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The electronic structure and bonding of the species B2, B2
−, B3, B3

−, and B3H have been studied by
multireference configuration interaction and coupled-cluster methods. Through the construction of
potential energy profiles, we have determined the structure of 21 and 17 minima for B3 and B3

−,

respectively. The ground states of both species are of D3h configuration with symmetry X̃ 2A1� �B3�
and X̃ 1A1� �B3

−�. The adiabatic binding energies of the ground states of B2–B and B2
−–B are

D0=130 and 163 kcal/mol, with corresponding atomization energies of 194 and 254 kcal/mol,
respectively. Concerning the B3H molecule the 1A1 energy surface was explored by constructing
potential energy cuts through the 1A1 surface; we located three minima and three transition states.
The B3–H coupled-cluster binding energy was calculated to be D0=92 kcal /mol. Our findings are
in agreement with the limited experimental results available. © 2010 American Institute of Physics.
�doi:10.1063/1.3389133�

I. INTRODUCTION

The present work is a thorough ab initio study of the B3

“cluster,” its anion, B3
−, and B3H. For reasons of comparison

and consistency, we also studied the diatomic species B2 and
B2

−. With no doubt, boron is one of the most interesting
elements of the periodic table. Its unique “deficient” configu-
ration �2s22p1 ; 2P� is the cause of a remarkable binding abil-
ity with almost all elements, resulting to molecules and sol-
ids with extraordinary properties and bonding schemes.1,2

The first experimental evidence on B3 has been obtained
by Hamrick et al.3 in early 1990s. They analyzed the electron
spin resonance �ESR� spectrum of B3 in Ne, Ar, and Kr
matrices at 4 K, reporting a cyclic �D3h� ground state of 2A1�
symmetry with three equivalent B atoms. A few years later,
Li et al.4 obtained the vibrational frequencies of the asym-
metric mode of the isotopomers of B3 through Fourier trans-
form IR �FTIR� spectroscopy in Ar matrices. In 2003, Zhai et
al.5 studied the photoelectron spectrum �PES� of B3

−, yield-
ing vibrational frequencies, vertical excitation energies for
four electronic states of B3, and its electron affinity �EA�. In
the same year, Wyss et al.6 recorded the electronic absorption
spectrum of B3 and B3

− in the 458–736 nm region. Next,

Cias et al.7 studied the 2 2E�← X̃ 2A1� transition of B3 by
cavity ring down spectroscopy. These authors, neglecting the
Jahn–Teller distortion of the 2 2E� state, report r0 and T0

values for the X̃ 2A1� and 2 2E� states. The most recent ex-
perimental work is that of Batalov et al.8 who studied the

1 2A2�← X̃ 2A1� transition through near IR spectroscopy. All
existing experimental findings are collected in Table I.

The first theoretical work on B3 by Marinelli and
Pellegati9 who studied five low-lying electronic states and
their potential energy curves �PECs� with respect to the

�BBB �=�� angle by the configuration interaction singles
and doubles methodology, appeared in 1989. The ground
state was determined to be of 2A1� symmetry with a D3h

nuclear configuration. During the same year Martin et al.10

published Møller–Plesset MP4 /3-21G� calculations on both
triangular and linear geometries, confirming that 2A1� is the
ground state. Two years later Hernandez and Simons11 exam-
ined some 15 electronic states of B3 through multiconfigura-
tion self-consistent field �MCSCF� �7e− /8 orbitals�/�3s2p1d�
calculations, reporting equilibrium parameters re, �e, �e, and

Te for all states and a B2–B binding energy of the X̃ 2A1�

state. Shortly after, Martin et al.12 examined the X̃ 2A1� state
of B3 by MP4 /6-31G� calculations. The lowest electronic
state of both triangular �D3h� and linear B3 configurations
were also examined by Howard and Ray13 at the
MP4 /6-31+G�3d,p� level. In a combined experimental and
computational coupled-cluster RCCSD�T� /6-311+G�2d, f�
work published 6 years later, Zhai et al.5 tried to assign four
observed bands. In 2003, Wyss et al.6 studied the ground and
four doublet states through multireference configuration in-
teraction �MRCI� /aug-cc-pVTZ+ �2s+1p� calculations, re-
porting re, �e, Te, and zero point energies �ZPEs�. Finally, the
most recent work is that of Nguyen et al.14 These workers
studied the BnOm clusters �n=1–4, m=0–3, 53 neutral or
anion species� around equilibrium at the RCCSD�T�/�aug-cc-

pVXZ, X=D, T, Q, 5� level of theory. For the X̃ 2A1� and 4A2

states of B3 in particular, they report extrapolated atomiza-

tion energies, and the EA and bond distance of X̃ 2A1�.
Concerning the B3

− anion now, the only experimental
work is that of Zhai et al.5 who determined by PES an har-
monic frequency, �e=1230�40 cm−1. The first theoretical
study on B3

− by Howard and Ray13 at the MP4 /6-31
+G�3d,p� level predicted a linear singlet ground state with a
D3h triangular singlet 9.7 kcal/mol higher. In 2002,a�Electronic mail: mavridis@chem.uoa.gr.
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Kuznetsov and Boldyrev15 by means of density functional
theory �DFT/B3LYP� and CCSD�T� /6-311+G� methods,
calculated a ground state of 1A1� �D3h� symmetry in stark
disagreement with the results of Howard and Ray.13 The au-
thors characterized B3

− as “aromatic” since it is cyclic and

obeys the 4N+2 Hückel rule with N=0. For the X̃ 1A1� state
they report Ee=−74.164651 Eh, re=1.576 Å, and �e=897
��2� and 1239 cm−1 at the CCSD�T� level of theory.15 The
most recent theoretical work on B3

− is that of Nguyen et al.14

who calculated the atomization energy �AE� for two states of

B3
−, X̃ 1A1� and 3B2, at the extrapolated CCSD�T�/aug-cc-

pV�DTQ�Z level. Finally, it should be mentioned that a
review article on Bn

0,� clusters was published recently by
Alexandrova et al.16

From the above exposition, it is clear that theoretical
work on B3 is rather qualitative, whereas the B3

− species is
in essence unexplored both experimentally and theoretically.
The present work presents MRCI and coupled-cluster
�RCCSD�T�� calculations combined with large basis sets for
Bn and Bn

−, n=2, 3. We have constructed a large number of
full PECs, cuts through the �B2,B2

−�+B surfaces along and
perpendicular to the B�B bond, covering an energy range of
approximately 30 000 cm−1. In addition, fully optimized
PECs of the B3 and B3

− species have been constructed with
respect to the �BBB=� angle. We report accurate geom-
etries, relative energies, dissociation energies, and dipole
moments; for certain low-lying states harmonic frequencies
are also given for both B3 and B3

−.
As to the B3H molecule, no other work seems to exist in

the literature but this of Hernandez and Simons.17 These au-
thors explored the lowest singlet potential energy surface by
the CASSCF / �3s2p1d/B 2s1p/H� method. They located two
energy minima differing by 19 kcal/mol reporting geom-

etries, B3–H binding energies, harmonic frequencies, and
dipole moments. Their results differ considerably from the
present ones due to lack of �dynamical� correlation and lim-
ited size basis sets.

The present work is structured as follows. Section II
outlines the computational approach. Section III, with sub-
sections A, B, C, D, and E, refers to results and discussion of
the species B2, B2

−, B3, B3
−, and B3H, respectively, while

Sec. IV is a short summary.

