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The two smallest boron clusters (B3 and B4) in their neutral and anionic forms were studied by photoelectron
spectroscopy and ab initio calculations. Vibrationally resolved photoelectron spectra were observed for B3

-

at three photon energies (355, 266, and 193 nm), and the electron affinity of B3 was measured to be 2.82(
0.02 eV. An unusually intense peak due to two-electron transitions was observed in the 193-nm spectrum of
B3

- at 4.55 eV and its origin was theoretically characterized. We confirmed that both B3
- and B3 areπ and

σ aromatic systems withD3h symmetry. The photoelectron spectra of B4
- were also obtained at the three

photon energies, but much broader spectra were observed. The B4
- anion was found to have the lowest

electron detachment energy (∼1.6 eV) among all boron clusters with three or more atoms, consistent with its
extremely weak mass signals. The neutral B4 cluster was found to have aD2h rhombus structure, which is
only slightly distorted from a perfect square. For B4

-, we identified computationally two low-lying isomers
(2B1u and2Ag) both withD2h symmetry, with the2B1u state slightly more stable, which is confirmed through
comparison of the calculated spectra with the experimental spectra. The chemical bonding of the two small
boron clusters is discussed in terms of aromaticity and antiaromaticity both in theπ andσ frameworks. We
demonstrated that the aromaticity and antiaromaticity concepts provide us a clear explanation of the chemical
structure and bonding in these two boron clusters.

1. Introduction

Boron clusters represent the lightest covalently bound species
and understanding the electronic and atomic structures in these
systems is important for the development of a unified chemical
bonding theory for all covalently bound molecules. Small
clusters frequently adopt a different structure from being just
small pieces of the corresponding bulk materials. Therefore,
chemical bonding theories, which can successfully explain the
structures and stabilities of bulk crystals, may not provide us
with similar explanations in clusters. Boron clusters present the
best testimony to this expectation. Although bulk boron in its
numerous modifications consists of networks of icosahedral units
covalently bound to each other,1,2 small boron clusters adopt
planar or quasiplanar structures.3-46 However, even though
boron clusters have been the subjects of numerous theoretical3-38

and experimental39-45 studies, the electronic structure and
chemical bonding in such species did not receive much attention
until recently.25-27,31-38 Furthermore, the structures of many
small boron clusters considered computationally were not
verified experimentally. In a series of recent articles, we have
reported joint experimental and theoretical studies of a number
of boron clusters, B5-,35 B6

-,36 B8
- and B9

-,37 B10
--B15

-,38

and their neutrals. The structures of these clusters were searched
computationally and verified through comparisons of experi-
mental and theoretical photoelectron spectra. We have confirmed
the two-dimensional nature of all these clusters, and in particular,
we have shown that the concepts of aromaticity and antiaro-
maticity can be successfully used for explaining their structures
and stability.

However, the smallest B3- and B4
- clusters have escaped

our initial experimental detection and their photoelectron spectra
have been only obtained recently. In the meantime, some of us
(A.E.K. and A.I.B.) have reported a theoretical analysis of B3

-.46

A theoretical study of B4- has also appeared recently.34 In the
current paper, we report the photoelectron spectra of B3

- and
B4

- and compare them with an accompanying theoretical study.
Very sharp and vibrationally resolved spectra were obtained for
B3

-. Interestingly, our theoretical analyses revealed an unusual
two-electron transition present in the photoelectron spectra,
suggesting strong electron correlation effects in B3

-. The spectra
of B4

- on the other hand were broad and no vibrational
structures were observed in the threshold band, indicating a large
geometry change from B4- to B4 neutral. Our theoretical analysis
showed that B4- hasD2h symmetry with a2B1u ground state,
with a low-lying 2Ag state. Neutral B4 was also shown to have
D2h symmetry with a1Ag ground state. A large bond angle
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change was observed between the ground states of the anion
and neutral B4, consistent with the broad photoelectron spectra.

2. Experimental Methods

The experiment was carried out using a magnetic-bottle time-
of-flight photoelectron apparatus equipped with a laser vaporiza-
tion supersonic cluster source.47,48The B3

- and B4
- anions were

produced by laser vaporization of a disk target made of enriched
10B isotope (99.75%) in the presence of a helium carrier gas.
Various clusters were produced from the cluster source and were
analyzed using a time-of-flight mass spectrometer. The cluster
species of interest (B3- or B4

-) were mass-selected and
decelerated before being photodetached. Three detachment
photon energies were used in the current experiments: 355
(3.496 eV), 266 (4.661 eV), and 193 nm (6.424 eV). Photo-
electron spectra were calibrated using the known spectrum of
Rh-, and the resolution of the apparatus was better than 30 meV
for 1 eV electrons.

Although B3
- and B4

- are the smallest and simplest boron
clusters, the photodetachment experiment turned out to be rather
challenging, primarily because of the weak cluster intensities
and the low photodetachment cross sections of these light
clusters. The timings of firing the vaporization laser, the helium
carrier gas pulse, and the ion extraction all had to be controlled
much more delicately to ensure sufficient mass signals for the
photodetachment experiment. Even with the extreme cares taken,
the mass intensities of B3- and B4

- were still rather weak. This
was especially true for B4-, which possesses the lowest electron
affinity among all boron clusters Bn- (n ) 3-25) and appears
to be “anti-magic” in the mass spectrum. Consequently, the B4

-

ion beam could not be decelerated sufficiently to achieve our
best resolution in the photoelectron experiment, and a much
longer averaging time (several hundred thousand laser shots)
was needed to acquire a spectrum with reasonable signal-to-
noise ratios.

