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ABSTRACT: Polarized aluminum K-edge X-ray absorption
near edge structure (XANES) spectroscopy and first-principles
calculations were used to probe electronic structure in a series of
(BDI)Al, (BDI)AlX2, and (BDI)AlR2 coordination compounds
(X = F, Cl, I; R = H, Me; BDI = 2,6-diisopropylphenyl-β-
diketiminate). Spectral interpretations were guided by examina-
tion of the calculated transition energies and polarization-
dependent oscillator strengths, which agreed well with the
XANES spectroscopy measurements. Pre-edge features were
assigned to transitions associated with the Al 3p orbitals involved
in metal−ligand bonding. Qualitative trends in Al 1s core energy and valence orbital occupation were established through a
systematic comparison of excited states derived from Al 3p orbitals with similar symmetries in a molecular orbital framework.
These trends suggested that the higher transition energies observed for (BDI)AlX2 systems with more electronegative X

1− ligands
could be ascribed to a decrease in electron density around the aluminum atom, which causes an increase in the attractive
potential of the Al nucleus and concomitant increase in the binding energy of the Al 1s core orbitals. For (BDI)Al and
(BDI)AlH2 the experimental Al K-edge XANES spectra and spectra calculated using the eXcited electron and Core−Hole
(XCH) approach had nearly identical energies for transitions to final state orbitals of similar composition and symmetry. These
results implied that the charge distributions about the aluminum atoms in (BDI)Al and (BDI)AlH2 are similar relative to the
(BDI)AlX2 and (BDI)AlMe2 compounds, despite having different formal oxidation states of +1 and +3, respectively. However,
(BDI)Al was unique in that it exhibited a low-energy feature that was attributed to transitions into a low-lying p-orbital of b1
symmetry that is localized on Al and orthogonal to the (BDI)Al plane. The presence of this low-energy unoccupied molecular
orbital on electron-rich (BDI)Al distinguishes its valence electronic structure from that of the formally trivalent compounds
(BDI)AlX2 and (BDI)AlR2. The work shows that Al K-edge XANES spectroscopy can be used to provide valuable insight into
electronic structure and reactivity relationships for main-group coordination compounds.

■ INTRODUCTION

Aluminum is the most abundant metal in the earth’s crust and
an essential component of many scientific and large-scale
industrial processes. With steady improvements in production
efficiency and manufacturing methods, aluminum metal is likely
to replace other metals in applications owing to its desirable
physical and mechanical properties, low cost, relatively low
toxicity, and recyclability.1 At present, intermetallics, alloys, and
compounds of aluminum are widely employed in d- and f-block
materials science,2 nanomaterials synthesis,3,4 and solid-state
lighting devices.5 Aluminum coordination compounds are also
valued participants in chemical transformations where they can
activate substrates during Friedel−Crafts alkylations and during
Ziegler−Natta olefin polymerizations where aluminum organo-
metallic derivatives such as methylaluminoxane are commonly
used as cocatalysts.6,7 More recently, aluminum-containing

molecules have been paired with phosphines possessing
sterically demanding ligands to activate CO2 for reduction to
CO.8,9 In many of these systems, aluminum can be regarded as
a redox inert, electropositive, Lewis-acidic metal with a formal
+3 charge and small ionic radius. However, this simple model
has been found inadequate for describing electronic structure in
several instances. For example, low-valent aluminum coordina-
tion compounds,10−17 often with double or triple bonds
involving the aluminum atoms,18−20 have been isolated and
characterized in depth by a variety of techniques including
NMR21−23 and reactivity studies.24−28 Together with computa-
tional29−35 and spectroscopic36−41 techniques, this has led to
improved models of aluminum electronic structure grounded in
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molecular orbital theory. Some compounds containing
aluminum in the +1 formal oxidation state exhibit singlet
carbene character: they possess a nonbonding pair of electrons
and can behave as Lewis bases,42,43 and can undergo oxidative
reactions readily with organic and main-group mole-
cules.29,42,44−48 More recent work by Nikonov,49 Fischer,50

and Crimmin51 has shown that the oxidative reactions are
reversible, allowing for reductive elimination from an Al
compound with a +3 formal oxidation state to form an Al
compound with a +1 formal oxidation state. Along similar lines,
work by Berben and co-workers has shown that aluminum
compounds supported by noninnocent ligands have tunable
reduction potentials based on the electronics of the ancillary
ligands, demonstrating reactivity and physical properties that
were previously reserved for redox-active d-block transition
metals.52−57 Clearly, more powerful analytical techniques are
needed to evaluate current models of electronic structure and
understand the diverse and expanding role aluminum plays
across chemical synthesis, materials science, and technology.
Metal K-edge X-ray absorption near-edge structure

(XANES) spectroscopy is a widely used technique for probing
changes in geometry, ligand environment, and oxidation state
in coordination compounds and materials.58−63 For d-block
metals, K-edge XANES probes both dipole-allowed transitions
from the core 1s → empty np orbitals as well as weaker
quadrupole-allowed transitions to the nd orbitals (n = principle
quantum number) from which most bonding information is
derived.64 In principle, aluminum K-edge XANES can also be
used to extract valuable information because the Al 3p valence
orbitals are directly involved in bonding. However, earlier
efforts to measure, model, and interpret Al K-edge XANES data
have been thwarted by several obstacles. In large part,
experiments using aluminum K-edge XANES have been
limited65−72 because the intermediate energy regime that
includes the Al K-edge (ca. 1555−1585 eV)73 has historically
been difficult to access at many synchrotron radiation facilities
and beamlines. As a result, Al K-edge measurements are often
subject to poor energy resolution, reduced X-ray photon flux,
and incompatible sample preparation methodologies that can
result in self-absorption and saturation effects. Furthermore,
there are few series of stable aluminum compounds that exhibit
a wide range of ligand environments and formal oxidation states
while preserving structural similarities that are desirable for
systematic spectroscopic studies.
The results provided herein show that these challenges could

be overcome for a series of molecular aluminum complexes
with 2,6-diisopropylphenyl-β-diketiminate (BDI) supporting
ligands. This ligand system was chosen because it provided
access to a series of structurally related (BDI)AlR2 and
(BDI)AlX2 complexes (R = H, Me; X = F, Cl, I) in addition
to (BDI)Al, which is a rare example in the literature of an
isolable monomeric aluminum(I) complex that is stable at
room temperature.13,74−76 The work took advantage of several
recent advances in synchrotron radiation instrumentation
including the development of scanning transmission X-ray
microscopes (STXMs) and diffraction grating monochromators
capable of reaching more than 2 keV, which are now installed at
many beamlines.77−80 Pre-edge transitions in the aluminum K-
edge XANES spectra of crystalline samples were experimentally
identified through an in-depth comparison of the polarization
dependence of transition intensities. The assignments were
further confirmed using first-principles density functional
theory (DFT) calculations within the eXcited electron and

Core−Hole (XCH) approach.81 Comparison of transitions into
comparable excited states of (BDI)Al and (BDI)AlH2 revealed
only slight differences in electron density on the Al atoms
relative to (BDI)AlMe2 and (BDI)AlX2 (X = F, Cl, I), which
has important implications for understanding the reductive and
oxidative reactivity of aluminum coordination compounds.

