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Valence space electron momentum spectroscopy of diborane
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Abstract

A non-classical mechanism of binding in diborane (B2H6) is derived quantum-mechanically (B3LYP/6-311++G**) using a dual-space analysis.
High-resolution binding-energy spectra of diborane, generated using an outer-valence Green’s-function and density-functional theory with a
statistical average of model orbital potentials (SAOP), agree satisfactorily with experiment. Electron-correlation energies of diborane produce
orbital-based variations in ionization energy in the valence space, but with negligible impact on the shape of only ag symmetry orbitals as indicated
in momentum space. The present work indicates quantitatively that (a) the pair of three-centre banana-shaped BHb B bonds are more accurately
described as one diamond-shaped bond with BHb B Hb, (b) all bonds in diborane are electron-deficient including the four equivalent BHt
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onds, (c) there is no pure BB bond but contributions from all valence orbitals form an unconventional electron-deficient BB bond, and (d) onl
wo innermost valence orbitals – 2ag and 2b1u – are sp2-hybridized and no evidence indicates other valence orbitals of diborane to be hybr
2006 Elsevier B.V. All rights reserved.
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. Introduction

Boranes form an important branch of chemistry—known as
oron chemistry, in parallel with carbon chemistry. A “simple”
nd stable compound of hydrogen and boron – diborane (B2H6)
has posed a challenge to the Lewis electron structure or even
molecular-orbital picture[1,2]. Work on boranes led to the

ward of a Nobel Prize to Brown in 1979[1]. The major in-
ustrial uses[3] are in synthesis in the chemical industry, es-
ecially as a catalyst for polymerization of ethene, styrene and
utadiene; in the electronics industry to improve crystal growth
r to improve electrical properties of pure crystals, and in the
roduction of hard boron coatings on metals and ceramics. It

s also used as a rubber vulcanizer and as a component or ad-
itive for high-energy fuels[3]. The importance of diborane

n structural chemistry is due to its unique chemical structure:
t has served as a prototype for hydride bridge[4] and three-
entre two-electron (3c2e) bonds[5,6]. Chemical reactions of
iborane include dissociation[7,8], proton affinity[3], molecu-

ar dynamics[9] and van der Waals interactions[10]. Although
ost authors of theoretical papers on its structure have focused

∗ Corresponding author. Tel.: +61 3 9214 5065; fax: +61 3 9214 5075.
E-mail address: fwang@swin.edu.au (F. Wang).

on isotropic properties such as energetics[11,12], some author
[5] described anisotropic properties of diborane such as the
sity of molecular chargeρ(r). Howevere, quantitative properti
such as orbital electron densities have failed to attract atte
For the latter purpose, distributions of orbital momentum
are quantitatively measured through electron momentum
tra (EMS)[13] have provided direct and quantitative informat
about Dyson orbitals.

There has been some effort to restore the fundamental c
cal concepts from quantum-mechanically obtained results
terpret chemical phenomena[14–19]. The orbital information in
momentum space, which traditionally provides a more phy
picture has become a complementary source to acquire in
understanding of molecular structures[20–25], mechanisms o
chemical bonding[26–32], pathways of chemical reactions[34]
and quantitative relationships between structure and ac
(QSAR) in computational drug design[35]. Wang[26] intro-
duced a dual-space analysis (DSA) to study molecular struc
and chemical bonding, taking advantages of Fourier trans
and combining information from both the real (r-space) and re
ciprocal spaces (k-space)[28,27,30–33]to investigate molecula
electronic structures. As a component of a collaborative t
retical and experimental attempt to assess orbital cross-se
(momentum distributions) of diborane using electron mom
368-2048/$ – see front matter ©2006 Elsevier B.V. All rights reserved.

oi:10.1016/j.elspec.2006.01.003
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tum spectra, we report here our theoretical results about diborane
in its ground electronic state (X1Ag), using various quantum
mechanical models such as conventional calculations of elec-
tronic structure (RHF/6-311++G**), density-functional theory
(B3LYP/6-311++G**, SAOP/ATVP) and OVGF/6-311++G**
models. The RHF/6-311++G** and B3LYP/6-311++G** wave
functions are then mapped into momentum space according to
an independent-particle approximation and plane wave impulse
approximation (PWIA)[13] as orbital MDs.

Discussion of the molecular framework in space and sym-
metry, which significantly influence the topologies of orbital
wave functions, is followed by results from calculations of elec-
tronic structure, concentrating on binding-energy spectra and
other anisotropic properties. We provide information about elec-
tronic structure, and discuss in detail the simulated molecular
orbitals in momentum space, in combination with their Dyson
orbital densities in coordinate space.

