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The low-lying X1Σ+, a3∆, A1∆, b3Σ+, B1Π, c3Π, C1Φ, D1Σ+, E1Π, d3Φ, and e3Π electronic states of RhB
have been investigated at the ab initio level, using the multistate multiconfigurational second-order perturbation
(MS-CASPT2) theory, with extended atomic basis sets and inclusion of scalar relativistic effects. Among the
eleven electronic states included in this work, only three (the X1Σ+, D1Σ+, and E1Π states) have been
investigated experimentally. Potential energy curves, spectroscopic constants, dipole moments, binding energies,
and chemical bonding aspects are presented for all electronic states.

1. Introduction

RhB was observed for the first time by Chowdhury and
Balfour,1 using laser induced fluorescence in the range of 430-
550 nm. From the analysis of the experimental results, the
authors concluded that the ground electronic state possesses1Σ+

symmetry (R0 ) 1.691 Å, ∆G1/2 ) 920 cm-1), characterized
by the 10σ211σ25π42δ4 electronic configuration, with the Rh
and B atoms bonded by a triple bond. In addition, an excited
electronic state of1Σ+ symmetry (the so-called [20.0]1Σ+ state)
was also proposed, located at about 20 000 cm-1 above the
ground state, withR0 ) 1.870 Å and∆G1/2 ) 628 cm-1, for
which the electronic nature could not be determined unequivo-
cally from the experimental data. Besides that, very recently,
Chowdhury and Balfour2 reported a new band system with (0,0)
at 20 110 cm-1, which was attributed to a1Π-X1Σ+ electronic
transition. Again, the electronic nature of the1Π state, which
was coined as the [20.1]1Π state, could not be determined from
the analysis of the experimental data.

On the basis of results obtained by the CASSCF/MS-CASPT2
method3-7, we8 showed that the [20.0]1Σ+ state derives from
the RhB ground state by a single electronic transition from the
11σ bonding valence molecular orbital (VMO) to the 12σ
antibonding orbital (11σ f 12σ). We also found a1∆ excited
state (the [9.0]1∆ state) 9221 cm-1 above the X1Σ+ state, with
R0 ) 1.786 Å,∆G1/2 ) 792 cm-1, and dominated by a single
electronic configuration (...10σ211σ25π42δ312σ1) obtained by
a single excitation (2δ f 12σ) from the ground state wave
function. Recently, Chowdhury and Balfour2 employed our
description of the [9.0]1∆ state to analyze certain features of
the experimental electronic spectrum of RhB.

Except for the above-mentioned studies,1,2,8 no other experi-
mental or theoretical investigations have been published. In order
to gain further insight into the structural and spectroscopic
properties of RhB, we have carried out a theoretical study
focusing our attention on the first two atomic dissociation
channels. The first corresponds to the adiabatic coupling of the
two atoms in their atomic ground states (B (2Po (2s22p)) and
Rh (4F (4d8(3F)5s))),9 and the second involves the boron atom
in its ground state and the rhodium atom in the first excited

state (Rh (2D (4d9)), located 0.34 eV (J-averaged value) above
the ground level. Among all possible 42 molecular electronic
states, 24 (3,5{Σ+, Σ-(2), Π(3), ∆(3), Φ(2), Γ}) dissociate into
the ground state atoms, while the others (1,3{Σ+(2), Σ-, Π(3),
∆(2), Φ}) correlate with the second atomic dissociation channel.
After preliminary calculations, we have found that the singlet
and triplet states are well-separated from the quintuplets. The
main purpose of this work is to give a detailed account of the
low-lying singlet and triplet electronic states of RhB (11Λ -
S electronic states), by means of potential energy curves,
spectroscopic constants, dipole moments, binding energies, and
chemical bonding analysis.