II. COMPUTATIONAL DETAILS

The augmented correlation consistent basis set of qua-
druple cardinality, aug-cc-pVQZ, generally contracted to
�6s5p4d3f2g�=AQ� was employed for all Bn �n=2,3� spe-
cies, neutrals or anions.18 For the B3H molecule, the basis set
used is that of cc-pVQZ quality for all atoms, contracted to
�5s4p3d2f1g/B 4s3p2d1f/H�=Q�. For those calculations
where the 1s2 correlation was taken into account, the AQ�
set was augmented by a series of core functions �3s+3p
+2d+1f�,19 contracted to �9s8p6d4f2g�=CAQ�, a total of
327 spherical Gaussians.

Two calculational methodologies have been followed:
the complete active space self-consistent field �CASSCF�
+single+double excitations �CASSCF+1+2=MRCI�,
and the restricted coupled cluster+singles+doubles
+quasiperturbative connected triples �RCCSD�T��.20 The
zeroth-order CASSCF wave functions were built by allotting
6, 7, 9, and 10 e− to 8, 8, 12, and 12 orbitals for B2, B2

−, B3,
and B3

−, respectively �for B3H see Sec. III E�. Internally
contracted �ic�21 valence MRCI wave functions were calcu-
lated through single and double excitations out of the refer-
ence spaces, while the state average approach with equal
weights was applied for most of the excited states. Core cor-
relation effects �1s2� were taken into account at the MRCI
�C-MRCI� and RCCSD�T� �C-RCCSD�T�� levels and only
for the ground states of all boron species and the first excited
state of B2

− and B3. Calculations of the B2, B2
− and B3, B3

−

were performed under D2h and C2v constraints, respectively.
For the B3H, species the Cs symmetry was also used when
necessary. Finally, to mitigate size nonextensivity errors the
Davidson correction for quadruples �+Q� was used.22 All cal-
culations were done by the MOLPRO suite of codes.23

III. RESULTS AND DISCUSSION

A. B2

The neutral boron dimer was studied recently by Tzeli
and Mavridis.24 These authors constructed PECs for the first
five states of B2 at the MRCI/cc-pVQZ level of theory. Pres-
ently our interest is focused on the first three states, namely,
X 3�g

−, a 5�u
−, and A 3�u, due to their involvement in the

formation of the B3 states examined �vide infra�. Our results,
summarized in Table II, are practically identical to those of
Ref. 24, the only essential difference being a shortening of
the bond distance by 0.007 Å �X 3�g

−� at the C-RCCSD�T�
and C-MRCI levels due to 1s2 core correlation effects. Re-
ducing the RCCSD�T� bond length of the A 3�u by 0.007 Å
we get re=1.745 Å in complete agreement with the experi-
mental value; see Table II. Note that there are no experimen-

TABLE I. Experimental results of 11B3 from the literature: B�B bond
lengths r0 �Å�, �BBB � angles �degrees�, harmonic frequencies �e �cm−1�,
and energy separations T0 �cm−1�.

State r0 � �e T0

X̃ 2A1�
a 60.0 0.0

X̃ 2A1�
b 886.2/895 0.0

X c 1020�50 0.0

X̃ 2A1�
d 1.60377�0.00106 60.0 0.0

A c 1130�40 5968�403
1 2A2�

e 1092�3 5990
B c 13953�484
C c 1100�80 22261�403
2 2E�

d 1.61907�0.00096 60.0 �fixed� 21853.52�0.01
2 2E�

f 981�10

aReference 3; ESR spectroscopy.
bReference 4; FTIR at 4 K in Ar matrices. The second �e value is an
estimate of �e in the gas phase. Both numbers correspond to the assymetric
vibrational mode e�.
cReference 5; T0 values were obtained indirectly through the formula
T0�X←A�=VDE�A�−VDE�X�. VDE�X� is the vertical detachment energy
of the ground state of B3

− leading to the X-state of B3 or the EA
�=2.82�0.02 eV� of B3. Likewise for the A, B, and C states. It is not clear
to us to which vibrational mode the �e values correspond.
dReference 7; cavity ring down spectroscopy.
eReference 8; near IR in Ne matrices.
fReference 6; electronic absorption spectroscopy.
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tal results on the a 5�u
− state, whereas the experimental dis-

sociation energy of the X 3�g
− state is uncertain. According to

the C-MRCI+Q �C-RCCSD�T�� results D0 �=De−�e /2�
=65.0 �63.5� kcal/mol. A D0=64.3�0.5 kcal /mol is recom-
mended as the mean value of the two methods, in agreement
with the CCSD�T� extrapolated value of Nguyen et al.14

The leading MRCI equilibrium configurations and
Mulliken atomic populations dictate the following valence-
bond-Lewis �vbL� diagrams for the first three states of B2

�see also Ref. 24�.

�1�

�2�

�3�

It is interesting to note that the bonding is characterized
by the absence of a genuine single bond: the stability of the
X 3�g

−, a 5�u
−, and A 3�u states is caused by two 1

2 	 bonds,
two 1

2 	 and one 1
2 
, and one 1

2 
 and one 1
2 	 bonds,

respectively. Diagrams �1�–�3� are instrumental in under-
standing the bonding of B3 and B3

− �vide infra�. We have
also calculated the quadrupole moment of the X 3�g

− state of
B2 at the MRCI /AQ� level: Qzz=0.90 a.u., therefore Qxx

=Qyy=−0.45 a.u.

B. B2
−

The anion of B2 has attracted less attention than its neu-
tral counterpart; we are aware of two experimental31,32 and
four theoretical33,13,14 works on B2

−. Experimentally, only the
ionization energy �IE� of B2

− �or the EA of B2� is known,
IE=1.8�0.4 eV.31

TABLE II. Total energies E �Eh�, equilibrium bond distances re �Å�, dissociation energies De �kcal/mol�,
harmonic and anharmonic frequencies �e, �exe �cm−1�, rotational-vibrational constants �e �10−2 cm−1�, and
energy separations Te �cm−1� of the 11B2 molecule.

Method �E re De �e �exe �e Te

X 3�g
− a

MRCI 49.304 519 1.598 65.5 1038 9.07 1.5 0.0
MRCI+Q 49.308 38 1.599 65.2 1036 9.1 1.5 0.0
C-MRCI 49.400 279 1.591 66.8 1049 8.66 1.4 0.0
C-MRCI+Q 49.407 97 1.592 66.4 1046 8.8 1.5 0.0
RCCSD�T� 49.304 240 1.594 64.3 1047 8.97 1.5 0.0
C-RCCSD�T� 49.404 550 1.588 65.0 1056 9.18 1.4 0.0
Exptb 65.5�5.5
Exptc 1.590 69.6�2.3 1051.3 9.35 1.4
Expt 1.590d 68�14 e 1052.7d

Exptf 1.5838 1060

a 5�u
− g

MRCI 49.297 243 1.526 143.1 1255 7.27 1.2 1597
MRCI+Q 49.300 28 1.525 143.6 1256 7.3 1.2 1777
RCCSD�T� 49.298 480 1.523h 143.3 1264 6.91 1.2 1264

A 3�u
a

MRCI 49.288 363 1.754 55.4 808 7.46 1.3 3546
MRCI+Q 49.293 40 1.754 55.8 806 7.5 1.3 3287
RCCSD�T� 49.289 141 1.752 54.8 815 7.09 1.3 3314
Expti 1.744 05 818.997 7.458 1.3

aDe with respect to the adiabatic atoms B�2P�+B�2P�.
bReference 25; D0 value.
cReference 26; D0 value.
dReference 27.
eReference 28.
fReference 29.
gDe with respect to the adiabatic atoms B�2P�+B�4P�.
hRecommended re=1.523−0.007=1.516 Å; see text.
iReference 30.
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For the purposes of the present study, we have examined
the first five electronic states of B2

−, namely, X 4�g
−, a 2�u,

b 2�g, c 2�g
−, and A 4�g. Dissociation energies and spectro-

scopic parameters �re, �e, �exe, �e, Te� are collected in Table
III, while Table IV lists dominant MRCI configurations and
Mulliken atomic populations; PECs of all states are dis-
played in Fig. 1.

