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Abstract. Curved-wave multiple scattering cluster calculations using the FEFF6 code were successfully used to interpret
experimental Al K edge NEXAFS spectra of various minerals and Y zeolites, starting about 5 ¢V above threshold. The Al
octahedral, tetrahedral and square planar geometries can be easily distinguished from each other utilizing the NEXAFS data. Semi-
empirical molecular orbital calculations were used to interpret the whitelines below 5 eV in the data. A new assignment is given to
the NEXAFS peaks found for Al atoms having a distorted octahedral coordination. Use of NEXAFS for determining the
geometrical conformations of a Y zeolite involving Al atoms with mixed conformational geometry is emphasized. In H*Y zeolite.
separate contributions to the NEXAFS spectra from tetrahedrally and octahedrally coordinated Al atoms are identified. There are
also strong indications for the presence of penta-coordinated Al atoms accompanying the non-framework octahedrally coordinated
Al atoms in the HTY zeolite. We have found that detailed interpretations of the NEXAFS data complement the EXAFS and NMR
results by providing unique geometrical information on the Al coordination.

1. INTRODUCTION

Zeolites are widely used as catalysts and as catalyst supports in industrial processes. Applications can be found in processes
like fluid catalytic cracking (FCC), hydrocracking, paraffin isomerization, aromatic alkylation, ion exchange resins, molecular
sieves, sorbents etc.. Zeolites are open 3-dimensional framework alumino-silicates and can be represented as being derived
from SiO, by replacement of part of the SiO,™ tetrahedra with AlO,” tetrahedra. Charge balance requires the presence of
cations to neutralise the extra negative charge on each aluminum oxide tetrahedron. These cations are not part of the
framework and can easily be exchanged. It is well-known that the aluminum tetrahedral site in acidic zeolites and the
associated hydroxy! protons play a prominent role in many catalytic reactions, the latter as a Bronsted acid. The strength of
this Bronsted acid is affected by several factors, like the presence of alkali and other cations, the silicon to aluminum ratio, the
presence of non-framework aluminum and the structure of the zeolitel,2.

Upon dealumination of zeolite, non-framework octahedrally coordinated aluminum atoms are formed. These non-
framework aluminum atoms can be distinguished from tetrahedrally coordinated (framework) aluminum by conventional AT
NMR data (shifts of 0 ppm and 55-65 ppm for octahedrally and tetrahedrally coordinated aluminum respectively) ?. The total
amount of aluminum at all sites can be determined chemically and the aluminum distribution among the framework and non-
framework aluminum sites can be ascertained from Si” NMR data. However, the distribution determined in this way is in
poor agreement with the intensities of lines observed in conventional Al” NMR spectra. Recent A" MAS NMR data gives
more detail, showing the presence of additional aluminum, visible at a shift of around 30 ppm. However, the nature of this
contribution has not yet been established unambiguously. It has been attributed to distorted tetrahedrally-coordinated non-
framework-aluminum’"s, penta-coordinated non-framework aluminum 6789 and polymeric aluminum structures'®. In addition,
the line at around 60 ppm has sometimes been reported to be a superposition of two signals’. The penta-coordinated Al site
has been suggested to have a trigonal bipyramidal geometry " buta square planar geometry has also been proposed. s

It has been suggested that the extra non-framework (four coordinated and/or penta coordinated) Al sites may play a
role in the catalytic activity since they have potential as Lewis acid centers’ or they may polarize the acidic site, enhancing
acidity'*". Measurements on steamed Y and LZ-210 zeolites show catalytic activity by both framework and non-framework
aluminum sites'. It is reported that in some cases, Y zeolite, in which framework aluminum is completely absent, still shows
catalytic activity'*. Clearly the determination of the local geometry, coordination number, and relative importance of the
framework and non-framework nature of the active aluminum sites in zeolites is important. However, much further work
needs to be done before this task is completed.

In an effort to determine the local structure of the aluminum atom in Y zeolite, previously published NEXAFS data
with different cations, H", NH," and Na" are interpreted in this work. Previous analysis of the EXAFS for these samples
indicated that these three materials have three similar aluminum oxide bond lengths and possess primarily 4-fold (i.e.,
tetrahedrally) coordinated Al sites”.

