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Abstract

A non-classical mechanism of binding in diborangiB) 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 wit
statistical average of model orbital potentials (SAOP), agree satisfactorily with experiment. Electron-correlation energies of diborane prodt
orbital-based variations in ionization energy in the valence space, but with negligible impact on the shapeyafyontyetry orbitals as indicated
in momentum space. The present work indicates quantitatively that (a) the pair of three-centre banana-sHgpBdBnds are more accurately
described as one diamond-shaped bond wittHB-B—Hj, (b) all bonds in diborane are electron-deficient including the four equivaleht; B
bonds, (c) there is no pure-88 bond but contributions from all valence orbitals form an unconventional electron-defici®&band, and (d) only
two innermost valence orbitals —2and 2k, — are sp-hybridized and no evidence indicates other valence orbitals of diborane to be hybridized.
©2006 Elsevier B.V. All rights reserved.
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1. Introduction on isotropic properties such as energeftids12), some authors

[5] described anisotropic properties of diborane such as the den-

Boranes form an important branch of chemistry—known assjty of molecular chargp(r). Howevere, quantitative properties

boron chemistry, in parallel with carbon chemistry. A “simple” g ch as orbital electron densities have failed to attract attention.
and stable compound of hydrogen and boron — diborapl{B  For the latter purpose, distributions of orbital momentum that
— has posed a challenge to the Lewis electron structure or evefje quantitatively measured through electron momentum spec-
a molecular-orbital pictur¢l,2]. Work on boranes led to the {3 (EMS)[13] have provided direct and quantitative information
award of a Nobel Prize to Brown in 199%]. The major in-  gpout Dyson orbitals.
dustrial useg43] are in synthesis in the chemical industry, €s-  There has been some effort to restore the fundamental chemi-
pecially as a catalyst for polymerization of ethene, styrene angdg| concepts from quantum-mechanically obtained results to in-
butadiene; in the electronics industry to improve crystal gro""ﬂlerpret chemical phenomefiai—19] The orbital information in
or to improve electrical properties of pure crystals, and in thgnomentum space, which traditionally provides a more physical
production of hard boron coatings on metals and ceramics. Wicture has become a complementary source to acquire insight
is also used as a rubber vulcanizer and as a component or at%derstanding of molecular structuf@9—25} mechanisms of
ditive for high-energy fuelg3]. The importance of diborane chemical bonding26—32] pathways of chemical reactiofg#]
in structural chemistry is due to its unique chemical structuregpq guantitative relationships between structure and activity
it has served as a prototype for hydride bridggand three- (QSAR) in computational drug desig85]. Wang[26] intro-
centre two-electron (3c2e) bon{6]. Chemical reactions of  gyced a dual-space analysis (DSA) to study molecular structures
diborane include dissociatidi,8], proton affinity[3], molecu-  anq chemical bonding, taking advantages of Fourier transform
lar dynamicg9] and van der Waals interactioff0]. Although 3 combining information from both the reatgpace) and re-
most authors of theoretical papers on its structure have focus%rocm spacektspace)28,27,30-33}o investigate molecular