3. Theoretical Methods

An extensive search of the global minima structure of B3,
B3

-, B4, and B4
- was performed using a hybrid method, which

includes a mixture of Hartree-Fock (HF) exchange with density
functional exchange-correlation potentials (B3LYP)49-51 with
the polarized split-valence basis sets (6-311+G*).53,54 For the
lowest energy structures, geometries were refined using the
restricted coupled cluster method [RCCSD(T)]55-57 with the
same basis set. We found that the unrestricted HF method and
all post HF methods based on the unrestricted HF method have
a very high spin-contamination. Therefore, results at these levels
of theory may be unreliable. We further refined energies of the
lowest isomers at the RCCSD(T) level of theory with an
extended basis set (6-311+G(2df)). The CASSCF(8,12) calcula-
tions58,59 for B3

- and the CASSCF(9,12) calculations for B4
-

with the 6-311+G* basis set were performed to test the
multiconfigurational nature of their wave functions. Also, multi-
configurational single-point calculations (CASSCF-MRCISD)60,61

with the extended 6-311+G(2df) basis set and various active
space and number of active electrons were used for additional
investigation of the relative energies for the two lowest states
of the B4

- anion.
The theoretical photoelectron spectrum of B3

- was calculated
using the ADC(3)62-66 and the RCCSD(T) methods with the
6-311+G(2df) basis set. Because B4

- has a doublet ground state,
two theoretical methods were employed to calculate its photo-
electron spectrum. The RCCSD(T) methods with the 6-311+G-
(2df) basis set was used to calculate vertical electron detachment

energies (VDEs) to the triplet final states and the equation of
motion method based on the restricted coupled cluster method
[EOM-CCSD(T)]67 with the 6-311+G(2df) basis sets was used
to calculate the VDEs to the final singlet states. The first VDEs
of the two lowest states of B4- were also evaluated as the VDEs
to the singlet ground state of B4 using the ROVGF68-71 and
ACD(3) methods with the 6-311+G(2df) basis sets and the
optimal geometries for their respective anionic states obtained
at the RCCSD(T)/6-311+G* level of theory. The chemical
bonding in the boron trimer and tetramer was interpreted using
molecular orbital pictures drawn at the U(R)HF/6-311+G* level
of theory.

B3LYP, ROVGF, CASSCF, and U(R)HF calculations were
done using Gaussian 98.72 The ACD(3) calculations were done
using the program written by V. G. Zakrzewski and incorporated
into Gaussian 98. RCCSD(T), EOM-RCCSD(T), and CASSCF-
MRCI calculations were done using the MOLPRO 1999
program.73 All molecular orbital pictures were drawn using the
Molden 3.4 program.74 Calculations were performed on a 63-
nodes Birch-Retford Beowulf cluster computer built at Utah
State University by K. A. Birch and B. P. Retford.

4. Experimental Results

4.1. Photoelectron Spectra of B3-. The photoelectron spectra
of B3

- are shown in Figure 1 at three photon energies. At 355
nm, a strong and sharp peak (X) was observed with a short
vibrational progression and a hot band transition. The sharp peak
defined the electron affinity (EA) of B3 to be 2.82( 0.02 eV.
The short vibrational progression and the hot band yielded
vibrational frequencies for the ground states of the neutral and

Figure 1. Photoelectron spectra of B3
- at (a) 355 nm (3.496 eV), (b)

266 nm (4.661 eV), and (c) 193 nm (6.424 eV). HB stands for hot
band transitions. The vertical lines indicate resolved vibrational
structures.
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the anion of 1020( 50 and 1230( 40 cm-1, respectively. At
266 nm, a weaker band (A) was observed, which also showed
a short vibrational progression and a hot band. The A band
represents the first exited state of B3.

At 193 nm, two more bands (B and C) were observed. The
relatively weak B band with a VDE of 4.55 eV seemed to show
a strong photon energy dependence, because this band was not
observable in the 266 nm spectrum (Figure 1b). The A band
also showed a strong photon energy dependence, and its relative
intensity was significantly enhanced in the 193 nm spectrum.
The high binding energy band (C) was observed with a VDE
of 5.58 eV, and it also showed a short vibrational progression.
The observed ADEs, VDEs, and vibrational frequencies for B3

-

are given in Table 1.
4.2. Photoelectron Spectra of B4-. The spectra of B4- at

the three photon energies are shown in Figure 2. Four very broad
bands were observed. The A and B bands were closely spaced
and were overlapped. At 355 nm, vibrational structures were
discernible for the A band (Figure 2a). The broad X band
indicated a large geometry change between the ground states
of the anion and neutral B4. The VDE of the X band was
measured to be 1.99( 0.05 eV. However, the ADE was difficult
to determine because of the width of the band and the lack of
vibrational resolution. Considering the potential hot band
transitions, we estimated the ADE or the EA of B4 to be∼1.6
eV. This makes the EA of B4 to be the lowest among all the
boron clusters from B3 to B25, partly explaining why the B4-

anion was relatively unstable and had the weakest abundance
in our cluster source. The obtained ADEs, VDEs, and vibrational
frequencies for B4- are also given in Table 1.