In this paper we demonstrate the usefulness of NEXAFS data for the determination of the local aluminum
environment in minerals and Y zeolites. We perform curved-wave multiple-scattering calculations using the FEFF6 code and
semi-empirical LCAO-MO calculations (i.e. the AM! approximation using the "HyperChem" code)15 on various clusters
representing the mineral or zeolite. Aluminum oxide clusters with different coordinations will be considered and the




calculated resuits are compared to experimental Al K-edge NEXAFS data from a wide array of aluminum oxide minerals.
From these comparisons, we recognize characteristic features in the spectra arising from the different coordinations. The
coordinations we encounter are the tetrahedral and the octahedral coordinations in addition to square planar aluminum oxide.

Using the characteristic features we observe from the well characterized minerals, we will analyze the NEXAFS
range of the Y zeolite absorption spectra mentioned above. In this analysis, we will use the NMR results, which indicate the
presence of octahedral aluminum oxide in the H'Y zeolite sample. A technique to separate the different contributions in a
NEXAFS spectrum having several distinct coordinations of aluminum oxides is described.

2. CALCULATIONAL METHODS

Curved-wave, multiple-scattering (CW-MS) cluster calculations utilizing the FEFF6 code developed by Rehr and
Albers '*"” were performed in this work. For the first row transition metals and lighter elements, the absolute energy must be
shifted by 0-5 eV for optimum agreement with experiment. Here, the FEFF6 results were optimally aligned with the
experimental data. ’

The input parameters for the theoretical calculations include: the atomic number of each unique atom in the cluster,
the coordinates of each atom in the cluster, the choice of exchange potential (Hedin-Lundquest, Dirac-Hara, or ground state),
the maximum path length, criteria for the path filter which determines the amount of multiple scattering, the Debye Waller
factor and the charge on the ions (only positive integers are allowed by the code, so we used zero in all cases). We employed
the ground state exchange correlated potential, which does not allow for inelastic energy losses. We used a zero imaginary part
in the potential, thus ignoring any lifetime or experimental broadening effects. The maximum path length was set to 8-10 A for
the 1 and 2 shell calculations, and to 15 A for the longer shell calculations. The path filter was chosen to be 2% for the plane
waves and 4% for the curved waves (i.e. the default values) to include all important multiple scattering paths. The Debye
Waller factor was set to be zero.

To better model the highly localized peaks very near or below the edge, which the FEFF6 code is known to
underestimate, we performed LCAO-MO calculations utilizing the AMI semi-empirical hamiltonian, with a standard
- parametrization as provided in the Hyperchem package". Inputs for this code are the geometrical coordinates and the
electronic charge on the cluster. In order to account for the core-hole in the final state of the X-ray absorption transition, which
is reflected in the NEXAFS data, the Z+1 rule'® was utilized; i.e. in the cluster calculations the absorbing atom was assumed to
be a Si atom. The relative NEXAFS intensities are assumed to be equal to the relative atomic populations on this Si atom. The
absolute populations are normalized for best agreement with the experimental data.

3. RESULTS AND DISCUSSION

3.1 Standard spectra of tetrahedral and octahedral coordinations

Experimental Al K-edge NEXAFS data for aluminum oxide compounds with an octahedral coordination, distorted
and non-distorted, are given in Figure 1. These spectra are characteristic for compounds with these structures””.  The
compound (NdAIO;) which exhibits the Perovskite structure has a non-distorted octahedral Al coordination. FEFF6
calculations on an AlOg cluster representing the Perovskite structure and on SiAlMO,s'lo cluster, representing corundum are
also given. Similarities between the FEFF6 results and the experimental spectra can be seen in the relative peak energies and
intensities of the whiteline and the peak around 45-50 eV. The corundum structure has has a distorted octahedral Al site with
two different Al-O bond lengths, namely 1.86 and 1.97A respectivelyzo but only one peak is visible in the 45-50 eV region.
However, the whiteline is slightly broadened and asymmetric compared to the calculated and experimental spectra for the
Perovskite structures. The set of small features around 15-35 eV in the experimental spectra are reproduced in the calculated
spectrum by two broader peaks.