electronic structures. As a component of a collaborative theo-
+ Corresponding author. Tel.: +61 3 9214 5065; fax: +61 3 9214 5075. retical and exp_en_mental attempt to assess orbital cross-sections
E-mail address: fwang@swin.edu.au (F. Wang). (momentum distributions) of diborane using electron momen-
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tum spectra, we report here our theoretical results about diboramalculated using RHF/6-311++G** and OVGF/6-311++G**
in its ground electronic state GX\g), using various quantum employing GAUSSIAN0338] and GAMESS0239], whereas
mechanical models such as conventional calculations of elethe SAOP/ATZP model is embedded in the Amsterdam density
tronic structure (RHF/6-311++G**), density-functional theory functional (ADF) suite of programgl0]. The present calcula-
(B3LYP/6-311++G**, SAOP/ATVP) and OVGF/6-311++G** tions employ the ATZP basis set, which has been tegtéfl
models. The RHF/6-311++G** and B3LYP/6-311++G** wave as an efficient augmented Slater-type triple-zeta basis set with
functions are then mapped into momentum space according ttouble polarization, was developed by Chdag]. All RHF,
an independent-particle approximation and plane wave impuls@VGF and SAOP calculations were performed on the B3LYP/6-
approximation (PWIAJ13] as orbital MDs. 311++G** optimized geometry. Complementary to an analysis
Discussion of the molecular framework in space and symeof orbital electronic structure, we analyzed the distribution of
metry, which significantly influence the topologies of orbital charge density according to the Hirshfeld schedf® based
wave functions, is followed by results from calculations of elec-on SAOP/ATZP wavefunctions, in which a hypothetical “pro-
tronic structure, concentrating on binding-energy spectra andholecule” with electron densit¥pg is constructed by superpo-
other anisotropic properties. We provide information about elecsition of spherically symmetric charge densitigof an isolated
tronic structure, and discuss in detail the simulated moleculaatom B. The electron densipyof the real molecule at each point
orbitals in momentum space, in combination with their Dysonin space is then distributed over atom A in a rati® = pa X0

orbital densities in coordinate space. the same as they contribute charge density to that point in the
promolecule. The Hirshfeld atomic char@,;' is obtained on
2. Orientation, symmetry and computational details subtracting the resulting partial electron density associated with

atom A from the corresponding nuclear chafjes[19,43],
Molecular geometry and symmetry are an essential part of

molecular spectroscopy, molecular orbitals and their interac,

_ p pY. =7~ / wa (1) p(r) dr (1)
tions. The presence or absence of symmetry has consequen

for the appearance of spectra, the relative reactivity of groups

and many other aspects of chemistry, including the way that o M:F :i/r\}_thﬁLYBP wavg func:]io_ns were usgd to_simul;ajte olrbital
bitals and interactions are presen{8@,37] Orbitals within a s. With the Born—Oppenheimer approximation and molecu-

molecule have a defined relationship to the three-dimensiomj;l"flr orbital theory.(i.e. independent particle approxima_tion_s), th_e
(3D) structure of the molecule through nuclear positions. Théz'vIS CI’OSS—SeCt.IOI’l for randomly orlgnted molecules is given in
nuclear framework of a molecule might thus affect i:sotropicthe plane wave impulse approximation (PWIA) [3,44]
properties such as energetics as well as anisotropic properties
such as dipole and multipole moments and orbital NE¥%31] 0 & /dQIIlfj(k)l2 (2)
In diborane with symmetry of point group,, two B atoms and
four terminal hydrogen atoms (}are orientated in thez-plane  which is proportional to the one-electron wavefunctipitk) in
of a Cartesian coordinate system. The origin of this system ismomentum space. The one-electron wavefunction, i.e. Dyson
located at the midpoint of the-BB bond along the-axis. The  orbitals, in coordinate space, is commonly taken as the HF
two bridge hydrogen atoms (i connecting the B atom pair, or Kohn—Sham (KS) orbital§17,25] under the ground-state
B—Hy,—B, locate in theyz-plane, perpendicular to the plane of configuration-frozen approximation (i.e. neglect of the ionic
the other four H atoms, as showrHig. 1 The four B-H;bonds  orbital relaxation). Recent EMS experiments at varied impact
are considered to be equivalent by symmetry, as likewise the folgnergies performed on a multichannel (e,2e) spectrometer in-
B—Hp bonds. The B atoms, binding hydrogen atoms in bath  dicated that for molecules in the ground electronic sfa&]
andyz-planes, lie along a princip@lb-rotational axis, the-axis.  with sufficiently high impact energi¢46], valence orbital MDs

We optimized the geometry of diborane using the B3LYP/6-are independent of the impact enefdy], confirming that the
311++G** model. lonization-energy spectra of diborane werePWIA is a satisfactory approximation under these conditions.

The HEMS progranii20] was employed in the present work.