■ EXPERIMENTAL SECTION
General Synthetic Details. All reactions were performed either

using standard Schlenk line techniques or in a MBraun inert
atmosphere glovebox under a purified nitrogen atmosphere (<0.1
ppm of O2/H2O). Hexanes, toluene, diethyl ether (Et2O), and
tetrahydrofuran (THF) were dried and degassed using a commercially
available Phoenix Solvent Drying System from JC Meyer Solvent
Systems. C6D6 and CDCl3 were dried over sodium/benzophenone and
CaH2, respectively, and vacuum transferred to a storage flask before
being stored in a drybox. Solution NMR spectra were collected on
either Bruker AVB-400, AVQ-400, or DRX-500 spectrometers at
ambient temperature. 1H NMR chemical shifts (δ in ppm) were
calibrated to residual solvent peaks. All reagents were acquired from
commercial sources and used without further purification, with the
exception of iodine and aluminum trichloride, which were purified by
sublimation, and LiAlH4, which was purified by extraction with dry
Et2O. (BDI)H,

82 (BDI)Li·Et2O,
83 (BDI)AlMe2,

74 (BDI)AlI2,
13 (BDI)-

Al,13 (BDI)AlF2,
76 and (BDI)AlCl2

75 were synthesized according to
literature procedures and characterized using single-crystal X-ray
diffraction and/or 1H and 27Al NMR prior to use. The crystal structure
of (BDI)AlI2, reported in the Supporting Information, was determined
to allow for comparison of its metrical parameters with the (BDI)AlX2
analogues. 27Al NMR has been used previously to compare changes in
Al coordination number and oxidation state and to determine
thermodynamic parameters.21,84 Chemical shifts for the formally
Al(III) species are consistent with previous results and generally fell
within the known range of 180 to 80 ppm for four-coordinate
aluminum complexes (Table 1).21,84,85

Synthesis of (BDI)AlH2. A modified version of a published
procedure was used.86 A mixture of LiAlH4 (0.448 g, 11.8 mmol) and
(BDI)H (4.20 g, 10.0 mmol) was suspended in toluene (80 mL). The
mixture was heated at 90 °C for 5 days. The solution was then filtered,
concentrated to approximately 20 mL by removal of solvent in vacuo,
and cooled to −30 °C resulting in formation of a colorless crystalline
solid (1.44 g, 32% yield). 1H NMR data matched previously reported
literature values.87

Sample Preparation and Orientation. Sample preparation and
methodology for handling air-sensitive analytes was similar to that
described previously.88−91 Samples were prepared in an argon-filled
glovebox by grinding crystals of the analyte into a fine powder with a
mortar and pestle and brushing the powder onto a Si3N4 membrane
(100 nm, Silson) with a fiber. This method arranged a large number of
micron-scale crystals in a relatively compact area that were suitable for
Al K-edge measurements. A second membrane was placed over the
sample, and the edges were sealed together using Hardman Double/
Bubble 5 min epoxy.

Table 1. 27Al NMR Chemical Shifts (δ) Determined for Each
of the Synthesized Compounds

compound 27Al NMR shift (ppm)

(BDI)Al a

(BDI)AlMe2 160.0
(BDI)AlH2 130.2
(BDI)AlCl2 100.7
(BDI)AlI2 84.0
(BDI)AlF2 67.0b

aNo 27Al resonance was observed.13 bResonance is coincident with a
large background resonance from the instrument.
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All compounds crystallized in the P21/n space group or its
alternative setting P21/c except for (BDI)AlI2 which crystallized in the
P-1 space group (Figure S1 in the Supporting Information). The unit
cells contained two or four formula units, and the planes defined by
the BDI ligands were skewed to varying extents (Table 2). Hence,
certain aspects of the molecular symmetry of individual molecules
were preserved in the crystal lattice packing and resulted in an X-ray
absorption dichroism for each of these compounds.
Beamline Characteristics. STXM methodology was similar to

that discussed previously.88−91 Single-energy images and Al K-edge
XANES spectra were acquired using the STXM instrument at the
Molecular Environmental Science (MES) beamline 11.0.2 at the
Advanced Light Source (ALS), which is operated in topoff mode at
500 mA, in a ∼ 0.5 atm He-filled chamber.92 The beamline uses
photons from an elliptically polarizing undulator that delivers photons
in the 100−2000 eV energy range to a variable-angle included plane-
grating monochromator. For Al K-edge measurements, the photon
energy of the high-energy diffraction grating was calibrated to the Al
K-edge for a 1000 Å aluminum filter sample (Luxel, inflection point =
1559.0 eV). The maximum energy resolution E/ΔE was previously
determined at better than 7500,79 which is consistent with the
observed standard deviation for spectral transitions of ±0.3 eV
determined from comparison of spectral features over multiple
particles and beam runs. For these measurements, the X-ray beam
was focused with a zone plate onto the sample, and the transmitted
light was detected. The spot size and spectral resolution were
determined from characteristics of the 25 nm zone plate. Images at a
single energy were obtained by raster-scanning the sample and
collecting transmitted monochromatic light as a function of sample
position. Spectra at particular regions of interest in the sample image
were extracted from the “stack”, which is a collection of images
recorded at multiple, closely spaced photon energies across the
absorption edge.93 Dwell times used to acquire an image at a single
photon energy were 1 or 2 ms per pixel. To quantify the absorbance
signal, the measured transmitted intensity (I) was converted to optical
density using Beer−Lambert’s law: OD = ln(I/I0) = μρd, where I0 is
the incident photon flux intensity, d is the sample thickness, and μ and
ρ are the mass absorption coefficient and density of the sample

material, respectively. Incident beam intensity was measured through
the sample-free region of the Si3N4 windows. Regions of particles with
an absorption of >1.5 OD were omitted to ensure the spectra were in
the linear regime of the Beer−Lambert law.