AMI1 calculations for a SiO6°® indicates that the whiteline transition in the Al NEXAFS data for structures exhibiting
the Perovskite structure is a la,—t,, transition. The t,, final state possesses a significant p density of states on the silicon atom.

As established in the literature and seen in the figure, materials with distorted octahedral Al sites have edge features at 1568
and 1572 eV, while the Perovskite structure, with undistorted octahedral Al sites, has a single white line at 1570 eV (the
average of these two energies). Although the magnitude of the whiteline splitting in the distorted structures remains constant
around 4 eV, the relative intensities of the two peaks vary. In addition to the split two-peak whiteline, a weak pre edge feature
(at circa -2 eV) can be seen in all of the spectra Topaz“, Kyanitezl, Jadeite??,

The AMI results for the SiO,* cluster in a corundum-like distorted conformation reveal the split whiteline and the presence of
a little pre-edge feature as seen in Figure 1 and 2. The relative intensities of the peaks are in reasonable agreement with
experiment, however, the magnitude of the splitting falls short in comparison with experiment.

Other extended Huckel theory (EHT) calculations (with no charge iteration) on a cluster with and without d-orbitals (not
shown) show an increase in splitting upon including d-orbitals, thus showing the importance of d orbitals on the splitting of the
white line in distorted octahedral compounds. Based on our AM1 calculations, the whiteline transitions in the K edge Al




NEXAFS data for materials with distorted octahedral Al sites can be asﬁsqigned to la, — e, and la, — a, transitions. This is in
contrast to previous reports, which suggested two la;, — t, transitions™, or attributed the second peak to multiple scattering
contributions™ clearly not visible in the FEFF6 results.

Experimental Al K edge NEXAFS spectra for structures which have tetrahedrally coordinated aluminum sites are
given in Figure 2. Na" Y zeolite and NH," Y zeolite are respectively 100% and 98% tetrahedrally coordinated according to
A NMR. Albite® is often used as a reference spectrum for compounds with tetrahedrally coordinated aluminum oxide. It
has been established that tetrahedral compounds exhibit one strong edge feature at 1566 eV (see also?"*). This is 2 eV less in
comparison with the first feature in the distorted octahedral compounds (eg 24 ). The FEFF6 spectra for an AlO, cluster and the
AMI results for a SiO,™ cluster are also shown. For both calculations the clusters are in a regular tetrahedral conformation
with an aluminum oxygen bond length of 1.70 A. :

The FEFF6 results reproduce the relative peak positions and intensities of the peaks around 20 eV and 70 eV (not
shown in the Figure) in the experimental spectra. A small peak around 45 eV in the experimental spectra appears around 40
eV in the FEFF6 spectrum. The two peaks visible in the three experimental spectra around 5-10 eV are reproduced in the
FEFF6 calculated spectrum by a single peak around 8 eV. It is likely that adding more shells in the FEFF6 calculation would
result in a spectrum in which this peak would be split into two distinct peaks. However, a clear difference between the
experimental and FEFF6 spectra is the absence of the sharp whiteline in the FEFF6 result. It is known that the FEFF6 code
often does not the reproduce localized or bound states 1617 and therefore apparently the FEFF6 code does not reproduce this
sharp whiteline for tetrahedrally coordinated aluminum oxide. The AMI calculation on the tetrahedrally coordinated sio,*
cluster, however, indicates a single transition, 1a, — t,, for this white line.
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Figure 1: Experimental and theoretical (FEFF6 Figure 2: Experimental and theoretical (FEFF6 and
and AM1) Al K-edge NEXAFS data for distorted and AMI) Al K-edge NEXAFS data for compounds having
nondistorted octahedral aluminum oxide compounds. The bar tetrahedrally coordinated Al sites.

has arbitrary intensity and has been aligned with the
"whiteline" peaks in the spectra. The bar represents
excitation into a localized excitonic state.