The EA of B2 is calculated to be 1.74 �1.90�, 1.67 �1.87�,
1.92, and 1.93 eV at the MRCI�+Q�, C-MRCI�+Q�,
RCCSD�T�, and C-RCCSD�T� levels, respectively. The EA
of B2 determined by charge inversion spectrometry is EA
=1.3�0.4 eV,31 but this value was attributed to an average
EA caused by one electron detachment of the ground and
excited states of B2

−. However, an EA=1.8�0.4 eV is sug-
gested after assuming the relative intensities of the compo-
nent peaks.31 Our values, 1.90–1.93 eV, are in agreement
with the experimental value, in agreement as well with the
CCSD�T�/AQZ-A5Z extrapolated results �1.95 eV� of
Nguyen et al.14 It is noteworthy that the EA of B2 is about
seven times larger than the EA of the B atom, EA�B�
=0.280 eV.34

According to the leading MRCI configurations and Mul-
liken atomic densities �Table IV�, the bonding is succinctly
represented by the vbL diagrams �4�–�7�.

�4�

TABLE III. Total energies E �Eh�, equilibrium bond distances re �Å�, dissociation energies De �kcal/mol�,
harmonic and anharmonic frequencies �e, �exe �cm−1�, rotational-vibrational constants �e �10−2 cm−1�, and
energy separations Te �cm−1� of the 11B2

− anion.

Method �E re De
a �e �exe �e Te

X 4�g
−

MRCI 49.368 578 1.635 107.7 989 7.96 1.3 0.0
MRCI+Q 49.378 37 1.633 104.8 989 8.0 1.4 0.0
C-MRCI 49.461 869 1.628 107.6 998 7.68 1.3 0.0
C-MRCI+Q 49.476 79 1.627 105.3 997 7.7 1.4 0.0
RCCSD�T� 49.374 750 1.630 103.1 998 7.50 1.3 0.0
C-RCCSD�T� 49.475 558 1.623 104.0 1004 7.30 1.4 0.0
CCSD�T�b 97.7

a 2�u

MRCI 49.349 946 1.572 96.0 1064 12.30 1.7 4089
MRCI+Q 49.360 77 1.571 93.7 1063 13.4 1.8 3864
RCCSD�T� 49.356 546 1.567 91.6 1075 3995
C-RCCSD�T� 49.457 245 1.561 92.5 1079 4019
CCSD�T�b 4057

b 2�g

MRCI 49.338 297 1.664 88.7 925 8.40 1.4 6646
MRCI+Q 49.350 30 1.661 87.2 928 8.4 1.4 6162

c 2�g
−

MRCI 49.335 555 1.658 87.0 935 8.13 1.4 7248
MRCI+Q 49.347 98 1.654 85.7 945 8.9 1.4 6672

A 4�g

MRCI 49.327 170 1.507 81.7 1259 8.59 1.3 9088
MRCI+Q 49.335 42 1.506 77.8 1259 8.7 1.3 9430
RCCSD�T� 49.333 212 1.502 77.0 1279 7.06 1.2 9117

aWith respect to their adiabatic fragments, B−�3P�+B�2P�.
bReference 14; D0 value.

TABLE IV. Dominant equilibrium MRCI configurations and corresponding
Mulliken atomic populations of the B2

− anion.

State Configurations

X 4�g
− 0.97�1
g

22
g
23
g

11
u
22
u

21	u,x
1 1	u,y

1 �
a 2�u �1
g

22
g
21
u

2��0.88�2
u
2− �0.33�3
g

2�1	u,x
1 1	u,y

2 �
b 2�g 0.67�1
g

22
g
23
g

11
u
22
u

2�1	u,x
2 −1	u,y

2 ��
c 2�g

− 0.67�1
g
22
g

23
g
11
u

22
u
2�1	u,x

1 1	u,y
1 −1	u,x

1 1	u,y
1 ��

A 4�g 0.95�1
g
22
g

23
g
11
u

22
u
11	u,x

1 1	u,y
2 �

Populations
2s 2pz 2px 2py

X 4�g
− 1.61 0.80 0.50 0.50

a 2�u 1.40 0.56 0.50 0.96
b 2�g 1.63 0.78 0.50 0.50
c 2�g

− 1.62 0.76 0.52 0.52
A 4�g 1.25 0.73 0.50 0.97
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�5�

�6�

�7�

The bonding in X 4�g
−, b 2�g, and c 2�g

− states comprise three
half bonds �1

2 
, 1
2 	, 1

2 	�, whereas the a 2�u and A 4�g

states interact through �1	, 1
2 	� and �1

2 
, 1	, 1
2 	� bonds,

respectively. The A 4�g state correlates diabatically to

B�4P;ML= �1�+B−�3P;ML=0�, the 4P being the first ex-

cited state of B atom located experimentally35 �theoretically�
3.579 �3.58� eV higher. As expected the bond length of
A 4�g is considerably shorter than the four lower states with
De

0�MRCI+Q�=77.8 kcal /mol, but 160 kcal/mol with re-
spect to the diabatic fragments B�4P�+B−�3P�.

The considerably larger De of B2
−�X 4�g

−� versus
B2�X 3�g

−� ��De=38 kcal /mol� results from the higher bond
order of the former; see vbLs �1� and �4�. This is reflected to
the much higher EA of B2 as compared to the B�2P� atom.
Using the energy conservation relation D0�B2

−�=D0�B2�
+EA�B2�−EA�B�, we obtain D0�B2

−�=64.3�0.5 kcal /mol
+1.93 eV−0.280 eV=102.4�0.5 kcal /mol consistent with
our C-RCCSD�T� �C-MRCI+Q� value, D0�B2

−�
=102.6�103.9� kcal /mol. It is rather strange, however, that
although Nguyen et al.14 obtained identical to the present
work D0�B2� and EA�B2� results, their calculated D0 of B2

−

is 97.7 kcal/mol. Finally, core �1s2� effects behave similarly
to the X-states of B2 and B2

− species: 0.007 Å shortening of
re, 7–10 cm−1 increase of �e, and practically unchanged
De’s for both multireference and CC methods; see Tables II
and III.

C. B3

Two modes of the B2+B interaction have been consid-
ered, a linear along the B�B internuclear axis and a perpen-
dicular one. PECs of both modes have been constructed at
the MRCI /AQ� level by fully optimizing the geometry at
every point; see Figs. 2 and 3. The geometries �re ,�e� of the
minima depicted in Figs. 2 and 3 are given in Table V, while
leading MRCI configurations are shown in Table VI. Within
an energy range of 30 000 cm−1 we have located 21 energy
minima, 11 linear and 10 bend. Fully optimized PECs with
respect to the � angle are displayed in Fig. 4.

The first three adiabatic channels correlate to
�B2�X 3�g

−� , B2�a 5�u
−� , B2�A 3�u��+B�2P�; see also dia-

grams �1�–�3�. Under C
v constraints �linear B3�, each chan-
nel gives rise to 2,4��− ,��, 4,6��− ,��, and 2,4��+ ,�− ,� ,��
states, whereas under C2v �triangular B3� 2,4�A1,A2,B1�,
4,6�A2,B1 ,B2�, 2,4�A1�2� ,A2 ,B1�2� ,B2�, respectively. The

ground state is of X̃ 2A1� �D3h� symmetry �X̃ 2A1 under C2v�,
with the lowest linear B3 state �ground state of the linear

manifold�, D̃ 2�u, �16 000 cm−1 higher; see Fig. 5. We dis-
cuss first a few of the lower triangular states and two of
linear configuration.

