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The Existence of a Designer AI=Al Double Bond in the LiALLH,
Cluster Formed by Electronic Transmutation
Katie A. Lundell”, Xinxing Zhang', Alexander 1. Boldyrev,* and Kit H. Bowen*

Abstract: The AI=AIl double bond is elusive in chemistry.
Herein we report the results obtained via combined photo-
electron spectroscopy and ab initio studies of the LiALH,
cluster that confirm the formation of a conventional A=Al
double bond. Comprehensive searches for the most stable
structures of the LiALH, cluster have shown that the global
minimum isomer I possesses a geometric structure which
resembles that of Si,H,, demonstrating a successful example of
the transmutation of Al atoms into Si atoms by electron
donation. Theoretical simulations of the photoelectron spec-
trum discovered the coexistence of two isomers in the ion beam,
including the one with the AI=Al double bond.

Aluminum—hydrogen clusters are known to be stabilized by
multicenter bonding."! Yet, it was recently shown that
formation of conventional Al—Al bonds is possible in
clusters® and in solid-state compounds.”! Reports of
double Al=Al and triple AI=Al bonds are scarce.*®! Ches-
nutPy performed topological study in di- and tetra-hydrides
AlLH, and Al,H, molecules. Based on the ELF analysis, he
concluded that in the trans-bent HAIAIH isomer (though not
a global minimum structure), chemical bonding can be
described as a resonance between a no-bond and double
bond situation between two the aluminum atoms. In 1988
Uhl®! synthesized the R,AIAIR, (R=CH(SiMe;),) com-
pound containing an Al—Al bond. In the early 1990s it was
shown that this compound could be reduced to [R,AlAIR,]|~
anions (R = CH(SiMe;),® or C4H,-2,4,6-iPr;),1**l which had
Al—Al bonds of formal order 1.5 owing to the occupation of
a m-orbital by a single electron. In 2003, Power and co-
workers!® reported the [2+4] Diels—Alder cycloaddition
product of a probable dialuminene, Ar'AlAlAr (Ar =
C¢H;-2,6-Dipp,; Dipp = C¢H;-2,6-Pri,), with toluene. How-
ever, the dialuminene was not isolated. Three years later,
Power®  synthesized and characterized a stable
Na,[Ar'AlAIAr'] compound with the Al—Al bond order of
1.13. Very recently, Inoue and co-workers reported an Al=Al
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containing compound stabilized by the N-heterocyclic carbine
ligands.” The utilization of electron-donating, bulky ligands
forced the s and p valence electrons of Al to hybridize and
form homodinuclear multiple bonds to fulfill the octet rule,
which is in a similar way that the B=B triple bonds were
synthesized by Zhou!®! and Braunschweig.®™!

Our strategy for designing an Al=Al double bond is
different. Herein we adopt the electronic transmutation
method that was developed by our group;® briefly, when an
atom acquires an extra electron, it starts to behave as the
isoelectronic, neighboring element. We have discovered many
examples that such approach indeed works.>*1% Based on
this, it could be anticipated that by adding one electron to
each Al atom in the H,AlAIH, molecule, Al might be
transmutated into Si, yielding a molecule that is isoelectronic
to the H,Si=SiH, molecule. The doubly charged H,AlAIH,*"
anion is not expected to be stable in the isolated state owing to
the Coulomb repulsion between the two excess electrons.
Indeed a crude evaluation shows that the AlLH,*~ dianion is
not stable owing to electron autodetachment (vertical elec-
tron detachment energy is —3.1 eV). To stabilize this dianion
we counter the ALLH,*~ dianion with the Li* cation. The final
LiALH, anion is expected to be stable due to the electro-
static stabilization from the Li* cation.

The photoelectron spectrum of LiAlLLH, taken with
a 3.49 eV (355 nm) laser is presented in Figure 1. Details of
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Figure 1. Experimental photoelectron spectrum of LiAl,H,™ using

355 nm laser (black line), Gaussian fitting of isomer | and Il (red and
blue dotted lines), and calculated stick spectra of isomer | and Il (red
and blue vertical lines).
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the experiment and the apparatus are given in the Supporting
Information. The spectrum has an electron binding energy
(EBE) band starting from about 1.0 eV and peaks at 1.30 eV.
In case of a sufficient Franck—Condon overlap between the
ground state of the anion and the ground state of the neutral
species, and given there is not much hot band signal, the
threshold of the first EBE band (ca. 1.0 eV) should be the
electron affinity (EA). The first experimental vertical detach-
ment energy (VDE) is the photodetachment transition at
which the Franck-Condon overlap between the wavefunc-
tions of the anion and its neutral counterpart is maximal,
corresponding to the peak position, 1.30 eV. The width of the
band suggests an appreciable geometry change between the
ground state of LiAl,H,  and that of its neutral.

