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ABSTRACT: The degree of substitution of Si* by AI’* in the
oxygen-terminated tetrahedra (Al T-sites) of zeolites deter-
mines the concentration of ion-exchange and Brensted acid
sites. Because the location of the tetrahedra and the associated
subtle variations in bond angles influence the acid strength,
quantitative information about Al T-sites in the framework is
critical to rationalize catalytic properties and to design new
catalysts. A quantitative analysis is reported that uses a
combination of extended X-ray absorption fine structure
(EXAFS) analysis and *’Al MAS NMR spectroscopy
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supported by DFT-based molecular dynamics simulations. To discriminate individual Al atoms, sets of ab initio EXAFS
spectra for various T-sites are generated from DFT-based molecular dynamics simulations, allowing quantitative treatment of the
EXAFS single- and multiple-photoelectron scattering processes out to 3—4 atom shells surrounding the Al absorption center. It is
observed that identical zeolite types show dramatically different Al distributions. A preference of Al for T-sites that are part of one
or more 4-member rings in the framework over those T-sites that are part of only S- and 6-member rings in an HBEA150 zeolite

has been determined using this analysis.

B INTRODUCTION

Zeolites are widely used as sorbents and catalysts because their
well-defined pore structure and adjustable ac1d1ty lead to high
activity for a large variety of reactions.”” The exceptional
catalytic properties” are attributed to the combination of steric
constraints and the specific properties of the active site, in
particular the Bronsted acid strength and concentration, which
is associated with the substitution of Al in the zeolite
framework.

It has been inferred from kinetic measurements that for a
given zeolite framework, the specific substltutlon of Al atoms
dramatically affects the catalytic activity.® It has also been
proposed that the stability of zeolites with regard to
dealumination as well as acid strength distribution depends
upon the position of the Al T-sites in the zeolite structure.”
Thus, information about the location and stability of the Al T-
sites in the zeolite framework is essential to understand the
activity and availability of specific sites for catalysis. Such
information also provides the basis to design new and improve
existing zeolites with respect to activity and selectivity.

The location of Al in the zeolite lattice impacts the
environment of the acid site, offering varying steric access for
reacting molecules as well as subtle differences in acid strength
due to variations in the bond angles of the tetrahedra.®” More
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acute AlI-O—Si bond angles have been postulated to induce
higher acid strength.'® An empirical relation between the Al—
O-Si bond angle and the Al NMR chemical shifts is
frequently suggested as a means to locate Al in a zeolite
lattice.' '

Al magic angle spinning (MAS) NMR has been extensively
applied to study Al T-sites in zeolites for differentiating
tetrahedrally and octahedrally coordinated AI** at framework
and extra-framework positions.'®> The analysis of the Al T-site
distribution, however, remains a difficult task, especially for
zeolites with a high number of crystallographically distinct
framework positions.'"* The spectral resolution of the
tetrahedral Al sites also suffers from line broadening15 due to
the quadrupolar character of AL'® This limitation has been
partly overcome by quantitatively predicting *’Al NMR
chemical shifts using DFT'”'® and hybrid approaches between
quantum and molecular mechanics.'”*® In this way, parameters
such as Al dilution level and the presence of silanol defect sites
in the sample framework can be included to further improve

accuracy of the analysis.”' Although it is internally consistent,

Received: February 8, 2014
Published: May 9, 2014

dx.doi.org/10.1021/ja501361v | . Am. Chem. Soc. 2014, 136, 8296—8306


pubs.acs.org/JACS

Journal of the American Chemical Society

this approach has never been confirmed by an independent
method.

An accurate method to determine the T-site distribution has
been conceptually shown for relatively simple aluminosilicates
using the X-ray standing wave (XSW) technique. van Bokhoven
et al?® applied this XSW method to the analysis of a
macroscopic single crystal of scolecite to show that all Al is
selectively present in one of only two different Al T-sites.