5. Theoretical Results

5.1. B3 and B3
-. An extensive search for the global minimum

of B3
- was performed previously.46 It was found to haveD3h

symmetry with a1A1′ electronic state (1a1′21e′41a2′′22a1′2),
consistent with prior studies. An electron detachment from the
HOMO (2a1′) of B3

- yields aD3h structure with a2A1′ electronic
state (1a1′21e′41a2′′22a1′1), which was found to be the global
minimum for neutral B3. These results agree with all previous
theoretical5,6,12and experimental44 data. The HF wave function
was dominant in the CASSCF(7,12)/6-311+G* expansions for
B3 (CHF ) 0.8926 among the 108 900 configurations) and in
the CASSCF(8,12)/6-311+G* for B3

- (CHF ) 0.9153 among
the 122 760 configurations), ensuring that the RCCSD(T)
calculations were reliable. Therefore, the global minimum
structures of B3 and B3

- were well-established computationally.
The optimized geometries, total energies, and the calculated
harmonic frequencies for B3 and B3

- are summarized in Table
2.

5.2. B4 and B4
-. Our search for the global minimum

structures of B4- (Figure 3) and B4 (Figure 4) at the B3LYP/
6-311+G* level of theory revealed that both species have a
rhombus structure (D2h symmetry) with a 2B1u (1ag

21b1u-
21b2u

2b3u
22ag

21b3g
22b1u

1) and a1Ag (1ag
21b1u

21b2u
2b3u

2 2ag
21b3g-

22b1u
0) spectroscopic state, respectively. Our finding for the

ground state of neutral B4 (Table 3 and Figure 4) is consistent
with previous ab initio calculations.7,9,11,21,34 However, our
ground electronic state for the B4

- anion is different from a
previously reported D2h

2Ag state (1ag21b1u
21b2u

2b3u
22ag

21b3g-
23ag

1).34 At the B3LYP/6-311+G* level of theory, theD2h
2Ag

state was found to be 6.1 kcal/mol higher in energy with a
significantly larger∠B1-B2-B3 angle (Table 4). When we
re-optimized the geometries of the two B4

- isomers at the
RCCSD(T)/6-311+G* level of theory we found that the
2B1u state is higher in energy than the2Ag state by 2.04 kcal/
mol. The RCCSD(T)/6-311+G(2df)//CCSD(T)/6-311+G* cal-
culations reduced the energy difference to 0.4 kcal/mol with
the 2B1u state still being higher in energy (Table 4). To test
further which of these two states is lower in energy, we
performed CASSCF(3,4)-MRCISD/6-311+G(2df) and CASSCF-
(3,5)-MRCISD/6-311+ G(2df) calculations. At these levels of
theory, the2B1u state is lower in energy than the2Ag state by
3.0 and 5.8 kcal/mol, respectively.

We further evaluated the relative energies of these two states
through combined calculations at the RCCSD(T)/6-311+G(2df)
and ROVGF/6-311+G(2df) or ACD(3)/6-311+G(2df) levels of
theory. First, the total energy of the B4 cluster was calculated
at the RCCSD(T)/6-311+G(2df) level of theory using the

TABLE 1: Observed Adiabatic (ADE) and Vertical (VDE)
Detachment Energies and Vibrational Frequencies for B3-

and B4
-

observed band ADE (eV) VDE (eV) vib. freq. (cm-1)

B3
- a

X 2.82( 0.02 2.82( 0.02 1020( 50
A 3.56( 0.03 3.56( 0.03 1130( 40
B 4.55( 0.04
C 5.58( 0.03 5.58( 0.03 1100( 80

B4
-

X ∼1.6 1.99( 0.05
A 3.08( 0.03 690( 60
B 3.41( 0.03
C 4.39( 0.05

a A vibrational frequency of 1230( 40 cm-1 was determined for
B3

- from the observed hot band transitions (see Figure 1).

Figure 2. Photoelectron spectra of B4
- species at (a) 355, (b) 266,

and (c) 193 nm.
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RCCSD(T)/6-311+G* optimal geometries of B4- at the2B1u

and 2Ag states. Then, the vertical electron attachment energy
was calculated at either ROVGF/6-311+G(2df) or ADC(3)/6-
311+G(2df) leading to the2B1u or to the 2Ag states at their
appropriate optimal geometries again at the RCCSD(T)/6-
311+G* level of theory. Combining the total energies of the
B4 cluster at RCCSD(T)/6-311+G(2df) with the vertical electron
attachment energies at either ROVGF/6-311+G(2df) or ADC-
(3)/6-311+G(2df), we obtained the total energies of the two
lowest anionic states. At the RCCSD(T)/6-311+G(2df)+ROVGF/
6-311+G(2df) level of theory, the B4- (2B1u) state was found
to be more stable than the B4

- (2Ag) state by 3.7 kcal/mol and
at the RCCSD(T)/6-311+G(2df)+ADC(3)/6-311+G(2df) level
of theory by 2.1 kcal/mol.

On the basis of all the above calculations, we conclude that
the 2B1u state is more stable and is the ground state of the B4

-

anion. Other low-lying isomers for B4- are presented in Figure
3.

6. Interpretation of the Photoelectron Spectra of B3
-

The VDEs of the B3- anion was calculated previously at the
ROVGF/6-311+G(2df)//CCSD(T)/6-311+G* level of theorty.46

In the current work, we further calculated the VDEs at two
additional levels of theory: ACD(3)/6-311+G(2df) and RCCSD-
(T)/6-311+G(2df). Our new theoretical results together with the
previous ab initio calculations are summarized and compared
with the experimental data in Table 5.

