noteworthy that the B-centered
pentagon in B21

− is puckered out of plane by 0.5 Å com-
pared to the perfectly planar structure of B19

−. The puckered
pentagonal pyramidal structural feature is reminiscent of the
icosahedral B12 units in bulk boron. However, such structural
units were not observed in the larger B22

− and B23
− clusters.20

Hence, at what size boron clusters begin to become bulk-like
remains to be an intriguing unanswered question.

In the present article, we report a joint photoelectron
spectroscopy (PES) and computational study of B24

−. We find
B24

− possesses a quasi-planar structure containing 15 outer
and 9 inner atoms. Six of the inner boron atoms in B24

− form

0021-9606/2013/139(14)/144307/8/$30.00 © 2013 AIP Publishing LLC139, 144307-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.148.231.12 On: Mon, 26 May 2014 20:14:52

http://dx.doi.org/10.1063/1.4824156
http://dx.doi.org/10.1063/1.4824156
http://dx.doi.org/10.1063/1.4824156
mailto: lai-sheng_wang@brown.edu
mailto: a.i.boldyrev@usu.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4824156&domain=pdf&date_stamp=2013-10-10


144307-2 Popov et al. J. Chem. Phys. 139, 144307 (2013)

a puckered pentagonal moiety, similar to that found in B21
−,19

with a more explicit out-of-plane distortion of 0.9 Å. The
tendency of these clusters to form puckered pentagonal units
with increasing cluster size may hint at the onset of the for-
mation of 3D cage-like icosahedral building blocks common
in the bulk boron.

II. EXPERIMENTAL METHOD

The experiment was carried out using a magnetic-bottle
PES apparatus equipped with a laser vaporization cluster
source, details of which can be found elsewhere.29 Briefly,
negatively charged boron clusters were produced by laser va-
porization of a hot-pressed isotopically enriched 10B (96%)
disk target. The clusters were entrained by a He carrier gas
containing 5% Ar and underwent a supersonic expansion to
form a collimated and vibrationally cold cluster beam. The
cluster size distribution and cooling were controlled by the
time delay between the pulsed valves and the vaporization
laser and the resident time of the clusters in the nozzle.30–32

The anionic clusters were extracted from the cluster beam and
analyzed with a time-of-flight mass spectrometer. The B24

−

cluster was mass-selected and decelerated before being in-
tercepted by a detachment laser beam. For the current study,
two detachment energies, 266 nm (4.661 eV) from a Nd:YAG
laser and 193 nm (6.424 eV) from an ArF excimer laser, were
used. Photoelectrons were collected at nearly 100% efficiency
by a magnetic bottle and analyzed in a 3.5 m long electron
flight tube. The PES spectrum was calibrated using the known
spectra of Bi− and Au− and the electron energy resolution of
the apparatus was �Ek/Ek ∼2.5%, i.e., ∼25 meV for 1 eV
electrons.

III. THEORETICAL METHODS

We utilized two independent methods to search for the
global minimum structure of B24

−, namely, the Coalescence
Kick (CK)18 and Cartesian Walking (CW)19 methods. The ini-
tial CK search was conducted using the hybrid density func-
tional B3LYP33, 34 level of theory and the 3-21G basis set35

for energy and gradient calculations, while the initial CW
searches used the PBE036, 37 functional and the 3-21G basis
set. Approximately 10 000 trial structures were generated us-
ing the CK method and 3000 using the CW method. Briefly,
the CK method allowed random structures to be generated
in a box and checked for connectivity. If fragmented groups
of atoms were found, all atoms coalesced towards the cen-
ter of mass until a connected cluster was formed. Follow-
ing this, geometry optimization was applied to the structure.
The CK method was described in detail in Ref. 18. The CW
method imposed restraints on a random walking process that
took place upon a grid of Cartesian coordinates to generate
trial structures. The result was the generation of random trial
structures with atomic positions that were neither unrealisti-
cally close nor unrealistically far from each other. Further-
more, added effectiveness could be achieved by tuning the
grid for the system at hand. In the current article, grids bi-
ased towards the creation of planar and quasi-planar struc-

tures were employed. A more detailed description of the CW
method was given in Ref. 19.