2. Orientation, symmetry and computational details

Molecular geometry and symmetry are an essential part of
molecular spectroscopy, molecular orbitals and their interac-
tions. The presence or absence of symmetry has consequences
for the appearance of spectra, the relative reactivity of groups,
and many other aspects of chemistry, including the way that or-
bitals and interactions are presented[36,37]. Orbitals within a
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calculated using RHF/6-311++G** and OVGF/6-311++G**
employing GAUSSIAN03[38] and GAMESS02[39], whereas
the SAOP/ATZP model is embedded in the Amsterdam density
functional (ADF) suite of programs[40]. The present calcula-
tions employ the ATZP basis set, which has been tested[41]
as an efficient augmented Slater-type triple-zeta basis set with
double polarization, was developed by Chong[42]. All RHF,
OVGF and SAOP calculations were performed on the B3LYP/6-
311++G** optimized geometry. Complementary to an analysis
of orbital electronic structure, we analyzed the distribution of
charge density according to the Hirshfeld scheme[43] based
on SAOP/ATZP wavefunctions, in which a hypothetical “pro-
molecule” with electron density�ρB is constructed by superpo-
sition of spherically symmetric charge densitiesρB of an isolated
atom B. The electron densityρ of the real molecule at each point
in space is then distributed over atom A in a ratiowA = ρA�ρB
the same as they contribute charge density to that point in the
promolecule. The Hirshfeld atomic chargeQH

A is obtained on
subtracting the resulting partial electron density associated with
atom A from the corresponding nuclear chargeZ as[19,43],

QH
A = Z −

∫
wA(r)ρ(r) dr (1)

RHF and B3LYP wave functions were used to simulate orbital
MDs. With the Born–Oppenheimer approximation and molecu-
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olecule have a defined relationship to the three-dimens
3D) structure of the molecule through nuclear positions.
uclear framework of a molecule might thus affect isotro
roperties such as energetics as well as anisotropic prop
uch as dipole and multipole moments and orbital MDs[27,31].
n diborane with symmetry of point groupD2h, two B atoms an
our terminal hydrogen atoms (Ht) are orientated in thexz-plane
f a Cartesian coordinate system. The origin of this syste

ocated at the midpoint of the BB bond along thez-axis. The
wo bridge hydrogen atoms (Hb) connecting the B atom pa

Hb B, locate in theyz-plane, perpendicular to the plane
he other four H atoms, as shown inFig. 1. The four B Ht bonds
re considered to be equivalent by symmetry, as likewise the

Hb bonds. The B atoms, binding hydrogen atoms in bothxz-
ndyz-planes, lie along a principalC2-rotational axis, thez-axis.

We optimized the geometry of diborane using the B3LY
11++G** model. Ionization-energy spectra of diborane w

Fig. 1. Diborane (B2H6,D2h) molecule orientation and atom numbering
al
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c
ties

is

ur

-
e

lar orbital theory (i.e. independent particle approximations)
EMS cross-section for randomly oriented molecules is give
the plane wave impulse approximation (PWIA) by[13,44],

σ ∝
∫

d�|ψj(k)|2 (2)

which is proportional to the one-electron wavefunctionψj(k) in
momentum space. The one-electron wavefunction, i.e. D
orbitals, in coordinate space, is commonly taken as the
or Kohn–Sham (KS) orbitals[17,25] under the ground-sta
configuration-frozen approximation (i.e. neglect of the io
orbital relaxation). Recent EMS experiments at varied im
energies performed on a multichannel (e,2e) spectromet
dicated that for molecules in the ground electronic state[45]
with sufficiently high impact energies[46], valence orbital MD
are independent of the impact energy[47], confirming that th
PWIA is a satisfactory approximation under these conditi
The HEMS program[20] was employed in the present work

3. Results and discussion

3.1. Geometry and orbital ionization spectra

The total energy of B2H6 in the ground electronic sta
(X1Ag) according to RHF/6-311++G**//B3LYP/6-311++G
and B3LYP/6-311++G**//B3LYP/6-311++G** models w
calculated to be−52.827943 and−53.304498Eh, respectively
The bond lengths BHt = 1.187Å and B Hb = 1.316Å agree
with 1.182 and 1.304̊A, respectively, from an MBPT(2)/6
31G** calculation [8] and with 1.184 and 1.314̊A, respec
tively, from experimental measurements[6]. The B Ht bond
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Table 1
Comparison of geometry of B2H6 ground electronic state (X1Ag) with other calculations and experiment