6.1. X and A Bands. The X band corresponds to the
detachment of an electron from the 2a1′-HOMO of B3

-, which
is depicted in Figure 5. The calculated VDE at all three levels
of theory agrees well with the experimental data (Table 5). The
RCCSD(T) value (2.88 eV) reproduces almost exactly the
experimental VDE (2.82( 0.02 eV). Good agreement was also
found between the theoretical ADE [2.87 eV at RCCSD(T)]
and the experimental ADE (2.82( 0.02 eV). The 2a1′ HOMO
is formed by the radial pσ orbitals of the three boron atoms,
and it is a complete bonding orbital. Electron detachment from
this MO should not change the symmetry of the cluster, but
might lead to a relaxation in the B-B bond lengths. The sharp

TABLE 2: Molecular Properties of B 3 and B3
-

B3 D3h (2A1′) B3
- D3h (1A1′)

B3LYP/
6-311+G*

RCCSD(T)/
6-311+G*

RCCSD(T)/
6-311+G(2df)//

RCCSD(T)/6-311+G*
B3LYP/

6-311+G*
RCCSD(T)/
6-311+G*

RCCSD(T)/
6-311+G(2df)//

RCCSD(T)/6-311+G*
CASMRCI/

6-311+G(2df)b

Etotal, a.u. -74.298272 -74.063356 -74.091367 -74.397068 -74.164651 -74.196742 -74.166109
R(B-B), Å 1.548 1.582 a 1.542 1.576 a 1.552
ω1(a1′), cm-1 1223 a a 1239 1190 a a
ω2(e′), cm-1 934 a a 959 897 a a

a Properties were not calculated at this level of theory.b Active space for the CAS-MRCI was constructed the following way:
rhf;occ,5,1,2,0;closed,5,1,2,0;core,2,0,1,0; wf,16,1,0;multi/ci;occ,8,1,4,0;closed,3,0,1,0;core,2,0,1,0;wf,16,1,0.

Figure 3. Optimized structures and their relative energies of B4
- at

B3LYP/6-311+G* level of theory.

Figure 4. Optimized structures and their relative energies of B4 at
B3LYP/6-311+G* level of theory.

TABLE 3: Molecular Properties of B 4

B3LYP/
6-311+G*

RCCSD(T)/
6-311+G*

RCCSD(T)/
6-311+G(2df)//

RCCSD(T)/6-311+G*

Etotal, a.u. -99.157546 -98.839444 -98.881103
R(B1-B2), Å 1.523 Å 1.558 Å a
∠B1-B2-B3 76.5° 75.4° a
ω1(ag), cm-1 1183 1112 a
ω2(ag), cm-1 332 336 a
ω3(b3g), cm-1 1268 1173 a
ω4(b1u), cm-1 1267 1201 a
ω5(b2u), cm-1 1059 966 a
ω6(b3u), cm-1 320 287 a

a Properties were not calculated at this level of theory.
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photoelectron spectrum of the X peak suggested that there
should be very little geometry change between the ground states
of the anion and the neutral. Indeed, we only found a very slight
elongation in the B-B bond length upon electron detachment
(Table 2). The vibrational frequencies determined from the
spectrum of the X band for B3- (1230( 40 cm-1) and B3 (1020
( 50 cm-1) are also in good agreement with the calculated
totally symmetric stretching frequencies for B3

- [ω1(a1) ) 1239
cm-1] and B3 [ω1(a1) ) 1223 cm-1] at the B3LYP level (Table
2). The reduced vibrational frequency upon electron detachment
suggests the bonding nature of the 2a1′ HOMO.

The next band (A) in the spectrum should correspond to
detachment from the 1a2′′ HOMO - 1, which is aπ orbital
delocalized throughout the B3

- anion (Figure 5). For the A band,

the calculated VDE at all three levels of theory is in excellent
agreement with the experiment (Table 5).

6.2. B Band: Two-Electron Transitions.According to the
ROVGF and ADC(3) calculations, there are no one-electron
detachment processes between 3.6 and 5.3 eV. Yet, a relatively
intense detachment band (B) was observed at 4.55 eV in the
193 nm spectrum (Figure 1c). This band was broad and
exhibited a strong dependence on photon energies because it
had negligible intensity in the 266 nm spectrum (Figure 1b).
This peak could have several sources: (1) impurity, (2) isomer,
(3) excited anion, and (4) multielectron transitions (shake-up).
The first three causes could be ruled out immediately because
more than one band would be expected for any of these three
sources. Thus, B band could be only due to a multielectron
process, i.e., a direct photodetachment accompanied by an
electronic excitation in the final state.

We calculated two such transitions corresponding to two final
electronic configurations 1a1′21e′41a2′′22a1′0 2e′1 (VDE ) 4.70
eV) and 1a1′21e′41a2′′12a1′1 2e′1 (VDE ) 4.82 eV) at the
RCCSD(T)/6-311+G(2df) level of theory. The first transition
corresponds to a two-electron process in which one electron
was detached from the 2a1′-HOMO and a second electron was
simultaneously excited from the 2a1′-HOMO into the 2e′-
LUMO. The calculated VDE (4.70 eV, Table 5) for this
transition agrees well with the experimentally observed band
B. The second transition corresponds again to a two-electron
transition in which one electron was detached from the 1a2′′-
HOMO-1 and a second electron was simultaneously excited
from the 2a1′-HOMO into the 2e′-LUMO. The calculated VDE
(4.82 eV, Table 5) for this transition is only higher than the
first process by 0.12 eV and is also in the right energy range

TABLE 4: Molecular Properties of B 4
-

B4
-, D2h (2B1u) B4

-, D2h (2Ag)