Because X-ray absorption spectroscopy is conceptually
sensitive to the local structure around zeolite T-sites, we have
taken a bold approach using extended X-ray absorption
spectroscopy (EXAFS) to evaluate the longer-range interatomic
distances around Al T-sites, which are related to the local
environment. In addition, we also use the more traditional
analysis of the region close to the absorption edge (XANES; X-
ray absorption near edge spectroscogz) to derive information
about the symmetry of the Al T-sites.””** We emphasize at this
point that EXAFS analysis has the potential to accurately
determine the nearby Al-O and Al-Si distances and their
angular correlations up to a distance of ~3—4 atom shells
beyond the central Al T-sites. This potential, however, has not
been used for quantitative analysis of zeolites (other than for
evaluating the first-shell AI-O bond lengths),”*® because of
the many factors limiting the data quality during acquisition of
EXAFS spectra at low X-ray energies (1559 eV, Al K-edge),
including achieving constant high X-ray flux at the sample;
stable beam position; harmonic-free beam; stable sample
detectors; and finally, properly accounting for the strong X-
ray absorption by the sample in that energy region. The
combination of a very high flux undulator source, an improved
X-ray monochromator, and an improved detector has allowed®’
the acquisition of high-quality spectra sufficient for a
quantitative treatment of the higher-order scattering paths
required to determine the zeolite structure.

Even with this progress, quantitative evaluation of EXAFS
remains challenging. The standard EXAFS analysis protocol
involves selecting the most probable set of photoelectron
scattering paths and then fitting their atom distances, disorder
(Debye—Waller factors or DWF), and coordination numbers
(CN). This standard approach becomes intractable when
considering that the multiple Al T-site occupancies lead to large
numbers of fitted parameters, which exceed the information
content of the experimentally measured spectra. To circumvent
this constraint, the structural parameters (bond distance, DWF,
and CN'’s) for each T-site were quantitatively determined from
first-principles calculations using ab initio molecular dynamics
simulation. These calculated dynamical representations of the
Al T-site structure then provide the input for calculating the
molecular dynamics-EXAFS (MD-EXAFS) spectrum.”® This
represents an ab initio procedure for calculating the photo-
electron single- and multiple-scattering pathways (~10 in one
trajectory) out to about 6 A without the need for any adjustable
parameters. As a note in passing, we would like to emphasize
the generality of this approach, which provides a new
opportunity for the evaluation of impurity locations in doped
semiconductors” or ferromagnetic films.*’

In the present case, MD-EXAFS is used to analyze Al siting
in a large-pore zeolite, Beta, which is central to many fine
chemical reactions and petrochemical transformations.*'—>*
Figure 1 provides a representation along the [010] axis for the
HBEA zeolite showing the primary catalytic channels
represented as 6—7 A diameter straight pores defined by the
12-member rings. The [100] axis has a nearly identical structure
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Figure 1. Representation of HBEA zeolite framework in the [010] axis
with one of the nine different T-sites substituted by an AI** ion
(purple). Oxygens and the proton are not shown to emphasize ring
structures containing 4, 5, 6, and 12 silicon atoms.

that is likewise populated with a set of parallel, nonintersecting
6—7 A pores. On the other hand, the [001] axis has slightly
smaller 5—6 A pores, which also form 12-member rings, that
zigzag to alternately intersect the primary pores along both the
[100] and the [010] axes. The structure contains 4-, 5-, and 6-
member rings forming the overall lattice with nine crystallo-
graphically different T-sites.

B EXPERIMENT AND THEORY SECTION

Sample Description. HBEA2S (Si/Al 12.5) and
HBEAI150 (Si/Al = 75), which was dealuminated via leaching,
were received from Siid Chemie AG (Clariant), and HMOR
(Si/Al = 4S5) was from Zeolyst, all in hydrogen form. The
samples were washed with deionized water, dried in vacuum at
ambient temperature, and then stored for more than 2 weeks
under ambient temperature and humidity prior to measure-
ment. Na,AlL,O, (99.95% anhydrous) (tetrahedral-Al), AICI,
(99.999% anhydrous), and @-ALO; (99%) (octahedral-Al)
were obtained from Sigma-Aldrich and were used without
further processing.

