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Dialane anions can be formed via a single three-center two-electron (3c-2e) or two-center one-electron (2c-
1e) bond. The 2c-1e bonded anion Al2H6

-(D3d) and the 3c-2e bonded anion Al2H6
-(Cs) have significant

thermodynamic stabilities with respect to the neutral Al2H6(D2h) and correspond to 0.22 and 0.32 eV of the
adiabatic electron affinities, respectively. In particular, the 2c-1e bond plays an essential role in stabilizing
the Al2H6

-(D3d) anion.

Boron hydrides have been investigated widely, due to the
unique three-center two-electron (3c-2e) bonding and the
extensive application in chemistry.1 Dialane (Al2H6), an iso-
structural compound of diborane (B2H6), was recently isolated,2

and its stability was theoretically examined a decade ago.3 The
radical cations B2H6

+ and Al2H6
+ were detected as the trace in

the mass spectrometer, indicating their less stabilities with
respect to the other fragments.4,5 On the other hand, only one
report, to our knowledge, focused on the photodetachment of
the Al2H6

- anion;6 AlH4
- was studied with the infrared matrix

isolation methods.1,2b,7

The radical anions may exhibit the dramatic geometrical
changes with respect to the neutral. As far as the stable Al2H6

-

anion, it has been predicted to be a singly Al-Hb-Al bridging
(3c-2e bonded) radical (Cs symmetry) in which the bridging
hydrogen atom (Hb) is negatively charged.6 When we search
the possibility of the other stable radicals beginning with the
neutralD2h symmetrical geometry, the anion atD2h symmetry
is proved to be at a high-order saddle point having three
imaginary vibrational frequencies. TheCs symmetric one can
be reached along a vibrational mode of the imaginary frequen-
cies, whereas the other two lead to aD3d symmetrical radical
in which two aluminum atoms are one-electron (namely, two-
center one-electron, 2c-1e) bonded. The former is slightly more
stable than the latter. Until now, no other 2c-1e bonded anionic
species has been known. Moreover, Pluta et al. found that the
AldAl π bond could be further stabilized by an additional
electron.8 A typical 2c-1e bonded anion Al2H6

-(D3d) is
computed to be stable for the first time. It is informative to
investigate their structural and thermodynamic properties, in
view of the great interest on the electron-deficient molecules
in free-radical chemistry and biochemistry.9 The results pre-
sented in this Letter are hopefully to be reasonable guidance
for spectroscopists to research the unusual species.

Considering the specific bonds in the species, we used the
second-order perturbation MP2 method and 6-311++G(d,p) and
6-311++G(2df,2p) basis sets to optimize the geometrical

parameters. They were further re-optimized with the coupled-
cluster CCSD theory. The coupled-cluster including single,
double, and triple excitations (CCSD-T) theory was employed
in the extrapolated energetic calculations over the CCSD
optimized geometries. The vertical and adiabatic electron
affinities (EAv and EAa) of the neutral and the vertical
detachment energies (VDEs) of the stable anions were calcu-
lated. The partial third-order quasiparticle approximation of
electron propagator theory (P3)10 was also used to obtain the
EAv and VDE values. No serious spin contamination (〈S〉2 <
0.76) was found for the spin-unlimited HF reference states used
in the MP2, CCSD, CCSD-T, and P3 calculations. All calcula-
tions were carried out with Gaussian 98 package.11 Bond
characteristics were analyzed by natural bond orbital (NBO)
theory.12 Electron density maps of the single occupied molecular
orbitals (SOMOs) of the anions were plotted at the contour
values(0.03, using the MOLDEN graphics program.13

The optimized geometries are shown in Figure 1, where the
conformer Al2H6

-(Cs) is similar to that predicted with the
density functional BPW91 method.6 The Al‚‚‚Al distance in
Al2H6(D2h) is optimized to be 2.6081, 2.6069, and 2.6128 Å at
the MP2/6-311++G(d,p), MP2/6-311++G(2df,2p), and CCSD/
6-311++G(2df,2p) levels, respectively. They are close to the
results reported previously.6,3d No Al-Al bond is formed in
Al2H6 according to the NBO analysis. Al2H6

-(D3d) is structurally
similar to ethane, but the aluminum bond (Al‚Al) is weak and
predicted to be much longer than the Al2 bond of 2.86 Å.6 Basis
set and electron correlation dependencies in the calculations can† E-mail: sxtian@ustc.edu.cn.

Figure 1. Molecular structure of dialane and anions.
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be found by comparison of the geometrical parameters listed
in Table 1. The stabilities of the anionic species are examined
by the analytical vibrational frequency calculations. The infrared

active vibrational frequencies are summarized in Table 2, in
particular, the 2c-1e Al‚Al bond stretching frequency is 192
cm-1 (a1g) without infrared activity for Al2H6

-(D3d). Good
agreement between the calculated infrared vibrational frequen-
cies and the experimental data2 for Al2H6(D2h) demonstrates
the reliability of the present calculations.