The first two minima, X̃ 2A1� and Ã 2A2� both belonging
to D3h group, are related to the channel B2�X 3�g

−�+B�2P�.
The B2+B interaction in these two states can be understood
through the vbL diagrams �8� and �9�, in conjunction with
diagram �1�.

FIG. 1. MRCI+Q PECs of B2
−. The PEC of the B2 ground state �X 3�g

−� is
also given for comparison.
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�8�

�9�

The bonding in X̃ 2A1� comprises a 1
2 
−3c �three center�

bond and a whole 	−3c bond; the situation in Ã 2A2� is ex-
actly the opposite, i.e., 
−3c and 1

2 	−3c. Of course, the
three “active” electrons are delocalized all over the B3 plane.

The recommended B2–B dissociation energy of the X̃ 2A1�
state is De�B2–B�=133 kcal /mol, or taking into account
the ZPEs, D0=De−ZPE�B3�+ZPE�B2�=De−1 /2�i=1

3 �e
i �B3�

+1 /2�e�B2�=130 kcal /mol. The C-RCCSD�T� AE
=D0�B2–B�+D0�B2�=193.5 kcal /mol, �2 kcal /mol
smaller than the CCSD�T�/aug-cc-pV�DTQ�Z extrapolated
result of Ref. 14. It is quite interesting that the AE of B3

is practically equal to 3�D0�B2,X3�g
−�=3�63.5

=190.5 kcal /mol. The C-RCCSD�T� bond distance, re

=1.558 Å, is �0.05 Å shorter than the experimental value
�r0�,7 suggesting an overestimation of the latter. It should be

noticed as well that the re of B3�X̃ 2A1�� is 0.03–0.04 Å
shorter than the re of B2�X 3�g

−�; see Tables II and V.

The next state of B3, Ã 2A2� �D3h�, is located

experimentally5,8 �6000 cm−1 above the X̃ 2A1�, in very
good agreement at both MRCI and CC methods. The same is
true with the �one� experimentally determined harmonic fre-
quency; see Table V.

Note that core-correlation effects at the CC level and for
both states increase the binding energies by 1.7 kcal/mol and
decrease the bond lengths by 0.007 Å.

FIG. 2. MRCI perpendicular energy profiles of B3 with respect to the
B2–B�2P� channel. FIG. 3. Linear MRCI potential energy profiles of B3 with respect to the

B2–B�2P� channel. The �u� or �g� notation is valid only at equilibrium.
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TABLE V. Total energies E �Eh�, equilibrium geometry parameters re �Å� and �e �degrees�, dissociation energies
De �kcal/mol�, harmonic frequencies �e �cm−1�, dipole moments �e �D�, and energy separations Te �cm−1� of the
11B3 molecule.

Method �E re
a �e De

b �e
c �e

d Te
e

X̃ 2A1� [X 3�g
−]

MRCI 74.109 972 1.565 60.0 130.4 903/903/1194 0.0 0.0
MRCI+Q 74.118 30 1.562 60.0 130.6 903/903/1193 0.0 0.0
RCCSD�T� 74.114 501 1.564 60.0 131.4 903/903/1186 0.0 0.0
C-RCCSD�T� 74.267 218 1.558 60.0 133.1 917/917/1212 0.0 0.0
Exptf 1.604�1� 60.0 895 /895 /1020�50 0.0

Ã 2A2� [X 3�g
−]

MRCI 74.082 429 1.605 60.0 113.2 800/800/1106 0.0 6054
MRCI+Q 74.091 27 1.606 60.0 113.7 799/799/1106 0.0 5933
RCCSD�T� 74.087 126 1.605 60.0 114.2 804/804/1111 0.0 6008
C-RCCSD�T� 74.239 774 1.598 60.0 115.9 816/816/1132 0.0 6023
Exptf − /− /1130�40 5968�403

− /− /1092�3 5990

ã 4A2 [X 3�g
−]

MRCI 74.052 339 1.594 72.7 94.3 453/957/1040 �0.01 12 649
MRCI+Q 74.061 01 1.595 72.6 94.7 451/953/1040 12 573
RCCSD�T� 74.056 495 1.591 72.9 95.0 460/978/1049 �0.03 12 731

B̃ 2B2 [A 3�u]
MRCI 74.050 249 1.574 65.6 103.2 591/906/1108 �0.24 13 108
MRCI+Q 74.058 85 1.574 65.6 102.9 588/893/1104 13 049
Exptf 13 953�484

C̃ 2A1 [A 3�u]
MRCI 74.049 238 1.628 57.4 102.6 1128/811i/882 0.32 13 330
MRCI+Q 74.058 18 1.629 57.3 102.5 1128/742i/889 13 196
Exptf 13 953�484

b̃ 4B1 [X 3�g
−]

MRCI 74.047 642 1.712 55.1 91.3 1086/930i/873 0.26 13 680
MRCI+Q 74.056 57 1.712 55.1 91.9 1083/875i/863 13 549
RCCSD�T� 74.051 476 1.710 55.6 91.8 1048/468i/880 0.29 13 832

D̃ 2�u [X 3�g
−]

MRCI 74.0372 54 1.549 180.0 84.9 272/1397/825 0.0 15 960
MRCI+Q 74.045 93 1.548 180.0 85.1 0.0 15 883

c̃ 4�g [X 3�g
−]

MRCI 74.035 498 1.538 180.0 83.8 177/1441/854 0.0 16 345
MRCI+Q 74.044 05 1.538 180.0 83.9 0.0 16 297
RCCSD�T� 74.037 873 1.541 180.0 83.3 134/1506/871 0.0 16 818

Ẽ 2A2 [X 3�g
−]

MRCI 74.029 587 1.594 74.1 80.0 422/998/1032 0.08 17 642
MRCI+Q 74.039 08 1.595 73.8 80.9 417/993/1030 17 387

d̃ 4�u
− [X 3�g

−]
MRCI 74.024 696 1.640 180.0 76.7 414/154/700 0.0 18 716
MRCI+Q 74.034 36 1.634 180.0 77.7 488/187/699 0.0 18 423
RCCSD�T� 74.027 277 1.637 180.0 76.7 0.0 19 143

F̃ 2B1 [A 3�u]
MRCI 74.023 991 1.714 55.7 86.7 0.26 18 871
MRCI+Q 74.034 18 1.715 55.7 87.5 18 462
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Being the dipole moments of the X̃ 2A1� and Ã 2A2� states
zero by symmetry, we have calculated the MRCI compo-

nents of the quadrupole moment tensor Q. X̃ 2A1� :Qxx

=−1.95, Qyy=Qzz=+0.98 a.u.; Ã 2A2� :Qxx=+1.71, Qyy=Qzz

=−0.86 a.u. The x axis defines the �unique� C3 axis of the

equilateral triangle.
We discuss next four triangular �C2v� states, two dou-

blets �B̃ 2B2 , C̃ 2A1� and two quartets �ã 4A2, b̃ 4B1�, located
within an energy range of �1000 cm−1 and an average en-
ergy separation T	13 000 cm−1; see Fig. 5. The lowest

TABLE V. �Continued.�

Method �E re
a �e De

b �e
c �e

d Te
e

G̃ 2�g [A 3�u]
MRCI 74.014 331 1.540 180.0 81.4 0.0 20 991
MRCI+Q 74.023 61 1.539 180.0 80.3 0.0 20 783

H̃ 2A1 [A 3�u]
MRCI 74.009 058 1.581 61.4 77.3 0.66 22 148
MRCI+Q 74.019 81 1.579 61.5 78.5 21 617
Exptf 1.619�1� 981�10 21 854

Ĩ 2B2 [b 1�g]
MRCI 74.009 106 1.602 58.3 81.1 �0.62 22 137
MRCI+Q 74.019 58 1.602 58.2 81.5 21 668
Exptf 1.619�1� 981�10 21 854