To find the experimentally observed structure, we initially
performed an unbiased search (10000 trial structures) for the
singlet configuration of the LiAl,H, stoichiometry using the
coalescence-kick method!'!! with the Gaussian09 program!*!
at the PBEOM/3-21GM™ level of theory. Afterwards, the
lowest-lying isomers (AE <20 kcalmol™') were recalculated
at the more expensive PBE0/6-311 4+ G** level of theory™
with geometry optimization and frequency analysis to ensure
that each structure was a minimum on the potential energy
surface. Single-point couple cluster calculations (CCSD(T)!®Y/
6-311+ G** and CCSD(T)/aug-cc-pVTZ!'"") at the DFT-
optimized geometry were subsequently performed to give
more precise relative energies. VDEs of the lowest isomers
were calculated as the energy difference between the ground
states of the anions and different states of the neutral
counterparts at the same geometry of the anions using three
different levels of theory: TD-DFT,"™ OVGF/"?! and
CCSD(T), and compared with experimental results. The
chemical bonding analysis of the two lowest isomers, iso-
mers I and II, via Adaptive Natural Density Partitioning
(AANDP)?' method at the PBE0/6-311+4 G** level of
theory is also presented. Chemcraft v1.8 (build 165)P? was
used for structural and molecular orbital visualization.

The lowest ten isomers found at PBE/6-311 ++ G** and
CCSD(T)/aug-cc-pVTZ level of the LiAlLH,  stoichiometry
are presented in Figure 2. The 3D coordinates of all of these
structures are provided in the Supporting Information. As
designed, the global minimum structure I is similar to the
Si,H, structure. Because of an imaginary frequency, the
planar C,, ('Al) structure is not a minimum. Geometry
optimization following this imaginary frequency mode leads
to a slightly non-planar structure C, ('A) symmetry with
hydrogen atoms lying above and below the Al-Li-Al plane by
0.27 and 0.35 A. However, the barrier for planarization is very
small (0.01 kcalmol™") and thus this structure is effectively
planar if we include ZPE corrections. The similar distortion is
known for the Si,H, molecule. According to our calculations,
the planar Si,H, molecule is not a minimum at the planar D,,
symmetry and undergoes the pseudo Jahn-Teller distortion
towards a trans-bent structure (see the Supporting Informa-
tion for details). However, as in the case of LiAl,H, ™, the
bartrier for the planarization in S,H, is small (0.14 kcalmol !
at PBEO/6-311++ G**) and the vibrationally averaged
structure is effectively planar. The optimal bond length
between the two Al atoms in LiALH, structure is 2.46 A

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Lowest energy isomers of LiAl,H,, their point group symme-
tries, ground electronic states, and ZPE corrected relative energies
[kcal mol™"] at the CCSD(T)/aug-cc-pVTZ (in parentheses) and PBEO/
6-311+4 + G** (in square brackets) levels of theory. The solid rods
between atoms help visualize and do not necessarily represent o-
bonds here and elsewhere. H blue, Al yellow, Li pink.

(PBEO0/6-311 ++ G**), which is shorter than the single Al—
Al o-bond (2.59 A, PBE0/6-311 ++ G**) in the H,AlAIH,
molecule and the single Al-Al o-bond (2.55A) in the
H;AIAIH;> crystal structure.”! The appreciably shorter Al—
Al distance in structure I indicates that there could be
a double bond between the two aluminum atoms.

Before further analysis of the chemical bonding, we need
to confirm that the calculated VDEs agree with the exper-
imentally observed values. Table 1 summarizes the calculated
and experimental VDE data. First, calculated VDEs for both
isomers I and II using three different methods are in
a reasonable agreement among themselves. The first calcu-
lated VDE from HOMO 3b for the global minimum structure
Iis 1.27eV (CCSD(T)), in excellent agreement with the
experimentally observed 1.30 eV value (Figure 1, peak X,
fitted by a red dotted line), confirming that the Si,H,-like
structure for LiAlLH,™ was indeed observed in the ion beam.
However, the experimental EBE intensity at around 1.8 eV
(X', fitted by a blue dotted line) and the peak at 3.0 eV (X) do

Table 1: Calculated and experimental VDEs (eV) of isomers | and Il of the
LiAl,H,~ anion.