It has been recently shown that among different DFT
methods tested, the PBE0,36, 37 TPSS,38 and TPSSh39 func-
tionals are able to reasonably reproduce relative energies
among the low-lying isomers. In the current work, all
the low-lying isomers obtained from both searches below
25 kcal/mol relative to the global minimum at 3-21G were
re-optimized at the PBE0/6-311+G(d)40–42 and TPSSh/6-
311+G(d) levels of theory. For each isomer, vibrational
frequencies were calculated and imaginary frequencies
were followed to ensure that they correspond to a true
minimum on the potential energy surface. In order to assess
the relative energies more accurately, we performed single
point calculations of all the structures at two DFT levels
of theory: PBE0/6-311+G(2df)//PBE0/6-311+G(d) and
TPSSh/6-311+G(2df)//TPSSh/6-311+G(d). Subsequently,
the most accurate single point calculations were performed
at the ROCCSD43–45/6-311+G(d)//PBE0/6-311+G(d) and
ROCCSD(T)/6-311+G(d)//PBE0/6-311+G(d) levels of
theory. The restricted open-shell formalism was used to
give the proper 〈S2〉 value for the open-shell B24

− system.
The single-configurational nature of each wavefunction was
checked through an open-shell T1 diagnostic based on the
formalism of Jayatilaka and Lee.46

Vertical detachment energies (VDEs) of the lowest
energy isomers were calculated at two different levels
of theory: PBE0/6-311+G(2df)//PBE0/6-311+G(d) and
TPSSh/6-311+G(2df)//TPSSh/6-311+G(d) to compare with
the experimental data. In each case, the first VDE was calcu-
lated as the difference in energy between the lowest anionic
state and the lowest neutral state at the geometry of the
anion. Then, vertical excitation energies of the neutral species
calculated at the TD-PBE0 and TD-TPSSh levels were added
to the first VDE to approximate the second and higher VDEs.

Chemical bonding analysis of the global minimum struc-
ture of B24

− was performed using the adaptive natural den-
sity partitioning (AdNDP) method developed by Zubarev and
Boldyrev.47–49 It has been successfully used to produce chem-
ical bonding pictures of small boron clusters as well as of 2D
materials of boron and carbon.50–54 The AdNDP method ana-
lyzes the first-order reduced density matrix in order to obtain
its local block eigenfunctions with optimal convergence prop-
erties for an electron density description. The obtained local
blocks correspond to the sets of n-atoms (n ranging from one
to the total number of atoms in the molecule) that are tested
for the presence of n-electron objects [n-center two electron
(nc-2e) bonds], including core electrons and lone pairs as a
special case of n = 1 associated with this particular set of n-
atoms. AdNDP initially searches for core electron pairs and
lone pairs (1c–2e), then 2c–2e, 3c–2e, . . . , and finally up to
nc-2e bonds. At every step, the density matrix is depleted
of the density corresponding to the appropriate bonding el-
ements. The user-directed form of the AdNDP analysis can
be applied to specified molecular fragments and is analogous
to the directed search option of the standard natural bond
orbital (NBO) code.55, 56 AdNDP accepts only those bond-
ing elements whose occupation numbers (ONs) exceed spec-
ified threshold values which are usually chosen to be close to

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.148.231.12 On: Mon, 26 May 2014 20:14:52



144307-3 Popov et al. J. Chem. Phys. 139, 144307 (2013)

FIG. 1. Photoelectron spectrum of B24
− at 193 nm (6.424 eV).

2.00 |e|. The AdNDP method recovers both Lewis bonding
elements (1c-2e and 2c-2e objects, corresponding to the core
electrons and lone pairs, and 2c-2e bonds) and delocalized
bonding elements, which are associated with the concepts
of aromaticity and antiaromaticity. From this point of view,
AdNDP achieves a seamless description of systems featur-
ing both localized and delocalized bonding without invoking
the concept of resonance. We used the B3LYP/6-31G level
of theory for the AdNDP calculations. AdNDP results have
been shown to be insensitive to the level of theory or basis set
used.57

All the calculations (PBE0, TPSSh, TD-PBE0, TD-
TPSSh, ROCCSD, and ROCSSD(T)) were performed using
the GAUSSIAN 09 program.58 Molecular structure visual-
ization was done using the MOLDEN 3.459 and Chemcraft
programs.60 Molecular orbital (MO) visualization was per-
formed using MOLEKEL 5.4.0.8.61

IV. EXPERIMENTAL RESULTS

The photoelectron spectrum of B24
− is shown in Fig. 1 at

193 nm. The spectrum was also obtained at 266 nm, but not

shown, because no fine features were resolved. The detach-
ment features are labeled with letters X, A, and B, . . . . The
measured VDEs are compared with theoretical calculations at
the TPSSh and PBE0 levels of theory in Table I and they serve
as spectral signatures for the global minimum quasi-planar
structure of B24