The HBEA150 and HBEA2S samples used in this work are
mixtures of the two polymorphic forms A and B.*> From
inspection of XRD spectra,***” the two polymorphs are present
in a 50/50 ratio (see SI for more detail). Because both
polymorphs A and B are constructed from identical
centrosymmetric tertiary building units,***” the local geometry
is nearly identical for the two polymorph structures, and thus,
the presence of both polymorphs does not affect the EXAFS
and NMR analysis in this work. The similarity of the T-site
structures in the two polymorphs has been demonstrated in
NMR and pair-distribution-function analyses.*~** Additional
details on the zeolite Beta polymorphs and their structural
similarity are provided in the Supporting Information (SI).

Al K-Edge EXAFS Experimental Methods. The Al K-
edge EXAFS measurements were conducted at the Phoenix I,
elliptical undulator beamline at the Swiss Light Source (SLS) at
the Paul Scherrer Institute. Energy calibration was achieved by
setting the inflection point of an Al foil spectrum to 1559.6 eV.
The double-crystal monochromator employed a set of
KTiOPO, (011) crystals to provide an energy resolution of
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about 0.6 eV over a scan range for the Al K-edge from 1500 to
2100 eV, just below the P K-edge. Two Ni-coated mirrors were
set at an angle of 1.45° to provide cutoff of higher harmonics.
An unfocused 1.0 X 1.0 mm beam having a flux of ~10°
photons/s was used. The sample chamber pressure was
maintained at ~2.5 X 107* mbar. Measurements were typically
performed in fluorescence mode, although several transmission
measurements for individual samples were obtained to ascertain
the magnitude of the self-absorption corrections. I, was
measured as total electron yield signal taken from a 0.5 pm
thin polyester foil, which was coated with 50 nm of Ni. This I,
detector was held in a miniaturized vacuum chamber (2.9 X
107% mbar), which was separated by a thin Kapton foil from the
measurement chamber itself. The X-ray fluorescence was
detected using a 4-element Vortex Si-drift diode detector. For
transmission measurement, a Si diode was used.

ATHENA® software was used to remove the y(k)
oscillations from the background and, in certain instances, to
apply (standard routines for) self-absorption correction of the
XANES and EXAFS spectra of the concentrated standard
compounds. The linear combination fitting tools within
ATHENA were used to evaluate the Al T-site distributions
based on MD-EXAFS y(k) spectra. Two different reference
compounds, @-Al,0; and Na,Al,O,, were also evaluated using
the ARTEMIS™ software package. Theoretical standards for
these compounds were derived from FEFF9."

During the background processing used to extract the y(k)
data from the background function, a Fourier filter cutoff
distance, Ry, of 1.0 A was used. We found that the atomic
background function, yy(E), contains a strong multielectron
absorption edge at k = 5.3 A™" due to the KLy, transition.**
This transition is strong for octahedral, and weak for tetrahedral
O-coordination symmetry about the Al T-site. The EXAFS data
were weighted by k* and truncated using a Hanning window
with dk = 1.0 A™" in the range of 1.5 < k < 8.0 A™". We
estimated the value of the core hole factor, S,*> = 1.0, from fits
to the two crystalline standards. The Sy* factor typically had an
error of ~15%.

Al MAS NMR. The ultrahigh field Al MAS NMR
experiments were performed on a Varian-Agilent Inova 63 mm
wide-bore 900 MHz NMR spectrometer. The main magnetic
field was 21.1 T, and the corresponding *’Al Larmor frequency
was 234.56 MHz. Experiments were performed using a
commercial 3.2 mm pencil type MAS probe. In a typical
experiment, about 15 mg of sample powder was loaded into the
rotor and measured at ambient temperature. The HBEA
samples were stored under ambient humidity, leading to a
hydrated surface that is expected to contain Al tetrahedra that
have minimal distortions and that have the maximum %Al MAS
NMR spectral resolution.** A single pulse sequence with a
pulse length of 2.0 us, corresponding to a pulse angle of 45°,
was selected for acquiring each *’Al MAS NMR spectrum with
a recycle time of 1 s and total accumulation of 5000 scans. The
spectra were acquired at a sample spinning rate of 20 kHz + 2
Hz and were referenced to 1.5 M Al(NO;); in H,O (0 ppm)
using the center of the octahedral peak of solid y-ALO; (at 13.8
ppm) as a secondary reference. The measurement uncertainty
is estimated to be +0.1 ppm.