Isomer | VDEger  VDErppe™  VDEgyee™  VDEccspm!
HOMO (3b) 13 1.224 1.178 1.273
HOMO-1 (3a) NA 3.685 4.059 3.852
HOMO-2 (2b)  NA 5.465 6.270 6.225
Isomer || VDEgypr TD-DFT OVGF CCSD(T)
HOMO (6a) 1.8 1.615 1.632 1.649
HOMO-1 (5a) 3.0 3.034 3.009 3.187

[a] TD-DFT/6-311+ 4 G**. [b] OVGF/aug-cc-pvTZ. [c] CCSD(T)/aug-cc-
pvTZ.

Angew. Chem. Int. Ed. 2017, 56, 1659316596


http://www.angewandte.org

GDCh
~~

not agree with the other calculated VDE (HOMO-1, 3a) of
isomer I. They might correspond to coexisting low-lying
isomers, which is not uncommon for laser vaporization
generated ion beams. According to the calculations, the first
VDE (HOMO 6a) of isomer II at 1.64 eV (CCSD(T)) is in
reasonable agreement with the PES intensity at 1.8 eV (X').
The next experimental EBE band at 3.0eV (X') is also in
good agreement with the second VDE (HOMO-1, 5a) of
isomer II at 3.19 eV (CCSD(T)). Thus, from the comparison
of theoretical and experimental data, we can confirm that two
isomers were experimentally observed in the ion beam. Since
the third isomer was found to be very close in energy to
isomer II, we performed VDE -calculations for it as well
(Supporting Information, Table S1). The two first VDEs have
energies at 2.4-2.5 eV and there are no corresponding peaks
in the experimental spectrum. Most importantly, our expect-
ation of the Si,H,-like LiAlLH, isomer was indeed produced
by experiment.

The next obvious question is whether the Al=Al double
bond exist in the global minimum structure. To answer this
question, we performed AJANDP analysis for the global
minimum isomer I (Figure 3) and isomer II (Supporting
Information, Figure S1). From Figure 3, two 2c—2e o AI-H

two 2c-2e o-bond
ON=2.00 |e|

two 3c-2e o-bond one 3c-2e o-bond one 3c-2e -bond
ON=1.97 |e| ON=1.99 |e| ON=2.00 |e|

Figure 3. Chemical bonds recovered by the AANDP analysis for isomer
.

bonds (ON=2.00 |e|), two 3c2e o Li-H—AIl bonds (ON =
1.97 | e |; these four bonds are analogous to the o Si—H bonds
in Si,H,), one 03c2e Al-Li—Al bond (ON=1.99 |e|; an
analogue of the ¢ Si—Si bond in Si,H,), and one t Al-Li—Al
bond (ON=2.00 |e|) (an analogue of the m Si—Si bond in
Si,H,) can be observed. To claim the presence of the AI=Al
double bond we need to evaluate how much the lithium atom
contributes to the 0 3c-2e Al-Li—Al and m 3c-2e Al-Li—Al
bonds. The AANDP method allows us to view this bond as
a 2c—2e bond. We found that the o3c—2e Al-Li—Al bond
(ON=1.99 |e|) can be seen as one o 2c—2e Al—Al bond
(ON=1.87 | e|) and the mt 3c-2e Al-Li—Al bond (ON =2.00 |
e |) can be found as one 7t 2c-2e Al—Al bond (ON=1.65 |e]).
That gives us the 1.76 bond order for Al=Al double bond in
our cluster. Therefore, the global minimum isomer I does
have an Al=Al double bond. This is further supported by each
Al demonstrating an electronic transmutation of their natural
charge from + 0.7 in H,AlAIH, to + 0.0 in LiAl,H,™ through
the addition of one electron and one Li atom to the system
(see the Supporting Information, Table S3 for full natural
population analysis charges).

In summary, on the basis of the electronic transmutation
model, we have designed and observed a LiALLH, cluster
with a global minimum that has a Si,H,-like structure and an
Al=Al double bond. Photoelectron spectroscopy study and
the comparison with the theory reveal that the LiALH, ion
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beam consists of two isomers, including the calculated global
minimum (isomer I) and the second low-lying isomer (iso-
mer IT). The AANDP analysis indicates that the A=Al double
bond of isomer I possesses one ¢ and one t bond. Our results
provide the viability of the electronic transmutation strategy
in designing Al—Al multiple bonds, and shed light on the
future discovery of the AI=AL triple bond. Also, molecules
with the Al=Al double bonds are important for further
synthesis of new unusual molecules through [2+2] or [2+44]
reactions.
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