In addition to the shift of 2 eV in white line position, the white line intensity of octahedrally coordinated aluminum
oxide is higher than tetrahedrally coordinated aluminum oxide. This phenomenon of higher whiteline intensity for octahedrally
coordinated aluminum sites can be checked by comparing the ratio of the whiteline intensity to the intensity well above




threshold for several octahedral and tetrahedral compounds. All the comparable cases in the literature reveal a higher ratio for
the octahedral compounds. An illustration of this can be found by comparing crystalline (octahedrally coordinated) and
amorphous (mixed tetrahedrally / octahedrally coordinated) Al,Oj, the first showing a higher white line®. It can be concluded
that the NEXAFS spectra of octahedrally coordinated compounds have a higher whiteline intensity than spectra of
tetrahedrally coordinated compounds.

Finally, tetrahedrally and octahedrally coordinated aluminum can be distinguished by the characteristic positions of
peaks in the spectra. Moreover, distorted octahedral sites show a doublet whiteline in NEXAFS spectra.

3.2 Y Zeolite Al NEXAFS and separation of different contributions

In Figure 3 the Al K edge NEXAFS spectra for Y zeolite with respectively H', NH," and Na" as catxons are given.
Previous, EXAFS analysis indicates only one Al-O bond length exists in each sample w1thm the limits of accuracy
As Al” NMR data indicated the presence of 15% octahedrally coordinated aluminum in the H 'Y zeolite, this spectrum is
renormalized on a tetrahedral atom basis. This was done by multiplying the spectrum with a factor 100/85 and then taking the
difference with the spectra having only tetrahedral coordinated aluminum:

dif. (Na"Y) = 100/85 * spectrum(H"Y) - spectrum(Na"Y)

dif. (NH,"Y) = 100/85 * spectrum(H"Y) - spectrum(NH,"Y).

Dif. (Na'Y) and dif. (NH,"Y) which represent that part of the original H'Y spectrum which is not due to tetrahedrally
coordinated aluminium are given in Figure 3.

In order to evaluate the influence of the multiplication factor on the difference spectra, to rule out accidental appearing
characteristic features in the difference spectra, and to compensate for small errors in the NMR analysis, we used different
multiplication factors, ranging from 100/75 to 100/95. In addition we checked the influence of the normalization which had
been performed on the raw Y zeolite spectra. Doing this, we artificially varied the normalization done on the raw data. The
results (not shown) were spectra with basically similar shapes, only the relative amplitude of the peaks showed minor changes.
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Figure 3: Comparison of Al K-edge NEXAFS data for H*Y, Figure 4: Comparison of the dif. Na-Y spectrum with corundum
NH4*Y, and Na*Y zeolite materials. The difference (dif) spectra and the remainder between these two compared to FEFF6 results
represent H*Y minus NatY and H*Y minus NHg*'Y for penta-coordinated AlOj cluster.

respectively. For comparison, FEFF6 results for an octahedral
cluster and an experimental distorted octahedral spectrum
(Corundum) are shown.




In Figure 3 we see the whiteline peak position I e dIIICIENCe SPeCira 1S SIIEU L0 HIZUCH CUCIZY UL COLIPULIUIL W i b
whiteline peak position in the Na"Y zeolite spectrum. Above we recognized this as a characteristic difference between spectra
of octahedrally and tetrahedrally coordinated compounds. An experimental spectrum of a compound with aluminum in a
distorted octahedral conformation (Corundum, Figure 1) is therefore shown. For comparison, a FEFF6 calculation on a AlOs
cluster with the aluminum octahedrally coordinated and having an aluminum oxide bond length of 1.85 A is added.

The whiteline in the difference spectra is split by about 4 eV, equal to the splitting in the spectra of compounds in which the
aluminum oxide octahedral is distorted. In the difference spectra a peak around 50 eV can be distinguished and coincides with
a peak in the FEFF6 calculated spectrum. In addition, it can be seen that the whiteline has a large intensity compared to the
intensity at high energy (50 eV above threshold). All these features, including the shift in whiteline, indicate that the
difference spectrum can be attributed to distorted octahedrally coordinated aluminum oxide in the H'Y zeolite. This distorted
octahedral has an aluminum oxide bond length of about 1.85 A indicated by the position of the peak at about 50 eV.

