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Geometric and Electronic Structure of the Aqueous Al(H,0)s*t Complex
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The bonding environment of the aqueous Al(H,O)s** complex was studied using X-ray absorption near-edge
structure (XANES) spectroscopy at the Al K-edge, with spectral interpretations based on density functional
theory (DFT). Calculations for a highly symmetric complex (7, symmetry) indicate electron transitions into
Al 3p—O0 2s and Al 3 p—O 2p antibonding orbitals, with a split O 2p contribution that appears to be due to
a weak s-interaction of the Al 3p orbitals with water ligands off-axis (equatorial) with respect to the Al 3p
axis. Calculations were performed with several hypothetical structures to assess the effects of Al—O bond
length, orientation of water ligands in the first coordination shell, and the presence of a second solvation shell
on the XANES spectrum. Similar transitions were observed in all of these cases, but with further splitting on
addition of 12 solvation waters, inward tilting and random twisting of the water ligands, and nonuniform
Al—O bond lengths. Although it was previously hypothesized that the broadness of the XANES spectrum for
this complex is due to an asymmetric geometry, these results illustrate how an Al(H,O)¢*" geometry that is
octahedral (0O,) with respect to the AlI—Og core could produce the broad spectrum observed. Because geometric
distortions would affect relative Al—O bond strengths, an understanding of the equilibrium AI(HO)¢** geometry

is prerequisite to a quantitative description of reaction chemistry, including acidity and ligand exchange.

Introduction

Aluminum (Al), despite its ubiquity in the environment, is
not an essential element for any organism. In the dissolved form,
it poses a toxicity risk to plants and fish.!™* It is also a well-
established neurotoxin in humans, playing a direct role in
dialysis encephalopathy,® and a suspected role in amyotrophic
lateral sclerosis/parkinsonian dementia complex (ALS/PDC) of
Guam®’ and potentially Alzheimer’s disease.® Though the
toxicity risks of Al are balanced by its limited bioavailability
at neutral pH, acidic conditions leading to Al dissolution may
exist in environments exposed to acid rain, under highly
oxidizing conditions such as in mine tailings,!? or in deforested
areas with high nitrification rates.!! Once released into solution,
Al speciation is often difficult to predict. In its simplest form,
dissolved Al may be present as one of the mixed aqua/hydroxo
complexes. Al(H,O)¢*" and Al(OH),~ are the most soluble
complexes, present at low and high pH, respectively. Complex-
ation with organic molecules and inorganic ligands (e.g., F)
and the formation of quasi-stable polymeric species retain Al
in bioavailable forms, even on return to neutral pH. Speciation
is a particularly important factor in toxicity, as some forms
appear to be more toxic than others.>%13

A detailed understanding of the behavior of Al in the
environment and in biological systems requires knowledge of
the various Al species present under different conditions, as well
as a detailed understanding of their molecular and electronic
structures. This is particularly true for the Al(H,O)¢>" complex,
as it is the highly soluble precursor to many of the chemical
forms mentioned above. The influence of hydration structure
on the chemical behavior of this complex is well-recognized
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and has been the subject of numerous ab initio studies.'*~>

Experimentally, the 6-fold coordination of the complex has been
confirmed using 70O and ?’Al NMR methods,?*” and an average
Al—O bond length of 1.90 A in solution was obtained using
X-ray diffraction.?®? However, experimental verification of the
detailed coordination geometry and electronic structure of this
complex is lacking.

X-ray absorption near-edge structure (XANES) spectroscopy
at the Al K-edge can provide additional details on the bonding
environment of Al complexes and has been used extensively to
study Al coordination in minerals.3~#> For solution-phase
complexes, XANES spectroscopy has the potential to reveal
important electronic structure details with fewer complications
from single- and multiple-scattering features compared to solid
XANES. To the authors’ knowledge, however, only two other
aqueous-phase Al XANES reports currently exist in the
literature. These studies, published by Matsuo et al., present
XANES spectra and discrete variational Xa (DV-Xa) calcula-
tions on the Al(H,O)s*" and AI(EDTA)~ complexes.*** On
the basis of a comparison of experimental and calculated
XANES spectra, the authors predicted the equilibrium config-
uration of the AI(H,0)s*" complex in solution to be highly
asymmetric,*>* though ab initio geometry optimizations are
more consistent with a symmetric equilibrium geometry.'6-23.24
This distinction is important, as an asymmetry in geometry
would imply unequal Al—O bond strengths, which would impact
the water exchange rate, acidity, and ultimately the reactivity
of the complex.