Hybrids, occupancies, and energies of the 3c-2e bonds Al-
Hb-Al in Al 2H6(D2h) and Al2H6

-(Cs) and the singly occupied
2c-1e bond Al‚Al in Al 2H6

-(D3d) are presented in Table 1S
(see the Supporting Information). The 3c-2e bond in Al2H6

-(Cs)
is weakened with respect to that in the neutral, exhibiting the
higher energy levels. Moreover, natural atomic population
analyses in Table 2S show that both Hb and Ht (terminal H)
atoms are negatively charged, whereas two aluminum atoms in
the anions are still positively charged. In Al2H6

-(Cs), two
aluminum atoms have the distinctly different negative charges,
namely, the attached electron is mostly on one of the aluminum
atoms as shown in Figure 1. The electron is localized between
two aluminum atoms in Al2H6

-(D3d), which leads to the
significant decrease of the positive charges of the aluminum
atoms.

The transition state between these two anionic isomers is
calculated with 0.26 eV higher than theD3d anion and 0.35 eV
higher than theCs anion (see Scheme in the Supporting
Information), predicted at the MP2/6-311++G(2df,2p) level.
Transition to the former can occur by breaking the single 3c-
2e bond of the latter, and the low energetic barrier permits the
considerable possibility of transition. It is interesting that this
transition state is almost at the energetic level of the neutral
Al2H6(D2h).

As shown in Table 3, the EAv values are negative; namely,
formation of the anion by electron attachment is endothermic.
However, the positive EAa values for theses two anions indicate
the thermodynamic stabilities, suggesting they could be detected
in the mass spectrometer. The photodetachment spectrum using
the mass spectrometry technique to select the Al2H6

- clusters
gave the VDE of 2.4( 0.15 eV, which was assigned to the
Al2H6

-(Cs) conformer only.6

The CCSD-T and P3 results (2.38 and 2.34 eV) for
Al2H6

-(Cs) are in good agreement with the experimental datum.
EAa values demonstrate that theD3d symmetrical anion is less
stable by 0.1 eV than theCs one, but the higher VDE 3.23 eV
of the former is predicted. Correspondingly, the structureless
band with the binding energies higher than 3 eV was observed.6

The next single electron detachment energy around 6 eV
predicted at the P3/6-311++G(2df,2p) level is related to the
higher singlet or triplet state of the neutral. Two anions are
suspected to coexist in the experiment, supported by their
comparable stabilities with respect to the neutral and the low
energetic transition barrier discussed above. There may be
considerable vertical (Franck-Condon) transitions of Al2H6

-(Cs)

TABLE 1: Geometrical Parameters (Length in Å; Angle in
Degree) of Dialane Anions

MP2

6-311++G(d,p) 6-311++G(2df,2p)
CCSD

6-311++G(2df,2p)

D3d Al-Al 2.9376 2.9585 2.9502
Al-Ht 1.6085 1.6114 1.6161
Ht-Al-Al 103.43 103.38 103.38

Cs Al ‚‚‚Al 3.2594 3.2508 3.2605
Al-Ht 1.6041 1.6075 1.6132

1.6087 1.6115 1.6158
1.6035 1.6065 1.6108

Al-Hb 1.6914 1.6928 1.6975
1.7121 1.7146 1.7194

Al-Hb-Al 146.54 145.14 145.19

TABLE 2: Infrared Active Vibrational Frequencies (cm -1)
and Intensities (km/mol) Predicted at the MP2/
6-311++G(2df,2p) Level

Al2H6
-

Al2H6(D2h) D3d Cs

b1u: 651(304) 632(0.039)a a2u: 685(1364) a′: 116(1)
1312(362) 1268(0.053)a 1834(254) 383(13)

b2u: 223(17) eu: 216(17) 560(296)
879(229) 836(0.037)a 791(785) 741(359)
2021(406) 1932(0.069)a 1823(1837) 771(695)

b3u: 730(678) 702(0.048)a 792(220)
1534(1155) 1408(0.128)a 876(177)
2001(124) 1915(0.023)a 1811 (1131)

1851(498)
1929(653)

a′′: 38(2)
128(0)
493(2)
780(10)
806(317)
1816(250)
1836(662)

a From the matrix infrared spectra.2

TABLE 3: Vertical and Adiabatic Electron Affinities (EA v
and EAa in eV) of Dialane and Vertical Detachment
Energies (VDEs in eV) of the Anions

EAa VDE

methods EAv D3d Cs D3d Cs

MP2/6-311++G(d,p) -0.79 0.11a 0.25a 3.08 2.22
MP2/6-311++G(2df,2p) -0.67 0.26a 0.35a 3.19 2.32
CCSD-T/6-311++G(2df,2p)b -0.52 0.22 0.32 3.23 2.38
P3/6-311++G(2df,2p)b -0.66 3.28 2.34
BPW91/6-311G**6 0.44 2.42
experimental6 2.4( 0.15

a With the zero-point vibrational energy corrections.b Over the
CCSD/6-311++(2df,2p) optimized geometries.