1100�80 22 261�403

4�g
− [a 5�u

−]
MRCI 73.999 810 1.617 180.0 65.6 0.0 24 178
MRCI+Q 74.009 37 1.615 180.0 67.1 0.0 23 908

2�u [A 3�u]
MRCI 73.999 085 1.651 180.0 71.3 0.0 24 337
MRCI+Q 74.010 17 1.650 180.0 71.9 0.0 23 732

2�u
− [X 3�g

−]
MRCI 73.997 409 1.646 180.0 59.8 0.0 24 704
MRCI+Q 74.008 73 1.645 180.0 61.7 0.0 24 048

6�u [a 5�u
−]

MRCI 73.996 341 1.589 180.0 63.5 0.0 24 939
MRCI+Q 74.004 59 1.588 180.0 64.2 0.0 24 957
RCCSD�T� 74.001 722 1.586 180.0 64.2 240/1153/810 0.0 24 752

2�g
+ [A 3�u]

MRCI 73.991 151 1.503 180.0 66.3 0.0 26 078
MRCI+Q 74.001 25 1.502 180.0 66.4 0.0 25 689

2�u
+ [?]

MRCI 73.990 170 1.644 180.0 0.0 26 294
MRCI+Q 74.000 60 1.644 180.0 0.0 25 832

2�g [b 1�g]
MRCI 73.970 017 1.625 180.0 56.6 0.0 30 717
MRCI+Q 73.981 21 1.622 180.0 56.7 0.0 30 088

aFor the C2v states �ã 4A2, B̃ 2B2, C̃ 2A1, b̃ 4B1, Ẽ 2A2, F̃ 2B1, H̃ 2A1, Ĩ 2B2� re refers to the two equal B�B
bonds defining the �e angle.
bDe values refer to the adiabatic products B2+B�2P�; B2 symmetry in square brackets.
c�e �bending mode�/�e�asymmetric stretch�/�e�symmetric stretch�.
dThe positive end of the dipole moment vector is on the unique atom.
eThe experimental separation energies are T0 values.
fSee Table I.
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among them, ã 4A2, correlates to B2�X 3�g
−�+B�2P� with a

vbL diagram similar to that of the X̃ 2A1� state �see vbL 8�,
but with the B atom rotated by 90° around the C2�z� axis:

�10�

Observe that the middle �unique� B atom interacts with
the B2 moiety through a 
 �on plane� and 	 electron transfer
from the two 1

2 	 bonds of B2�X 3�g
−� to the empty p
 and

p	atomic orbitals of B; the third electron is rather localized
on a b2 orbital, �0.8 e− according to the Mulliken analysis.
As a result the bond length of the in situ B2�X 3�g

−� molecule
increases considerably becoming 1.89 Å as compared to 1.59
Å of the free B2.

The second quartet, b̃ 4B1, 1000 cm−1 above the ã 4A2,
correlates adiabatically to B2�X 3�g

−�+B�2P�, but diabatically
to B2�A 3�u�+B�2P� due to an interaction with a 4B1 state
stemming from the A 3�u of B2; see Fig. 2. The bonding can
be described by the diagram �11�; see also vbL �3�.

�11�

The bonding interaction is caused by a charge transfer of
0.65 e− from the p	x

orbital of the central B�2P� atom to the
p	 empty system of B2, with a reverse equal 
 flux of elec-
trons from B2 to the B atom. The net result is a strengthening
of the in situ B2 bond reflected to a significant bond short-
ening, 1.58 versus 1.75 Å �B2,A 3�u�.

TABLE VI. Dominant MRCI equilibrium configurations of the B3 mol-
ecule. Only valence electrons are counted.

State Configurations

X̃ 2A1� 0.88�2a1�
23a1�

11a2�
22e�4�

Ã 2A2� 0.89�2a1�
23a1�

21a2�
12e�4�

ã 4A2 0.92�3a1
24a1

25a1
11b1

12b2
23b2

1�
B̃ 2B2 0.76�3a1

24a1
21b1

22b2
23b2

1�+0.40�3a1
24a1

25a1
21b1

22b2
1�

C̃ 2A1 0.70�3a1
24a1

26a1
11b1

22b2
2�−0.49�3a1

24a1
15a1

21b1
22b2

2�
b̃ 4B1 0.92�3a1

24a1
25a1

16a1
11b1

12b2
2�

D̃ 2�u �3
g
24
g

21	u,x
1 1	u,y

2 ��0.72�2
u
2− �0.50�3
u

2��
c̃ 4�g 0.89�3
g

24
g
12
u

23
u
11	u,x

1 1	u,y
2 �

Ẽ 2A2 0.80�3a1
24a1

25a1
11b1

12b2
23b2

1�−0.47�3a1
24a1

25a1
11b1

12b2
23b2

1�
d̃ 4�u

− 0.86�3
g
24
g

22
u
23
u

11	u,x
1 1	u,y

1 �
F̃ 2B1 0.90�3a1

24a1
25a1

16a1
11b1

12b2
2�

G̃ 2�g
0.71�3
g

24
g
12
u

23
u
11	u,x

1 1	u,y
2 �

−0.44�3
g
24
g

12
u
23
u

11	u,x
1 1	u,y

2 �
H̃ 2A1 0.54�3a1

24a1
26a1

11b1
23b2

2�+0.59�3a1
24a1

15a1
21b1

22b2
2�

Ĩ 2B2 0.59�3a1
24a1

25a1
21b1

22b2
1�−0.55�3a1

24a1
21b1

22b2
23b2

1�
4�g

− 0.80�3
g
24
g

12
u
23
u

21	u,x
1 1	u,y

1 �
2�u 0.61�3
g

24
g
22
u

23
u
1�1	u,x

2 −1	u,y
2 ��

2�u
− 0.88�3
g

24
g
22
u

23
u
11	u,x

1 1	u,y
1 �

6�u 0.95�3
g
24
g

12
u
23
u

11	u,x
1 1	u,y

1 1	g,x
1 �

2�g
+ 0.80�3
g

24
g
12
u

21	u,x
2 1	u,y

2 �
2�u

+ 0.58�3
g
24
g

22
u
23
u

1�1	u,x
2 +1	u,y

2 ��
2�g 0.55�3
g

24
g
12
u

23
u
2�1	u,x

1 1	u,y
1 −1	u,x

1 1	u,y
1 ��

FIG. 4. MRCI PECs �profiles� of B3 with respect to the �BBB angle �.

FIG. 5. MRCI relative energy diagram connecting triangular and linear
states.
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From Fig. 4, it is seen that the PECs of ã 4A2 and b̃ 4B1

with respect to the angle � cross each other at 60.0° �D3h

configuration, 4E� term�, 15 400 cm−1 above the ground

state, �2000 and 3000 cm−1 above the ã 4A2 and b̃ 4B1

minima, respectively. One of the harmonic frequencies of the

b̃ 4B1 is imaginary �see Table V�, suggesting a saddle point
rather than a true minimum. Indeed, a distorted minimum
�Cs� was found at the RCCSD�T� level with B�B lengths of
1.757 and 1.673 Å, and �e=55.6°, a mere 70 cm−1 lower.
Similar results were obtained by Hernandez and Simons11 at
the MCSCF level. We tend to believe that this “symmetry
breaking” is an artifact of the calculation.

The two doublets now, B̃ 2B2 and C̃ 2A1, are degenerate
within the accuracy of our calculations, �13 000 cm−1

above the ground state, of multireference character and of
different geometries; see Table V. As with the previously
discussed quartets, their PECs cross at �=60.0° �2E� under
D3h�, whereas an imaginary frequency is calculated for the

C̃ 2A1 state, almost certainly an artifact of the calculation;
see also Ref. 11. An experimental band observed at T0

=13953�4845 cm−1 could be assigned to either B̃ 2B2 or

C̃ 2A1 states.