In this study, we present aqueous Al XANES spectra for the
Al(H,0)¢>* complex, along with spectral interpretations based
on density functional theory (DFT) calculations. Insights into
the electronic structure of this complex are gained through
comparisons of calculation results for a series of hypothetical
Al(H,0)s>" geometries, which are based on the reported ab
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initio-optimized geometries and include the effects of water
ligand orientation, bond length variation, and the presence of
second-shell solvation waters. This analysis provides a modified,
in-depth interpretation for the Al(H,O)¢*" XANES spectrum
and its structural implications.

Experimental Section

Materials and Sample Preparation. Hydrated Al chloride,
nitrate, and sulfate salts were purchased from Sigma-Aldrich.
Aqueous Al samples were prepared using deionized water
Milli-Q, 18 MQ resistivity) and were stored in acid washed
plastic vials to avoid silicate contamination from glass. Alu-
minum solutions for spectroscopy were prepared through
dilution of 100 mM stock solutions. Acid addition was
performed using a stock HCI solution to yield the final desired
Al concentration and pH (pH 0.4—3.6). X-ray analyses were
typically performed between 1 and 24 h after sample preparation.
pH values were measured between 0.4 and 3.6 using an Orion
model 525A pH meter with Orion PerpHecT ROSS Model 8203
and Orion 9107BN pH electrodes.

X-ray Absorption Spectroscopy. Al K-edge XANES spectra
were collected on the Molecular Environmental Sciences (MES)
beamline 11.0.2 at the Advanced Light Source, Lawrence
Berkeley National Laboratory (Berkeley, CA). Bulk aqueous-
phase spectra were collected in fluorescence mode in a 1 atm
He environment in the modified Soft X-ray Endstation for
Environmental Research (SXEER-2).*> Samples were held either
in an open-faced soda straw, which permitted spectral collection
at the air—water interface, or in a liquid sample cell fitted with
a 100 nm thick SizNs window. A GaAsP photodiode and a
photomultiplier tube (PMT), both obtained from Hamamatsu
Corporation, were alternately used for fluorescence detection.
The PMT was outfitted with a phosphor scintillator for detection
of X-ray photons.

Spectra were collected from 1550 to 1600 eV, with step sizes
of 0.2 eV in the edge region (1560—1573 eV or greater) and
0.5 eV below and above the edge. Baseline correction and
postedge normalization were performed simultaneously by fitting
straight lines to the spectra below and above the edge, then
rescaling the spectra such that the slopes of the lines were zero
and the pre and postedge line intercepts were O and 1,
respectively. For energy calibration, a spectrum was collected
in fluorescence mode on the polished surface of a single-crystal
corundum sample (o-Al,O3, Union Carbide Crystal Products).
The crystal surface was oriented normal to the incident beam,
with the detector placed at a 90° angle from the incident beam
(i.e., grazing, near-parallel view of the crystal surface) to
minimize self-absorption effects in the fluorescence spectrum.
Energy calibration involved shifting the first XANES peak in
the corundum spectrum to 1567.5 eV.*> Normalization, energy
calibration, and spectral subtractions were performed using
WinXAS* and Microsoft Excel.

Calculation of X-ray Absorption Spectra. X-ray absorption
spectra were calculated using the Stockholm-Berlin (“StoBe-
deMon,” or “StoBe”) software package,*’ a DFT based program,
using the gradient corrected exchange functional of Becke*® and
correlation functional of Perdew* (see also Triguero et al.>
for more theoretical details). Two effects in particular must be
accounted for when calculating X-ray spectra: energy level shift
upon removal of an electron from the 1s orbital (relaxation
energy) and the probability of transition between a given pair
of orbitals (oscillator strength). The relaxation energy is dealt
with in StoBe using the Slater transition-state method,>! which
involves explicitly defining a half-electron occupation in the
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a-1s orbital. Oscillator strengths are calculated using the
transition-potential approach.’® To accurately model the postedge
continuum-state transitions, StoBe employs a double-basis set
technique, which involves inclusion of an additional set of
diffuse basis functions (e.g., refs 52 and 53).

The calculated transition energies and oscillator strengths can
be convoluted with Gaussians to produce a synthetic X-ray
spectrum. In the default StoBe routine, the peak areas of the
Gaussians are fixed by the oscillator strengths, and the peak
widths are freely adjusted. In this work, the widths were adjusted
in attempts to reproduce experimental spectra. To minimize the
number of free parameters, only two peak width and two energy
values are specified. Below the first energy value (E;), a
constant, relatively narrow width (w;) is used. E; is typically
chosen such that w; is used in the first part of the near-edge
region. The second peak width value (w») is used above the
second energy value (E>). A broad value is chosen for w, such
that the discrete post edge transitions yield a smooth profile
past the edge. Between E; and E,, the peak width varies linearly
between w; and w, values, making the peak width continuous
as a function of energy. For each transition, the StoBe program
also outputs spatially resolved information on the molecular
orbital densities, which are viewed using the program Molden.>*
The electron density images can be used to gain a qualitative
picture of the types of atomic orbitals involved in bonding but
do not yield quantitative information on the relative proportions
of atomic orbitals involved in a particular bond.