B3LYP/
6-311+G*

RCCSD(T)/
6-311+G*

RCCSD(T)/
6-311+G(2df)//

RCCSD(T)/
6-311+G*

CASSCF-
MRCISD/b

6-311+G(2df)//
RCCSD(T)/
6-311+G*

B3LYP/
6-311+G*

RCCSD(T)/
6-311+G*

RCCSD(T)/
6-311+G(2df)//

RCCSD(T)/
6-311+G*

CASSCF-
MRCISD/b

6-311+G(2df)//
RCCSD(T)/
6-311+G*

Etotal, a.u. -99.226968 -98.895463 -98.940051 -98.948199 -99.217253 -98.898718 -98.940741 -98.943504
∆E, kcal/mol 0.0 2.04 0.43 0.0 6.1 0.0 0.0 2.95
R(B1-B2), Å 1.568 1.595 Å a a 1.578 Å 1.621 Å a a
∠B1-B2-B3 63.5° 63.6° a a 84.3° 73.8° a a
ω1(ag), cm-1 1138 a a a 1053 a a a
ω2(ag), cm-1 800 a a a 136 a a a
ω3(b3g), cm-1 1039 a a a 1116 a a a
ω4(b1u), cm-1 1008 a a a 738 a a a
ω5(b2u), cm-1 804 a a a 844 a a a
ω6(b3u), cm-1 284 a a a 336 a a a

a Properties were not calculated at this level of theory.b Active space for the CAS-MRCI (3 by 4) calculations were chosen the following ways:
isomer B4

-, D2h (2B1u): rhf;occ,4,1,2,0,3,0,1,0;closed,4,1,2,0,2,0,1,0;core,2,0,1,0,1,0,0,0;wf,21,5,1;multi/ci;occ,5,1,2,0,3,1,1,0;closed,3,1,2,0,1,0,1,0;
core,2,0,1,0,1,0,0,0;wf,21,5,1; isomer B4

-, D2h (2Ag): rhf;occ,5,1,2,0,2,0,1,0;closed,4,1,2,0,2,0,1,0;core,2,0,1,0,1,0,0,0;wf,21,1,1; multi/ci;occ,
5,1,3,0,3,0,1,0;closed,3,0,2,0,2,0,1,0;core,2,0,1,0,1,0,0,0;wf,21,1,1.

TABLE 5: Comparison of Experimental and Calculated VDEs in EV for B3
-

theoretical spectrum

VDE
experimental spectrum

band VDE final state
ROVGF/

6-311+G(2df)a
ADC(3)/

6-311+G(2df)
RCCSD(T)/

6-311+G(2df)

X 2.82( 0.02 2A1′, 1a1′21e′41a2′′22a1′1 2e′0 2.72 (0.87) 2.68 (0.84) 2.88
A 3.56( 0.03 2A2′′, 1a1′21e′41a2′′12a1′2 2e′0 3.57 (0.88) 3.57 (0.87) 3.54
B 4.55( 0.03 2E′, 1a1′21e′41a2′′22a1′0 2e′1 4.70

4E′′, 1a1′21e′41a2′′22a1′1 2e′1 4.82
C 5.58( 0.03 2E′, 1a1′21e′31a2′′22a1′2 2e′0 5.31 (0.83) 5.43 (0.69)

a Data from the ref 46.

Figure 5. Occupied valence molecular orbitals of B3
- (D3h, 1A1′).
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for the B band. Therefore, the B band can be reliably assigned
to be due to the two-electron transitions, which are manifesta-
tions of electron correlation effects in B3

-. The relatively high
intensity of the B band is surprising, indicative of unusually
strong electron correlation effects in the boron trimer.

6.3. C Band.The highest binding energy feature observed
in the 193 nm spectrum of B3- (Figure 1c) is the C band at
5.58 eV. According to the ROVGF and ADC(3) results (Table
5), this band corresponds to an electron detachment from the
doubly degenerate HOMO-2 (1e′), which are composed prima-
rily of 2s orbitals from the three boron atoms with some mixing
from the 2p orbitals (Figure 5). The theoretical ROVGF and
ACD(3) VDEs are in good agreement with the measured VDE
for the C band. Electron detachment from the 1e′ orbitals results
in a degenerate final state (2E′), which is subject to Jahn-Teller
distortions. However, the C band was relatively sharp with a
discernible splitting (∼1100 cm-1), suggesting the Jahn-Teller
effect is weak or negligible. The 1100 cm-1 splitting was most
likely due to a vibrational structure.

7. Interpretation of the Photoelectron Spectra of B4
-

Even though the2B1u state was calculated to be the ground
state of B4

- at B3LYP and CASSCF-MRCISD in the current
study, RCCSD(T) gave the2Ag state to be the ground state
(Table 4). Therefore, we calculated the theoretical VDEs from
both states of B4-, as given and compared with the experimental
data in Table 6. The MO pictures of B4 and the two anionic
isomers are shown in Figure 6 and will be used together with
the VDEs to interpret the observed photoelectron spectra and
help distinguish between the two anionic isomers.

7.1. B4
- (2B1u). The first band (X) corresponds to detachment

of an electron from the 2b1u-HOMO of B4
-, which is depicted

in Figure 6b. This transition yields the ground electronic state
D2h (1Ag) for neutral B4. There is a large geometry change
between the2B1u state of B4

- and the1Ag ground state of B4,
primarily in their bond angles (see Tables 3 and 4). This large
geometry change is in excellent agreement with the broad X

band observed in the photoelectron spectrum of B4
- (Figure

2). Good agreement was also found between the experimental
VDE (1.99 ( 0.05 eV) and the corresponding to theoretical
values (1.85 eV, Table 6). The first VDE can also be calculated
as an electron attachment to neutral B4 at the optimal geometry
of the2B1u B4

-. The ADC(3) value (2.07 eV, see footnote a of
Table 6) obtained using this procedure is in excellent agreement
with the experimental value. The calculated ADE (1.60 eV) at
RCCSD(T) is also in good agreement with the experimentally
estimated value (∼1.6 eV).