Polarized Al K-edge XANES Spectroscopy Studies. Initial
imaging surveys of the samples revealed a large number of crystalline
particles that had adopted random orientations on the Si3N4

membranes during sample preparation. To determine the nature of
any polarization dependence, the EPU was set to horizontal
polarization, and spectra were recorded on different crystalline
particles until spectra were observed that had maximized or minimized
transition intensities. The polarization vector was then rotated by 90°
by setting the EPU to vertical, and the Al K-edge XANES
measurement was repeated (see Figure 1). Additional spectra were
also recorded at intermediate beam polarizations in steps of 10−15°
between the limits of 0 and 90°. Relative changes in transition
intensities observed in the directionally dependent spectra were
compared for measurements on the same particle, which greatly aided
spectral assignments. During the STXM experiment, single-energy
images showed no signs of radiation damage to the particles, and the
polarization dependence of the spectra was reproduced from multiple
independent crystallites and beam runs.

Data Analysis. The data were background subtracted using the
MBACK algorithm in MATLAB.94 Fits for the Al K-edge data were
generated using the program IGOR 6.0 and a modified version of
EDG_FIT.95 Spectra were modeled using pseudo-Voigt line shapes
consisting of an equal mixture of Gaussian and Lorentzian character as
well as a step function with a 1:1 ratio of arctangent and error function
contributions.96 In each case, these analyses provided high-quality fits
of the experimental data as reflected by low-correlation coefficients,
residual data that deviated slightly from zero, and symmetric residual
peaks that matched well with the parent pseudo-Voigt functions.
Uncertainty in the transition energies was estimated at ±0.3 eV based
on the resolving power of instrument and on the variation in energy of
functions comprising the curve fits.

Electronic Structure Calculations. Geometries of all the Al
complexes considered were optimized within DFT97,98 simulations
based on a projector augmented wave (PAW)99 pseudopotential and

Table 2. Relevant Bond Distances (Å) and Angles (deg) of (BDI)Al and (BDI)AlL2 Compounds (L = H, Me, F, Cl, I)

compound
ave Al−N distance

(Å)
ave Al−L distance

(Å)
N−Al−N angle

(deg)
L−Al−L angle

(deg)
BDI plane-Al distance

(Å)
BDI−BDI plane angle

(deg)a

(BDI)Al 1.958(2) − 89.86(8) − 0.010 15.49
(BDI)AlH2 1.899(1) 1.52(1) 96.41(5) 113(1) 0.006 11.56
(BDI)AlMe2 1.929(9) 1.965(8) 96.2(1) 117.4(1) 0.721 24.59
(BDI)AlF2 1.877(8) 2.52(2) 99.30(6) 107.81(6) 0.001 12.68
(BDI)AlCl2 1.88(1) 2.13(1) 99.36(4) 108.02(2) 0.525 49.82
(BDI)AlI2 1.866(1) 1.652(4) 100.07(6) 108.41(2) 0.600 0
aThe BDI−BDI plane angle reflects the alignment of molecules within the unit cell between nonsymmetry-related molecules.

Figure 1. Projection of the crystal structure of (BDI)AlF2 onto the bc plane with respect to polarized synchrotron radiation. Thermal ellipsoids are
shown with 50% probability, with atoms colored as white (carbon), blue (nitrogen), orange (aluminum), and green (fluorine). Hydrogen atoms have
been omitted for clarity. Adapted with permission from Singh, S.; Ahn, H.-J.; Stasch, A.; Jancik, V.; Roesky, H. W.; Pal, A.; Biadene, M.; Herbst-
Irmer, R.; Noltemeyer, M.; Schmidt, H.-G. Inorg. Chem., 2006, 45, 1853−1860. Copyright 2006 American Chemical Society.
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plane-wave basis set framework as implemented in the VASP
package.100 The exchange−correlation energy was treated at the
level of the Perdew−Burke−Ernzerhof (PBE)101 generalized gradient
approximation (GGA). Dispersion forces were taken into account
using the DFT-D2 approach.102 In conjunction with a plane-wave
energy cutoff of 350 eV, pseudopotentials with the following valence
electronic configurations were employed: Al(3s23p1), C(2s22p2),
N(2s22p3), H(1s1), F(2s22p5), Cl(3s23p5), I(5s25p5). The Brillouin
zone was sampled at the Γ point. Geometries were optimized until all
forces were smaller than 0.02 eV/Å. Structures so obtained were used
in subsequent X-ray absorption spectroscopy simulations.
Al K-edge Spectral Simulations. XANES at the Al K-edge were

calculated using the XCH approach.81 The XCH approach has been
described previously in detail.81,103,104 In this method, the lowest
energy X-ray excited state of the system is modeled within an
occupation-constrained DFT framework wherein the core-excited
atom is described through a core−hole pseudopotential, and the
screening due to the excited electron is taken into account self-
consistently. Higher lying X-ray excited-state energies are approxi-
mated through eigenvalue differences obtained from the Kohn−Sham
(KS) spectrum of the lowest energy core-excited state. X-ray transition
matrix elements are calculated using Fermi’s golden rule and typically
for light-element K-edges, within a dipole approximation. The XCH
method was utilized as implemented in a development version of the
Quantum-Espresso package105 that provides a plane-wave pseudopo-
tential DFT framework for electronic structure calculations. Ultrasoft
pseudopotentials106 with the same valence electronic configuration as
described above were used together with a plane-wave energy cutoff of
25 Ry. To describe 1s core-excited Al in XANES simulations, a core−
hole pseudopotential with the electronic configuration 1s12s22p63s23p2

was generated. The Brillouin zone was sampled at the zone center
during the self-consistent field calculation, but the band structure was
interpolated over a uniform Γ-centered 5 × 5 × 5 k-point grid using
the Shirley interpolation scheme107 in order to generate spectra.
XANES spectra were obtained both for the molecular crystal unit-

cells containing multiple Al complexes as well as for individual
molecular units extracted from the optimized crystal geometries. The
spectra of molecular crystals differed insignificantly from that of
isolated molecular units in the near edge region of interest as shown in
Figure S2 in the Supporting Information for the case of (BDI)Al.
Therefore, spectra obtained from molecular unit simulations were used
in the subsequent analysis as they facilitate a convenient decom-
position of the spectrum into contributions from different polarization
directions.
Within the XCH approach, the relative energy alignment of XANES

spectra corresponding to core-excitations on atoms in different
chemical environments is carried out through total energy differ-
ences.103 However, since the method is based on core−hole
pseudopotentials and does not explicitly include the energy of core
electrons, calibration of the absolute energy position of the calculated
spectra with respect to experiment involves a rigid energy shift Δ,
which depends on the core-excitation edge being considered.103 For a
wide range of light-element K-edges, the shift Δ may be calculated
once for a given excitation-edge based on a reference chemical system,
and the same shift can be applied to all XCH spectra calculated at that
excitation-edge in different chemical environments.103,104,108 At the Al
K-edge for the complexes in this study, the (BDI)Al complex was used
as the reference system and a value of Δ = 1560.27 eV was
determined. However, such an alignment scheme led to a systematic
red-shift of +0.9 to 1.8 eV in the calculated spectra of all other
complexes with respect to experiment, although the spectral line
shapes were well reproduced. The discrepancy was traced to a lack of
error cancellation in the KS orbital eigenvalues of the lowest
unoccupied molecular orbital (LUMO) and higher lying virtual
orbitals in the (BDI)AlR2 and (BDI)AlX2 systems. KS eigenvalues
calculated at the level of semilocal GGA functionals often suffer from
significant self-interaction (SI) errors but can nevertheless yield good
spectra provided that the relative SI errors cancel.109 In the present
case, the lowest energy XCH reference configuration was based on an
Al 1s → BDI π* excitation that had no Al 3p character, and the