The rest of the bend minima belong to the Ẽ 2A2 and

F̃ 2B1 electronic terms �both 2E� under D3h symmetry�, and

H̃ 2A1, Ĩ 2B2 �2 2E�; D3h�; see Fig. 4. The bonding of the first

two is similar to that of the ã 4A2 and b̃ 4B1 quartets after a
spin flip; see vbLs �10� and �11�. The last two are of multi-
reference nature and they are described by the same domi-

nant configurations as the B̃ 2B2 and C̃ 2A1 states �Table VI�.
The Ẽ 2A2 and F̃ 2B1 states lie at Te=17 387 and

18 462 cm−1, respectively, whereas H̃ 2A1 and Ĩ 2B2 are al-
most degenerate, �21 600 cm−1 above the ground state.
There are two experimental T0 values for the 2 2E�
�D3h� state, 22 261�403 cm−1 �Ref. 5� and
21 853.52�0.01 cm−1 �Ref. 7�, in agreement with our
MRCI+Q value. In addition, the experimentally obtained
r0=1.619 07�0.000 96 Å �Ref. 7� is in fair agreement with

the MRCI+Q re=1.602 Å of the Ĩ 2B2 ��e=58°� state; see
Table V.

Figure 3 displays PECs of 11 linear states, doublets,
quartets, and one sextet �6�u� all bound with respect to the
lower channel, B2�X 3�g

−�+B�2P�, and located within an en-
ergy range of �14 000 cm−1; see also Fig. 5. The first two

states, D̃ 2�u and c̃ 4�g, nearly degenerate ��E�MRCI+Q�
=414 cm−1�, are followed by two well separated states d̃ 4�u

−

and G̃ 2�g ��E=2360 cm−1�, followed by a bundle of six
states �4�g

−, 2�u, 2�u
−, 6�u, 2�g

+, and 2�u
+� within an energy

range of less than 2000 cm−1. Of course no experimental
results exist for any linear state of B3.

The ground state of the linear manifold, D̃ 2�u,

�16 000 cm−1 above the X̃ 2A1� state, correlates to
B2�X 3�g

−�+B�2P;ML= �1� splitting into the 2A1, 2B1 terms

upon bending, eventually becoming the ground �X̃ 2A1�� and

the first excited state �Ã 2A2�� of B3 at �e=60.0°. The bending
of the c̃ 4�g gives rise to a repulsive 4B2 and a bound ã 4A2

state; see Figs. 4 and 5. Both D̃ 2�u and c̃ 4�g correlate
adiabatically to B2�X 3�g

−�+B�2P�, however, the c̃ 4�g seems
to stem from B2�a 5�u

−�+B�2P�. Their leading configurations
�Table VI� and Mulliken atomic populations suggest the
bonding diagrams �12� and �13�.

�12�

�13�

The populations of the D̃ 2�u state are �B�central�/B�
2s0.872pz

0.662px
0.482py

0.79 /2s1.412pz
0.762px

0.272py
0.59, practically

identical to those of the c̃ 4�g. The 	 frame is identical for
both states, while the in situ central �unique� B atom in the

c̃ 4�g is in its first excited state �4P�. With an energy differ-

ence �E�c̃ 4�g− D̃ 2�u�	400 cm−1, the MRCI+Q B2–B
binding energies for both states are De	85 kcal /mol; see
Table V.
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D. B3
−

As was already mentioned the experimental results on
B3

− are scant, limited to an harmonic frequency �e

=1230�40 cm−1 and the IE �or EA of B3�
=2.82�0.02 eV.5 From the ground state of B2

−�X 4�g
−�

+B�2P� under C2v /C
v constraints we get triplets and quin-
tets 3,5�A1,A2,B1 /�− ,��, while from the first excited chan-
nel, a 2�u+ 2P, we get 1,3�A1�2� ,A2 ,B1�2� ,B2 /�+ ,�− ,� ,��
a total of 30 states. Presently we have constructed PECs of

17 states, 9 bend �X̃ 1A1�, ã 3B2, b̃ 3A1, c̃ 3A2, d̃ 3B1, 1 1A2,

2 1A1, 1 1B2, and 1 1B1� and 8 linear �Ã 1�g
+, ẽ 3�u

+, f̃ 3�g,

1 1�g, g̃ 3�g
−, h̃ 3�u, 1 1�g, and 2 1�g

+� correlating adiabati-
cally to B2

−�X 4�g
− ,a 2�u�+B�2P�; no quintets have been ex-

amined. Figures 6 and 7 display C2v and C
v B2–B PECs
whereas Fig. 8 shows PECs with respect to the �BBB �
angle; numerical results and leading configurations are col-
lected in Tables VII and VIII.

The ground state, X̃ 1A1�, has a D3h geometry �1A1 in
C2v� whose bonding is captured by the vbL diagram 8 �or 9�
after adding one electron to the in situ B2 moiety resulting to
an in situ B2

− a 2�u description �see also diagram 5�. With
respect to B2

−�a 2�u�+B�2P� the C-RCCSD�T� B2–B
binding energy is De �D0=De−ZPE�B3

−�+ZPE�B2��
=165.8 �162.9� kcal /mol. The corresponding C-RCCSD�T�
�MRCI+Q� AE=D0�B−B2

−�+D0�B2
−;a 2�u�=162.9+91.0

=253.9 �251.9� kcal /mol, �8 kcal /mol less than the
coupled-cluster extrapolated value of Nguyen et al.14 We be-

lieve that the AE of Ref. 14 is rather overestimated. Core
�1s2� electrons reduce the bond distance by �0.006 Å, in-
crease the harmonic frequencies by 20–25 cm−1 and in-
crease the B2–B binding energy by 1.9 kcal/mol; similar
effects are found for B2, B2

−, and B3, vide supra. Therefore
our recommended bond distance is re=1.550 Å at both
C-RCCSD�T� and C-MRCI+Q levels, assuming transferabil-
ity of the core-correlation effects. The adiabatic MRCI+Q
�RCCSD�T�� �C-RCCSD�T�� EA is calculated to be 2.77

FIG. 6. MRCI potential energy profiles of B3
− with respect to the

B2
−–B�2P� dissociation. C2v approach of B to B2

−.
FIG. 7. MRCI potential energy profiles of B3

− with respect to the
B2

−–B�2P� linear channel. The �u� or �g� notation is valid only at
equilibrium.

FIG. 8. MRCI potential energy profiles of B3
− with respect to the �BBB

angle �.
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TABLE VII. Total energies E �Eh�, equilibrium geometry parameters re �Å� and �e �degrees�, dissociation
energies De �kcal/mol�, harmonic frequencies �e �cm−1� and energy separations Te �cm−1� of the 11B3

− ion.