For quantitative measurements, the weights of samples
loaded into the MAS rotor were recorded, and four spectra
were acquired to check the stability of the spectrometer. The
matching and tuning conditions of the RF circuit of the NMR
probe were set using a network analyzer. All other experimental
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conditions were kept identical for all analyzed samples. In this
way, the absolute peak areas normalized to the spectrometer
standard were proportional to the Al in the sample. The spectra
were analyzed using the MestreNova 8.1 software package.
DFT, Molecular Dynamics (MD) Simulations. The
CP2K program package®® was used to perform periodic DFT
structure optimizations and MD simulations. To obtain
structures of the different Al T-sites in HBEA (see Figure 2),
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Figure 2. [Sig;O55Al,]7" structure showing the locations of the nine
different T-sites.

a single unit cell of the BEA crystal”’ was modified by
substituting an Al for a single Si atom to form a negatively
charged [Sig30,,5A1;]" cell. Although the presence of Al pairs
(Al-O—Si—O—Al) was reported to affect the accuracy of Al
chemical shift calculations,” such pairs were shown to be
absent by *’Si NMR, justifying the selected unit cell model (see
the Supporting Information for details). For the acid form of
the structure, a proton was placed on one of the O atoms
neighboring the Al T-site to compensate the negative charge.
The structures were optimized using the periodic DFT method
with a mixed Gaussian and plane wave basis set. Core electrons
were represented with norm-conserving Goedecker—Teter—
Hutter pseudopotentials,49 and the valence electron wave
function was expanded in a double-{ basis set with polarization
functions™ along with an auxiliary plane wave basis set with an
energy cutoff of 360 eV. The generalized gradient approx-
imation exchange-correlation functional of Perdew, Burke, and
Enzerhof®" was used for all calculations. Structure optimizations
used the Broyden—Fletcher—Goldfarb—Shanno algorithm with
SCF convergence criteria of 1.0 X 10™® au. This process was
repeated for each of the nine different T-sites labeled in Figure
2. The experimental lattice parameters (12.6614 X 12.6614 X
26.4061 A%) were used.”

MD-EXAFS. MD-EXAFS was used to simulate the EXAFS
spectra of the Al T-sites. Initially, the nine different DFT
optimized [Sig;O;,5Al1]” crystal structures were used to
calculate a full set of EXAFS spectra from the ab initio
scattering theory (FEFF9) by applying approximate global
disorder parameters, ¢, corresponding to 300 K (see SI Figure
7S). Using this initial screening method, the nine T-sites were
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grouped into three sets, each set or group giving rise to
uniquely different features in the predicted EXAFS (see SI
Figure 7S). The sets were assigned as follows: Set A (T1, T2,
TS, T6), Set B (T3, T4), and Set C (T7, T8, T9). The Al T-
sites within each of these sets were found to have nearly
identical EXAFS spectra.

On the basis of this assignment, the full MD trajectories at
300 K were calculated for three representative T-sites: T1, T3,
and T7, corresponding to sets A, B, and C, respectively. For
each MD calculation, the system was equilibrated at a constant
temperature of 300 K for 10 ps with a Nosé—Hoover chain
thermostat in the canonical ensemble.*® These MD trajectories
were then used to generate the MD-EXAFS spectra. The MD-
EXAFS method has been described in detail previously.>*
Briefly, for each of the 10* snapshots from the MD trajectory, a
set of atom positions was used to calculate a full set of
scattering (single and multiple scattering) paths for all atoms
within 6 A of the Al T-site. This step generated 10° scattering
paths for each snapshot of the trajectory. This process was
repeated for all of the snapshots of the trajectory. In the final
step, an ensemble average of these ~107 scattering paths was
generated and compared directly with the experimental spectra.
This approach has led to a quantitative treatment of all
photoelectron single and multiple scattering paths generating
an EXAFS spectrum that captures all the structural details
inherent in the MD simulation, including the bond lengths,
bond angles, vibrational disorder, and local symmetry about the
Al T-site.