2. Methodology

The CASSCF/MS-CASPT2 (multistate multiconfigurational
second-order perturbation)3-7 approach was employed to gener-
ate multiconfigurational wave functions. At the CASSCF
(complete active space (CAS) SCF method) step, the active
space comprises the Rh 4d, 5s and B 2s, 2p orbitals and electrons
(12 electrons in 10 orbitals), keeping the Rh 4s and 4p electrons
inactive. For the CASPT2 calculations, the zeroth-order Hamil-
tonian suggested by Ghigo et al.,10 with a shift parameter of
0.25 Hartree, was employed and the Rh 4s and 4p electrons
were included in the active space; that is, the Rh semi-core
electrons were correlated at the CASPT2 level. The Rh and B
core electrons were kept frozen. As we have shown before,11

multireference configuration interaction calculations are not
feasible with such active space.

Intruder state problems were treated using an imaginary shift12

of 0.1 Hartree. The Douglas-Kroll-Hess (DKH) approxima-
tion13,14 was employed to take into account scalar relativistic
effects. Quadruple-ú atomic ANO-RCC15 basis sets were
employed for describing the atomic species; namely, the Rh
atom is described by the primitive 21s15p10d6f4g2h set
contracted to 8s7p5d3f2g1h, and the boron atom is described
with the primitive set of 14s9p4d3f functions contracted to
5s4p3d2f.16

All calculations were carried out with the software MOLCAS-
6.4,17 using theC2 point group symmetry. The singlet states
were described by including the first four low-lying states
belonging to the A irreducible representation, and the first six
low-lying states belonging to the B irreducible representation.
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As to the triplets, the three low-lying electronic states belonging
to the A irreducible representation plus six other electronic states
belonging to the B irreducible representation were included in
our calculations. At the CASSCF/MS-CASPT2 level, all
electronic states belonging to the same spin and spatial symmetry
were taken into account simultaneously. State energies were
computed at the MS-CASPT2 level, while state properties were
computed using the perturbatively modified CAS-CI (PMCAS-
CI)18 wave functions, which are built as linear combinations of
the CASSCF wave functions with coefficients obtained from
the quasidegenerated multistate perturbative treatment. Spin-
orbit coupling effects were taken into account by employing
the RASSI (restricted active space state interaction) approach,19

with the MS-CASPT2 energies in the diagonal elements of the
spin-orbit Hamiltonian and the corresponding PMCAS-CI wave
functions; the 11Λ - Selectronic states computed in this work
were employed. Potential energy curves (Figure 1) were
obtained by fitting cubic splines to the computed energies, from
which vibrational wave functions, energies, and spectroscopic
constants were computed8,20-23 (Table 1).

3. Results and Discussion

3.1. RhB Singlet Electronic States.The singlet electronic
states correlate with the second atomic dissociation limit, with
the boron atom in the ground state (2Po (2s22p)) and Rh atom
in the first excited state (2D (4d9)).

As proposed by Chowdhury and Balfour,1 and corroborated
by us,8 the RhB ground state is a X1Σ+ state (see Table 1 and
Figure 1). The computed equilibrium internuclear distance (R0)
is 1.698 Å and∆G1/2 ) 922 cm-1, in agreement with the
experimental values:1 R0 ) 1.691 Å and∆G1/2 ) 920 cm-1.
Its wave function is dominated by a single configuration
(0.92)|...10σ211σ25π42δ4〉 (Table 2). The Mulliken population
analysis is Rh/B: 5s0.154dδ

4.004dσ
1.524dπ

2.95/2s1.882pσ
0.442pπ

0.96, with
an atomic distribution in the X1Σ+ state given by Rh, 5s0.15-

4d8.47/B, 2s1.882p1.40, corresponding to a charge of+0.35e on
Rh and a dipole moment of 4.54 D.

To better understand the chemical bond, it is necessary to
analyze the most relevant valence molecular orbitals (VMO).
The 10σ VMO has a strong contribution from the B 2s atomic
orbital, plus a smaller one from the Rh 4dσ, and can be described
as a very weakly bonding VMO polarized toward the boron
atom. The bonding 11σ VMO is a linear combination of the
Rh 4dσ atomic orbital and a hybrid orbital from the B atom,
obtained by the combination of the B 2s and 2pσ atomic orbitals.
The 5π VMO is bonding, obtained from the Rh 4dπ and B
2pπ atomic orbitals, distorted toward the B atom, and the 2δ is
a nonbonding VMO centered on Rh, corresponding to the 4dδ
atomic orbitals. In addition, it is also necessary to consider the
12σ, 6π, and 13σ VMOs in order to describe fully the valence
orbitals involved in the chemical bond. The 12σ VMO is an
antibonding orbital, with a large contribution from the Rh 5s
atomic orbital; the 6π VMO is the corresponding (antibonding)
counterpart of the 5π VMO. Finally, the 13σ VMO is an
antibonding linear combination between the Rh 4dσ and B 2pσ
atomic orbitals.