The ionization potential was recalculated as the difference
in total energy between the ground-state and fully ionized
complex, i.e., between structures with Al o-1s orbital occupa-
tions of 1 and 0, respectively.” The energy scale for the
calculated XANES transitions was recalibrated by shifting the
ionization potential of the half-electron o-1s occupied complex
to this new value. For the Al-edge calculations performed in
this study, this shift varied between —2.49 and —2.85 eV.
Aligning the spectra with experiment involved an additional shift
of between —11.5 and +4.7 eV depending on the orbital basis
sets used. The magnitude of these energy shifts is not critical
in this study, however, because our analysis is focused on
relative energy differences among transitions and how they
change with geometry and basis set.

Most calculations were performed using the IGLO-III basis
set on all elements.*® This basis set is commonly used in X-ray
absorption studies to account for core relaxation of the excited
element (e.g., refs 52 and 57). For comparison with IGLO-III
results, other basis sets available in the StoBe database (version
6) were also used. These included the DZVP, DZVP-2 (modified
DZVP), and TZVP basis sets on O, H, and Al with field-
induced polarization functions included in the TZVP basis set
for O and H,* as well as the Lie and Clementi basis sets on O
and H.%° Using different basis sets on Al required different
energy shifts to align the calculated and experimental results,
with the IGLO-IIT Al basis set yielding results closest in energy
to experiment. Due to a maximum limit on the number of orbital
Gaussians allowed in the Windows version of StoBe, the
Al(H,0)6>* calculation with explicit second-shell waters could
not be run with the full IGLO-III basis set. For this calculation,
IGLO-II was used on Al, and DZVP was used on O and H.

Results and Discussion

Aqueous Al XANES Spectra. It is well-established from
NMR and X-ray diffraction measurements that the Al in the
fully protonated aqua—Al complex is strongly bound to six water
molecules in an octahedral geometry.?6~2° The XANES spectra
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Figure 1. Al K-edge X-ray absorption spectra of 20 mM A" salt
solutions. Spectra a—c were collected on unacidified solutions (pH
~3.6), and spectra d and e were collected on solutions acidified with
HCI. Spectra are the average of multiple scans, with the noisier spectra
composed of fewer scans.

collected on aqueous Al solutions at and below pH 3.6 (Figure
1) are consistent with this proposed coordination number and
geometry, based on comparison with XANES spectra of
minerals containing Al in 6-coordination. Published XANES
spectroscopic studies of numerous Al-oxides and clays, includ-
ing corundum, diaspore, boehmite, kyanite, montmorillonite,
kaolinite, and several others, place the first main 6-coordinate
Al XANES feature between 1567.5 and 1569 eV (e.g., refs
30—42, see also references therein), whereas 4-coordinate Al
(albite, natrolite, berlinite, sillimanite) yields a feature at lower
energy near 1566 eV.3*3 XANES spectra collected in our
endstation on various mineral phases, including corundum,
gibbsite, and andalusite, are consistent with these results. The
first peak in the aqueous Al XANES spectrum occurs at 1569.2
eV. Although this value is slightly higher than the typical range
observed for octahedral Al in the solid phase, it is considered
to be consistent with 6-coordination.

XANES spectra a, b, and c in Figure 1 were collected on 20
mM AICI3, AI(NO3)3, and Alx(SO4);3 salt solutions without pH
adjustment. At 20 mM total Al, the Al(H,0)¢>" complex buffers
the pH to ~3.6 via deprotonation, while remaining the dominant
species in solution. Speciation calculations performed using the
stability constants of Martell and Smith®! indicate that over 98%
of the Al is in the form of Al(H,O)s*" for these solution
conditions, with the remaining 1—2% present as the singly
deprotonated species AIOH>" (pK, = 5.0) and various poly-
meric species.*> The Al(H,O)s*" proportion becomes greater
as the pH is lowered. To ensure that polymeric species had no
effect on the Al(H,O0)s>"™ XANES spectrum, data were also
collected on solutions acidified with HCI to pH 2.1 and 0.4
(Figure 1, trace d and e, respectively). No significant differences
are observed between spectra on acidified and nonacidified
solutions. Further, because the solution spectra look identical
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for the three different counterions examined, it is clear that the
counterion has no observable effect on the aqueous Al spectrum
at these concentrations. To rule out Al concentration effects,
spectra were also collected on more dilute solutions (data not
shown). Acidified solutions as low as 5 mM, the lower limit
imposed by detector sensitivity in our experiment, looked
identical to the 20 mM spectra within the noise level. Though
concentration and pH conditions were not specified in their
study, our spectra are also consistent with the aqueous Al(NO3)3
spectrum reported by Matsuo et al. 4344