Finally, the MD-EXAFS spectra (one for each of sets A, B,
and C) based upon the DFT method are obtained. These
spectra capture a high-level representation of the structure at
the Al T-sites and are used as reference spectra to determine
the Al T-site distribution in the HBEA150 and HBEA2S
samples through linear combination fitting to the experimen-
tally observed EXAFS, the fractional occupancies being the
coefficients for the least-squares fit to the k-weighted y(k) data.

XANES Calculations with Time-Dependent DFT.
XANES calculations were performed at the Al K-edge for the
T-sites considered in the NMR and EXAFS analysis using a
TDDFT-based restricted excitation window as implemented in
the NWChem quantum chemistry program.ss’56 This approach
involves defining a model subspace of single excitations from
the relevant core orbitals and is a valid ansatz because core
excitation energies are well separated from pure valence—
valence excitations.

For each Al T-site conformation, the Sapporo-QZP-2012°7
all-electron basis set was used for the single absorbing Al T-site
and the nearest O atoms. The Si and O atoms further away
were represented with the Stuttgart RLC ECPs.>® The
exchange-correlation was treated with the BHLYP functional.>
All calculated spectra were Lorentzian-broadened by 1 eV and
shifted by +16.8 eV to match the experimental spectrum.

DFT NMR Calculations. The NMR calculations (DFT
NMR) for the HBEA Al T-sites were performed using the
NWChem software package.>® The T-sites were modeled in the
dissociated state as [Al—(O—Si—OH),]” ions. The structures
of the ions were derived from the DFT optimized crystal
structures by cutting and terminating O—Si bonds with
hydrogens while maintaining the bond directions. The O—H
bond length was set to 0.96 A in all cases. This size of cluster
has been shown to be appropriate for zeolite ’Al chemical shift
calculations."” The cluster charge was set to “—1” to
compensate for the dissociated Brensted acidic proton. The
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calculations used the B3LYP (Becke 3-parameter Lee—Yang—
Parr exchange correlation functional).*”*® The shielding
property for a single AI’** atom populating the DFT optimized
HBEA unit cell was calculated using the 6-311+G** basis set’!
applied for the Al, O, Si, and H atoms. Note that the zeolite Si/
Al ratio was shown to have no effect on the absolute MAS
NMR peak shift values,”> provided that there are no Al pairs
(Al-0—Si-O—Al).** Thus, the DFT NMR can be calculated
using identical structures for both HBEA150 and HBEA2S. The
NMR chemical shifts are referenced to aqueous AI** solution;
however, the absolute chemical shielding tensor for this
reference cannot be accurately determined by calculation
because the disordered aqueous structure of the AI** standard
solution is difficult to model. In the least-squares fitting
procedure, the absolute chemical shift tensor for the reference
was optimized, and the NMR line width and shape (Voigt
function) for each T-site were assumed to be the same. This
procedure provided an absolute chemical shielding tensor of
5724 ppm for aqueous AP’*. As a further point of reference,
HMOR zeolite, which is chemically and structurally similar to
HBEA, is calculated to have a chemical shift that is within 1
ppm of its measured value (see SI).