A traditional description of the chemical bond is based on
the number of electrons forming the bond divided by two. In
agreement with the qualitative molecular orbital analysis carried
out by Chowdhury and Balfour,1 the bonding between the Rh

Figure 1. Potential energy curves for the low-lying singlet and triplet
electronic states of RhB.

TABLE 1: Experimental (in Partentheses) and Theoretical
(PMCAS-CI) Spectroscopic Constants for the Low-Lying
Singlet and Triplet Electronic States of RhB

state
Re
(Å)

R0
(Å)

ωe
(cm-1)

Te
(cm-1)

T0
(cm-1)

∆G1/2
(cm-1)

µ
(D)

D0
(eV)

X1Σ+ 1.694 1.698 924 922 4.54 5.6
(1.691)a (920)a (>5.0)b

a3∆ 1.782 1.783 805 7337 7315 789 1.76 4.4
A1∆ 1.777 1.786 793 9287 9221 792 0.86 4.5
b3Σ+ 1.782 1.791 800 14628 14566 794 0.31 3.5
B1Π 1.893 1.896 657 18881 18753 685 2.92 3.3
c3Π 1.902 1.909 630 19453 19305 620 2.01 2.9
C1Φ 1.810 1.815 694 20551 20436 689 4.45 3.1
D1Σ+ 1.818 1.822 750 20795 20700 712 0.34 3.0

(1.870)a (663)a (19984)a (628)a

E1Π 1.823 1.828 741 22455 22362 727 4.21 2.8
(20110)b (710)b

d3Φ 2.106 2.111 493 25407 25193 493 1.36 2.2
e3Π 2.083 2.087 539 27657 27464 539 1.32 1.9

a See ref 1.b See ref 2.

TABLE 2: Dominant Configurations for the Low-Lying
Electronic States of RhB at the PMCAS-CI Level

state configurationa
leading

excitationb

effective
bond
order

X1Σ+ (0.92)|...10σ211σ25π42δ4〉 2.8
a3∆ (0.94)|...10σ211σ25π42δ312σ1〉 2δ f 12σ 2.3
A1∆ (0.92)|...10σ211σ25π42δ312σ1〉 2δ f 12σ 2.3
b3Σ+ (0.92)|...10σ211σ15π42δ412σ1〉 11σ f 12σ 1.8
B1Π (0.86)|...10σ211σ25π32δ412σ1〉 5π f 12σ 1.9
c3Π (0.88)|...10σ211σ25π32δ412σ1〉 + 5π f 12σ 1.8

(0.22)|...10σ211σ25π22δ412σ16π1〉 5π f 12σ;
5π f 6π

C1Φ (0.90)|...10σ211σ25π42δ36π1〉 2δ f 6π 2.2
D1Σ+ (0.85)|...10σ211σ15π42δ412σ1〉 11σ f 12σ 1.5
E1Π (0.86)|...10σ211σ25π42δ36π1〉 + 2δ f 6π 2.0

(0.22)|...10σ211σ25π32δ412σ1〉 5π f 12σ
d3Φ (0.93)|...10σ211σ25π32δ312σ2〉 2δ f 12σ;