eigenvalue difference of the LUMO π* state with respect to higher
lying states having significant Al 3p character was underestimated by
+0.9 to 1.8 eV. Therefore, this led to a systematic underestimation of
the energy positions of various Al 3p derived spectral features that lie
higher in energy, and it was necessary to align the spectra individually.
The energies of the transitions with the greatest oscillator strength in
the calculated spectra were set to be equal to the energies of most
intense functions used in the curve-fitting analysis of the experimental
spectra, which provided energy shifts of +1561.34, +1561.51,
+1561.16, +1561.78, +1562.07 eV for the (BDI)AlH2, (BDI)AlMe2,
(BDI)AlI2, (BDI)AlCl2, and (BDI)AlF2, respectively.

XCH final state electronic wave functions corresponding to core-
excitations into the virtual orbital manifold were approximated by
unoccupied KS wave functions obtained from the self-consistent
occupation-constrained DFT calculation including the core−hole.
Orbital isosurfaces were visualized using VESTA-3.110

■ RESULTS
Ground-State Electronic Structure and Molecular

Orbital Description. β-diketiminate groups are frequently
employed as ancillary ligands in coordination chemistry because
they provide steric stabilization and desirable solubility
properties but do not participate in chemical transforma-
tions.111 Aluminum complexes based on the β-diketiminate
ligand were selected for this study because they provided access
to a series of structurally related (BDI)Al, (BDI)AlR2, and
(BDI)AlX2 complexes (R = H, Me; X = F, Cl, I) with relatively
high symmetries (Figure 2). These materials were analyzed to

evaluate how changing the steric and electronic properties of
the reactive R1− or X1− ligands or changing the aluminum
formal oxidation state from +1 to +3 affected the aluminum K-
edge spectra. In addition, (BDI)Al is the only published
example of a monomeric compound with a +1 aluminum
formal oxidation state that is stable and isolable at room
temperature. This facilitated comparisons with the +3
compounds without introducing Al−Al bonds that are typically
found in other Al1+ compounds.112−114

Before discussing the Al K-edge XANES in detail, it is
instructive to provide a framework for evaluating molecular
orbital interactions in each complex. Expectations from group
theory were derived for (BDI)Al, (BDI)AlR2 and (BDI)AlX2
compounds assuming a C2v symmetric geometry. We note that
the experimentally determined solid-state structures deviated to
varying extents from this idealized coordination environment
(Table 2). However, based on this approximation, it was
possible to develop the qualitative molecular orbital picture
presented in Figure 3 with the relevant core and valence
orbitals that were necessary for initial assignment of Al K-edge
XANES spectral features. Beginning with the (BDI)1− ligand,
the nitrogen 2p orbitals that are directed toward the metal-
coordination site combine to form orbitals of a1 and b2
symmetry, and those that are perpendicular to the ligand
plane have a2 and b1 symmetry. In C2v symmetry, the Al 3s

Figure 2. Representation of the (BDI)Al, (BDI)AlR2, and (BDI)AlX2
analytes and Cartesian axes system.
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orbital has a1 symmetry, while the Al 3p orbitals span b1 + a1 +
b2 symmetries. With these designations the ligand and metal
orbitals combine to form an Al 3s-based HOMO of a1
symmetry, and a low-lying Al 3p-based unoccupied orbital of
b1 symmetry (Figure 4). In this picture, the HOMO is directed

away from the BDI ligand and is capable of σ-donation, while
the vacant b1* orbital is orthogonal to the (BDI)Al plane and
resides at low energy relative to the other antibonding orbitals.
In this sense, (BDI)Al is reminiscent of (C5Me5)Al in that it is
formally isolobal with carbon monoxide and singlet carbenes.114

The remaining Al 3p orbitals of a1 and b2 symmetry interact
with ligand orbitals of appropriate symmetry to form
unoccupied and antibonding a1* and b2* orbitals. It is
important to note that the filled Al 3s-based HOMO of a1
symmetry can also mix with the unoccupied and antibonding Al
3p-based orbital of a1 symmetry, and previous calculations have
suggested that s−pz mixing is a relevant factor and results in
some stabilization of the a1* orbital.115 Thus, for the (BDI)Al
system, it was predicted that three features would be observed

corresponding to transitions into the b1*, a1*, and b2* orbitals
at increasing energies as shown in the first column of Figure 3.
Molecular orbitals for each of the (BDI)AlR2 and (BDI)AlX2

compounds can be considered a perturbation of those derived
for the (BDI)Al compound by first introducing interactions
with the reactive R1− and X1− ligands and by then considering
the change in Al formal charge and orbital occupation. Group
theory shows that the σ donating orbitals on the R1− and X1−

ligands combine to form orbitals of a1 and b1 symmetry. These
have the correct symmetry to interact with and destabilize the
(BDI)Al fragment orbitals of a1 and b1 symmetry derived
above. Interaction with the strictly σ-bonding ligands does not
affect the b2* orbital energy, however some destabilization
would be expected for the (BDI)AlX2 complexes due to π-
interactions with the halide ligands. Within this framework,
some hybridization of the Al 3s (a1) and Al 3pz (a1) orbitals is
possible through s−p mixing. Since the Al 3s orbitals are
unoccupied in the (BDI)AlR2 and (BDI)AlX2 compounds, this
introduces the opportunity for a fourth transition into an
additional orbital of a1 symmetry that is filled for (BDI)Al.
Finally, the Al 1s core level is expected to be more stabilized in
the (BDI)AlR2 and (BDI)AlX2 compounds than in (BDI)Al
due to the increase in effective nuclear charge.64 Thus, it was
anticipated that features for compounds with Al3+ centers
would be higher in energy overall than those observed for the
(BDI)Al compound.

Sample Preparation and Imaging. The STXM at the
Molecular Environmental Science beamline 11.0.2 of the ALS
was used to collect images, elemental maps, and Al K-edge
XANES spectra for each of the compounds described above.
Samples were prepared in an argon-filled glovebox, and the
STXM was filled with a partial atmosphere of helium during
acquisition to minimize degradation of the air- and water-
sensitive compounds. Figure 5 shows representative contrast
images and Al elemental maps of small crystalline particles.