− (vide infra).
The first detachment channel of B24

− is defined by fea-
ture X with a VDE value of 3.75 eV. The adiabatic detachment
energy (ADE) or the electron affinity of the corresponding
neutral is measured by drawing a straight line along the lead-
ing edge of the band and then adding the experimental res-
olution to the intersection with the binding energy axis. The
ADE so obtained is 3.55 ± 0.07 eV. The broad width of the
X band and relatively large difference between the ADE and
VDE suggests significant geometry changes from the anion
ground state to that of the neutral upon electron detachment.
Following an energy gap of ∼1 eV, a set of intense and con-
gested features are observed. Features A, B, and C are ob-
served with VDEs of 4.61, 4.79, and 5.12 eV, respectively.
One more intense feature D is observed at 5.62 eV, followed
by a weaker feature E at 5.96 eV. All these spectral bands are
relatively broad, suggesting that they may contain more than
one detachment channel.

V. THEORETICAL RESULTS

Using both the CK and CW searching procedures, about
13 000 trial structures were generated and underwent the
processes of optimization and frequency calculations. The
two searches provided us with a set of low-lying isomers,
which were subsequently re-optimized at the higher levels of
theory: PBE0/6-311+G(d) and TPSSh/6-311+G(d). All iso-
mers were checked to be true minima with no imaginary fre-
quencies. An abbreviated set of these low-lying isomers is
presented in Fig. 2. It should be noted that the tubular struc-
ture II was not found by our searching methods, but instead
built manually. It was examined based on similar structures
reported to be present among the low-lying isomers of several

TABLE I. Comparison of the experimental VDEs with the calculated values for isomer I (C1, 2A) of B24
−. All energies are in eV.

VDE (theory)

Feature VDE (Expt.)a Final state and electronic configuration TD-TPSSh TD-PBE1PBE

X 3.75(7) 1A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)2(36a)2(37a)0 3.70 3.79
A 4.61(8) 3A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)2(36a)1(37a)1 4.29 4.46
B 4.79(8) 1A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)2(36a)1(37a)1 4.48 4.65

3A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)1(36a)2(37a)1 4.51 4.65
3A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)1(35a)2(36a)2(37a)1 4.64 4.75

C 5.12(8) 1A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)2(35a)1(36a)2(37a)1 4.73 4.93
1A. . . (29a)2(30a)2(31a)2(32a)2(33a)2(34a)1(35a)2(36a)2(37a)1 4.89 5.05

D 5.62(6) 3A. . . (29a)2(30a)2(31a)2(32a)2(33a)1(34a)2(35a)2(36a)2(37a)1 5.19 5.40
3A. . . (29a)2(30a)2(31a)2(32a)1(33a)2(34a)2(35a)2(36a)2(37a)1 5.34 5.59
1A. . . (29a)2(30a)2(31a)2(32a)1(33a)2(34a)2(35a)2(36a)2(37a)1 5.44 5.72
1A. . . (29a)2(30a)2(31a)2(32a)2(33a)1(34a)2(35a)2(36a)2(37a)1 5.36 5.65
3A. . . (29a)2(30a)2(31a)1(32a)2(33a)2(34a)2(35a)2(36a)2(37a)1 5.42 5.67

E 5.96(5) 1A. . . (29a)2(30a)2(31a)1(32a)2(33a)2(34a)2(35a)2(36a)2(37a)1 5.85 6.07
3A. . . (29a)2(30a)1(31a)2(32a)2(33a)2(34a)2(35a)2(36a)2(37a)1 6.02 6.24

aNumbers in the parentheses represent uncertainties in the last digit.
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FIG. 2. The global minimum and low-lying isomers of B24
−. Relative energies are shown from single-point calculations at ROCCSD/6-311 + G(d)//PBE0/6-

311 + G(d) and ROCCSD(T)/6-311 + G(d)//PBE0/6-311 + G(d) (in curly brackets), as well those from PBE0/6-311 + G(2df)//PBE0/6-311 + G(d) (in
parentheses) and TPSSh/6-311 + G(2df)//TPSSh/6-311 + G(d) (in square brackets). All energies have been corrected for zero-point energies at the corre-
sponding levels of theory, aside from the CC methods, which have been corrected with the PBE0 zero-point energies. The relative energy of isomer III at
ROCCSD(T)/6-311 + G(d)//PBE0/6-311 + G(d) could not be obtained. Kcal/mol denotes a unit to measure an amount of energy per mole of B24

− molecules.