5π f 12σ
1.4

e3Π (0.86)|...10σ211σ25π32δ312σ2〉 + 5π f 12σ;
2δ f 12σ

1.4

(0.30)|...10σ211σ15π32δ412σ2〉 5π f 12σ;
11σ f12σ

a Total coefficient in parentheses.b With respect to the ground state.
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and the B atoms in the X1Σ+ state can be described as a triple
bond, with three normal electron-pair bonds (11σ and 5π
VMOs), two pairs of electrons localized on the Rh atom (2δ
VMO), plus one pair on the B atom (10σ VMO). This traditional
description of the chemical bond neglects the fact that some of
the electrons may form only a weak bond, or actually no bond
at all (if the occupations of the bonding and corresponding
antibonding orbitals are both close to one).24 A better definition
can be obtained by considering the occupation numbers of the
bonding and antibonding natural orbitals in a multiconfigura-
tional wave function, by applying the effective bond order
(EBO) concept,24,25 defined as:

The EBO is based on the occupation numbers of the bonding
(bi) and corresponding antibonding (abi) natural orbitals. The
EBO is a non-integer number, and one may use the next positive
integer value to characterize the multiplicity of the bond. The
RhB valence natural molecular orbitals, with their corresponding
occupation numbers in the ground state, can be represented as
10σ1.9611σ1.925π3.852δ3.9912σ0.0213σ0.086π0.17 (π and δ are de-
generate pairs of orbitals, with maximum possible occupations
of four electrons) resulting in an EBO of 2.8 (Table 2), which
indicates a triple bond in the ground state of RhB, made from
three two-electron bonds (11σ25π4). Note, in particular, the small
population of the antibonding (12σ, 13σ, and 6π) orbitals. It
should be mentioned that the 10σ and 2δ orbitals were not taken
into account because they have a strong atomic character,
centered on the B and Rh atoms, respectively, and thus play no
significant role in bonding.

The experimental dissociation energy obtained from the
vibrational data2 suggests an energy in excess of 5.0 eV. To
estimate the dissociation energy of RhB, we computed the Rh
4 F f 2D excitation energy within the supermolecule approach.
As we have presented before,8 the Mulliken population analysis
of the wave function computed at 50 Å indicates that the correct
atomic states have been obtained. However, the computed
excitation energy (0.61 eV) is higher than the experimental value
(0.34 eV,J-averaged value9). The possible sources of errors8,26

are mainly the results of limitations in the active space and the
large spin-orbit coupling in the ground state of the Rh atom.
Because of computational limitations, it is not possible to
increase the active space or to include all electronic states needed
to describe the spin-orbit coupling properly. Therefore, we
decided to scale our computed Rh4 F f 2D excitation energy
to match the experimental value and used the scaled value to
compute the dissociation energy of the X1Σ+ state, as it has
been done by other authors,27 resulting in an estimated value
of 5.6 eV. The high bond energy is sufficient to overcome the
Rh 4 F f 2D valence promotion energy.

The [9.0]1∆ electronic state, identified for the first time by
us,8 is the A1∆ state of RhB (Te ) 9287 cm-1, T0 ) 9221 cm-1,
Re ) 1.777 Å, R0 ) 1.786 Å, ωe ) 793, and∆G1/2 ) 792
cm-1; see Table 1) with an electronic wave function dominated
by a single configuration ((0.92)|...10σ211σ25π42δ312σ1〉, Table
2) derived from the ground state by a single excitation from
the 2δ to the 12σ VMO (2δ f 12σ). The Mulliken populations
are Rh/B: 5s0.734dδ

3.004dσ
1.634dπ

3.24/2s1.832pσ
0.642pπ

0.70, corre-
sponding to a charge on the Rh atom of+0.23 e (µ ) 0.86 D).
From the valence natural orbital occupation numbers, 10σ1.96-
11σ1.945π3.852δ3.0012σ1.0013σ0.076π0.17, its EBO is computed to
be 2.3 (Table 2), with three normal electron pair bonds (11σ5π)

and a population of 1.24e in the antibonding orbitals. The
transfer of one electron from a nonbonding to an antibonding
orbital weakens the chemical bond. The A1∆ state dissociation
energy is computed to beD0 ≈ 4.5 eV. It is worth mentioning
that the results reported by Chowdhury and Balfour2 suggest
the presence of a low-lying electronic state withΩ ) 2,
attributed by experimentalists to the A1∆ predicted by us.8