3. Results and discussion
3.1. Geometry and orbital ionization spectra

The total energy of BHg in the ground electronic state
(X*Ag) according to RHF/6-311++G**//B3LYP/6-311++G**
and B3LYP/6-311++G**//B3LYP/6-311++G** models was
calculated to be-52.827943 and-53.30449&},, respectively.
The bond lengths BH; = 1.187A and B-Hj, = 1.316A agree
with 1.182 and 1.30A, respectively, from an MBPT(2)/6-
31G** calculation[8] and with 1.184 and 1.314, respec-
Fig. 1. Diborane (BHs, D2r) molecule orientation and atom numbering.  tively, from experimental measuremer6. The B-H; bond
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Table 1

Comparison of geometry of B ground electronic state (L)(\g) with other calculations and experiment

Geometry This work Other theory Experimd6}
B3LYP/6-311++G** MBPT(2)/6-31G**[8] MP2(full)/6-31G*[3] B3LYP/6-31G*[7]

B1)— By A) 1.764 1752 1750 - 1743

Bw)—H (A) 1.187 1182 1190 - 1184

Byy—Hp) (A) 1.316 1304 1308 1317 1314

Hy—B—Hg (°) 1219 1215 - - 1215

B)—Be)—Hp (°) 1191 - 1192 - —

Hy—B—Hp) (°) 1090 - - - -

Hp—B—H) () 95.8 - - - -

Buwy—Hm)—Be () 84.2 - 838 844 -

is slightly shorter than a normal-84 bond, which is 1.188.in ~ Model provides a satisfactory approximation to describe the
BH3 [48], whereas the BHp, bond in B.Hg is elongated appar-  ionization of diborane. _ _ _
ently, indicating that the BHp bonds might be fingerprints ofthe ~ The computationally expensive calculations with Green’s-
unique hydride bridge in diborane. According to our B3LYP/6-functions (GF)[50] agree satisfactorily with values from the
311++G** calculation, the BB bond distance is 1.764 in PES. The GF calculation exhibits competitive accuracy with
agreement with 1.752 and 1.7A3given by the MBPT(2)/6- the binding-energy (ionization energy) spectrum calculated us-
31G** model [8] and experimen{6], respectively. The in- ing ACI, which takes the energy differences of individual ionic
terbond angle/HBH; = 12187° is consistent with 129° states. The results between the RHF andAl@ models[49]
and 1215° from both theory[8] and experimen{6], respec- indicate a combination of the effects of electron-correlation and
tively. The optimized geometry of diborane is summarized inorbital relaxation of valence orbitals of diborane. The discrepan-
Table 1, with theoretical predictions from other models and ex-cies between the outer-valence orbitals produced by two mod-
periments. The agreement between results of the present c&lls indicate that the importance of electron-correlation are re-
culation and other theoretical and experimental data indicate@laced by orbital relaxation when the hole state moves inwards.
that the B3LYP/6-311++G** model is accurate and reliable to The DFT SAOP/ATZP model produces accurate binding-energy
predict other molecular properties. spectra of diborane with moderate computational cost, whereas
Diborane has too few electron pairs for every connectiorfn®@ OVGF/6-311++G** model provides slightly less accurate
(nine of them) between atoms to be a conventional two-electrofesults that yield a reversed order of orbital paig land 1hy,
bond. The molecule possesses 16 electrons that form eigBf seen ifable 2
molecular orbitals (MOs) including two core MOs and six va-
lence MOs. The valence configuration of the electronic groun@.2. Atom-based electronic structural information of
state (%Ag) given by the B3LYP/6-311++G** model is diborane

2 2 2 2 2 2

-+ - (23)"(2D10) " (1020)"(1030)"(339)"(1b2g) Diborane is a symmetridizp) species with a formally defi-
The ionization energies of valence orbitals appeafable 2  cientnumber of electrons, which contributes to its unique molec-
with results from photoelectron spectra (PES) measured bylar electronic structur@able 3reports a Hirshfel§d3] charge
Kimura et. al. and their RHF/4-31G calculatiof#9]. Pole  analysis and components of dipole and multipole moments.
strengths (PS) of our OVGF calculations (all greater than 0.89 hese charges, dipole and multipole moments are important
[17] for valence orbitals) indicate that an independent-particleanisotropic properties and particularly significant in conform-