Al K-edge Measurements and Data Reduction. Figure
6 shows the background subtracted and normalized Al K-edge
spectra obtained for crystalline samples of (BDI)Al, (BDI)AlR2,
and (BDI)AlX2 complexes (R = H, Me; X = F, Cl, I). The
spectra exhibited some similarities to those observed previously
for Al oxides and materials in that a large edge was observed
between 1559 and 1566 eV65,68,116 and different in that several
well-resolved pre-edge features were also apparent at low
energy. These were associated with dipole-allowed transitions
from the Al 1s orbitals into unoccupied orbitals with Al 3p
character. Moreover, in many cases aspects of the symmetry of

Figure 3. Qualitative molecular orbital diagram showing the
relationship between (BDI)Al, (BDI)AlR2 (R = H, Me), and
(BDI)AlX2 (X = F, Cl, I).

Figure 4. Representation of the Al 3s and 3p orbitals for (BDI)Al.

Figure 5. Two images each from the crystallites of (BDI)Al, (BDI)AlR2, and (BDI)AlX2 from which Al K-edge XANES spectra were obtained: top
row, normal contrast images obtained with photon energies of 1565 eV; bottom row, aluminum elemental maps obtained by subtraction using
photon energies of 1565 and 1555 eV.
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the individual molecules were preserved by the overall crystal
symmetry (see Experimental Section) such that the polarized
X-ray beam interacted anisotropically with each particle and
relative spectral intensities changed with the changing polar-
ization of the X-ray beam. These changes were consistent with
spectral assignments in that features observed at different
polarizations were assigned to orbitals of different symmetry.

To accurately determine peak energies, spectra were
modeled as previously described (Table 3 and Figures S3−S8

in the Supporting Information).96 First and second derivatives
of the experimental data were used as a guide to derive curve-
fitting models and suggested that the pre-edge regions in all
spectra were best modeled by 2−4 functions. The curve-fitting
models were also examined to ensure consistency for a given
analyte regardless of sample orientation or beam polarization.
In each case, these analyses provided high-quality fits of the
experimental data as reflected by low correlation coefficients,
residual data that deviated slightly from zero and symmetric
residual peaks that matched well with the parent pseudo-Voigt
functions. For (BDI)AlH2, a fully unconstrained deconvolution
did not converge with reasonable parameters that were
consistent for different polarizations. Therefore, to obtain a
realistic and consistent model, the energy of the step function
for the horizontally polarized spectrum was constrained to
match that for the vertically polarized spectrum. Similarly, to
obtain a realistic fit of the horizontal spectrum of (BDI)AlF2,
the widths of the functions at 1566.5(3) and 1567.8(3) eV were
constrained to less than 0.9 eV.

Pre-edge Spectral Assignments. To guide spectral
interpretations, the Al K-edge XANES of (BDI)Al, (BDI)AlR2,
and (BDI)AlX2 were calculated using an XCH DFT approach.
This approach has been successfully applied to other XANES

Figure 6. Aluminum K-edge XANES spectra with horizontal (0°, bold
black trace) and vertical (90°, fine black trace) light polarization
settings. XCH calculated spectra are overlaid on the experimental data
and are split into directional components based on the b1* (green),
b2* (blue), and a1* (purple) final state orbitals in idealized C2v
symmetry.

Table 3. Comparison of Experimental and Calculated Al K-
Edge Energies to Given Final State Orbitals in Idealized C2v
Symmetry for (BDI)Al, (BDI)AlR2 and (BDI)AlX2 (R = H,
Me, X = F, Cl, I)

final state transition energy (eV)

compound orbital exptla calcdb

(BDI)Al b1 1559.8(2) 1559.8
a1

c 1560.9
b2 1561.7(2) 1561.6

(BDI)AlH2 b2 1561.9(2) 1561.9
a1 1562.8(2) 1563.0d

b1 1564.5(2) 1563.6
(BDI)AlMe2 b2 1560.8(2) 1561.5

a1 1562.4(2) 1562.1
b2 1563.0(2) 1563.0
a1 1564.3(2) 1564.0

(BDI)AlI2 a1 1562.5(2) 1562.3, 1563.2
b1 1563.7(2) 1563.7
b2 1564.2(2) 1564.0
a1 1564.9(2) 1564.8

(BDI)AlCl2 a1 1563.7(2) 1563.5, 1564.0
b2 1564.2(2) 1564.9
b1 1565.0(2) 1565.0
a1 1565.9(2) 1566.0

(BDI)AlF2 a1 1564.1(2) 1564.0
b1 1565.6(3) 1565.4
b2 1565.6(3) 1565.6
a1 1566.3(2) 1566.7

aExperimental values were determined from the curve fitting analysis
(see Experimental Section, Figure 7, and the Supporting Information).
bCalculated values were based on the energy the XCH calculated
transition with the greatest oscillator strength for a given feature. cThis
transition was not resolved in the experimental spectrum. dBecause
orbital mixing in (BDI)AlH2 resulted in a large number of bound-state
Al 1s → a1* transitions, this given value is estimated.
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simulations for s- and p-block inorganic complexes and organic
ligands.108,117−119 Simulations performed on entire unit cells
and on individual molecules showed excellent agreement in the
pre-edge region; the spectra for individual molecules were
deconvoluted into their directional components and are
presented in Figure 6. As explained in the Experimental
Section, in order to facilitate comparison to experiment, each
calculated spectrum has been shifted rigidly along the energy
axis by matching the energies of the most intense features in the
calculated and experimental spectra. The total calculated
spectrum and directionally-dependent components showed
good qualitative agreement with the experimental data and
results from the curve fitting analyses, respectively. To facilitate
assigning spectral features to excited states associated with
specific orbitals, these calculations were also used to generate
isosurface plots of the final state electronic orbitals that
corresponded to each transition. Figure 7 provides plots of the
final state orbital isosurfaces that corresponded to the most
significant transitions in the (BDI)Al, (BDI)AlR2 and
(BDI)AlX2 spectra.
(BDI)Al and (BDI)AlR2 Complexes. For (BDI)Al, two distinct

features were observed in the experimental spectrum at
1559.8(2) and 1561.7(2) eV whose intensities decreased
significantly when the polarization vector was rotated to 90°
(Figure 8). Comparison with the XCH calculations suggested
that these features corresponded to transitions into the b1* and
b2* orbitals, respectively. The Al 1s → b1* transition for
(BDI)Al is significantly lower in energy than the lowest energy
feature that was previously reported at 1561.2 eV for
[(C5Me5)Al]4 (Al 1s → t2*),