Geometry This work Other theory Experiment[6]

B3LYP/6-311++G** MBPT(2)/6-31G**[8] MP2(full)/6-31G* [3] B3LYP/6-31G*[7]

B(1) B(2) (Å) 1.764 1.752 1.750 – 1.743
B(1) H(t) (Å) 1.187 1.182 1.190 – 1.184
B(1) H(b) (Å) 1.316 1.304 1.308 1.317 1.314

H(t) B H(t) (◦) 121.9 121.5 – – 121.5
B(1) B(2) H(t) (◦) 119.1 – 119.2 – –
H(t) B H(b) (◦) 109.0 – – – –
H(b) B H(b) (◦) 95.8 – – – –
B(1) H(b) B(2) (◦) 84.2 – 83.8 84.4 –

is slightly shorter than a normal BH bond, which is 1.188̊A in
BH3 [48], whereas the BHb bond in B2H6 is elongated appar-
ently, indicating that the BHb bonds might be fingerprints of the
unique hydride bridge in diborane. According to our B3LYP/6-
311++G** calculation, the BB bond distance is 1.764̊A, in
agreement with 1.752 and 1.743Å given by the MBPT(2)/6-
31G** model [8] and experiment[6], respectively. The in-
terbond angle∠HtBHt = 121.87◦ is consistent with 121.9◦
and 121.5◦ from both theory[8] and experiment[6], respec-
tively. The optimized geometry of diborane is summarized in
Table 1, with theoretical predictions from other models and ex-
periments. The agreement between results of the present cal-
culation and other theoretical and experimental data indicates
that the B3LYP/6-311++G** model is accurate and reliable to
predict other molecular properties.

Diborane has too few electron pairs for every connection
(nine of them) between atoms to be a conventional two-electron
bond. The molecule possesses 16 electrons that form eight
molecular orbitals (MOs) including two core MOs and six va-
lence MOs. The valence configuration of the electronic ground
state (X1Ag) given by the B3LYP/6-311++G** model is

. . . (2ag)2(2b1u)
2(1b2u)

2(1b3u)
2(3ag)2(1b2g)

2

The ionization energies of valence orbitals appear inTable 2
with results from photoelectron spectra (PES) measured by
K
s 0.85
[ ticle

model provides a satisfactory approximation to describe the
ionization of diborane.

The computationally expensive calculations with Green’s-
functions (GF)[50] agree satisfactorily with values from the
PES. The GF calculation exhibits competitive accuracy with
the binding-energy (ionization energy) spectrum calculated us-
ing�CI, which takes the energy differences of individual ionic
states. The results between the RHF and the�CI models[49]
indicate a combination of the effects of electron-correlation and
orbital relaxation of valence orbitals of diborane. The discrepan-
cies between the outer-valence orbitals produced by two mod-
els indicate that the importance of electron-correlation are re-
placed by orbital relaxation when the hole state moves inwards.
The DFT SAOP/ATZP model produces accurate binding-energy
spectra of diborane with moderate computational cost, whereas
the OVGF/6-311++G** model provides slightly less accurate
results that yield a reversed order of orbital pair 1b2u and 1b3u,
as seen inTable 2.

3.2. Atom-based electronic structural information of
diborane

Diborane is a symmetric (D2h) species with a formally defi-
cient number of electrons, which contributes to its unique molec-
ular electronic structure.Table 3reports a Hirshfeld[43] charge
a ents.
T rtant
a rm-

T
M t of BH6 (e

σ

σ

σ

π

σ

π

imura et. al. and their RHF/4-31G calculations[49]. Pole
trengths (PS) of our OVGF calculations (all greater than
17] for valence orbitals) indicate that an independent-par

able 2
olecular orbital energies, symmetry and suggested bonding assignmen2

MO This work

RHFb OVGFc SAOPd Bonding

2ag 24.16 – 20.77 B(2s,2pz) Ht, B(2s,2pz) Hb

2b1u 17.38 17.47(0.87) 16.25 B(2s,2pz) Ht

1b2u 15.18 15.50(0.90) 15.34 B(2py) Hb

1b3u 14.70 15.66(0.91) 14.78 B(2px) Ht

3ag 14.11 12.24(0.91) 11.94 B(2pz) Ht, B(2pz) Hb

1b2g 12.83 9.97(0.99) 10.05 B(2px) Ht

a Ref. [49]. b This work, RHF/6-311++G**.
c OVGF/6-311++G** model (pole strength).
d SAOP/ATZP model.
e Ref. [49], based on the RHF/4-31G model.
nalysis and components of dipole and multipole mom
hese charges, dipole and multipole moments are impo
nisotropic properties and particularly significant in confo