The next three major detachment channels correspond to the
removal of an electron from the 1b3g-HOMO-1, 2ag-HOMO-2,
and 1b3u-HOMO-3 (Figure 6b), all yielding triplet final states.
The calculated VDEs for these three channels are in excellent
agreement with the experimental observations for the major
bands A, B, and C (Table 6). A singlet final state can also be
produced from each of these three detachment channels in one-
electron transitions and should be observed in the photoelectron
spectra although the intensities of the singlet states were
expected to be lower than those of the triplet states. Using the
EOM-RCCSD(T) method, we found that the three singlet states
are within the energy range of the experiment at VDEs between
4.03 and 5.37 eV. The VDEs for the1B2u and1B2g states are in
the vicinity of the C band, which was broad and should contain
contributions from these two singlet states. The VDE of the
1B1u state (5.37 eV) is relatively high and falls in the high
binding energy side of the 193 nm spectrum (Figure 2c), where
there were weak detachment signals, though no distinct peak.
Thus, an excellent agreement was observed between the
theoretical results from the2B1u ground state of B4- and the
experimental photoelectron spectra of B4

- both in the overall
spectral pattern and the VDEs.

7.2. B4
- (2Ag). For the2Ag B4

- state, the first detachment
channel is from the 3ag-HOMO, which is depicted in Figure
6c. This transition yields the same ground electronic stateD2h

(1Ag) for B4 (Table 3). Because at the RCCSD(T)/6-311+G-
(2df) level of theory the2Ag and2B1u states of B4- are almost

TABLE 6: Comparison of the Experimental VDEs of B4
- with Calculated VDEs for the 2B1u and 2Ag States of B4

-a

theoretical interpretation

VDE
experimental spectra

band VDE final state
RCCSD(T)/

6-311+G(2df)
EOM-RCCSD(T)/

6-311+G(2df)
2B1u B4

-

X 1.99( 0.05 1Ag, 1ag
21b1u

21b2u
21b3u

22ag
21b3g

22b1u
0 1.85b

A 3.08( 0.03 3B2u, 1ag
21b1u

21b2u
21b3u

22ag
21b3g

12b1u
1 3.14

B 3.41( 0.03 3B1u, 1ag
21b1u

21b2u
21b3u

22ag
11b3g

22b1u
1 3.24

C 4.39( 0.05 1B2u, 1ag
21b1u

21b2u
21b3u

22ag
21b3g

12b1u
1 4.03

3B2g, 1ag
21b1u

21b2u
21b3u

12ag
21b3g

22b1u
1 4.35

1B2g, 1ag
21b1u

21b2u
21b3u

12ag
21b3g

22b1u
1 4.65

1B1u, 1ag
21b1u

21b2u
21b3u

22ag
11b3g

22b1u
1 5.37

2Ag B4
-

X 1.99( 0.05 1Ag, 1ag
21b1u

21b2u
21b3u

21b3g
22ag

23ag
0 1.87c

A 3.08( 0.03
B 3.41( 0.03 3Ag, 1ag

21b1u
21b2u

21b3u
21b3g

22ag
13ag

1 3.47
3B3g, 1ag

21b1u
21b2u

21b3u
21b3g

12ag
23ag

1 3.61
C 4.39( 0.05 3B3u, 1ag

21b1u
21b2u

21b3u
11b3g

22ag
23ag

1 4.05
1B3g, 1ag

21b1u
21b2u

21b3u
21b3g

12ag
23ag

1 4.34
1B3u, 1ag

21b1u
21b2u

21b3u
11b3g

22ag
23ag

1 4.57
1Ag, 1ag

21b1u
21b2u

21b3u
21b3g

22ag
13ag

1 4.61

a All energies are in eV.b VDE for this detachment process has been also calculated as an attachment to the 2b1u-LUMO of the neutral B4 cluster
using ROVGF/6-311+G(2df) and ADC(3)/6-311+G(2df) methods at the optimal RCCSD(T)/6-311+G* geometry of the2B1u isomer. Calculated
VDE was found to be 1.74 eV (ROVGF) and 2.07 eV (ADC(3)).c VDE for this detachment process has been also calculated as an attachment to
the 3ag-LUMO of the neutral B4 cluster using ROVGF/6-311+G(2df) and ADC(3)/6-311+G(2df) methods at the optimal RCCSD(T)/6-311+G*
geometry of the2Ag isomer. Calculated VDE was found to be 1.55 eV (ROVGF) and 1.73 eV (ADC(3)).
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degenerate, an almost identical theoretical VDE was obtained
from both anionic states. However, the first VDE evaluated
using the electron attachment procedure is much lower than the
experimental VDE (see footnote b of Table 6). Furthermore,
there is little geometry change between the2Ag state of B4

-

and the1Ag ground state of B4 (Tables 3 and 4). The bond angles
are almost the same in the two states, except that the B-B bond
lengths in B4 are slightly shortened. Therefore, a very sharp
photoelectron band would be expected from the2Ag B4

- to the
1Ag B4 ground state with perhaps a short vibrational progression

in the high frequency totally symmetric mode, which would
have been easily resolved even under the lower resolution
conditions. This expectation is clearly inconsistent with the
observed broad spectra for the X band of B4

- (Figure 2).
According to the RCCSD(T)/6-311+G(2df) calculations,

there is no one-electron transition between 1.87 and 3.47 eV
and the next three major detachment channels are from the 2ag-
HOMO-1, 1b3g-HOMO-2, and 1b3u-HOMO-3 (Figure 6c),
yielding VDEs of 3.47, 3.61, and 4.05 eV (Table 6), respec-
tively, for the three triplet final states. This computed spectral

Figure 6. Occupied valence molecular orbitals of (a) B4 (D2h, 1Ag), (b) B4
- (D2h, 2B1u), and (c) B4

- (D2h, 2Ag).