120 which may reflect the

differences in ligand, geometry, or the presence of Al−Al
bonds, and may be correlated to differences in the determined
Lewis acidity of these compounds.42,121 The calculations also
indicated that a weak transition into the a1* orbital occurred at
1560.9 eV. However, because Al 1s → Al 3s transitions are
dipole forbidden, the a1* transition intensity resulting primarily
from hybridization effects was predicted to be low and was not
resolved in the experimental spectrum.
In contrast to (BDI)Al, which exhibited multiple sharp pre-

edge features, fewer features stood out in the Al K-edge
spectrum of (BDI)AlH2. One broad and asymmetric feature
was observed near 1562 eV, and after rotating the polarization
vector another feature was resolved at higher energy near 1564
eV. The asymmetric feature near 1562 eV was modeled with
two functions at 1561.9(2) and 1562.8(2) eV, while the higher
energy feature was modeled with one function centered at
1564.5(2) eV. As described for (BDI)Al, the calculations
ascribed the low-energy feature centered near 1561.9(2) eV and
the high-energy feature at 1564.5(2) eV to transitions from the
Al 1s core level to orbitals with b2* and b1* character,
respectively. In addition, the function at 1562.8(2) eV was
assigned to a transition into an orbital with a1* character.
The experimental (BDI)AlMe2 spectra contained several

features that were modeled with three well-resolved functions
at 1560.8(2), 1562.4(2), and 1563.0(2) eV and one broad
function at higher energy near 1564.3(2) eV. The polarization
study and XCH calculations revealed that the transitions
corresponding to the functions at 1560.8(2) eV and 1563.0(2)
eV were polarized perpendicularly to the transitions corre-
sponding to the functions at 1562.4(2) and 1564.3(2) eV (See

Figure 7. Isosurfaces of the excited states corresponding to the transitions with the greatest oscillator strength for a given feature calculated using the
XCH approach.
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Table 3 for XCH values). Examination of the calculated
isosurfaces for each of the final state orbitals corresponding to
the functions at 1560.8(2) and 1563.0(2) eV indicated that
both were best described as having b2* character (y-polarized).
This splitting was not predicted from the simple group theory
model for (BDI)AlR2 derived in C2v symmetry, and the
calculations indicated that it was caused by breaking of
symmetry in the x-direction as the AlMe2 fragment sat above
the plane of the BDI ligand. This facilitated a non-negligible σ-
type interaction with the BDI ligand that was not observed for
(BDI)Al or (BDI)AlH2. The slight underestimation of the
splitting between the two b2* features is attributed to the use of
the semilocal GGA functional within the XCH approach. At
higher energy, the functions at 1562.4(2) and 1564.3(2) eV
were ascribed to two orbitals having a1* character (z-polarized),
resulting from mixing between Al 3s and 3p orbitals and the
BDI backbone. The simulated spectra also showed two Al 1s→
a1* transitions: one weaker transition centered at 1562.1 eV
and another with greater intensity at 1564.0 eV. Al 1s → 3s

transitions are dipole forbidden, and the isosurfaces in Figure 7
suggested that this difference in relative intensity may reflect a
smaller amount of Al 3p character in the lower energy a1*
orbital. Finally, the calculations indicated that transitions to the
b1* orbital (x-polarized) were not resolved as distinct peaks in
the experimental spectra, as a possible consequence of the
strongly destabilizing interaction between the Al px orbitals and
Me ligands.

(BDI)AlX2 Complexes. At first glance, the experimental Al K-
edge XANES spectra for the (BDI)AlX2 complexes resembled
the spectra observed for (BDI)AlMe2, in that they contained
one intense, asymmetric feature at higher energy and one
weaker feature at low energy (resolved as a shoulder in the
(BDI)AlCl2 spectrum). The spectrum for (BDI)AlF2 was
modeled with three functions, and changing polarizations
indicated that the function at 1565.6(3) eV was polarized
perpendicularly to two functions at 1564.1(2) and 1566.3(2)
eV. As described for the (BDI)AlMe2 complex, the XCH
calculations ascribed the well resolved function at 1564.1(2)
and the broader function at 1566.3(2) eV to transitions into
orbitals with a1* character resulting from mixing between Al 3s
and 3p orbitals and the BDI and F ligands (z-polarized).
Relative to (BDI)Al and the (BDI)AlR2 compounds, the
simulated spectra and calculated isosurfaces suggested that both
Al 1s to a1* transitions were allowed for (BDI)AlF2 due to
enhanced Al 3s and 3p hybridization. The calculations also
suggested that the main feature was comprised of two closely
spaced transitions with maxima at 1565.4 and 1565.6 eV,
respectively. The calculated isosurfaces indicated that the
transition at 1565.4 eV corresponded to a b1*-type orbital
that was Al−F σ-antibonding, while the slightly higher energy
transition at 1565.6 eV was assigned to a transition into a b2*-
type orbital that was Al−F π-antibonding. These transitions
could not be separately resolved in the experimental spectra,
and incorporating additional pseudo-Voigt functions into the
curve fitting models resulted in energies with large errors.
No significant polarization dependence was observed in the

experimental spectra of the remaining halides because the
individual molecules of (BDI)AlI2 and (BDI)AlCl2 are not
oriented along crystallographic axes within the unit cell.
However, each of the XCH calculations supported an
interpretation that was analogous to that described for the Al
K-edge XANES of (BDI)AlF2. For example, the lowest energy
functions at 1563.7(2) eV for (BDI)AlCl2 (shoulder) and
1562.5(2) eV for (BDI)AlI2 were ascribed to transitions into
a1*-type orbitals derived from hybridization between the Al 1s
and Al 3pz. Moving to higher energy, two closely spaced
transitions into orbitals of b1* and b2* symmetry were
predicted and assigned to the functions at 1563.7(2) and
1564.2(2) eV for (BDI)AlI2 and 1565.0(2) and 1564.2(2) eV
for (BDI)AlCl2, respectively.