V)

Other work Experimenta

Bondd RHF (�CI)e Bondinge GF [50]
+, S(sp2) – – 22.33 –
−, (S,p)(sp2) 17.36 (16.14) B−2s 16.21 16.11
, (s,P) 15.16 (14.38) σB Hb 14.49 14.75
+, σ, (S,p) 14.74 (13.75) π+

B H2
13.73 13.91

, (S,p) 14.05 (13.17) σB B 13.11 13.30
−, σ, P 12.75 (11.86) π−

B H2
11.87 11.89
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Table 3
Atom-based Hirshfeld charge (QH

A) and electric multipole moments of diboranea(a.u.)

Atom QH
A µx µy µz qxx qxy qxz qyy qyz qzz

B(1) 1.1960 0.0 0.0 −4.29 −26.29 0.0 0.0 −3.60 0.0 29.88
B(2) 1.1960 0.0 0.0 4.29 −26.29 0.0 0.0 −3.60 0.0 29.88
Ht −0.6207 6.93 0.0 −7.87 −1.63 0.0 6.98 3.37 0.0 −1.74
Ht −0.6207 −6.93 0.0 7.87 −1.63 0.0 6.98 3.37 0.0 −1.74
Ht −0.6207 6.93 0.0 7.87 −1.63 0.0 −6.98 3.37 0.0 −1.74
Ht −0.6207 −6.93 0.0 −7.87 −1.63 0.0 −6.98 3.37 0.0 −1.74
Hb 0.0453 0.0 10.28 0.0 1.28 0.0 0.0 0.18 0.0 −1.46
Hb 0.0453 0.0 −10.28 0.0 1.28 0.0 0.0 0.18 0.0 −1.46

a From SCF equations[19]. The total dipole moment is zero for diborane.

ers and tautomers for which the energetic (isotropic) properties
are insensitive to differentiation[32,31,41].

The charges located on component atoms of diborane indicate
that the role of the bridge hydrogens in diborane significantly dif-
fers from those of the terminal hydrogens: the Hirshfeld charges
of the four equivalent terminal hydrogen atoms, Ht, are elec-
tron donors, whereas the equivalent bridge hydrogen atoms, Hb,
act as electron acceptors. The molecular electrostatic potentials
(MEP) given inFig. 2 illuminate the location of charge in a
two-dimensional (2D) pane of diborane. As diborane is such a
symmetric molecular species, it possesses no net electric dipole
moment, but its components in space indicate significant atom-
based charge distributions and polarity in particular directions.
For instance, in thex- andz-directions, the hydrogen atoms be-
have significantly differently: the terminal hydrogen atoms form
two pairs that are polarized significantly in opposite directions.
Although the net moment of the terminal hydrogen atoms in
the x-direction cancels, the resulting charge distributions dif-
fer from those of the bridge hydrogens that also exhibit zero
µx but have no polarization in this direction (seeTable 3). The
atom-based dipole moments in they-direction,µy, are the re-
verse: the bridge hydrogens,Hbs, are largely polarized in this
direction only, but are likewise canceled within the pair, unlike
the terminal hydrogens in this direction. The boron atoms are
polarized only in thez-direction along the BB “bond”, as indi-
cated by theµz dipole moment components being non-zero in

Table 3, which indicates a possible electron-deficient BB bond
described in the next section. Molecular multipole moments and
polarizability play important roles in experimental crystal anal-
ysis; quadrupole moment components of diborane are thus also
given in this table. Quadrupole moments, namelyqxx, qyy and
qzz indicate the “size” of the species in the pertinent direction;
boron atoms in diborane exhibit similar “size” in thex- and
z-directions but are small in they-direction. Such information
implies bonding similarities inx- andz-directions that contrast
with they-direction.