anionic boron clusters.17–20 The double ring structures have
never been observed experimentally for any neutral or anionic
boron clusters, even in cases where such isomers were found
computationally to be rather low-lying.15, 20

The eight energetically lowest lying isomers at the
DFT/6-311+G(d) level were further evaluated by single point
calculations at their PBE0/6-311+G(d) geometries using the
ROCCSD/6-311+G(d) and ROCCSD(T)/6-311+G(d) levels
of theory, with the exception of isomer III, for which only
the ROCCSD energy was obtained. The deviation in energy
of these closely lying isomers at the corresponding ROCCSD
and ROCCSD(T) levels was at most 1.5 kcal/mol. Some of the
structures are very close in energy with each other and may be
considered degenerate (i.e., isomers IV and V, as well as VI
and VII). Both ROCCSD and ROCCSD(T) calculations show
isomer I (C1) as the global minimum, which is a quasi-planar
cluster with a filled pentagonal unit. The Cartesian coordi-
nates of the presented structures are given in Table S1 of the
supplementary material.62

In contrast to the quasi-planar structure of isomer
I, the next low-lying isomer evaluated with the coupled
cluster methods is the tubular double-ring structure II. This
isomer has been suggested recently to be the most stable
structure of B24

− cluster by Nguyen and co-workers.63 These
authors showed that two 2D isomers, referred to in their
work as B24-QP-1 and B24-QP-2, are less stable than the
3D double-ring structure at the TPSSh/6-311+G(d) level of
theory. These two 2D isomers were also found among the

low-lying isomers via the CK and CW searches: isomer
VIII and isomer IV, respectively (see Fig. 2). Nguyen’s pro-
posed relative energies are in agreement with both our DFT
methods. However, the more accurate and reliable single-
point ROCCSD and ROCCSD(T) calculations show that these
quasi-planar structures, along with the double-ring structure,
are all higher in energy than the quasi-planar isomer I, found
via our global minimum searches.

The global minimum structure I (C1, 2A) possesses
a slightly puckered geometry featuring a filled pentago-
nal moiety with the central boron atom sticking out of
the molecular plane by approximately 0.9 Å. For compar-
ison, the same filled pentagonal moiety is found in B21

−

with an out of plane distortion of about 0.5 Å, whereas
in B19

− the filled pentagonal unit is found to be perfectly
planar. Interestingly, the B-B bond lengths inside the pen-
tagon vary from 1.61 to 1.68 Å, whereas the same bonds
in the 3D α-boron icosahedral units are about 1.73 Å. Both
the PBE0/6-311+G(2df)//PBE0/6-311+G(d) and TPSSh/6-
311+G(2df)//TPSSh /6-311+G(d) levels of theory show the
lowest energy as isomer II, but it turns out to be 4.46
and 4.54 kcal/mol higher in energy than structure I at
the highest ROCCSD/6-311+G(d)//PBE0/6-311+G(d) and
ROCCSD(T)/6-311+G(d)//PBE0/6-311+G(d) levels of the-
ory, respectively. As will be discussed below, the comparison
between the simulated PES spectra and the experiment sup-
ports our findings of the quasi-planar structure I as the global
minimum of B24

−.
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The next two lowest energy isomers (III and IV) pos-
sess pentagon-shaped cavities much like the global minimum
structure I, but do not contain a filled pentagonal moiety.
Structures III and IV are 4.59 and 6.24 kcal/mol higher in
energy, at ROCCSD/6-311+G(d)//PBE0/6-311+G(d) level,
than isomer I, respectively. Isomer V has a triangular
lattice, similar to the global minimum of B22

− reported
recently.20 Even though this structure is just 2.2 kcal/mol
higher in energy than the double-ring isomer II at PBE0/6-
311+G(2df)//PBE0/6-311+G(d), it is found to be a high-
energy isomer at the highest levels of theory (ROCCSD and
ROCCSD(T)). All other structures in Fig. 2 represent planar
and quasi-planar high-energy isomers with relative energies
>10 kcal/mol above the global minimum at the highest lev-
els of theory. It is noteworthy that the robustness of planar
geometry9–23 is seen for many boron clusters. Conditions of
the formation of 2D boron sheets have recently been reported
elsewhere.64