TABLE 4: Dissociation Energy (∆E in eV) and Enthalpy Change (∆H in eV)

∆E ∆H(MP2)

MP2a CCSD-Tb 6-311++G(d,p) 6-311++G(2df,2p)

Al2H6 f 2AlH3(D3h) -1.40 -1.60 -1.42 -1.46
Al2H6

-(D3d)f 2AlH3(D3h) +e- -1.66 -1.82 -1.49 -1.68
fAlH3(D3h) + AlH3

-(C3V) -1.45 -1.57 -1.40 -1.47
Al2H6

-(Cs) f 2AlH3(D3h) +e- -1.76 -1.91 -1.64 -1.78
fAlH3(D3h) + AlH3

-(C3V) -1.65 -1.66 -1.55 -1.57
fAlH2(C2V) + AlH4

-(Td) -1.54 -1.68 -1.54 -1.56
fAlH4(Cs) + AlH2

-(C2V) -3.61 -3.72 -3.88 -3.66

a Using the 6-311++G(2df,2p) basis set and including the zero-point-vibrational energy corrections.b Over the CCSD/6-311++G(2df,2p)
geometries.
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f Al2H6(D2h) + e- due to the structural common (3c-2e bond).
The conventional Franck-Condon factor for Al2H6

-(D3d) f
Al2H6(D2h) + e- is meaningless because of the remarkable
geometrical differences between Al2H6

-(D3d) and Al2H6(D2h)
and the purely repulsive potential surface of the neutral dialane
at D3d symmetry (see the following discussion); however, this
case can be simulated by reflection principle, which holds for
transitions between bound and continuum states.14 The other
dissociative detachments of the anions should be considered to
assign the spectrum beyond 3 eV. Thereby, thermodynamic
stabilities of the anions are discussed in the following text.

Possible fragments such as AlH2, AlH3, AlH4, and their anions
are optimized and the stabilities are checked through the
harmonic vibrational frequency calculations.15 EAa values for
AlH2, AlH3, and AlH4 are predicted to be 0.96, 0.25, and 3.00
eV, respectively. It is noted that EAa of Al2H6 is extremely close
to that of AlH3, due to the attached electron is dominantly around
the aluminum atom(s) in the anions. Table 4 lists dissociation
energies (∆E) and enthalpy changes (∆H) of the possible
fragmentations. The dimerization energy of Al2H6 is 1.60 eV,
which is close to 1.55 eV at the CCSD/DZP level.3d The most
energetically favorable dissociation of theD3d anion is to be
AlH3(D3h) + AlH3

-(C3V), rather than 2AlH3(D3h) + e-; that of
the Cs anion is either to be AlH3(D3h) + AlH3

-(C3V) or AlH2-
(C2V) + AlH4

-(Td). In Al2H6
-(Cs) f AlH2(C2V) + AlH4

-(Td),
the attached electron is expected to transfer from the AlH2

-

moiety to the AlH4 moiety (see Figure 1). Significant hyper-
conjugative interactions,σAl•Al f σ*Al-Ht in Al2H6

-(D3d) and
nAl f σ*Al-Hb-Al in Al2H6

-(Cs), exhibiting the second-order
energies16 in the NBO theorem 1.82 and 2.84 kcal/mol, control
the staggered conformal preferences17 and the potential dis-
sociations. All dissociations are endothermic, but smaller than
2 eV, except for Al2H6

-(Cs) f AlH2
-(C2V) + AlH4(Cs). In the

experiment,6 the UV laser (4.66 eV) is high enough to have the
most anions as well as the neutral Al2H6 dissociated. Moreover,
the dissociation energetics (the total energy and enthalpy
changes, except for Al2H6

-(Cs) f AlH2
-(C2V) + AlH4(Cs)) are

much lower than the VDEs of the anions, which may reduce
the experimental signals of the photodetached electrons. Fur-
thermore, two anionic isomers may be formed by the structural
rearrangement after the electron attachment or the efficient
recombination between the neutral and anionic fragments.

The dialane anion is extremely interesting, owing to the novel
electron-deficient 3c-2e and 2c-1e bonds. Although no infrared
spectra of these two anions were reported in the matrix
experiments,2 they are valuable in future studies. In contrast to
the traditional covalent (electron-pair) bonds described by
Lewis’s theory, odd-electron18 and multiple (involved with the
one-electron bonds)19 bonds recently attracted much more
interest. Here the 2c-1e bond playing an essential role in the
stabilization20 of the anion is reported for the first time.
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