Method �E re
a �e De

b �e
c Te

X̃ 1A1� [a 2�u]

MRCI 74.206 726 1.556 60.0 163.1 933/933/1222 0.0

MRCI+Q 74.220 17 1.557 60.0 162.5 927/927/1215 0.0

RCCSD�T� 74.218 539 1.556 60.0 163.9 923/923/1210 0.0

C-RCCSD�T� 74.371 975 1.550 60.0 165.8 943/943/1237 0.0

Exptd 1230�40 0.0

ã 3B2 [a 2�u]

MRCI 74.153 789 1.557 68.2 129.3 620/962/1155 11 618

MRCI+Q 74.168 02 1.559 68.1 129.7 612/925/1127 11 444

RCCSD�T� 74.165 326 1.555 68.2 130.5 610/915/1126 11 679

C-RCCSD�T�e 11 997

b̃ 3A1 [X 4�g
−]

MRCI 74.151 242 1.647 56.3 117.6 966/720i /1135 12 177

MRCI+Q 74.165 77 1.648 56.3 116.8 973/520i/1140 11 940

RCCSD�T� 74.162 971 1.648 55.7 117.6 708/960/1147 12 196

Ã 1�g
+ [a 2�u]

MRCI 74.128 377 1.528 180.0 114.1 180/1472/846 17 196

MRCI+Q 74.141 58 1.528 180.0 113.4 219/1467/844 17 249

c̃ 3A2 [X 4�g
−]

MRCI 74.119 850 1.605 70.4 97.4 19 067

MRCI+Q 74.136 22 1.605 70.2 98.2 18 425

RCCSD�T� 74.133 410 1.602 70.3 99.0 466/1032/1048 18 684

d̃ 3B1 [X 4�g
−]

MRCI 74.117 549 1.707 55.6 96.3 19 572

MRCI+Q 74.134 02 1.705 55.7 97.2 18 908

RCCSD�T� 74.131 012 1.697 55.8 97.5 1111/846i/1002 19 210

ẽ 3�u
+ [a 2�u]

MRCI 74.117 649 1.520 180.0 107.7 19 550

MRCI+Q 74.131 07 1.519 180.0 106.9 19 555

RCCSD�T� 74.125 381 1.514 180.0 105.4 118/1520/884 20 446

f̃ 3�g [X 4�g
−]

MRCI 74.108 800 1.591 180.0 90.9 21 492

MRCI+Q 74.125 19 1.590 180.0 91.5 20 846

RCCSD�T� 74.119 627 1.588 180.0 90.4 21 709

1 1A2 [a 2�u]

MRCI 74.103 806 1.606 69.7 98.2 22 558

MRCI+Q 74.121 42 1.606 69.5 100.8 21 673

2 1A1 [a 2�u]

MRCI 74.101 734 1.678 55.6 97.8 23 043

MRCI+Q 74.120 92 1.663 56.3 100.6 21 782

1 1B2 [a 2�u]

MRCI 74.103 176 1.579 71.1 98.9 22 726

MRCI+Q 74.119 87 1.579 70.0 101.1 22 013
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�2.83� �2.85� eV as contrasted to the experimental number
2.82�0.02 eV.5 It is interesting to recall the large increase

of EA as we move from B�2P� to B2�X 3�g
−� to B3�X̃ 1A1��,

i.e., 0.28, 1.93, and 2.82 eV, respectively.

The next two states, ã 3B2 and b̃ 3A1 correlating to
B2

−�a 2�u ,X 4�g
−�+B�2P�, respectively, are located

�12 000 cm−1 above the X̃ 1A1� state and are degenerate
within �500 cm−1; see Table VII and Figs. 6 or 8. Their
bonding is adequately described by the vbL diagrams 10

�ã 3B2� and 11 �b̃ 3A1� after attaching one electron to the in
situ B2 moieties in the p	 system; see also diagrams 4 and 5
of B2

−. Note that the unique B�B distances are 1.74 �ã 3B2�
and 1.55�b̃ 3A1� Å, analogous to the corresponding dis-

tances of the B3 states, 1.89 �ã 4A2� and 1.58�b̃ 4B1� Å; see
diagrams 10 and 11. At �=60.0° the two states merge into a
3E� �D3h� term, 13 716 cm−1 above the X̃ 1A1� state at the
MRCI+Q level. The RCCSD�T� AE of the ã 3B2 state is
AE=D0�B−B2

−�+D0�B2
−;a 2�u�=218.3 kcal /mol, 220

kcal/mol taking into account core �1s2� effects as obtained in

the X̃ 1A1� state. The C-CCSD�T� extrapolated AE value of

TABLE VII. �Continued.�

Method �E re
a �e De

b �e
c Te

1 1B1 [a 2�u]

MRCI 74.101 728 1.700 56.0 96.6 23 044

MRCI+Q 74.119 46 1.700 56.0 99.2 22 103

1 1�g [a 2�u]

MRCI 74.092 404 1.594 180.0 91.3 25 091

MRCI+Q 74.109 81 1.592 180.0 93.6 24 221

g̃ 3�g
− [X 4�g

−]

MRCI 74.090 449 1.649 180.0 79.3 25 520

MRCI+Q 74.105 98 1.648 180.0 79.6 25 060

RCCSD�T� 74.103 194 1.646 180.0 80.1 25 315

h̃ 3�u [a 2�u]

MRCI 74.083 494 1.573 180.0 86.7 27 046

MRCI+Q 74.099 87 1.571 180.0 88.0 26 403

RCCSD�T� 74.091 745 1.564 180.0 84.3 27 828

1 1�g [a 2�u]

MRCI 74.074 138 1.658 180.0 80.0 29 100

MRCI+Q 74.092 21 1.657 180.0 82.4 28 084

2 1�g
+ [?]

MRCI 74.066 748 1.648 180.0 30 722

MRCI+Q 74.084 14 1.648 180.0 29 854

aFor the C2v states �ã 3B2, b̃ 3A1, c̃ 3A2, d̃ 3B1, 1 1A2, 2 1A1, 1 1B2, 1 1B1� re refers to the two equal B�B bonds
defining the �e angle.
bWith respect to the adiabatic products B2

−+B�2P�; B2
− symmetry in square brackets.

c�e�bending mode�/�e�asymmetric stretch�/�e�symmetric stretch�.
dReference 5; photoelectron spectroscopy.
eReference 14; T value obtained by the present authors by subtracting the atomization energies of X̃ 1A1� and 3B2

states of B3
− given in Ref. 14.

TABLE VIII. Dominant MRCI equilibrium configurations of the B3
− ion.

Only valence electrons are counted.

State Configurations

X̃ 1A1� 0.88�2a1�
23a1�

21a2�
22e�4�

ã 3B2 0.91�3a1
24a1

25a1
11b1

22b2
23b2

1�
b̃ 3A1 0.90�3a1

24a1
25a1

16a1
11b1

22b2
2�

Ã 1�g
+ �3
g

24
g
21	u,x

2 1	u,y
2 ��0.70�2
u

2− �0.46�3
u
2��

c̃ 3A2 0.90�3a1
24a1

25a1
21b1

12b2
23b2

1�
d̃ 3B1 0.90�3a1

24a1
25a1

26a1
11b1

12b2
2�

ẽ 3�u
+ 0.82�3
g

24
g
12
u

23
u
11	u,x

2 1	u,y
2 �

f̃ 3�g 0.87�3
g
24
g

22
u
23
u

11	u,x
1 1	u,y

2 �
1 1A2 0.92�3a1

24a1
25a1

21b1
12b2

23b2
1�

2 1A1 0.82�3a1
24a1

25a1
16a1

11b1
22b2

2�
1 1B2 0.87�3a1

24a1
25a1

11b1
22b2

23b2
1�

1 1B1 0.92�3a1
24a1

25a1
26a1

11b1
12b2

2�
1 1�g 0.89�3
g

24
g
22
u

23
u
11	u,x

1 1	u,y
2 �

g̃ 3�g
− 0.92�3
g

24
g
22
u

23
u
21	u,x

1 1	u,y
1 �

h̃ 3�u 0.81�3
g
24
g

12
u
23
u

21	u,x
1 1	u,y

2 �
1 1�g 0.65�3
g

24
g
22
u

23
u
2�1	u,x

2 −1	u,y
2 ��

2 1�g
+ 0.53�3
g

24
g
22
u

23
u
2�1	u,x

2 +1	u,y
2 ��
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Nguyen et al.14 is 227.3 kcal/mol, rather overestimated as in

the X̃ 1A1� state of B3
−.