In order to compare the stability of the global minimum
structure I with one of the most stable 2D sheet of boron
atoms, the so-called α-sheet,51, 65–68 and 3D α-rhombohedral
bulk boron,5 we have performed additional calculations at the
PBE/6-31G(d, p) level of theory to find a cohesive energy Ec

of the ground B24
− isomer. It turned out that Ec of the B24

−

cluster is 5.62 eV per boron atom. The Ec values of the 2D
α-sheet and 3D α-rhombohedral bulk boron were previously
calculated65–68 to be 5.93 eV65 (6.11 eV66) and 6.33 eV,67

respectively.
In order to assess the multi-reference character in the

ROCCSD(T) method, we used an open-shell T1 diagnostic,
which can produce a qualitative picture of the significance of
non-dynamical (or static) correlation: the larger the T1 value,
the less reliable the results of the single-reference coupled
cluster wave function. In the current work, we obtained T1

diagnostic values using the open-shell T1 formalism of Jay-
atilaka and Lee,46 who suggested that open-shell T1 values
may be larger than those of closed-shell systems, where T1

values greater than 0.02 are typically suspicious.69, 70 Table II
shows the T1 values at the ROCCSD(T)/6-311+G(d)//PBE0/
6-311+G(d) level of theory for all the isomers of B24

− except
isomer III, which is not presented due to the missing energy
value at ROCCSD(T).

As was suggested by Schaefer III and co-workers,71 the
T1 values above 0.044 are considered somewhat less reliable
for open-shell systems. According to our results, all the values
are below 0.027, which supports the reasonable assessment of

TABLE II. Open-shell T1 diagnostic values at the ROCCSD(T)/6-
311+G(d)//PBE0/6-311+G(d) level of theory.

Isomers T1 values

I 0.025
II 0.027
IV 0.025
V 0.023
VI 0.022
VII 0.019
VIII 0.025

our wave-function as single-configurational for all the studied
species.

VI. COMPARISON BETWEEN THE EXPERIMENTAL
AND THEORETICAL RESULTS

The calculated VDEs at the TPSSh and PBE0 levels of
theory for isomer I are summarized in Table I along with the
experimental data. The calculated VDEs for other low-lying
isomers are given in Table S2 of the supplementary material.62

Simulated spectra for isomer I using both functionals are com-
pared with the experimental spectrum in Fig. 3. The overall
patterns at both functionals are in excellent agreement with
the experimental data. The PBE0 data will be used in the
following discussion.

A. Isomer I

The first VDE of B24
− corresponds to the electron de-

tachment of the singly occupied HOMO (37a) resulting in the
singlet neutral ground state 1A (Table I). The VDE value at the
PBE0 level of theory is 3.79 eV, which is in excellent agree-
ment with the experimental value of 3.75 eV. Detachment

FIG. 3. Comparison of the experimental PES spectrum (a) with the simu-
lated PES spectra for the global minimum isomer I of B24

− at PBE0 (b) and
TPSSh (c).
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from HOMO-1 (36a) produces the first triplet neutral state,
with a calculated VDE of 4.46 eV, in good agreement with
the experimental VDE of feature A at about 4.61 eV. The next
three detachment channels are calculated at VDEs of 4.65,
4.65, and 4.75 eV, which contribute to the intense and broad
feature B at 4.79 eV. Feature C at 5.12 eV is assigned to the
singlet final states from electron detachment from HOMO-2
(4.93 eV) and HOMO-3 (5.05 eV). The next five detachments
channels are assigned to contribute to the intense and broad
feature D at 5.62 eV. Following a 0.4 eV gap in the theoretical
values, two detachment channels calculated at 6.07 and 6.24
eV are assigned to feature E at 5.96 eV.

No detachment channels are calculated to be in the gap
between features X and A, which was not resolved to the base-
line in the photoelectron spectrum. This might be due to con-
tributions of possible low-lying isomers in the cluster beam.

B. Isomer II

The calculated VDEs for the double-ring isomer II totally
disagree with the experimental features (see Table S2 of the
supplementary material62). The first VDE calculated at PBE0
(2.88 eV) and TPSSh (2.74 eV) are much lower than the ob-
served first VDE and they do not correspond to any observable
features in the experimental spectrum. Thus, we can rule out
the presence of this isomer in any appreciable amount in the
cluster beam.

C. Other isomers

The calculated VDEs for the quasi-planar isomers III and
IV (see Table S2 of the supplementary material62) show quite
similar simulated spectral pattern as the global minima and
thus they cannot be excluded on this ground. However, tak-
ing into account that their relative energies are quite low with
respect to the global minimum, we could not completely rule
out that they might be present in small amounts in the clus-
ter beam and might make non-negligible contributions to the
overall width of the experimental spectrum. Isomer V has a
detachment channel that could be responsible for the inten-
sity in the gap between features X and A. Other isomers are
too high in energy and can be safely ruled out.