■ DISCUSSION
Spectral features at the K-edge for first-row transition metals
often follow Kunzl’s law, in which 1s → 4p transition energies
increase with decreases in the 3d-orbital occupation of the
absorbing metal atom.64 In principle, relative changes in the 1s
→ 3p transition energies recorded at the Al K-edge can also be
used to evaluate differences in valence orbital occupation for
the (BDI)Al, (BDI)AlR2, and (BDI)AlX2 complexes. However,
because the Al 3p-orbitals participate in bonding directly,
significant differences in the relative order and composition of
the unoccupied molecular orbitals are observed with different

Figure 8. Al K-edge XANES spectra (STXM) experimental data for
(BDI)Al at perpendicular light polarization settings (black circles).
Pseudo-Voigt functions used to model pre-edge features (blue and
green traces), step-function used to model the edge (dashed gray
trace), and pseudo-Voigt functions used to model postedge features
(solid gray traces) summed to generate the curve fits (red traces). The
inset shows the pre-edge features over a smaller energy range with the
final state orbital labels corresponding to the transition assigned to
each feature. Refer to the Supporting Information for plots of the
curve-fitting analysis for (BDI)AlF2, (BDI)AlCl2, (BDI)AlI2, (BDI)-
AlH2, and (BDI)AlMe2.
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geometries and ligand environments. Hence, it is necessary to
compare the energy of “isolobal” transitions to final state
orbitals that have similar orbital compositions and symmetries
within a molecular orbital framework. In notation adopted for
the simplified C2v symmetric representation, transitions to the
Al py orbitals that have b2* symmetry meet this criterion and
are observed for all six analytes. Because these orbitals are
orthogonal to the Al−R and Al−X bonds and are strictly
nonbonding with respect to the R1− ligands, they are more
likely to reflect changes in Al electron density or bonding with
the BDI supporting ligands.
For (BDI)AlX2 complexes, Al 1s → b2* transitions are

observed in the experimental Al K-edge XANES spectra at
increasing energies such that (BDI)AlF2 > (BDI)AlCl2 ≈
(BDI)AlI2 (1565.6(3), 1564.2(2), and 1564.2(2) eV for X = F,
Cl, and I, respectively). The XCH calculations support this
trend, predicting Al 1s → b2* transitions centered at 1565.6,
1564.9, and 1564.0 eV for X = F, Cl, and I, respectively. Halide
ligand π-donation is expected to destabilize the b2* orbital and
increase the energy of the corresponding Al 1s → b2*
transition. However, examination of the isosurfaces provided
in Figure 7 shows that the b2* orbitals had more halide
character for (BDI)AlCl2 and (BDI)AlI2 and approach Al−F
nonbonding for (BDI)AlF2. Hence, the data suggest that the
increase in energy of the Al 1s → b2* transitions for (BDI)AlF2
is correlated to the increasing electronegativities of the halide
ligands. Along these lines, the Al 1s → b2* transition for
(BDI)AlMe2 decreases further to 1563.0(2) eV, which is in
agreement with the group electronegativity of 2.3 that is
ascribed to Me1− ligands.122

Figure 9 plots values for the experimental Al K-edge
transitions associated with final state orbitals of a1, b1, or b2

parentage in C2v symmetry relative to Pauling electro-
negativities (4.0, 3.0, and 2.5 for F, Cl, and I, respectively).62

Each of the transitions to a1* (Al−L σ), b1* (Al−L σ), or b2*
(Al−X π, Al−R nb) final state orbitals shows a trend toward
higher energies when more electronegative ligands are
incorporated. Hence, the effects of metal−ligand bonding can

be accounted for by comparing “isolobal” final states within a
molecular orbital framework, which shows that core Al 1s
orbital stabilization due to changes in metal electron density
plays a significant role in the Al K-edge XAS. This phenomenon
has been observed frequently in metal K-edge XANES spectra
for d-block transition metals. The shifts in energy have been
attributed to metal valence electrons becoming attracted to
more electronegative ligands, which effectively decreases the
electron density on the metal center and stabilizes the
remaining core and valence electrons.26,63 The generality of
this trend for each of the (BDI)Al, (BDI)AlX2, and (BDI)AlR2
compounds and for all of the final state orbital symmetries
indicates that the Al K-edge XANES transition energies are also
driven by changes in electron density at aluminum. In some
cases, the range in transition energies can be substantial. For
example, the Al 1s → b2* transition energy for (BDI)AlF2
compound is 2.6(3) eV higher in energy than the
corresponding transition for (BDI)AlMe2, suggesting that
significant differences in electron density around the aluminum
can occur.
For (BDI)Al, an Al 1s → b2* transition is observed in the Al

K-edge XANES spectrum at 1561.7(2) eV. Despite having
different spectral profiles, the curve-fitting analysis suggests that
the energy of the Al 1s→ b2* transition is within error of the Al
1s → b2* transition observed at 1561.9(2) eV for (BDI)AlH2.
In addition, the XCH calculations predict very similar Al 1s →
b2* transition energies of 1561.6 and 1561.9 eV for (BDI)Al
and (BDI)AlH2, respectively. Compared with the higher energy
Al 1s → b2* transitions observed for (BDI)AlMe2 and the
(BDI)AlX2 compounds, the close correspondence between
these transitions suggests that the nominal charge at Al and
bonding with the BDI supporting ligands is similar for (BDI)Al
and (BDI)AlH2, despite having very different formal charges of
+1 and +3, respectively. To further explore this surprising
result, the Al 1s core-level binding energies as well as the
unoccupied Al projected density-of-states were analyzed in both
complexes. The Al 1s → b2* X-ray transition energy can be
decomposed into a noninteracting term equal to the difference
in the 1s and b2* single-particle energy levels and an exciton
binding energy. Differences in the Al 1s core-level binding
energies are expected to reflect changes in the local electron
density environment around the Al atom, while differences in
the energy position of the b2* orbital in the unoccupied
manifold should indicate changes in Al bonding to the ligands.
The Al 1s core-level binding energies in the two complexes
were determined from pseudopotential DFT total energy
differences. The Al 1s core-level binding energy in a molecular
complex ε1s

mol is given by

ε = − − − + ΔE E E E{[ ] [ ]}1s
mol

FCH,PP
mol

GS,PP
mol

FCH,PP
atom

GS,PP
atom

CL

where EFCH,PP
mol , EGS,PP

mol , EFCH,PP
atom , EGS,PP

atom represent pseudopotential
based total energies of the Al 1s core-ionized molecular ion, the
molecular ground state, an isolated 1s core-ionized Al ion, and
an isolated Al atom in the ground state, respectively, while ΔCL
represents a fixed empirical energy calibration term consistent
with the rigid shift Δ applied to the XANES spectrum of
(BDI)Al. The abbreviations FCH, GS, PP, and CL stand for full
core−hole, ground state, pseudopotential, and core level,
respectively. Similarly, the single-particle energy of the b2*
orbital εb2* was approximated as

ε = − + ϵ − ϵ* *EA ( )b b
KS

LUMO
KS

2 2

Figure 9. Comparison of the experimental Al K-edge XANES
transition energies (eV) from Table 3 and the relative aluminum
and ligand electronegativities (χL − χAl). Calculated transition energies
were used in instances when the transitions were poorly resolved in
the experimental spectra (see Table 3).
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where EA is the electron affinity determined in a ΔSCF
calculation, and ϵb2*

KS, ϵLUMO
KS are the ground-state Kohn−Sham

eigenvalues of the b2* and LUMO orbitals, respectively. The
calculated Al 1s and b2* single-particle energies are shown in
Table 4, and the unoccupied ground-state DOS as well as the
ground-state isosurfaces for the lowest b2* state are presented
in Figure 10.