Table 2

Molecular orbital energies, symmetry and suggested bonding assignmestig{®/)

MO This work Other work Experimefit
RHF  OVGF® SAOF  Bonding Bond RHF (ACI)® Bonding  GF[50]

24y 2416 - 2077 B(2s 2p.)—H:., B2s 2p.)—Hp  o*, S(sp) - - 22.33 -

2byy 17.38 1747(087) 1625 B(2s 2p.)—H: o=, (S,p)(sP) 17.36 (16.14) B, 16.21 16.11

1by, 1518 1550(090) 1534 B(2p,)—Hb o, (s,P) 15.16 (14.38)  oB—H, 14.49 14.75

1y 1470 1566(091) 1478 B(2p.)—Ht at,0,(S,p) 14.74 (13.75)  7nhy, 13.73 13.91

3q 1411 1224(091) 1194 B(2p)—Ht, B(2p.)—Hp g, (S,p) 14.05 (13.17) og-8 13.11 13.30

1byg 12.83 997(099) 1Q05 B(2p,)—H: 7 ,0,P 12.75(11.86) mgy, 11.87 11.89

a Ref.[49]. P This work, RHF/6-311++G**,
¢ OVGF/6-311++G** model (pole strength).
d SAOP/ATZP model.

€ Ref.[49], based on the RHF/4-31G model.
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Table 3

Atom-based Hirshfeld chargcQ(;') and electric multipole moments of dibor&(e.u.)

Atom QK Uy Wy Mz Gxx qxy qxz qyy qyz qzz
Bq) 1.1960 Qo0 0.0 —4.29 —26.29 0.0 00 —3.60 0.0 2938
B2 1.1960 Qo 0.0 429 —26.29 0.0 00 —3.60 0.0 2938
Ht —0.6207 693 00 —7.87 -1.63 0.0 698 337 0.0 -1.74
Hi —0.6207 —6.93 00 7.87 -1.63 0.0 698 337 0.0 —-1.74
Ht —0.6207 693 00 7.87 -1.63 0.0 —6.98 337 0.0 —-1.74
Hi —0.6207 —6.93 00 -7.87 -1.63 0.0 —6.98 337 0.0 —-1.74
Hp 0.0453 Qo 1028 00 128 0.0 00 0.18 0.0 —1.46
Hp 0.0453 Qo -10.28 00 128 0.0 00 0.18 0.0 —1.46