Thus, we believe that the global minimum isomer I is the
main species responsible for the experimental photoelectron
spectrum. The excellent overall agreement between the sim-
ulated spectra of isomer I and the experiment lends consider-
able credence for the identified global minimum for B24

−.

VII. STRUCTURE AND CHEMICAL BONDING

The global minimum of B24
− (Fig. 2) contains a tetrago-

nal and a pentagonal hole. Previous investigations show that
such defects are essential to keep the cluster flat because of
the unique chemical bonding in all 2D boron clusters, which
exhibit strong peripheral B-B bonding and delocalized inte-
rior bonding.13–20 However, the global minimum of B24

− is
only quasi-planar owing to the out-of-plane distortion of the
boron atom in the center of the filled pentagonal motif, simi-

lar to that observed in the global minimum of B21
−. The ap-

pearance of such filled pentagonal units with ever increasing
out-of-plane distortions for large boron clusters may hint at
the onset to form icosahedral blocks found in bulk boron.
The results of our chemical bonding analysis (Fig. 4) using
the AdNDP method (B3LYP/6-31G//PBE0/6-311+G(d)) pro-
vides further insight into this structural feature by revealing a
separate bonding element (6c-2e π -bond with ON = 1.8 |e|)
located over the filled pentagonal moiety.

The current version of our AdNDP program allows per-
forming analyses for only closed-shell systems. Therefore, in
order to assess chemical bonding in the open-shell B24

− an-
ion cluster, we performed the AdNDP analyses of both the
closed-shell neutral B24 (Fig. 4(a)) and closed-shell dianion
B24

2− (Figs. 4(a) and 4(b)), both at the geometry of B24
−. It

should be stressed that isomer I is not planar, and therefore,
σ - and π -bonding could only be approximately assigned. The
bonding elements obtained for B24 and B24

2− are the same,
except for the additional 5c-2e π -bond pertaining to B24

2−,
shown in Fig. 4(b) (ON = 1.8 |e|). The addition of one elec-
tron to B24

− can be seen as doubling ON value of the 5c π -
bond in B24

2−. In other words, one can view the 5c-2e π -bond
of B24

2− as a 5c-1e π -bond with an ON of 0.9 |e| in the B24
−

anion.
Similar to all the boron clusters studied previously,9–18, 20

only classical localized 2c-2e B-B σ -bonds are found between
the 15 peripheral boron atoms in B24

− (Fig. 4). The periph-
eral B-B bond distances are in the range of 1.52−1.63 Å, and
their ON values are close to the ideal case of 2.0 |e|. All other
σ -bonds associated with the 9 inner atoms are found to be
delocalized: eleven 3c-2e and three 4c-2e σ -bonds with ON
= 1.8-1.9 |e|. Interestingly, three 3c-2e σ -bonds are found in-
side the filled pentagon; four 3c-2e and two 4c-2e σ -bonds
are found to be responsible for the bonding between the filled
pentagonal unit and its surrounding atoms. This delocalized
σ bonding patter is exactly the same as those observed in the
B21

−.19

In addition to delocalized σ bonds, the 9 interior boron
atoms in B24 are also bonded by seven delocalized π -bonds:
six 4c-2e π -bonds and one 6c-2e π -bond. The B24

− dian-
ion contains an eighth delocalized 5c-2e π -bond, shown in
Fig. 4(b). The four 4c-2e π -bonds found at the vertices of
the filled pentagon in B24

− look exactly the same as the cor-
responding ones in B21

−. Furthermore, the unique 6c-2e π -
bond delocalized over the six inner B atoms comprising the
B-centered pentagon is also similar to that in B21

−. An in-
crease in the out-of-plane distortion of the filled pentagon
fragment upon increasing the cluster size suggests the ten-
dency to form icosahedral bulk-like structural features. The
out-of-plane distortion in the filled pentagonal motif reduces
the geometrical stress imposed by the periphery and may ex-
plain the energetic advantage of the global minimum of B24

−.
It is also interesting to note that isomers I, III, and IV all
contain a pentagonal cavity, which also helps release of ge-
ometrical stresses. All the other higher lying 2D structures
(V, VI, VII, and VIII), however, possess more regular trian-
gular lattices (Fig. 2). These structures are higher in energy
than isomers I, III, and IV, likely due to the geometric strain
imposed by the uninterrupted triangular lattice motifs.
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FIG. 4. AdNDP analyses of the closed-shell neutral B24 (a) and the dianion B24
2− [(a) and (b)] at the geometry of B24

−. ON stands for occupation number and
is equal to 2.0 |e| in an ideal case.