Remarkably, both the Al 1s core-level and unoccupied b2*
single-particle energies in (BDI)Al and (BDI)AlH2 are similar,
differing by no more than 40 meV, in spite of the very different
formal charges on Al. Test calculations employing hybrid-DFT
functionals (not shown) confirmed the robustness of this result
with respect to DFT functional. The calculations therefore
support the experimental results and the interpretation that the
ligand field environment induces similar charges for the
aluminum atoms in both (BDI)Al and (BDI)AlH2. This finding
is consistent with the generally accepted model that main group
elements form covalently bonded hydrides, relative to
transition-metal hydrides that can have either more hydridic
or more protic character.123 Additional spectroscopic and
theoretical experiments that directly probe the core-state
binding energies in (BDI)Al, (BDI)AlX2, (BDI)AlR2 and
other aluminum coordination compounds are needed to test
the limits of this interpretation.

■ SUMMARY AND CONCLUSIONS
The application of X-ray spectroscopies to probe electronic
structure in main-group coordination compounds represents a
long-standing experimental challenge. The results of this study
show that polarized Al K-edge XANES spectroscopy combined
with theory can be used to identify experimental trends that
support a detailed picture of σ- and π-bonding interactions

between the aluminum metal and associated ligands. Pre-edge
features associated with transitions involving the three Al 3p
orbitals were observed in the polarized Al K-edge XANES
spectra of (BDI)Al, (BDI)AlX2, and (BDI)AlR2 (X = F, Cl, I; R
= H, Me) and were assigned with the aid of XCH calculations.
Metal−ligand bonding played a significant role in establishing
the relative energies and ordering of molecular orbitals probed
by the 1s → 3p transitions; significant differences were
observed depending on the σ- and π-bonding abilities of the
X1− and R1− ligands.
By comparing transitions into excited states with similar

orbital compositions and symmetries within a molecular orbital
framework, it was possible to identify differences in core orbital
energies and valence orbital occupation across the series of
(BDI)Al, (BDI)AlR2 and (BDI)AlX2 complexes while account-
ing for changes in the ligand environment. The observed
transition energies primarily reflected a change in the electron
density on Al in the presence of ligands with different
electronegativities. This analysis indicated that the charge
distribution on aluminum in (BDI)Al was nearly identical to
the charge distribution on (BDI)AlH2, despite having very
different valence orbital occupations and formal oxidation states
of +1 and +3, respectively. However, (BDI)Al also exhibited a
low-energy feature that was attributed to a transition into an
unoccupied b1* orbital, which is best described as a vacant, low-
energy Al 3p-orbital that is orthogonal to the (BDI)Al plane.
This has important implications for the novel reactivity of
(BDI)Al and is a distinguishing aspect of the electronic
structure of (BDI)Al relative to (BDI)AlX2 and (BDI)AlR2.
The combination of theory and XANES spectroscopy in this
instance provided insight regarding the nature of Al σ- and π-
bonding in specific molecular orbitals that could not be
obtained from 27Al NMR spectroscopy or analysis of metrical
parameters obtained by single-crystal X-ray diffraction.
However, Al K-edge XANES spectroscopy could become a
powerful complement to 27Al NMR, which is also sensitive to a
range of factors including formal charge and the nature of
bonding ligands, their geometry, and coordination num-
ber.21−23,124,125 Studies on a wider range of aluminum
molecules and extended solids are needed to explore possible
correlations between observables provided by the two
techniques.
Whereas first-row transition metals can adopt a range of

oxidation states under normal conditions, the Al3+ + 2e− → Al1+

reduction generally requires strong chemical reducing agents.
These studies support the recently observed reversible hydride-
transfer reactivity between the (BDI)Al and (BDI)AlH2
complexes and justify the accessibility of two-electron reductive
elimination pathways at aluminum centers.49,50 This work may
impact efforts to destabilize or regenerate aluminum hydrides,
which are utilized as reducing agents and hydride sources
during organic transformations126 and as media for hydrogen
storage.127−130 Additional studies to assess the utility of Al K-
edge XANES spectroscopy in other hydride systems are
underway.
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Table 4. Single-Particle Energies of the Al 1s Core Levels
(ε1s

mol) and Unoccupied b2* Orbitals

ε1s
mol (eV) εb2* (eV)

(BDI)Al −1564.26 1.960
(BDI)AlH2 −1564.30 1.994

Figure 10. Total (gray) and Al projected (red, blue) unoccupied
density-of-states and ground-state orbital isosurfaces for the lowest
single particle b2* state for (BDI)Al and (BDI)AlH2 complexes.
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Cluster Sci. 2007, 18, 319.
(24) Cowley, A. H.; Gabbai, F. P.; Isom, H. S.; Decken, A. J.
Organomet. Chem. 1995, 500, 81.
(25) Weiss, J.; Stetzkamp, D.; Nuber, B. Angew. Chem., Int. Ed. 1997,
36, 70.
(26) Gorden, J. D.; Voigt, A.; Macdonald, C. L. B.; Silverman, J. S.;
Cowley, A. H. J. Am. Chem. Soc. 2000, 122, 950.
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Mössmer, C.; Törnroos, K. W.; Anwander, R. Angew. Chem., Int. Ed.
2012, 51, 4461.
(29) Ahlrichs, R.; Horn, H.; Ehrig, M. Chem. Phys. Lett. 1991, 183,
227.
(30) Fink, W. H.; Power, P. P.; Allen, T. L. Inorg. Chem. 1997, 36,
1431.
(31) Kormos, B. L.; Cramer, C. J. Inorg. Chem. 2003, 42, 6691.
(32) McKenzie, I.; Percival, P. W.; Clyburne, J. A. C. Chem. Commun.
2005, 1134.
(33) Landis, C. R.; Weinhold, F. J. Am. Chem. Soc. 2006, 128, 7335.
(34) Grant, D. J.; Dixon, D. A. J. Phys. Chem. A 2006, 110, 12955.
(35) Caputo, C. A.; Power, P. P. Organometallics 2013, 32, 2278.
(36) Haaland, A.; Shorokhov, D. J.; Volden, H. V.; Klinkhammer, K.
W. Inorg. Chem. 1999, 38, 1118.
(37) Klemp, C.; Bruns, M.; Gauss, J.; Haüssermann, U.; Stösser, G.;
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H. Angew. Chem., Int. Ed. 2009, 48, 8141.
(41) Zhang, X.; Wang, H.; Collins, E.; Lim, A.; Ganteför, G.; Kiran,
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