Study of B3
- and B4

- Anions and Their Neutrals J. Phys. Chem. A, Vol. 107, No. 44, 20039325



pattern disagrees completely with the three main detachment
bands (A, B, and C) observed in the 193 nm spectrum of B4

-

(Figure 2c).
There are also three transitions into the singlet final states

calculated to be between 4.34 and 4.61 eV (Table 6), which
are in the same energy range of the C band, but cannot account
for the intense C band in the experimental spectrum because
their respective triplet states do not agree with the experimental
spectrum.

Thus, we can rule out the2Ag state as a major contributor to
the photoelectron spectra of B4

-. The observed spectra should
be primarily due to the2B1u B4

-, which was shown to be the
ground state at the highest level of theory (Table 4).

8. Chemical Bonding in B3
-, B4, and B4

-

8.1. B3
-. Chemical bonding in the B3- anion was discussed

before.46 Here we briefly summarize the major conclusions from
the previous work in order to relate to the B4

- anion in the
following discussion. As shown in Figure 5, of the five valence
molecular orbitals, the 1a1′-HOMO-3 and 1e′-HOMO-2 are
formed primarily by the 2s orbitals of the boron atoms with
some hybridization of the p orbital in the 1e′-HOMO-2. Because
all bonding, nonbonding, and antibonding MOs composed of
the same type of atomic orbitals are occupied, the net bonding
effect from these MOs should be small. Some contribution to
the bonding from these three MOs may come from the s-p
hybridization, but we expect this contribution to be small. The
1a2′′-HOMO-1 is a bondingπ orbital formed by the pπ orbitals
of the three boron atoms. This MO is similar to theπ orbital in
the cyclopropyl cation (C3H3

+), thus renderingπ aromaticity
for the B3

- anion.46 The HOMO of B3
- is a σ orbital formed

by the pσ-radial orbitals of the three boron atoms and is a
bonding MO contributing to the stability of B3-. The two π
electrons obey the (4n + 2) Huckel rule for aromaticity for the
n ) 0 case. The 2a1′ σ-bonding MO is also completely
delocalized among the three boron atoms, giving the charac-
teristic ofσ aromaticity for B3

-. Thus, the B3- anion is bothπ
andσ aromatic, i.e., doubly aromatic. The aromatic nature of
the HOMO and HOMO- 1 is also confirmed by their rather
high VDEs (Table 5).

8.2. B4. Before considering the chemical bonding in B4
-, let

us first discuss the B4 neutral cluster. Neutral B4 has an
unexpected valence electronic configuration 1ag

21b1u
21b2u

21b3g-
21b3u

22ag
2, and the corresponding MO pictures are presented in

Figure 6a. Usually, we expected that all four MOs composed
primarily of the 2s orbitals of the boron atoms to be occupied
first before MOs composed of the 2p orbitals of boron, as is
the case in B3- (Figure 5) or more thoroughly discussed in
Al4

2-.75-77 Yet, we found that one of the four 2s-based MOs,
the antibonding combination of the 2s orbitals of boron (the
HOMO in Figure 6c), is actually unoccupied. The 2ag-HOMO
of B4 is a completely bondingσ orbital formed by the 2pσ-
radial orbitals of the four boron atoms. The 1b3u-HOMO - 1
is a completely bondingπ-molecular orbital formed by the 2pπ
orbitals of boron and the 1b3g-HOMO - 2 is a completely
bonding σ MO formed by the 2pσ-perpendicular orbitals of
boron. As previously discussed for Al4

2-, we can identify three
types of molecular orbitals formed by the three types of 2p
orbitals (px,y,z) of boron: (1) 2pz or 2pπ atomic orbital, (2) 2px
or 2pσ-r atomic orbital (σ-radial orbital oriented toward the
center of the cluster), and (3) 2py or 2pσ-p (σ-perpendicular
orbital oriented perpendicular to the radial orbital). The three
sets of atomic orbital (2pπ, 2pσ-r, and 2pσ-p) from the four boron
atoms each form a set of molecular orbitals with the lowest

MO being completely bonding, the next two doubly degenerate
MOs being bonding/antibonding (or nonbonding), and the
highest MO completely antibonding. On the basis of these three
sets of MOs, we can introduce three types of aromaticity
according to the delocalization patterns of the MOs: theπ
aromaticity due to the MOs formed by the 2pπ atomic orbitals
and two types ofσ aromaticity due to the MOs formed by either
the 2pσ-r or the 2pσ-p atomic orbitals. The lowest three occupied
MOs (Figure 6a), the 1b2u-HOMO-3, 1b1u-HOMO-4, and 1ag-
HOMO-5, are primarily boron 2s orbitals with an appreciable
contribution from 2p-orbitals.