VIII. CONCLUSIONS

We report a joint theoretical and experimental study of
the B24

− cluster, the largest boron cluster to be characterized
experimentally thus far. We found that the global minimum
structure of this large boron cluster is quasi-planar, containing
a filled pentagonal unit with the central boron atom distorted
out of plane significantly. A double-ring 3D isomer was found
to be higher in energy at the ROCCSD and ROCCSD(T) lev-
els of theory, while it is the global minimum according to two
DFT methods: PBE0 and TPSSh. Comparison of the simu-
lated photoelectron spectra with the experimental data con-
firms unequivocally the quasi-planar global minimum identi-
fied for B24

− at the higher levels of theory. Chemical bonding
analysis revealed that the periphery of B24

− is bonded only
by classical 2c-2e B-B σ -bonds, whereas both delocalized σ -
and π -bonds are found in the interior of the cluster with one
unique 6c-2e π -bond responsible for the bonding in the B-
centered pentagon. The current results seem to suggest a ten-
dency to form filled pentagon-like units upon increasing the
cluster size, an important structural feature in the icosahedral
blocks of bulk boron.

ACKNOWLEDGMENTS

We dedicate this publication to our friend and colleague,
Professor Konstantin V. Bozhenko (Peoples’ Friendship Uni-

versity of Russia, Moscow, Russia), on the occasion of his
65th birthday and wish him a long and happy life, full of hap-
piness and accomplishments.

This research was supported by the National Science
Foundation (CHE-1263745 to L.S.W. and CHE-1057746 to
A.I.B.). Computer, storage, and other resources from the Di-
vision of Research Computing in the Office of Research
and Graduate Studies at Utah State University are grate-
fully acknowledged. This work used the Extreme Science
and Engineering Discovery Environment (XSEDE), which is
supported by National Science Foundation Grant No. OCI-
1053575. This work was also partially supported by Brown
University through the use of the facilities of its Center for
Computation and Visualization. The authors thank Dr. H. J.
Zhai and Dr. C. Romanescu for earlier experimental assis-
tance. We also thank A. P. Sergeeva for conducting the ini-
tial global minimum searches and performing geometry op-
timizations and frequency calculations. I.A.P. would like to
give special thanks to John Hanks at the Division of Research
Computing in the Office of Research and Graduate Studies
at Utah State University for making special accommodations,
which allowed this research to be accomplished.

1H. Binnenbruck and H. Werheit, J. Less-Common Met. 47, 91 (1976).
2U. Kuhlmann and H. Werheit, Phys. Status Solidi B 175, 85 (1993).
3R. J. Nelmes, J. S. Loveday, R. M. Wilson, W. G. Marshall, J. M. Besson,
S. Klotz, G. Hamel, and T. L. Aselage, Phys. Rev. Lett. 74, 2268 (1995).

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.148.231.12 On: Mon, 26 May 2014 20:14:52

http://dx.doi.org/10.1016/0022-5088(76)90080-1
http://dx.doi.org/10.1002/pssb.2221750106
http://dx.doi.org/10.1103/PhysRevLett.74.2268


144307-8 Popov et al. J. Chem. Phys. 139, 144307 (2013)

4M. Takeda, K. Kimura, A. Hori, H. Yamashita, and H. Ino, Phys. Rev. B
48, 13159 (1993).

5N. Vast, S. Baroni, G. Zerah, J. M. Besson, A. Polian, M. Grimsditch, and
J. C. Chervin, Phys. Rev. Lett. 78, 693 (1997).

6R. Kawai and J. H. Weare, J. Chem. Phys. 95, 1151 (1991).
7R. Kawai and J. H. Weare, Chem. Phys. Lett. 191, 311 (1992).
8L. Hanley, J. L. Whitten, and S. L. Anderson, J. Phys. Chem. 92, 5803
(1988).

9H. J. Zhai, L. S. Wang, A. N. Alexandrova, and A. I. Boldyrev, J. Chem.
Phys. 117, 7917 (2002).

10A. N. Alexandrova, A. I. Boldyrev, H. J. Zhai, L. S. Wang, E. Steiner, and
P. W. Fowler, J. Phys. Chem. A 107, 1359 (2003).

11A. N. Alexandrova, A. I. Boldyrev, H. J. Zhai, and L. S. Wang, J. Phys.
Chem. A 108, 3509 (2004).

12H. J. Zhai, L. S. Wang, A. N. Alexandrova, A. I. Boldyrev, and V. G.
Zakrzewski, J. Phys. Chem. A 107, 9319 (2003).