Finally we would like to add that the MRCI�+Q� imagi-

nary asymmetric frequency �e�a�=720i �520i� of the b̃ 3A1

state should be a calculational artifact; at the coupled-cluster
level we get instead �e�a�=960 cm−1.

The next two C2v triplets c̃ 3A2 and d̃ 3B1, the compo-
nents of a 3E� term at 60.0° �Figs. 6 and 8�, correlate to
B2

−�X 4�g
−�+B�2P�, are degenerate within �500 cm−1 and

located �19 000 cm−1 above the X̃ 1A1� state. Four practi-
cally degenerate C2v singlets follow, related to B2

−�a 2�u�
+B�2P� lying �22 000 cm−1 above the ground state, com-
ponents of the two dimensional irreducible representations
1E� �2 1A1,1 1B2� and 1E� �1 1A2,1 1B1� at 60.0° �D3h�. It
should be mentioned that this sheaf of four singlets are very
close to the IE of B3

−, IE=2.83 eV �=22 825 cm−1�.
From the eight linear B3

− states, four singlets and four

triplets, the Te of the first three Ã 1�g
+, ẽ 3�u

+, and f̃ 3�g

17 000, 20 000, 22 000 cm−1, respectively, is smaller than

the IE of B3
− �X̃ 1A1��. Their binding can be described by the

B3 vbL diagrams 12 �D̃ 2�u� and 13 �c̃ 4�g� after adding one

electron to the p	 system of D̃ 2�u resulting to the Ã 1�g
+

state, and one electron to the p	 /p
 systems of c̃ 4�g, thus

obtaining the ẽ 3�u
+ / f̃ 3�g states.

The two linear states Ã 1�g
+ and ẽ 3�u

+ correlating to
B2

−�a 2�u�+B�2P�, belong to the 1A1 and 3B2 surfaces with

global minima X̃ 1A1� and ã 3B2, respectively. On the other

hand, the f̃ 3�g state which correlates to B2
−�X 4�g

−�
+B�2P�, upon bending �C2v�, splits into the repulsive 2 3B2

and the bound c̃ 3A2 state; see Figs. 6 and 7. Numerical
results for all eight linear states are given in Table VII.

E. B3H

As we have seen the first two minima of B3 are of D3h

geometry with one in plane �X̃ 2A1�� and out of plane �Ã 2A2��
uncoupled electron. Thus the interaction B3�X ,A�+H�2S�
gives rise to singlets and triplets, the former certainly co-
valently bound through a 
 bond. Three paths of B3+H at-
tack have been examined presently, two along a C2 axis �in
plane� and one along the C3 axis �out of plane� of B3 moiety
named �, �, and �, respectively:

MRCI potential energy profiles of B3–H along the �, �, and
� paths are shown in Fig. 9. The CASSCF reference func-
tions were constructed by allotting 4 electrons to 3 orbitals, 2
of B3�3a1� ,1a2��+1sH, with ensuing icMRCI wave functions
of 165 000 �� ,�� and 554 000 ��� configurations. Of course

all 10 valence electrons have been included in the CI proce-
dure. The geometries of the 1A1-�, 1A1-�, and 1A1-�
minima as well as of the B3 at infinity shown in Fig. 9 are
those obtained at RCCSD�T� level �see below�.

Note that states 1A1-�, 1A1-�, and 1A1-� correlate adia-

batically to B3�X̃ 2A1��+H�2S�, but diabatically the 1A1-�

state correlates to B3�Ã 2A2�� due to an avoided interaction
around 2.5 Å.

Now the geometries of the three minima have been op-
timized at the RCCSD�T� level; their equilibrium parameters
and harmonic frequencies �all real� are given in Table IX.
The RCCSD�T� �MRCI+Q� energy separation �E0 ��E
−�i=1

6 ��i /2 as obtained at the CC level� between the iso-
mers 1A1-�− 1A1-� and 1A1-�− 1A1-� is 23.0 �20.6� and
22.4 �22.0� kcal/mol, respectively. Obviously the ordering of
1A1-�, 1A1-� is only formal. The B3–H dissociation ener-
gies �D0� with respect to the adiabatic fragments of 1A1-�,
1A1-�, and 1A1-� are D0=90.5 �92.0�, 67.5 �71.3�, and 68.1
�70.0� kcal/mol, respectively. Finally the RCCSD�T� dipole
moments of the three B3H minima are 0.68 �1A1-��, 1.63
�1A1-��, and 0.28 �1A1-�� Debye all with a B3

−−H+

direction.
Potential energy profiles of �B3�–H with respect to �

and � angles are displayed in Fig. 10. The angle � is defined
from the position vector of the H atom �measured from the
circumcenter of the B3 isosceles triangle� constrained on the
bisecting plane perpendicular to the B3 plane, and the bisect-

FIG. 9. MRCI PECs of B3H with respect to the B3–H distance measured
from the circumcenter of the B3 triangle.
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ing line of the �BBB �=�� angle; � is the in-plane �BBH
angle �see Fig. 10�. For instance, for the 1A1-�, −�, and −�
minima � ���=0.0° �152.0°�, 180.0° �55.0°�, and 90.0°, re-
spectively.

As we sample all � values, from 0.0° to 180.0° under
full optimization, we come across the three minima �, �, and
� and through the transition states �TS� TS1 ��→�� and TS2

��→��. The saddle point TS3 intervenes between minima �
and � through the in-plane angle �; see Fig. 10. Numerical
results of the TS1, TS2, and TS3 TSs are given in Table IX;
note that TS1 and TS3 are second order saddle, while TS2 is
a first order saddle point. Energy barriers including ZPEs
��−TS1, �−TS1�, ��−TS2, �−TS2�, and ��−TS3, �−TS3�
are �27.8, 5.4�, �1.2, 0.6�, and �2.9, 25.9� kcal/mol, respec-
tively.

IV. SUMMARY

The geometric and electronic structure of the B2, B2
−,

B3, B3
−, and B3H species was investigated through MRCI

and RCCSD�T� methodologies employing basis sets of qua-
druple cardinality. We examined the first three and five states
of B2 and B2

−, whereas the corresponding PECs of the latter
are reported for the first time. The examination of the B3, B3

−

potential energy surfaces revealed 21 and 17 minima, the
global minima being of 2A1� and 1A1� symmetries, respec-
tively. We report total energies, geometries, binding and at-
omization energies, dipole moments and harmonic frequen-
cies. Agreement between theoretical and available
experimental results is in general very good. The ground
state of both B3 and B3

− and the first excited state of B3

conform to D3h geometries, whereas all excited states belong
to C2v geometries.

The partial exploration of the B3H surface revealed three
minima all of 1A1 symmetry, depending on the interaction

path of the H atom to the B3 global minimum �X̃ 2A1��. In
addition, we have determined the structure of three saddle
points connecting the three minima. It is interesting that the

TABLE IX. Geometries �Å, degrees�, total energies E �Eh�, harmonic
frequencies �e �cm−1�, and separation energies �E0 �kcal/mol� of stable
equilibrium and TSs of 11B3H.

74.67261

aGeometries and frequencies obtained at the RCCSD�T� /Q� level.
bZPE included.
cRCCSD�T�.
dMRCI.
eMRCI+Q.
fImaginary frequencies of the H atom parallel to the B3 plane.
gImaginary frequencies of the H atom out of the B3 plane.

FIG. 10. RCCSD�t� potential energy profiles of B3H with respect to � �out
of plane� and � �in-plane� angles �degrees�. Relative energies �kcal/mol� do
not include ZPEs.
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B3H molecule is a quite stable closed shell system with a
B3–H binding energy D0=90.5 kcal /mol, isolable and ame-
nable to experimental investigation.

Finally, for all five molecular systems an effort was
made to rationalize their binding modes through the help of
simple vbL diagrams.
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