All chemical bonds in diborane are electron-deficient, but
not all bonds have the population of electrons of equal number.
Table 4presents a population analysis of symmetrized fragment
orbitals (SFOs) of diborane based on the SAOP/ATZP calcula-
tions. The SFOs are linear combinations of (valence) fragment
orbitals (FOs, in diborane, the FOs are atomic orbitals (AOs)),
such that the SFOs transform as irreducible representations of
the molecular symmetry group[19]. The MO eigenvector coef-
ficients in this basis provide a direct interpretation of the MO
according to an orbital theory[40]. The percentages of individ-
ual SFOs (AOs) indicate the contribution of AOs of the atoms in
the last column of the table into a particular MO given in the first
column of the table. The occupation of the AOs for the atoms in
the second last column of the table indicates whether the AOs
(in the middle column of the table) are occupied or virtual (un-
occupied). Therefore, each MO of diborane consists of more
t d or
v
d s of
H ll
a -
t y
t d
w sult,
t n
e ).

B ec-
t
b
a -
i hape
a r,
h anti-
t of
Fig. 2. Molecular electrostatic potential of B2H6 in xz-plane.
han one AOs of different atoms, which are either occupie
irtual. For example, the highest occupied MO (HOMO) 1b2g is
ominated by 2px AOs of borons (52.98%), 2s, 3s and 1s AO
t atoms (28.59%, 18.74% and−13.78%, respectively), as we
s 3dxz and 3px AOs of borons (13.41% and−5.05%, respec

ively). Not all the AOs which form MO 1b2g are occupied: onl
he 2px AOs of borons and the 1s AOs of Ht atoms are occupie
ith the occupation of 0.33 and 1.00, respectively. As a re

he occupation of MO 1b2g is likely less than 1.33, indicating a
lectron-deficient MO (the occupation of a normal MO is 2

Diborane might form nine bonds with four BHt bond, four
Hb bonds and one BB bond, which share 12 valence el

rons. Due to the tetrahedral shape-like boron atoms[51], the
oron atoms in diborane was postulated as sp3 hybrids[52]. As
result, if the boron atoms were sp3 hybrid, there should ex

st only four bonds (for the hydrogens) in a tetrahedral s
nd there should not exist any BB bond in diborane. Howeve
ybridization is more a descriptive hypothesis than a qu

ative theory: the 1 + 3 splitting in binding energies of one
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Table 4
Gross population analysis of valence SFO(SAO) in diborane

Orbital % SFO(SAO) Occupation Atom

1b2g 52.98 2px 0.33 B
28.59 2s 0.00 Ht
18.74 3s 0.00 Ht

−13.78 1s 1.00 Ht
13.41 3dxz 0.00 B
−5.05 4px 0.00 B

3ag 69.91 1s 1.00 Ht
14.33 3pz 0.00 B
13.11 2pz 0.33 B

−10.87 2s 0.00 Hb
9.33 4pz 0.00 B
3.96 1s 1.00 Hb

1b3u 88.81 1s 1.00 Ht
22.17 2px 0.33 B

−11.16 2s 0.00 Ht
−5.73 3s 0.00 Ht

1b2u 46.41 2py 0.33 B
32.03 1s 1.00 Hb
7.73 3s 0.00 Hb

2b1u 113.63 1s 1.00 Ht
−11.29 2s 0.00 Ht
−10.71 2pz 0.33 B

10.06 3s 0.00 B
−8.01 4pz 0.00 B

5.36 2s 2.00 B

2ag 49.77 1s 1.00 Hb
20.49 1s 1.00 Ht
16.38 2s 2.00 B
8.00 2pz 0.33 B

the sp3 hybrid prototypes—methane (CH4), has been a draw-
back of the postulation. The tetrahedral structure of methane
has been recently proved to stem from the symmetry rather tha
hybridization[53], which is supported by experiments. The re-
sults inTable 4produced quantitatively provide no evidence that
the 2s and three 2px, 2py and 2pz orbitals of borons hybridize
in sp3 fashion—no single MOs consist of 2px, 2py and 2pz or-
bitals at the same time in this table. Instead, we suggest that th
2s (occupation 2), 2px (occupation 0.33) and 2pz (occupation
0.33) AOs of a boron atom form sp2 hybridized orbitals, which
is partly supported by HOMO, 1b2g and orbitals 2b1u and 2ag.
HOMO shows the contribution of orbital 3dxz of boron atoms
which indicate a hybrid ofx andz AOs, whereas MOs 2b1u and
2ag clearly indicate the mixture of the occupied boron 2s AOs
and partially occupied 2pz boron orbitals. This hybridization in
thexz-plane of the terminal BH2 moieties leaves the boron 2py
AOs (occupation: 0.33) to bond with the bridge hydrogen atoms
in theyz-plane as suggested by Albright and Burdett[54]. Such
a hypothesis of an sp2 hybrid of boron atoms explains the equiv-
alence of the four BHt bonds in thexz-plane, and indicates an
electron-deficient BB bond.