13H. J. Zhai, A. N. Alexandrova, K. A. Birch, A. I. Boldyrev, and L. S. Wang,
Angew. Chem., Int. Ed. 42, 6004 (2003).

14H. J. Zhai, B. Kiran, J. Li, and L. S. Wang, Nature Mater. 2, 827 (2003).
15B. Kiran, S. Bulusu, H. J. Zhai, S. Yoo, X. C. Zeng, and L. S. Wang, Proc.

Natl. Acad. Sci. U.S.A. 102, 961 (2005).
16A. P. Sergeeva, D. Yu. Zubarev, H. J. Zhai, A. I. Boldyrev, and L. S. Wang,

J. Am. Chem. Soc. 130, 7244 (2008).
17W. Huang, A. P. Sergeeva, H. J. Zhai, B. B. Averkiev, L. S. Wang, and A.

I. Boldyrev, Nat. Chem. 2, 202 (2010).
18A. P. Sergeeva, B. B. Averkiev, H. J. Zhai, A. I. Boldyrev, and L. S. Wang,

J. Chem. Phys. 134, 224304 (2011).
19Z. A. Piazza, W. L. Li, C. R. Romanescu, A. P. Sergeeva, L. S. Wang, and

A. I. Boldyrev, J. Chem. Phys. 136, 104310 (2012).
20A. P. Sergeeva, Z. A. Piazza, C. Romanescu, W. L. Li, A. I. Boldyrev, and

L. S. Wang, J. Am. Chem. Soc. 134, 18065 (2012).
21T. B. Tai, N. M. Tam, and M. T. Nguyen, Chem. Phys. Lett. 530, 71 (2012).
22L. Cheng, J. Chem. Phys. 136, 104301 (2012).
23E. Oger, N. R. M. Crawford, R. Kelting, P. Weis, M. M. Kappes, and R.

Ahlrichs, Angew. Chem., Int. Ed. 46, 8503 (2007).
24P. W. Fowler and B. R. Gray, Inorg. Chem. 46, 2892 (2007).
25J. E. Fowler and J. M. Ugalde, J. Phys. Chem. A 104, 397 (2000).
26J. O. C. Jiménez-Halla, R. Islas, T. Heine, and G. Merino, Angew. Chem.,

Int. Ed. 49, 5668 (2010).
27J. Zhang, A. P. Sergeeva, M. Sparta, and A. N. Alexandrova, Angew.

Chem., Int. Ed. 51, 8512 (2012).
28G. Martínez-Guajardo, A. P. Sergeeva, A. I. Boldyrev, T. Heine, J. M.

Ugalde, and G. Merino, Chem. Commun. 47, 6242 (2011).
29L. S. Wang, H. S. Cheng, and J. Fan, J. Chem. Phys. 102, 9480 (1995).
30W. Huang and L. S. Wang, Phys. Rev. Lett. 102, 153401 (2009).
31J. Akola, M. Manninen, H. Hakkinen, U. Landman, X. Li, and L. S. Wang,

Phys. Rev. B 60, R11297 (1999).
32L. S. Wang and X. Li, “Temperature effects in anion photoelectron spec-

troscopy of metal clusters,” in Proceedings of the International Symposium
on Clusters and Nanostructure Interfaces, Richmond, VA, 25–28 October
1999, edited by P. Jena, S. N. Khanna, and B. K. Rao (World Scientific,
New Jersey, 2000), pp. 293–300.

33A. D. Becke, J. Chem. Phys. 98, 5648 (1993).
34C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 (1988).
35J. S. Binkley, J. A. Pople, and W. J. Hehre, J. Am. Chem. Soc. 102, 939

(1980).
36J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
37J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 78, 1396 (1997).

38C. Adamo and V. J. Barone, J. Chem. Phys. 110, 6158 (1999).
39J. M. Tao, J. P. Perdew, V. N. Staroverov, and G. E. Scuseria, Phys. Rev.

Lett. 91, 146401 (2003).
40M. S. Gordon, J. S. Binkley, J. A. Pople, W. J. Pietro, and W. J. Hehre, J.

Am. Chem. Soc. 104, 2797 (1982).
41W. J. Pietro, M. M. Francl, W. J. Hehre, D. J. Defrees, J. A. Pople, and J. S.

Binkley, J. Am. Chem. Soc. 104, 5039 (1982).
42T. Clark, J. Chandrasekhar, G. W. Spitznagel, and P. v. R. Schleyer, J. Com-

put. Chem. 4, 294 (1983).
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