Indeed, after taking into account spin-orbit coupling effects
around the equilibrium internuclear distance, aΩ ) 2 state was
found at about (Te) 9700 cm-1 above the ground state, with the
main component from the a1∆ state. The X1Σ+ state is hardly
affected. Therefore, one may conclude that the presence of the
A1∆ state is responsible for the experimental feature of the
electronic spectrum reported by Chowdhury and Balfour.2

The next singlet excited-state is the B1Π state (Table 1),
locatedTe ) 18881 cm-1 (T0 ) 18753 cm-1) above the ground
state, withωe ) 657 cm-1 and∆G1/2 ) 685 cm-1. Around its
equilibrium internuclear distance of (R0) 1.896 Å (Re ) 1.893
Å), its wave function is dominated by the configuration
(0.86)|...10σ211σ25π32δ412σ1〉 (Table 2), derived from the
ground state by a single excitation (5π f 12σ); this implies a
charge transfer from the 5π bonding VMO to the antibonding
12σ VMO. From the natural occupation numbers, 10σ1.96-
11σ1.915π3.062δ3.7912σ0.8913σ0.056π0.34, the EBO is 1.9 (Table 2).
The Rh/B: 5s0.574dδ

3.784dσ
1.654dπ

2.62/2s1.792pσ
0.742pπ

0.71Mulliken
populations indicate an atomic distribution in the B1Π state of
Rh 5s0.574d8.05/B 2s1.792p1.45, which corresponds to a charge of
+0.28 e on the Rh atom andµ ) 2.92 D. Its dissociation energy
is computed to beD0 ≈ 3.3 eV.

The C1Φ state is the next excited singlet state (Table 1),
locatedT0 ) 20436 cm-1 (Te ) 20551 cm-1) above the ground
state, with an equilibrium internuclear distance of (R0) 1.815 Å
(Re ) 1.810 Å) andωe ) 694 cm-1 (∆G1/2 ) 689cm-1). Its
wave function is best represented by the configuration
(0.90)|...10σ211σ25π42δ36π1〉 (Table 2), derived from the ground
state by a single excitation from the nonbonding 2δ to the
antibonding 6π VMO. The Mulliken populations are Rh/B:
5s0.304dδ

3.004dσ
1.584dπ

3.56/2s1.692pσ
0.372pπ

1.34 and the atomic dis-
tribution corresponds to Rh/B: 5s0.304d8.14/2s1.692p1.71. The
computed dipole moment is 4.45 D, with a charge of 0.44 e on
Rh. The bonding VMO occupation numbers are 11σ1.825π3.88,
with the remaining electrons distributed over the nonbonding
(10σ1.962δ3.0) and antibonding orbitals (12σ0.176π1.1213σ0.04),
resulting in an EBO of 2.2 (Table 2). The computed dissociation
energy (D0) is ≈3.1 eV.

At (Te) 20795 cm-1 above the ground state, we find the
[20.0]1Σ+ electronic state of RhB, hereafter referred to as the
D1Σ+ state, withT0 ) 20700 (19984) cm-1, R0 ) 1.822 (1.870)
Å and ∆G1/2 ) 712 (628) cm-1 (experimental values in
parentheses, see Table 1). According to Chowdhury and
Balfour,1 the D1Σ+ state can arise by a single excitation from
the ground state, either from the 11σ f 12σ or 5π f 6π, both
leading to a less strongly bound state. Our results suggest that
the wave function of the D1Σ+ state is governed by a single
electronic configuration, (0.85)|...10σ211σ15π42δ412σ1〉 (Table
2), derived from the X1Σ+ state by a single electronic transition
from the 11σ to the 12σ VMO (11σ f 12σ), with no
contribution from the other possible excitation (5π f 6π)
suggested before.1 Our results also indicate that the 12σ is an
antibonding orbital, rather than nonbonding or weakly bonding.1

The D1Σ+ state is characterized by the following Mulliken
population analysis: Rh/B, 5s0.584dδ

3.884dσ
1.014dπ

3.14/2s1.652pσ
0.622

pπ
0.80; which indicates a charge of+0.14 e on the Rh atom and

µ ) 0.34 D. The natural occupation numbers for the occupied

EBO ) ∑
(bi - abi)

2

4396 J. Phys. Chem. A, Vol. 112, No. 18, 2008 Borin and Gobbo



active orbitals are 10σ1.9311σ0.745π3.812δ3.8912σ1.3513σ0.066π0.21,
resulting in an EBO of 1.5 (Table 2), that is, a double bond.
The binding energy is estimated to beD0 ≈ 3.0 eV.