Calculated XANES Spectra. To understand the molecular
orbitals involved in the aqueous Al XANES transitions, synthetic
spectra were calculated for a number of idealized structures
using the StoBe software package. Results are described in detail
below, first for a highly symmetric structure, followed by
structures that include varying Al—O bond lengths, reorientation
(bending, twisting) of the first-shell water ligands, and addition
of a second-shell solvation layer.

a. Highly Symmetric Structure. Baseline studies were per-
formed on an idealized, highly symmetric Al(H,O)¢>* structure
with 7}, point group symmetry (hereafter referred to as the 7}
complex), shown in Figure 2A. The Al—O bond length of 1.90
A was assigned on the basis of aqueous X-ray diffraction
results.282% The HOH bond length (0.99 A) and bond angle
(108°) were assigned on the basis of Al(H,0)¢*" geometry
optimization calculations and by analogy with Cr(H,O)¢**
neutron diffraction results,%> both summarized by Bylaska et
al.'” Typically, point group symmetry can be exploited in StoBe
to decrease the time required for calculations, but the 7} point
group was not available in StoBe. The calculations were
therefore run using D, symmetry (a subgroup of the ideal T,
symmetry), which was available in StoBe.

To understand the XANES calculations, it is useful to
investigate the ground-state structure of the complex. A sum-
mary of the occupied molecular orbitals and orbital energies
calculated for the T, complex is given in Table 1. A total of 35
filled orbitals (70 electrons) are present in the complex, with
degenerate orbitals grouped into single lines in the table.
Energies are listed for the nondegenerate orbitals of the ground-
state, fully occupied Al 1s complex, calculated in StoBe using
the IGLO-III basis set. These energies have been tabulated
primarily for comparative purposes to illustrate the relative
energy differences between orbitals. The apparent orbital
contributions from Al and H,O are also given, inferred on the
basis of visual inspection of the electron density images obtained
from Molden. The bonding orbitals of the complex are those
that include both Al and H,O contributions. A more complete
table, including energies, symmetries, and electron isodensity
surface plots for each occupied molecular orbital, is included
in Table S1 in the Supporting Information.

The bonding molecular orbitals appear to come from Al 3s,
3p, and possibly 3d orbitals mixing primarily with filled water
2a,; and 3a, orbitals. Electron isodensity surface plots are shown
in Table 1 for the molecular orbitals with Al 3p contributions,
with one of three degenerate orbitals shown for each set.
Aluminum 3p contributions were inferred from the presence of
the inner Al 3p lobes in the isodensity plots; these are largest
and easiest to see in orbitals 25—27, suggesting that this set
has the largest Al 3p contribution. Electron isodensity plots for
all of the bonding orbitals, as well as a more complete
description of how the orbital interactions were inferred from
these plots, are given in Figure S1 (Supporting Information).
Comparison of the isodensity plots for orbitals 19—21 with
25—27 (Table 1) illustrates a difference in phase of the Al 3p
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Figure 2. (A) Geometry of the highly symmetric AI(H,O)s>* complex with T}, point group symmetry. Blue = Al, red = O, and white = H. (B)
XANES spectral transitions (thin vertical bars), ionization potential (gray vertical bar), and synthetic spectrum (solid curve) calculated for the
structure in (A), plotted against the 20 mM aqueous AICl; spectrum (circles). The calculated energies were shifted 4.7 eV to align them with the
experimental spectrum. (C) Electron isodensity plots for the antibonding molecular orbitals corresponding to transitions I—V.