Support of this postulate of sp2 hybrid of boron atoms arises
from the following evidence. The SFO population analysis in
Table 4indicates that only the innermost valence orbital, 2ag, and
the next innermost valence orbital, 2b1u, show a participation of

boron 2s AO with 16.38% and 5.36% population, respectively;
the other valence orbitals of diborane do not exhibit sufficient
2s AO population (less than±5% of 2s AOs of boron in the ta-
ble). With regard to the HB H angles given inTable 1, the bond
angles Ht B Ht = 121.9◦ and B(1) B(2) Ht = 119.1◦ are con-
firmed by other calculations with MP2 models[3,8]. These an-
gles resemble 120◦ according to conventional sp2 hybrid [51],
whereas bond angles BHb B = 84.2◦ and Hb B Hb = 95.8◦
are near 90◦ rather than 109◦ as required for sp3 hybridization
[51]. The components of dipole and quadrupole moments (Table
3) indicate that diborane behaves similarly along thex- andz-
axes but quite differently in they-direction. For instance, the
individual terminal hydrogens are polarized along bothx- and
z-axes, whereas the boron atoms are polarized only along thez-
axis, which also enhances the polarity of the terminal hydrogens,
Ht, in this direction. The boron atoms are not polarized along
the y-axis (Table 3). That the dipole components are not zero
implies that the three dipole components exhibit a block struc-
ture of{µy} and{µx, µz}. The MDs of the innermost valence
orbital pair, 2ag and 2b1u, provide further evidence for such an
observation, discussed in the next section.

3.3. Momentum distributions for valence orbitals

Momentum distributions (MDs) of valence orbitals and the
corresponding Dyson orbitals (DOs) in coordinate space are
s the
R ame
6 mo-
m
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hown inFig. 3. In valence space the MDs indicate that
HF and B3LYP wave functions obtained employing the s
-311++G** basis set exhibit no apparent discrepancies in
entum densities, except orbitals 2ag and 3ag (Fig. 3(iia) and

via)). That is, the totally symmetric orbitals (ag) display smal
ariations in the region of small momentum withp < 0.5 a.u.
etween the RHF/6-311++G** and B3LYP/6-311++G** mo
ls, as found previously for butane[26]. Such similarities in th
aplacians of the HF and “full CI” Kohn–Sham orbitals w

ound also for H2 [16]. As a result, our discussion is based
he B3LYP/6-311++G** model without differentiating the wa
unctions calculated using the RHF model or the B3LYP mod

The momentum distributions of valence orbital shown inFig.
indicate that the valence orbitals are dominated either

ike (2ag and 3ag) orbitals or by p-like (2b1u, 1b2u, 1b3u and
b2g) orbitals[29,44], but population analysis based on ato
r fragments (seeTable 3) demonstrates that s-electron do

nates binding in diborane: there are only two p-electron
he valence space of 12 electrons in total. Further inspe
f the atom-based population analysis, together with the D
rbitals, indicates that only the innermost valence orbital,g,
nd the HOMO, i.e. the outermost valence orbital, 1b2g, are
ominated by the s and p electrons, respectively, as indi
y their orbital MDs. Other valence orbitals are s and p e

ron mixed orbitals with greater s component, except or
b1u which is dominated by p electrons. The distributions
lectron charge in the gaussian-like shaped orbitals, i.e.1u,
b2u, 1b3u and 1b2g, appear to be p-dominant: they are a
ymmetric with respect to a nodal plane—positive and neg
hases are separated by a nodal plane. However, the p-li
ital MDs of these diborane MOs are due to the symmetry inxz-
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Fig. 3. Valence orbitals of diborane in the ground electronic state (X1Ag). (a) Orbital momentum distributions (MDs) and (b) electron densities of Dyson orbitals
plotted using Molden[55]. Here solid lines represent B3LYP/6-311++Gd,p) model and dotted lines represent RHF/6-311++G(d,p) model.

andxy-planes. The phenomenon of s-electron dominant orbitals
exhibiting a gaussian-shaped distribution of orbital momentum
is uncommon in atoms and in most molecules[44]. This unique
electronic structure of diborane also indicates the importance
of obtaining information from both coordinate and momentum
space.