The E1Π state found (T0) 22 362 cm-1 (Te ) 22455 cm-1;
Table 1) above the ground state is the last singlet electronic
state considered in this work. Around the equilibrium inter-
nuclear distance (R0 ) 1.828 Å, Re ) 1.823 Å), its wave
function is dominated by two configurations ((0.86)|...10σ2-
11σ25π42δ36π1〉 + (0.22)|...10σ211σ25π32δ412σ1〉 , Table 2),
derived from the ground state wave function by the following
two single excitations: 2δ f 6π and 5π f12σ. Its dipole
moment is 4.21 D, with a charge of 0.34 e on the Rh atom.
The Mulliken populations are Rh/B: 5s0.394dδ

3.264dσ
1.584

dπ
3.32/2s1.692pσ

0.522pπ
1.10, pointing to the following atomic distri-

bution: Rh/B, 5s0.394d8.16/2s1.692p1.62. The natural orbital oc-
cupation numbers for the VMO orbitals of the E1Π state are
10σ1.9511σ1.815π3.622δ3.2512σ0.4313σ0.056π0.88, resulting in an
EBO of 2.0 (Table 2). Once again, there are three normal
electron-pair bonds (11σ5π), but the promotion of electrons from
nonbonding to antibonding VMOs (2δ f 6π) and from bonding
to antibonding VMOs (5π f 12σ) weakens the chemical bond,
with a corresponding increase in the population of the anti-
bonding orbitals (1.36e), relative to the ground state. The E1Π
state binding energy (D0) is estimated to be≈2.8 eV.

The new band system reported by Chowdhury and Balfour2

with (0,0) at 20 110 cm-1, and interpreted as a1Π - X1Σ+

electronic transition, can be attributed to the E1Π state found
by us. As can be seen in Table 1, the theoretical results are in
accord with experiment (T0 ) 22 363 (20 110 cm-1) cm-1 and
∆G1/2 ) 727 (710) cm-1, experimental values in parentheses);
the equilibrium internuclear distance was not determined
experimentally. According to our results (see discussion above),
the promotion 2δ f 6π is responsible for the main contribution
to the E1Π state wave function, with a small contribution coming
from the excitation 5π f 12σ. As to the bound strength, the
EBO analysis indicates that the E1Π state (EBO) 2.0) is less
strongly bound than the X1Σ+ state (EBO) 2.8), in accord
with the experimental analysis carried out the Chowdhury and
Balfour.2 There is no other1Π electronic state in this energetic
region (see Table 1 and Figure 1).

After taking into account spin-orbit coupling effects, around
the equilibrium internuclear distance, aΩ ) 1 state is found at
about (Te) 22700 cm-1 above the ground state, with the main
component derived from the E1Π state, which characterizes it
as being a1Π1 state. There is no otherΩ ) 1 state with a main
component from1Π states in this energetic region, which is
further evidence to associate the1Π state observed experimen-
tally2 with the computed E1Π state.

3.2. RhB Triplet Electronic States. The triplet states
correlate with the first atomic dissociation channel, that leads
to both atoms in their ground atomic state: B (2Po (2s22p)) and
Rh (4F (4d8(3F)5s)).