TABLE 1: Occupied Orbitals of the AI(H,0)s*™ Complex with T;, Symmetry

Orbital contributions

Orbital  E(eV)  AIM H,0
T 1 529 s
);;sl»é 27 5259 1a,
i 8 -1220 28
L 3 s 9-11 -840 2p
- 12 407 3s 20,
;1*‘5‘ 13-15 402 3p 2a,
.* 1617 -40.0 2a,
18 283 3s 3a,
1921 281 3p 3a, by
A _ 224 281 1b,
*Q_ — 2521 261 3p 3y, I,
’, 2829 252 3d 3
‘ 3035 224 b,

+ water 3a; bonding orbitals with respect to the 1b; orbitals on
the waters perpendicular to the Al 3p axis (hereafter referred to
as the “equatorial” water ligands). This difference in phase
between Al 3p water 3a; and water 1b; orbitals is strong enough
to cause the 2 eV energy difference between orbitals 19—21
and 25—27 (Table 1). Much of the electron density involved in
Al binding could be expected to come from the nonbonding
1b, electrons on water, but these orbitals are perpendicular to
the Al1—O axis, and hence cannot interact with Al in a ¢ fashion.
It is possible that, although water orbitals are clearly recogniz-
able, some rehybridization is occurring, moving electron density
from the 1b; into the 3a; orbitals for bonding. Similar 1b,/3a;
hybridization was experimentally observed for H-bonding in
liquid water.%?

The XANES calculation results for the 7;, complex are shown
in Figure 2B, including calculated electron transitions (repre-
sented by the thin vertical bars) and the synthetic XANES
spectrum generated from the electron transitions, plotted against
the experimental 20 mM AICl3 spectrum from Figure 1. The
heights of the vertical bars represent the relative oscillator
strength (probability) of each transition. The calculated transi-
tions have been shifted by +4.7 eV to align the synthetic and
experimental spectra. The calculation yields five sets of transi-

tions in the near-edge region, represented by the bars labeled
I—V in Figure 2B, where each bar is a set of three overlapping
Al 1s transitions into degenerate antibonding orbitals. The
synthetic spectrum shown represents the best attempt at
reproducing the experimental spectrum by varying Gaussian
peak widths, which required narrower Gaussians for transitions
I and II than for IV and V. Disagreement between the theoretical
and experimental spectra may largely be due to an underestima-
tion of the oscillator strengths for transitions I and/or II relative
to IV and V. The calculated ionization potential, represented
by the thick gray line at 1584.1 eV in Figure 2B, occurs roughly
10 eV higher than expected, resulting from the unbalanced
positive charge on the complex. As demonstrated below, this
problem is alleviated when solvation waters or point charges
are added in the calculation.

The antibonding orbitals corresponding to transition sets I—V
are displayed in Figure 2C, labeled accordingly, with one of
three antibonding orbitals shown for each transition set. These
orbitals exhibit Al 3p—O 2s and Al 3p—O 2p antibonding
interactions along the Al 3p axes. In the water molecule, both
O 2s and O 2p contribute to the 4a; antibonding orbital.
Although some water 4a; character is visible in the AI(HyO)g>"
antibonding orbitals, particularly in orbitals I and III (Figure
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2C), a description in terms of the O atomic orbitals is more
useful in this context, because separate s and p contributions
are observed.

The antibonding orbitals corresponding to transition set I,
which occurs at 1567.9 eV after calibration (Figure 2B), include
contributions from Al 3p and O 2s atomic orbitals (Figure 2C).
These are most likely the antibonding counterparts of bonding
orbitals 13—15 in Table 1. Antibonding orbitals for transitions
II and III, located at 1569.7 and 1572.1 eV, respectively, both
exhibit Al 3p and O 2p antibonding character along the Al 3p
axes. Off-axis, however, orbital sets II and III exhibit Al 3p—O
2p (water 2b,) i interactions that differ in phase. In orbital II,
the Al 3p and O 2p nodes are in-phase, whereas these nodes
occur out of phase in orbital III. Orbitals II and III are the
antibonding counterparts of the Al 3p bonding orbitals discussed
above (19—21 and 25—27), consisting of Al 3p—water 3a; o
bonds and Al 3p—1b; s interactions. Specifically, the antibond-
ing set II orbitals are believed to correspond to bonding orbitals
19—21, and the antibonding set III orbitals are believed to
correspond to bonding orbitals 25—27, on the basis of the
relative sizes and shapes of the water orbitals (cf. Figure 2C,
Table 1). Relative to 25—27, bonding set 19—21 has larger 1b,
orbital components and more atomic O 2p character over 3ay,
similar to set II. This assignment is also consistent with the
larger Al 3p density observed on bonding set 25—27 and
antibonding set III.