The high symmetry of diborane results in its unique non-
classical bonding. Based on the gross population of symmetrized
fragment orbitals (SFOs) given inTable 4, the valence MOs of
diborane are grouped in three classes: the first consists of MOs
with only contributions from the terminal hydrogen atoms, Ht,
and boron atoms, that is, orbitals 1b2g (HOMO), 1b3u and 2b1u.
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Only one MO, i.e. orbital 1b2u belongs to the second class, of
which the orbital involves contributions from the bridge hydro-
gen atoms, Hb, and both B atoms, whereas orbitals in the third
class receive contributions from all atoms in diborane: terminal
hydrogen atoms, Ht, bridge hydrogen atoms, Hb and B atoms.
Orbitals 3ag (NHOMO) and 2ag belong to this third class. In
diborane, the boron atoms are equivalent by symmetry, likewise
the four terminal hydrogen atom and the bridge hydrogen pair.

Orbitals in the first class, HOMO 1b2g, orbitals 1b3u and
2b1u, which are MOs dominated by Ht and borons, represent
bonding in thexz-plane. The highest occupied molecular
orbital, HOMO 1b2g, is dominated by the 2px AOs of borons.
A 2px AO of boron exhibits an occupation number 0.33 for
which one electron is shared among the three 2px, 2py and 2pz
AOs of either boron (Table 4). The HOMO also receives large
contributions from s AOs of the terminal hydrogen atoms, Hts,
which form aπ-like bond of anti-bonding nature (π−) with the
enhancement of four BHt bonds shown inFig. 3(ib). The next
MO in this class is orbital 1b3u, which forms aπ-like bond
of bonding typeπ+, pairing with the HOMO ofπ−. Orbital
1b3u receives substantial contributions from the occupied 1s
AOs of the terminal hydrogen atoms (88.81%) and the 2px of
the borons (22.17%). This orbital (1b3u) is dominated by 1s
contributions even though it exhibits a p-like orbital MDs (Fig.
3(iiia) and (iiib)). The last orbital in this class, 2b1u, shown
in Fig. 3(va) and (vb), of which the 2pz AOs of borons are
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Fig. 4. Two-dimensional contours of electron density for the “glue” orbital 3ag

of diborane. (a) The 2D view of Ht B B Ht (xz-plane) and (b) the 2D view
of Hb B B Hb (yz-plane). Here solid contours represent positive charges,
whereas dotted contours indicate negative charges.

that only the 2py AO of borons are sterically capable of form-
ing bonds with them.Fig. 3(ivb) demonstrates the orbital den-
sities of the so called “banana” bond[4]. The unoccupied 3s
AOs of Hb also make noticeable contributions to this MO. The
pair of “banana” bonds consists of a positive part and a nega-
tive part, which arise from the positive parts of two 2py AOs
esponsible, represents sp2-hybridized bonding localized on th
H(t)

2 moiety, forming a pair of BH(t)2 fragments in thexz-plane,
eparated by a nodal planexy, as also suggested in Ref.[54].

Orbitals in the next class are two totally symmetric ag MOs,
hich are the only MOs in the valence space of diborane

eceive contributions from all atoms, i.e. B, Ht and Hb. The nex
OMO (NHOMO), orbital 3ag, is a twisted orbital in bothxz-
ndyz-planes, as indicated by the orbital densities inFig. 3(iib).

t is dominated by the singly occupied 1s AO of Ht, with small
ontributions from the singly occupied 1s and virtual 2s A
f Hb and a considerable contribution from the occupiedz
Os of borons. As the Ht and Hb are in thexz- andyz-planes
f diborane, respectively, the two 2pz AOs (occupation numbe
.33 each) of borons form a “bond” along thez-axis of type
. The overlapping region of negative charges in the regio

Hb B Hb are enhanced by the 1s AO pair (occupation
ach) of Hb in theyz-plane. The ends of the 2pz–2pz exhibiting
ositive charges are each enhanced by the 1s AO of Ht, forming a
air of fragments of BH2 in thexz-plane.Fig. 4shows 2D orbita
ensity contours (using Molden[55]) of orbital 3ag in xz- (Fig.
(a)) andyz-planes (Fig. 4(b)); this 3ag orbital “glues” the plane
ogether. The other MO in this class is the innermost valence
ag; beyond the similarities to orbital 3ag as discussed, this M

s an sp2-hybrid MO that receives contributions from 2s andz
O of borons and 1s AOs of Ht and Hb. As a result, it represen
totally symmetric and delocalized “large”π bond (seeFig.

(via) and (vib)). This orbital, paired with orbital 3ag, can be
onsidered as the bondingπ+ and anti-bondingπ− orbital pair.