Although the similarities are evident, there is a distinct difference visible in the difference spectra and the corundum

spectra. which can not be explained either by the presence of a cation, by differences in bond length distances as revealed by
FEFF6 calculations (not shown), nor by the presence of the octahedrally coordinated aluminum oxide. This difference is a
surplus of intensity in the difference spectra around 10 to 15 eV above threshold compared to the spectrum for a distorted
octahedrally coordinated compound.
Figure 4 compares the dif. NaY spectrum with that for Corundum on a smaller energy scale. The excess intensity around 7-15
ev is clearly illustrated by taking the difference between these two spectra, where their relative normalization is optimally
chosen so that the intensity of the remainder has reasonable magnitude at higher energy. This remainder spectrum now also
reveals excess intensity around 2-3 eV. Note also that these excess intensity peaks do not align well with peaks in the spectra
found for Na'Y, where the Al sites are all tetrahedrally coordinated.

As already mentioned in the introduction, conventional NMR does not indicate the presence of any non framework
penta coordinated aluminum or distorted tetrahedrally distorted aluminum oxide. But Al MAS NMR indicates that the
presence of octahedrally coordinated aluminum oxide coincides with the (possible) presence of some penta-coordinated
aluminum oxide, or highly distorted tetrahedral Al sites. We therefore performed FEFF6 calculations on two clusters (AlOs) in
which the aluminum is respectively square pyramidal and trigonal bipyramidal coordinated. The aluminum oxygen bond
length for these calculations is 1.65 A. In addition we performed calculations on identical clusters, except for an enlarged
aluminum oxide bond length (1.70 A and 1.75 A). The result is a slight shift of the whiteline to lower energy, but in any case
these calculated NEXAFS spectra show a large intensity in the range 10-15 eV above threshold. This is clearly demonstrated
by the spectra presented in Figure 4 in which a calculated penta-coordinated spectrum is compared to the remainder spectrum.
The excess intensity around 2-3 eV probably corresponds to an excitonic peak in the spectra for penta-coordinated aluminum,
which the FEFF6 code does not reproduce, as we found previously for the tetrahedrally coordinated aluminum.

It can not be concluded that any distorted tetrahedrally coordinated aluminum oxide is present in the H'Y zeolite on
basis of the NEXAFS result. FEFF6 calculations on AlO, clusters in distorted tetrahedral conformation (not shown) show a
large decrease in intensity from 5 eV to about 30 eV. Figure 4 does not show any evidence for the presence of this distorted
tetrahedrally coordinated aluminum oxide.

These NEXAFS results strongly suggest the presence of penta-coordinated aluminum oxide in the H'Y zeolite,
accompanying the distorted octahedrally (non-framework) and the regular tetrahedrally coordinated (framework) aluminum
oxide. The Al-O bond length distances are circa 1.70 A (penta coordinated), 1.85 A- 1.90 A (octahedrally coordinated) and
circa 1.70 A (tetrahedrally coordinated) respectively.

4. CONCLUSIONS

The Al K edge NEXAFS spectra of various minerals and Y zeolites are successfully interpreted starting at around 5
eV above threshold using the curved-wave multiple scattering cluster calculations developed in FEFF6. Octahedrally and
tetrahedrally coordinated aluminum could be distinguished. ~Characteristic features for the different conformations are
identified. A semi-empirical molecular orbital calculation is used to interpret the NEXAFS below 5 eV above threshold. A
distorted octahedral conformation could be distinguished from a regular octahedral conformation. For the distorted octahedral,
a new assignment is given to the transitions of the whiteline.

Using the established characteristic features in the NEXAFS lineshapes for each coordination geometry, separate
contributions to the NEXAFS lineshape of H'Y zeolite could be identified. In addition to the tetrahedral conformation the
presence of distorted octahedrally coordinated aluminum could be assigned. Finally, there are strong indications for the
presence of penta-coordinated aluminum in the H'Y zeolite accompanying the extra-framework octahedrally coordinated
aluminum. However, at present the experimental lineshape does not allow a determination of the exact geometry of the penta-
coordinated aluminum sites. A

Therefore interpretation of NEXAFS data has proven to be a successful tool in providing unique geometrical
information on the Al coordination. In the future, additional work will be done on the separation of the different contributions
to the NEXAFS data for the Y zeolites. These data will be compared to NMR and the correlation with the TOF will be
investigated.
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