Transitions IV and V also exhibit some Al 3p—O 2p
character, though these are more difficult to interpret. Transition
IV exhibits large clouds of delocalized electron density, but the
electron density on the ligands is much weaker in transition V.
It is possible that the StoBe calculation is overestimating the
oscillator strengths for these sets of transitions, because they
do not appear to be strong contributors in the experimental
spectrum. The tenuous nature of these higher energy transitions
is also suggested by a comparison of calculation results obtained
using different basis sets, shown in Figure 3. In Figure 3a—c,
alternate basis sets were used on all elements, and in Figure
3d—g, alternate basis sets were used on O and H only, as
indicated in the figure. The results obtained with the full IGLO-
IIT basis set are shown again in Figure 3h for comparison.
Overall, the energies and oscillator strengths of transitions I—IIT
exhibit little variation with basis set, with the exception of the
Lie and Clementi basis set calculation, which yields a more
intense, slightly lower energy Al 3p—O 2s transition (Fig-
ure 3d). In contrast, transitions IV and V are highly sensitive
to the choice of basis set, particularly on O and H. For transition
IV, this greater sensitivity to ligand basis set is consistent with
the more diffuse nature of these orbitals (Figure 2). For these
reasons, a greater emphasis is placed in this study on the first
three sets of transitions.

b. Changes in Al—0O Bond Length. Calculations were
performed to assess the sensitivity of the X-ray spectrum to
the Al(H,O)s coordination geometry. In Figure 4a-c, the A1—O
bond lengths were adjusted uniformly while retaining the T,
symmetry of the complex. When the AI—O bond length is
shortened (Figure 4a), the oscillator strength of transitions I and
IT decrease relative to III, indicating a relative enhancement of
the Al 3p + O 2p off-phase interaction discussed above. The
energy difference between transitions II and III increases when
the Al—O bond length is shortened, suggesting that the
interaction of the Al with the off-axis waters becomes stronger
as the waters are brought closer to the Al. The opposite effect
is observed when the Al—O bond length is increased from 1.9
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Figure 3. XANES transitions calculated for the highly symmetric (7)
Al(H,0)¢*" complex using different basis sets. The results from Figure
2 are replotted in (h) with the same 4.7 eV shift. Transitions in (a)—(g)
were recalibrated to the same ionization potential as in (h), 1582.9 eV,
for comparison.

Atw?20A (Figure 4c); the energy difference between transitions
IT and IIT decreases, while the intensity of transitions I and II
increase.

As mentioned above, these transitions are each a set of three
transitions corresponding to degenerate orbitals, and they remain
degenerate when the A1—O bond lengths are varied uniformly.
In Figure 4d, the structure was assigned nonuniform Al—O bond
lengths, with four equatorial bonds of 1.85 A and two axial
bonds of 2.0 A, yielding a structure with an average bond length
of 1.9 A. The structure no longer has 7; symmetry but retains
Dy, symmetry. Although this type of distortion is common in
other octahedral metal complexes, such as Cr(H,O)s*" and
Cu(H,0)¢>™, the effect is most commonly due to incomplete
d-orbital occupation (the Jahn—Teller effect).®* Because this is
not the case for Al, this choice of geometry in our study is
essentially arbitrary. Regardless, the calculation demonstrates
that bond length distortions in the complex can cause a splitting
of the XANES transitions, particularly in transitions II and III.
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Figure 4. XANES transitions calculated for Al(H,O)¢*" structures of varying geometry. In (a)—(d), the A1—O bond length is varied, retaining 7,
symmetry in (a)—(c) and Dy, symmetry in (d). (a) Al—0O length = 1.80 A. (b) AI-0O length = 1.90 A (same structure as in Figure 2). (c) AI-0
length = 2.00 A. (d) Nonuniform Al—O bond lengths; four equatorial bonds of 1.85 A and two axial bonds of 2.0 A. In (e)—(h), water ligands are
reoriented. (e) Same structure as Figure 2. (f) Water ligands tilted inward 30°. (g) Water ligands twisted randomly about the A1—O axis following
30° inward tilt as in (f). (h) Waters oriented as in (g), with nonuniform Al—O bond lengths distributed as in (d). Energies were recalibrated to an

ionization potential of 1582.9 eV (gray vertical line).

The splitting observed in transition III is consistent with the
changes in relative energies observed between structures of
uniform bond length (Figure 4a—c), whereas the splitting of
transition IT would not have been predicted from the uniform
bond length structures.

c. Changes in Water Orientation. In Figure 4e—h, the water
ligand orientation was varied while retaining the octahedral
symmetry of the Al—Og core. Figure 4f shows the spectrum
for a structure in which the water ligands were tilted inward
30° but were not twisted along the A1—O bond relative to the
original T}, structure, shown again in Figure 4e for comparison.
The value of 30° was chosen on the basis of the theoretical
results of Bylaska et al.,'” who obtained average tilt values of
between 25° and 30° in molecular dynamics simulations of the
Al(H,0)6>* complex, in close agreement with the experimental
Cr(H,0)¢*" value of 34° obtained by neutron diffraction.!”-62
In the second structure (Figure 4g), the ligands were first tilted
30° and then twisted along their AlI—O bonds by a random angle,
on the basis of the assumption that this twist angle would be
largely random in solution. The calculation in Figure 4f yields
the same transitions found in the spectrum of the 7} complex,
but some band splitting is observed, particularly in transitions
I and II. This splitting of transitions I—III becomes more extreme
when the waters are twisted about the AI—O axes (Figure 4g),
and still more extreme when these water ligand orientations are
assigned to a structure with nonuniform AI—O bond lengths
(Figure 4h). Loss of orbital degeneracy causes the transitions
to disperse along the energy axis, though distinct clusters are
still observed corresponding to transitions I—III, and possibly
IV at slightly lower energy than before (near 1575 eV).