The three highest occupied MOs of B4 are the three lowest
bonding MOs from each of the three types atomic orbitals
discussed above. This MO pattern is nearly identical to that in
Al4

2-,75-77 making neutral B4 triply aromatic, i.e.,π aromatic
and doublyσ aromatic, analogous to that in Al4

2-. That this is
possible in B4, which has two fewer electrons than Al4

2-, is
because of the fact that one of the 2s-MOs in B4 is not occupied.
As discussed previously,75-77 the presence of the delocalizedπ
andσ MOs in Al42- is responsible for its square-planar structure.

However, the question is why B4, with the same set of
occupied aromatic orbitals as Al4

2-, does not possess a perfect
square structure. We suspect that this is caused by the fact that
the 2s antibonding MO in B4 is unoccupied, such that the three
occupied 2s lone pairs must be shared among the four atoms.
Examining the three occupied 2s MOs of B4, we found a
significant s-p hybridization, in contrast to Al4

2-, where the
3s MOs are pure lone pairs with very little mixing with the 3p
orbitals. This is understandable because the 2s and 2p orbitals
are much closer in energy than the 3s and 3p orbital in Al.
Furthermore, the B-B bond length (1.558 Å) in B4 is much
shorter than the Al-Al bond length (2.58 Å) in Al42-,75-77

indicating much stronger bonding in the boron cluster. However,
even though the neutral B4 cluster is slightly rhombus, it is still
a highly aromatic system, as was recently confirmed using
nuclear-independent chemical shift.34 As a matter of fact, the
distortion from a perfect square in B4 is quite small. At the
B3LYP level of theory (Figure 4), theD4h structure (XI), which
is a transition state, is only 0.81 kcal/mol higher than theD2h

ground state. If the zero-point energies are taken into account,
this energy difference is even smaller. Thus, the potential energy
surface along the rhombus distortion is quite flat, as confirmed
by the very low vibrational frequency of theω2(ag) mode (Table
3).

8.3. B4
-. The two2B1u and2Ag isomers of B4- have the same

(1ag
21b1u

21b2u
21b3g

21b3u
22ag

2) core of closed shell MOs as in
neutral B4, but the extra electron enters different MOs (Figure
6, parts b and c). In B4- (2Ag), the extra electron occupies the
3ag-HOMO, which is the 2s lone pair antibonding MO. This
MO is very low-lying in Al42-,75-77 but is pushed up in neutral
B4. Upon further occupation of this MO by a second electron,
the B4

2- dianion acquires the same valence electronic config-
uration as the Al42- dianion75-77 and does become a perfect
square. In B4- (2B1u), the extra electron enters the 2b1u-HOMO,
which is an bonding/antibonding MO composed of pσ orbitals
from the two apex boron atoms (B2 and B4 in structure I, Figure
3). The antibonding nature of the 2b1u MO pushes apart the
atoms B2 and B4, significantly reducing the∠B1-B2-B3 bond
angle. However, this rhombus distortion enhances the bonding
interaction between B1 and B3. The net gain of the B1-B3
bonding in the2B1u B4

- is why this isomer is slightly more
favored than the2Ag state.

The2B1u structure is stillπ-aromatic because of the presence
of the 1b3u HOMO - 3. The 1b3g HOMO - 1 is aσ-aromatic
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orbital, similar to that in neutral B4 (Figure 5). The 2b1u HOMO
and 2ag HOMO - 2 are antibonding and bonding combinations
of the pσ-r orbitals on B2 and B4 and make the B4

- cluster
σ-antiaromatic, despite the presence of theσ-aromatic 1b3g

orbital. The rhombus distortion can be viewed as a consequence
of theσ-antiaromaticity, analogous to the rectangular distortion
in cyclobutadiene or Al4

4- due to theπ antiaromaticity.78 The
antibonding (antiaromatic) nature of the 2b1u HOMO is con-
firmed by its appreciably low VDE (1.99 eV). The bonding 2ag

HOMO - 2, as well as the two aromatic MOs (1b3g and 1b3u),
all have substantially higher VDEs.

9. Conclusions

The electronic and geometrical structures and chemical
bonding of the two smallest boron clusters, the trimer and
tetramer, in the neutral and anionic forms were investigated
using photoelectron spectroscopy and ab initio calculations. Well
resolved photoelectron spectra were obtained for B3

- and B4
-

at various photon energies, providing experimental electronic
structure and vibrational information. We confirmed that both
B3

- and B3 haveD3h symmetry with doubly (σ andπ) aromatic
characteristics. An unusually intense peak due to two-electron
transitions was observed in the 193 nm spectrum of B3

- and
was characterized theoretically, suggesting strong electron
correlation effects in the boron trimer.

The neutral B4 cluster is slightly distorted from a perfect
square structure but still possesses doublyσ aromaticity andπ
aromaticity. For B4-, we identified two low-lying isomers with
rhombus shapes,D2h

2B1u and D2h
2Ag. The D2h

2B1u isomer
has a significant distortion from the perfect square structure with
a 64° ∠B1-B2-B3 angle, whereas theD2h

2Ag isomer has a
relatively small distortion from the perfect square structure with
a 74° ∠B1-B2-B3 angle. Our calculations suggest that the
D2h (2B1u) isomer is slightly more stable than theD2h (2Ag)
isomer. TheD2h (2B1u) isomer as the ground state of B4

- was
confirmed by the excellent agreement between the calculated
VDEs with the experimental data. Molecular orbital analyses
revealed that theD2h (2B1u) B4

- is π-aromatic butσ antiaromatic
that causes the rhombus distortion.
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