2 From SCF equationd 9]. The total dipole moment is zero for diborane.

ers and tautomers for which the energetic (isotropic) propertie$able 3 which indicates a possible electron-deficierEbond
are insensitive to differentiatidi32,31,41] described in the next section. Molecular multipole moments and
The charges located on component atoms of diborane indicapmlarizability play important roles in experimental crystal anal-
thatthe role of the bridge hydrogens in diborane significantly dif-ysis; quadrupole moment components of diborane are thus also
fers from those of the terminal hydrogens: the Hirshfeld chargegiven in this table. Quadrupole moments, namgly, ¢,, and
of the four equivalent terminal hydrogen atoms, Bre elec- ¢, indicate the “size” of the species in the pertinent direction;
tron donors, whereas the equivalent bridge hydrogen atopjs, Hboron atoms in diborane exhibit similar “size” in the and
act as electron acceptors. The molecular electrostatic potentiagsdirections but are small in thedirection. Such information
(MEP) given inFig. 2 illuminate the location of charge in a implies bonding similarities in- andz-directions that contrast
two-dimensional (2D) pane of diborane. As diborane is such avith they-direction.
symmetric molecular species, it possesses no net electric dipole All chemical bonds in diborane are electron-deficient, but
moment, but its components in space indicate significant atonmot all bonds have the population of electrons of equal number.
based charge distributions and polarity in particular directionsTable 4presents a population analysis of symmetrized fragment
For instance, in the- andz-directions, the hydrogen atoms be- orbitals (SFOs) of diborane based on the SAOP/ATZP calcula-
have significantly differently: the terminal hydrogen atoms formtions. The SFOs are linear combinations of (valence) fragment
two pairs that are polarized significantly in opposite directionsorbitals (FOs, in diborane, the FOs are atomic orbitals (AOs)),
Although the net moment of the terminal hydrogen atoms insuch that the SFOs transform as irreducible representations of
the x-direction cancels, the resulting charge distributions dif-the molecular symmetry groJf9]. The MO eigenvector coef-
fer from those of the bridge hydrogens that also exhibit zerdicients in this basis provide a direct interpretation of the MO
1, but have no polarization in this direction (sé&ble 3. The  according to an orbital theof¢0]. The percentages of individ-
atom-based dipole moments in thelirection,,, are the re- ual SFOs (AOs) indicate the contribution of AOs of the atoms in
verse: the bridge hydrogenHys, are largely polarized in this the last column of the table into a particular MO given in the first
direction only, but are likewise canceled within the pair, unlike column of the table. The occupation of the AOs for the atoms in
the terminal hydrogens in this direction. The boron atoms ar¢he second last column of the table indicates whether the AOs
polarized only in the-direction along the BB “bond”, as indi-  (in the middle column of the table) are occupied or virtual (un-
cated by theu, dipole moment components being non-zero inoccupied). Therefore, each MO of diborane consists of more
than one AOs of different atoms, which are either occupied or
virtual. For example, the highest occupied MO (HOMO})lis
dominated by 2pAOs of borons (52.98%), 2s, 3s and 1s AOs of
H; atoms (28.59%, 18.74% anel3.78%, respectively), as well
as 3d, and 3p AOs of borons (13.41% and5.05%, respec-
tively). Not all the AOs which form MO 1}, are occupied: only
the 2p. AOs of borons and the 1s AOs of Atoms are occupied
with the occupation of 0.33 and 1.00, respectively. As a result,
the occupation of MO 14y is likely less than 1.33, indicating an
electron-deficient MO (the occupation of a normal MO is 2).
Diborane might form nine bonds with four-B1; bond, four
B—Hy bonds and one BB bond, which share 12 valence elec-
trons. Due to the tetrahedral shape-like boron at{si§ the
boron atoms in diborane was postulated astgrids[52]. As
a result, if the boron atoms were3spybrid, there should ex-
ist only four bonds (for the hydrogens) in a tetrahedral shape
and there should not exist any-B bond in diborane. However,
hybridization is more a descriptive hypothesis than a quanti-
Fig. 2. Molecular electrostatic potential 0bBg in xz-plane. tative theory: the 1+ 3 splitting in binding energies of one of
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Table 4 boron 2s AO with 16.38% and 5.36% population, respectively;
Gross population analysis of valence SFO(SAQ) in diborane the other valence orbitals of diborane do not exhibit sufficient
Orbital % SFO(SAQO) Occupation Atom 25 AO population (less that5% of 2s AOs of boron in the ta-
1byg 52.98 2p 0.33 B ble). With regard to the HB—H angles giveniffable 1 the bond
2859 2s 0.00 H angles H-B—H; = 1219° and B1)—B(2)—H; = 119.1° are con-
18.74 3s 0.00 Hd firmed by other calculations with MP2 modé¢8;8]. These an-
7312 ;z 01_'0000 BH gles resemble 12Caccording to conventional $fhybrid [51],
_5.05 ap, 0.00 B whereas bond anglesBl,—B = 84.2° and H,—B—Hp = 95.8°
are near 90rather than 109as required for sphybridization
3% 6991 1s 1.00 4 [51]. The components of dipole and quadrupole momérable
14.33 3p 0.00 B :
1311 2p 0.33 B 3) indicate that diborane behaves similarly along thendz-
—-10.87 2s 0.00 i axes but quite differently in the-direction. For instance, the
9.33 4p 0.00 B individual terminal hydrogens are polarized along hetland
3.96 1s 1.00 i ;
z-axes, whereas the boron atoms are polarized only along the
1bgy 8881 1s 1.00 { axis, which also enhances the polarity of the terminal hydrogens,
iﬁg 29 063030 B Hy, in this direction. The boron atoms are not polarized along
573 32 0.00 E the y-axis (Table 3. That the dipole components are not zero
implies that the three dipole components exhibit a block struc-
1oz gggg ig‘ 01'3030 B ture of {xt,, } and{u,, u.}. The MDs of the innermost valence
773 32 0.00 g orbital pair, 2g and 2B, provide further evidence for such an
observation, discussed in the next section.
2byy 11363 1s 1.00 Hd
—1129 2s 0.00 K o .
—1071 2p 0.33 B 3.3. Momentum distributions for valence orbitals
10.06 3s 0.00 B
—8.01 4n 0.00 B Momentum distributions (MDs) of valence orbitals and the
5.36 2s 2.00 B corresponding Dyson orbitals (DOs) in coordinate space are
2ay 4977 1s 1.00 g shown inFig. 3. In valence space the MDs indicate that the
2049 1s 1.00 H RHF and B3LYP wave functions obtained employing the same
12‘33 g; 025030 :’ 6-311++G** basis set exhibit no apparent discrepancies in mo-