d. Addition of Second-Shell Solvation Waters. Additional
water molecules were added in the calculations to test the effect

of solvation on the AI(H,O)¢>"™ XANES spectrum. Twelve water
molecules were uniformly positioned in the second shell to yield
an Al—Oy (Al to second-shell oxygen) distance of 4.01 A and
an O;—Oy distance of 2.73 A (see schematic, Figure 5). These
distances correspond to the average values obtained in recent
molecular dynamics (MD) simulations and aqueous XRD results
on the Al(H,0)¢** complex.!”-?® The second shell waters were
oriented such that they form H-bonds with the first-shell waters,
thereby saturating the H-bond donor capacity of the first shell,
consistent with ab initio geometry optimizations and MD
simulations.#16-18.23.25 The structure retains 7 point group
symmetry, with Dy, symmetry used in the calculations. The
second-shell water molecules were added in two separate
calculations: one in which the waters were represented as a series
of point charges, and one in which they were represented as
explicit molecules.

Solvation waters added as point charges were assigned charge
magnitudes of —1.186 and +0.593 on each of the respective O
and H atoms. These charge values are based on ab initio
calculations of the electron “sharing index” and effectively
represent the residual valence of the O and H atoms in the water
molecule.® As point charges, the solvation waters exhibit an
electrostatic influence on the Al(H,0)s*" complex only. The
calculated XANES transitions, shown in Figure 5b, are similar
to the results obtained for the original structure lacking solvation
waters (shown again in Figure 5a) but exhibit two sets of
transitions with Al 3p—O 2s character analogous to transition
I, based on investigation of the molecular orbitals (Figure S2,
Supporting Information). It is not entirely clear why two O 2s
contributions appear with the addition of point charges. The
antibonding orbitals for these transitions suggest that the
difference may again be due to differences in electron density
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Figure 5. XANES transitions (thin vertical bars), ionization potentials
(gray bars), and synthetic spectrum (solid curves) calculated for
Al(H,0)6*" structures in the presence and absence of second-shell
solvation waters, plotted against the 20 mM aqueous AICl; spectrum
(circles). (a) First-shell waters only (same as Figure 2). (b) Twelve
point charge solvation waters. (c) Twelve explicitly defined (electron-
bearing) solvation waters. For the calculation in (c), the DZVP basis
set was used on O and H. Calculation results have been shifted
+4.6—4.7 eV to achieve overlap with experiment. Dashed lines in the
plot are used to connect similar transitions in different structures,
highlighting the transitions that become split. The schematic shows
the placement of the solvation waters.
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on equatorial water ligands, though there is still strictly only
one set of Al 3p—O 2s bonding orbitals (analogous to orbitals
13—15 in Table 1). The slightly asymmetric shape of the O 2s
nodes in the lower energy transition may be indicative of some
O 2s/p rehybridization (Figure S2, Supporting Information),
giving them the more traditional appearance of the water 4a,
orbital.

Addition of the solvation waters as explicit molecules allowed
electron sharing between waters in the first and second shells.
In this case (Figure 5c), no splitting of transition I is observed,
but the intensity of transition I increases relative to transition
III. Two contributions analogous to transition II are present in
this case. However, the weaker of the two, as well as the other
low intensity transitions that have appeared in the near-edge
region, exhibit a relatively large amount of electron density on
the second-shell waters (Figure S3, Supporting Information),
suggesting that these transitions would be weak contributors to
the spectrum, if not artifactual. Taken together, the second-shell
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water results suggest that solvation of the Al(H,0)¢>* complex
may cause some of the splitting responsible for the observed
broadness of the XANES spectrum, in addition to the effects
discussed above. In both solvation water calculations (Figure
5b,c) the intensity of transition I is enhanced relative to II,
making it easier to simulate the spectrum by the Gaussian fitting
procedure. Additionally, the ionization potential in the solvation
water calculations decreases to ~1576 eV, closer to the expected
value in the edge region.