The last valence orbital of diborane, 1b2u, differs from all
ther valence orbitals of diborane: it involves only Hb and boron
toms. The bridge hydrogen atoms locate in theyz-plane so
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Fig. 5. Two-dimensional contours (yz-plane) of the four-centre diamond
bond, i.e. the hydride bridge orbital, 1b2u, of B2H6. The bonding region of
Hb B B Hb is represented in the square formed by a pair of Hb and the
borons. Here solid contours represent positive charges, whereas dotted contou
indicate negative charges.

of boron plus a 1s AO of Hb, and the negative parts of two
2py AOs of borons plus a 1s AO of the other Hb. This pair
of “banana” three-centre bonds is actually an integrated “dia-
mond” bond formed among BHb B Hb atoms.Fig. 5 pro-
vides a 2D (yz) view of the electron density of this MO. The
nodal plane of this MO separates the positive and negative
charges to give a p-like appearance of the orbital MDs shown
in Fig. 3(iva).

The electron densities of borons are polarized only along the
B B “bond” (z-axis), as indicated by the non-zeroµz compo-
nents of dipole moment inTable 2, reflecting the cylindrical
symmetry of diborane along thez-axis. In a boron atom, the
three 2p AOs are occupied by only one electron yielding an oc
cupation number 0.33. The two 2px AOs of boron atoms are
saturated by two pairs of Ht 1s AOs, forming four BHt bonds,
whereas the pair of 2py AOs of the boron atoms are “glued”
by the bridge hydrogen atoms, Hb 1s AOs, forming the positive
and negative parts of the BHb B Hb diamond bond. Because s
AOs have no dominant directions in thexyz space (angular mo-
mentum quantum numberl = 0), they add no direction when
contributing to bonding but “plumpness”[51]. Only the 2pz AO
of each boron atom is polarized through this cylindrical sym-
metry: the two 2pz AOs of borons form an electron-deficient
bond ofσ type with their negative parts, whereas the positive
parts of 2pz AOs contribute to the B(Ht)2 moieties to enhance
their B H bonds. The 2pAOs of borons contribute to aπ type
t
a

4. Conclusions

The highly symmetric nature (point groupD2h) of diborane
contributes to its unique non-classical bonding. The pair of boron
atoms are equivalent by symmetry, likewise the four terminal hy-
drogen atoms, and separately the pair of bridge hydrogen atoms.
Their role and contribution have been differentiated by proper-
ties such as electrostatic potentials and Hirshfeld charges. The
distributions of momentum in the valence orbitals seem p elec-
tron domination, but further examination of the Dyson orbitals
and the symmetrized fragment orbitals revealed that only the
innermost (2ag) and outermost (1b2g) valence orbitals are gen-
uinely s- and p-dominant orbitals, respectively. The remaining
p-like orbitals – 2b1u, 1b2u and 1b3u – are s- and p-electron-
mixed orbitals; orbitals 2b1u and 1b2u contain more s character
than p character. The orbitally-based electron-correlation ener-
gies do not affect orbital wavefunctions significantly in momen-
tum space, as the RHF and B3LYP orbital wavefunctions are
almost quantitatively indistinguishable.

Regarding the non-classical bonding of diborane, the
B Hb B “banana" bond pair dominated by orbital 1b2u con-
sists of 2py AOs of boron and 1s AOs of bridge hydrogen atoms.
Instead of two three-centre banana bonds, bonding in this re-
gion is more accurately described as a four-centre “diamond”
bond (B Hb B Hb), as each such “banana" contributes to only
a half (either positive or negative) of the bond. All bonds in
d ogen
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hrough the B Hb B chain. Therefore, “there is still weakσ-
ndπ-bonding interactions between the boron atoms[54]”.
rs

-

iborane receive contributions from the component hydr
toms: no bonds are pure BB bonds, but there exists a cyl
rical, electron-deficient BB bond[54] with σ- andπ-types

hat receives contributions from all valence orbitals. No BHt
onds are found to be a conventional two-electron bond: all BHt
onds are electron-deficient bonds. No quantitative eviden
p3 hybridization of boron atoms has been found in the pre
ork, since the 2py AOs of boron do not mix with other AOs

he bonding by symmetry. The dipole-moment components
uadrupole moments, together with orbital MDs, indicate
p2 hybridization in thexz-plane is responsible for only two i
er valence orbitals, 2ag and 2b1u. The sp2 hybridization is also
upported by the related bond angles of near 120◦.
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