mentum densities, except orbitalsy2and 33 (Fig. J(iia) and
(via)). That is, the totally symmetric orbitalsgfedisplay small
variations in the region of small momentum with< 0.5a.u.
the sp hybrid prototypes—methane (GH has been a draw- between the RHF/6-311++G** and B3LYP/6-311++G** mod-
back of the postulation. The tetrahedral structure of methanels, as found previously for butaf25]. Such similarities in the
has been recently proved to stem from the symmetry rather thdrmaplacians of the HF and “full CI” Kohn—Sham orbitals were
hybridization[53], which is supported by experiments. The re-found also for H [16]. As a result, our discussion is based on
sults inTable 4produced quantitatively provide no evidence thatthe B3LYP/6-311++G** model without differentiating the wave
the 2s and three 2p2p, and 2p orbitals of borons hybridize functions calculated using the RHF model or the B3LYP models.
in sp® fashion—no single MOs consist of 2@2p, and 2p or- The momentum distributions of valence orbital showRig
bitals at the same time in this table. Instead, we suggest that tf#indicate that the valence orbitals are dominated either by s-
2s (occupation 2), Zp(occupation 0.33) and 2occupation  like (2ay and 3g) orbitals or by p-like (2ly, 1bpy, 1b3y and
0.33) AOs of a boron atom form $jybridized orbitals, which 1lbpg) orbitals[29,44] but population analysis based on atoms
is partly supported by HOMO, 2 and orbitals 2, and 23. or fragments (sedable 3 demonstrates that s-electron dom-
HOMO shows the contribution of orbital 3dof boron atoms inates binding in diborane: there are only two p-electrons in
which indicate a hybrid of andz AOs, whereas MOs 2 and  the valence space of 12 electrons in total. Further inspection
2gy clearly indicate the mixture of the occupied boron 2s AOsof the atom-based population analysis, together with the Dyson
and partially occupied 2gboron orbitals. This hybridization in  orbitals, indicates that only the innermost valence orbitaj, 2a
the xz-plane of the terminal BEimoieties leaves the boron 2p and the HOMO, i.e. the outermost valence orbitalygltare
AOs (occupation: 0.33) to bond with the bridge hydrogen atomslominated by the s and p electrons, respectively, as indicated
in the yz-plane as suggested by Albright and Burd®#]. Such by their orbital MDs. Other valence orbitals are s and p elec-
a hypothesis of an €ybrid of boron atoms explains the equiv- tron mixed orbitals with greater s component, except orbital
alence of the four BH; bonds in thexz-plane, and indicates an 1b;, which is dominated by p electrons. The distributions of
electron-deficient BB bond. electron charge in the gaussian-like shaped orbitals, i.g, 2b
Support of this postulate of $fnybrid of boron atoms arises 1bp,, 1bsy and 1bg, appear to be p-dominant: they are anti-
from the following evidence. The SFO population analysis insymmetric with respect to a nodal plane—positive and negative
Table dindicates that only the innermost valence orbitaj, 2ad  phases are separated by a nodal plane. However, the p-like or-
the next innermost valence orbital,;gbshow a participation of  bital MDs of these diborane MOs are due to the symmetry in
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Fig. 3. Valence orbitals of diborane in the ground electronic sta%é\é)( (a) Orbital momentum distributions (MDs) and (b) electron densities of Dyson orbitals
plotted using Molderi55]. 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 The high symmetry of diborane results in its unique non-
exhibiting a gaussian-shaped distribution of orbital momentuntlassical bonding. Based on the gross population of symmetrized