A single excitation from the nonbonding 2δ to the antibonding
12σ VMO gives rise to the a3∆ state, the lowest triplet excited
state dissociating into the ground state atomic channel. Located
T0 ) 7315 cm-1 (Te ) 7337 cm-1) above the ground state,
with an equilibrium internuclear distance (R0) of 1.783 Å (Re

) 1.782 Å),ωe ) 805cm-1 and∆G1/2 ) 789 cm-1, its wave
functionisdominatedbytheelectronicconfiguration(0.94)|...10σ2-
11σ25π42δ312σ1〉, with the following Mulliken populations:
5s0.674dδ

3.004dσ
1.634dπ

3.26/2s1.882pσ
0.662pπ

0.68; the atomic distribution
corresponds to Rh 5s0.674d7.89/B2s1.882p1.34. The charge on Rh
is +0.28 e, with a dipole moment (µ) computed to be 1.76 D.
The natural occupation numbers for the VMO are 10σ1.96-

11σ1.945π3.862δ3.00
12σ1.0013σ0.076π0.16, from which one obtains

an EBO of 2.3, reflecting a weaker chemical bond than that
found in the ground state, because of a transfer of one electron
from the nonbonding 2δ VMO to the antibonding 12σ VMO,
resulting in a population of 1.2e in the antibonding orbitals
against 0.27e in the ground state. The a3∆ state dissociation
energy is computed to be≈4.4 eV.

The third electronic excited state (Table 1) is the b3Σ+ state,
locatedT0 ) 14 566 cm-1 (Te ) 14 628 cm-1) above the ground
state, with an equilibrium internuclear distance (R0) of 1.791 Å
(Re ) 1.782 Å) andωe ) 800 cm-1 (∆G1/2 ) 794 cm-1). Its
wave function is dominated by the electronic configuration
(0.92)|...10σ211σ15π42δ412σ1〉, being related to the ground state
by a single excitation 11σ f 12σ, involving the transfer of one
electron from a bonding (11σ) to an antibonding orbital (12σ).
The Mulliken population is Rh/B: 5s0.624dδ

4.004dσ
1.094dπ

3.02/2s1.542
pσ

0.632pπ
0.90, with an atomic distribution given by Rh/B: 5s0.62-

4d8.11/2s1.542p1.53. The dipole moment is 0.31 D, with a charge
of 0.14 e on Rh. The occupancies of the binding valence
molecular orbitals are 11σ1.025π3.81, with the remaining electrons
distributed over the nonbonding (10σ1.932δ4.0) and antibonding
orbitals (12σ0.996π0.2013σ0.05), resulting in an EBO of 1.8. For
the b3Σ+ state, the dissociation energy is≈3.5 eV.

The c3Π state (R0 ) 1.909 Å (Re ) 1.902 Å) andωe ) 630
cm-1 (∆G1/2 ) 620 cm-1), see Table 1) is the next excited triplet
state, locatedT0 ) 19 305 cm-1 (Te ) 19 453 cm-1) above the
X1Σ+ state. It can be obtained by doubly exciting the ground
state wave function (5π f 12σ; 5π f 6π), and is characterized
bythewavefunction(0.88)|...10σ211σ25π32δ412σ1〉+(0.22)|...10σ2-
11σ25π22δ412σ16π1〉. The atomic charge distribution (Rh/B:
5s0.674d7.94/2s1.852p1.34), with Mulliken populations given by Rh/
B: 5s0.674dδ

3.944dσ
1.604dπ

2.40/2s1.852pσ
0.722pπ

0.62, results in a dipole
moment of 2.01 D and a charge of 0.24 e on the Rh atom. The
natural orbital occupation numbers for the VMO orbitals of the
c3Π state are 10σ1.9511σ1.915π2.892δ3.9512σ1.0213σ0.086π0.20, re-
sulting in an EBO of 1.8. The binding energy is estimated to
be D0 ≈ 2.9 eV.