Ab initio geometry optimization calculations have previously
been performed on the Al(H,O)¢’"+(HyO0)1» cluster,!®2325
demonstrating that the 7), symmetric structure assumed for the
second-shell solvated complex in this study is not the minimum
energy geometry. This is apparently because none of the protons
in the 7, structure are involved in H-bond donation. Geometries
that allow H-bond formation between water molecules in the
second shell are energetically more favorable. In particular, two
geometries were obtained in these studies that constitute local
energy equilibria, including one with T symmetry'%2325 and a
slightly lower energy structure with nearly S¢ symmetry.'6->
To investigate the effects of symmetry and second-shell
H-bonding, StoBe calculations were performed on two additional
structures; one with S¢ symmetry, similar to the 7}, structure
described above in which second-shell waters were oriented with
protons outward in a non-H-bonding geometry, and one with
nearly S¢ symmetry in which the second-shell waters were
rotated inward similar to the reported energy-optimized H-
bonding configuration.?’ The results of these calculations are
described in detail in the Supporting Information. Though some
differences are observed between calculations with different
second-shell geometries, the overall effects are similar, including
some splitting of transitions I and III, and an enhanced O 2s
contribution in structures with solvation waters.

Recently, Matsuo et al. also modeled the XANES spectrum
of the aqueous Al(H,O)s>" complex using the discrete varia-
tional Xou (DV-Xa) method.*** Two geometries were consid-
ered in their calculations to investigate the effects of symmetry.
The first was for an octahedral geometry with Al1—O bond
lengths of 1.88 A, O}, symmetry with respect to Al and O, and
water ligands tilted 0° as in the T}, complex above but with an
apparently random twist angle.** The second was for an
asymmetric geometry with six different AlI—O bond lengths
varying between 1.80 and 2.03 A, presumably based on the
crystal structure of solid [AI(H,0)6](NO3)3+3H,0 reported by
Herpin and Sudarsanan.®® The authors observed separate O 2s
and 2p contributions in the near-edge region for both geometries.
However, though multiple peaks were found distributed through-
out the XANES region for the asymmetric complex, only two
distinct sets of transitions spaced ~5 eV apart were observed
for the O;, complex. Believing that these two transitions would
yield features too narrow and distinct in energy to reproduce
the experimental spectrum, the authors hypothesized that the
equilibrium structure of the aqueous complex is asymmetric,
similar to its structure in the nitrate salt. Our results, in contrast,
do not suggest that asymmetry of the complex is a necessary
assumption in reproducing the XANES spectrum. Though
splitting does occur with distortion, the broadness of the
spectrum may be explained by split Al 3p—O 2p transitions
found to be present in a highly symmetric complex. Band
splitting was also observed in our work when water ligands were
rotated along the A1—O axes and when solvation waters were
added to the structure, suggesting that these effects could also
contribute to spectral broadening for a complex exhibiting
octahedral symmetry with respect to the O atoms.
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Summary

X-ray absorption spectra were collected on dilute aqueous
Al solutions in a new soft X-ray endstation to study the
coordination geometry and electronic structure of the Al(H,O)s**
complex. For interpretation of the spectrum, XANES transitions
and synthetic spectra were calculated using the DFT-based
software package StoBe. Calculations performed on a highly
symmetric (7}) structure exhibit one Al 3p—O 2s (transition I)
and approximately four Al 3p—O 2p (transitions II—V) anti-
bonding orbital contributions. The first two Al 3p—O 2p
contributions (II and III), which could be paired with specific
bonding orbitals and were assumed to be the more important
in the near-edge region, appear to be split due to a weak but
significant s-interaction of the Al 3p orbital with the off-axis
water ligands. These transitions are retained in calculations that
tested nonuniform Al—O bond lengths, reorientation of water
ligands (30° inward tilt + random rotation about the AlI—O bond
axis), and addition of second-shell solvation waters, though
further splitting of the transitions was observed. Collectively,
these effects are likely responsible for the observed broadness
of the XANES spectrum for this complex. Addition of the
solvation shell also enhanced the oscillator strength of the low-
energy O 2s contribution, bringing the synthetic spectrum into
closer agreement with experiment. These results therefore
demonstrate that, although geometric distortions are possible,
the XANES spectrum is consistent with an octahedrally sym-
metric complex, as proposed on the basis of ab initio geometry
optimizations. This work illustrates the utility of the XANES
spectroscopy technique in understanding the bonding environ-
ment of aqueous Al complexes and demonstrates the validity
of the StoBe calculations in modeling Al-edge XANES transi-
tions. Work currently in progress includes comparative studies
of Al-aqua/hydroxo and other organic and inorganic ligand
complexes.
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