is uncommon in atoms and in most molecy4]. This unique

fragment orbitals (SFOs) given fable 4 the valence MOs of

electronic structure of diborane also indicates the importancdiborane are grouped in three classes: the first consists of MOs
of obtaining information from both coordinate and momentumwith only contributions from the terminal hydrogen atoms, H

space.

and boron atoms, that is, orbitals,3§HOMO), 1k, and 2k,
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Only one MO, i.e. orbital 1§, belongs to the second class, of
which the orbital involves contributions from the bridge hydro-
gen atoms, i, and both B atoms, whereas orbitals in the third
class receive contributions from all atoms in diborane: terminal
hydrogen atoms, ibridge hydrogen atoms,4-and B atoms.
Orbitals 33 (NHOMO) and 2g 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 2%k orbitals 1k, and
2byy, which are MOs dominated by{Fand borons, represent
bonding in thexz-plane. The highest occupied molecular
orbital, HOMO 1byg, is dominated by the 2pAOs of borons.
A 2p, AO of boron exhibits an occupation number 0.33 for
which one electron is shared among the threg 2p, and 2p
AOs of either boronTable 4. The HOMO also receives large
contributions from s AOs of the terminal hydrogen atomss,H
which form ar-like bond of anti-bonding naturer(") with the
enhancement of four-BH; bonds shown iifrig. 3(ib). The next
MO in this class is orbital 14, which forms ax-like bond
of bonding typer™, pairing with the HOMO ofz~. Orbital
1bg, receives substantial contributions from the occupied 1s
AOs of the terminal hydrogen atoms (88.81%) and the @p ()
the borons (22.17%). This orbital (3 is dominated by 1s
contributions even though it exhibits a p-like orbital MFsd. >
3(iiia) and (iiib)). The last orbital in this class, 2h shown
in Fig. 3(va) and (vb), of which the 2pAOs of borons are
responsible, representssipybridized bonding localized on the
BHZt) moiety, forming a pair of Blg) fragments in thez-plane,
separated by a nodal plang, as also suggested in Rgg4].
Orbitals in the next class are two totally symmetrgd\Os,
which are the only MOs in the valence space of diborane tha
receive contributions from all atoms, i.e. B, &hd H,. The next
HOMO (NHOMO), orbital 3g, is a twisted orbital in bothz-
andyz-planes, as indicated by the orbital densitieBim Jiib).
It is dominated by the singly occupied 1s AO of, Mith small .
contributions from the singly occupied 1s and virtual 2s AOs *
of Hp and a considerable contribution from the occupied 2p
AOs of borons. As the Hand H, are in thexz- and yz-planes
of diborane, respectively, the two 280s (occupation number
0.33 each) of borons form a “bond” along thexis of type
o. The overlapping region of negative charges in the region of -~
B—Hp—B—Hp, are enhanced by the 1s AO pair (occupation 1.0
each) of K in the yz-plane. The ends of the 282p, exhibiting
positive charges are each enhanced by the 1s AQ, ébkining a
pair of fragments of BHin thexz-plane Fig. 4shows 2D orbital
density contours (using MoldgB5]) of orbital 3g in xz- (Fig. (b)
4(a)) andyz-planes Fig. 4(b)); this 3 orbital “glues” the planes
together_ The other MO in this classis the innermost valence MCrig. 4. Two-dimensional contours of electron density for the “glue” orbital 3a
2ay; beyond the similarities to orbital gas discussed, this MO ©f diborane. (a) The 2D view of H+B—B—H; (xz-plane) and (b) the 2D view
is an sﬁ-hybrid MO that receives contributions from 2s and 2p of Hy—B—B—Hp (yz—plan(_e). Here solid _contours represent positive charges,
B whereas dotted contours indicate negative charges.
AO of borons and 1s AOs oftand H,. As a result, it represents
a totally symmetric and delocalized “larga” bond (seeFig.  that only the 2p AO of borons are sterically capable of form-
3(via) and (vib)). This orbital, paired with orbital gacan be ing bonds with themFig. J(ivb) demonstrates the orbital den-
considered as the bonding™ and anti-bonding:— orbital pair.  sities of the so called “banana” bord]. The unoccupied 3s
The last valence orbital of diborane, slpdiffers from all  AOs of Hy also make noticeable contributions to this MO. The
other valence orbitals of diborane: itinvolves only &d boron  pair of “banana” bonds consists of a positive part and a nega-
atoms. The bridge hydrogen atoms locate in gheplane so tive part, which arise from the positive parts of two,2f0s
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4. Conclusions