The last two triplet electronic states included in this work
are the d3Φ and e3Π states. The wave function for the d3Φ
state is dominated by the electronic configuration ((0.93)|...10σ2-
11σ25π32δ312σ2〉), derived from the ground state by a double
excitation (2δ f 12σ; 5π f 12σ); therefore, there is a charge
transfer from the 2δ and 5π VMOs to the 12σ antibonding
VMO. With an equilibrium internuclear distance of (R0) 2.111
Å (Re ) 2.106 Å), it is computed to be (T0) 25 193 cm-1 (Te )
25 407 cm-1) above the ground state, with a harmonic frequency
of (ωe) 493 cm-1 (∆G1/2 ) 493cm-1) andD0 ≈ 2.2 eV. On the
basis of the occupation numbers of the bonding (11σ1.935π2.96)
and antibonding (12σ1.886π0.1213σ0.10) natural orbitals, its EBO
is computed to be 1.4. The Mulliken population analysis (Rh/
B: 5s1.154dδ

3.004dσ
1.814dπ

2.80/2s1.802pσ
1.042pπ

0.26) indicates a charge
of 0.14 e on Rh (µ ) 1.36 D), and an atomic charge distribution
as follows: Rh/B, 5s1.154d7.61/2s1.802p1.30.

The e3Π state is (T0) 27 464 cm-1 (Te ) 27 657 cm-1) higher
in energy than the ground state, with an equilibrium internuclear
distance (R0) of 2.087 Å (Re ) 2.083 Å),ωe ) 539 cm-1 (∆G1/2

) 539 cm-1) and binding energy (D0) of 1.9 eV. Around its
equilibrium internuclear distance, the wave function is domi-
nated by the configuration (0.86)|...10σ211σ25π32δ312σ2〉 +
(0.30)|...10σ211σ15π32δ412σ2〉, derived from that of the ground
state by exciting one electron from each of the 11σ and 5π
bonding and the 2δ nonbonding VMOs to the antibonding12σ.
The EBO is 1.4. The occupancies of the bonding valence
molecular orbitals can be described as Rh/B: 5s1.154dδ

3.004
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dσ
1.814dπ

2.80/2s1.802pσ
1.042pπ

0.26, attributing a charge of 0.14e to the
Rh atom, with a computed atomic charge distribution given by
Rh/B: 5s1.114d7.62/2s1.782p1.33. The dipole moment is 1.32 D.

4. Conclusions

The low-lying X1Σ+, a3∆, A1∆, b3Σ+, B1Π, c3Π, C1Φ, D1Σ+,
E1Π, d3Φ, and e3Π electronic states of RhB have been
investigated at the ab initio MS-CASPT2 level with extended
atomic basis sets and inclusion of scalar relativistic effects.
Among the electronic states described in this work, only the
X1Σ+, D1Σ+ , and E1Π states have been observed experimen-
tally. Except for the A1∆ and D1Σ+ states, which have been
described by us previously, the others (a3∆, b3Σ+, B1Π, c3Π,
C1Φ, E1Π, d3Φ, and e3Π) are described here for the first time.
Potential energy curves, spectroscopic constants, dipole mo-
ments, binding energies, and chemical bonding aspects are
reported for all states.

The RhB molecule possesses a ground electronic state of1Σ+

symmetry. The excited states can be collected into four sets:
(i) the first, ranging from (T0) 7300 to 9200 cm-1 (a3∆ and
A1∆ electronic states); (ii) the second including the b3Σ+ state
(T0 ) 14 566 cm-1); (iii) the third ranging between (T0) 18 700
and 22 400 cm-1 (B1Π, c3Π, C1Φ, D1Σ+, E1Π electronic states);
and (iv) the last one with states higher than 25 000 cm-1 (d3Φ
and e3Π electronic states). The E1Π state is responsible for the
1Π-X1Σ+ electronic transition reported by Chowdhury and
Balfour recently.

Based on the natural occupation numbers, the most important
valence molecular orbitals are: 10σ (essentially the B 2s atomic
orbitals), 11σ (a bonding VMO, corresponding to the linear
combination of the atomic 4dσ Rh orbital and a hybrid B 2s2pσ
orbital), 5π (a bonding combination between the Rh 4dπ and
the B 2pπ atomic orbitals), 2δ (a nonbonding VMO centered
on Rh (4dδ)), 12σ (an antibonding orbital, centered on Rh (5s
atomic orbital), the 6π VMO (the corresponding counterpart of
the 5π VMO), and the 13σ (an antibonding linear combination
between the Rh 4dσ and the B 2pσ atomic orbitals).
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