The highly symmetric nature (point grouppy,) of diborane
contributes toits 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 (2g) and outermost (1dy) valence orbitals are gen-
uinely s- and p-dominant orbitals, respectively. The remaining
p-like orbitals — 2k, 1kp, and 13, — are s- and p-electron-
mixed orbitals; orbitals 2fy and 1b, 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—Hp—B “banana” bond pair dominated by orbitalo}kcon-
sists of 2R AOs of boron and 1s AOs of bridge hydrogen atoms.
Instead of two three-centre banana bonds, bonding in this re-
Fig. 5. Two-dimensional contoursy4-plane) of the four-centre diamond gion is more accurately described as a four-centre “diamond”

bond, i.e. the hydride bridge orbital, 4 of BoHg. The bonding region of B “ " :
Hp,—B—B—Hy, is represented in the square formed by a pair gfadd the bond (B_Hb B Hb)’ as each such “banana” contributes to Only

borons. Here solid contours represent positive charges, whereas dotted conto@r_shalf (either POSitive or n-egative) of the bond. All bonds in
indicate negative charges. diborane receive contributions from the component hydrogen

atoms: no bonds are pure-B bonds, but there exists a cylin-
drical, electron-deficient BB bond[54] with o- and z-types,

of boron plus a 1s AO of kI and the negative parts of two that receives contributions from all valence orbitals. NeH3
2p, AOs of borons plus a 1s AO of the othepHThis pair  bonds are found to be a conventional two-electron bond:=-aHB
of “banana” three-centre bonds is actually an integrated “diabonds are electron-deficient bonds. No quantitative evidence of
mond” bond formed among-B4,—B—Hp, atoms.Fig. 5pro-  sp® hybridization of boron atoms has been found in the present
vides a 2D ¢z) view of the electron density of this MO. The work, since the 2pAQOs of boron do not mix with other AOs in
nodal plane of this MO separates the positive and negativehe bonding by symmetry. The dipole-moment components and
charges to give a p-like appearance of the orbital MDs showquadrupole moments, together with orbital MDs, indicate that
in Fig. Jiva). sp? hybridization in thexz-plane is responsible for only two in-

The electron densities of borons are polarized only along theer valence orbitals, gand 2h. The sp hybridization is also
B—B “bond” (z-axis), as indicated by the non-zeng compo-  supported by the related bond angles of neaf120
nents of dipole moment iffable 2 reflecting the cylindrical
symmetry of diborane glong theaxis. In a boron.ato.m, the Acknowledgments
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