B RESULTS AND DISCUSSION

Evaluation of a-Al,0; and Na,Al,O, Crystalline Stand-
ards. In general, a comprehensive MD-EXAFS evaluation of
the Al K-edge spectra has only rarely been used to evaluate the
structure beyond the first AI-O shell. To demonstrate the
sensitivity of EXAFS to the structure beyond the first AlI-O
shell, crystalline samples of a-AlL,O; and Na,AlL,O, were
evaluated in detail using the same MD-EXAFS methodology
that is used to evaluate Al T-site distribution in the zeolites.
Both of these compounds contain only one type of Al site. The
analysis begins with their crystallographic structure,">** which
is the starting input for generating the MD trajectories. There
are no adjustable parameters used to generate the respective
MD-EXAFS spectrum that is then compared directly to the
experimental one. The MD-EXAFS spectra for the two
standards validate the method that is subsequently applied to
the analysis of the more complex local structure of the [Al—
0,]” tetrahedra in the zeolite.

Figure 3ab shows the k*(k) plot for a-Al,O; and the
imaginary Fourier transform of this function in the form of the
Img[7(R)] plot. The MD-EXAFS calculation reproduces all the
relevant features in y(k), and it does an excellent job of
reproducing the position and amplitudes of the peaks in the
Img[7(R)] over the full range from 1 to ~5 A. It is worth
noting that for a-Al,O; there is a strong multielectron
absorption edge at ~k = 5.3 A™' due to the KLy transition
(Figure 3a). The amplitude of this multielectron edge
represents ~50% of the amplitude of the EXAFS oscillations
in this region. The Fourier transform of this feature may result
in some high-frequency ripples in the Img[7(R)] plots,
although these ripples have a relatively minor effect on the
distance and amplitude of the main spectral features. This
multielectron edge appears to be much weaker for Al
tetrahedral sites (e.g., zeolites). Preliminary delta self-consistent
field (ASCF) calculations for a-Al,O; and Na,Al,O, predict the
multielectron edges at 115.81 and 115.86 eV from their
respective K-edges. These are consistent with our experimental
findings of 112.5 and 111.5 eV, respectively.

The same overall analysis procedure was applied to
Na,AlLO,, as shown in Figure 4. Again, all the relevant features
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Figure 3. EXAFS k’-weighted y(k) (a) and Img[7(R)] (b) plots
showing the experimental and MD-EXAFS calculated spectra of a-
alumina.

of both y(k) and Img[7(R)] are captured by MD-EXAFS.
There is a small phase mismatch in the Img[7(R)] plot in the
region around 2.5—3 A. Subsequent XRD analysis showed the
existence of ~15% of the hydrate, Na,Al,O4-5H,0, in the
sample, and this may be the cause of the shifting of the Al—Al
and Al-Na peaks to slightly longer distances in the
experimental spectrum. Notably, the tetrahedrally coordinated
Na,Al,O, shows only a small feature at the position of the
KLy transition at k = 5.3 A7\,

The ability to successfully assign the features in the
Img[7(R)] data from 1 to S A establishes the distance-range
sensitivity for both the experimental and simulated Al EXAFS
measurements and provides justification to apply these
methods to the characterization of the zeolite structure.

MD-EXAFS Evaluation of the Effect of the Brgnsted
Acidic Proton on the Al T-Site. In water-free HBEA zeolites,
the negative charge at the Al T-site is balanced by a proton
bonded to one of the bridging O atoms (Al-OH-Si).
However, in the presence of adsorbed water, this proton exists
as a hydronium ion (e.g, (H,0),-H;0") that resides locally in
the zeolite pore paired with the AlO,” T-site. Therefore,
structures of protonated and unprotonated T-sites were
calculated to determine how the structures differed and
whether EXAFS could distinguish the differences. The DFT-
optimized Al—O bond distances are summarized in Table 1 for
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Figure 4. EXAFS k’-weighted y(k) (a) and Img[7(R)] (b) plots
showing the experimental and MD-EXAFS calculated spectra of
Na,ALO,.

Table 1. Calculated AI-O Bond Distances (A) for
Unprotonated and Protonated Al T-Sites in HBEA Zeolite
from Periodic DFT Optimized Structures®

unprotonated protonated
T-site 0;AlI-0 (HO)0,AI-0 0,AI-OH, A
T1 1.74 1.70 1.92
T2 1.72 170 191
T3 173 171 1.87
T4 1.72 171 1.88
TS 172 1.70 1.89
T6 1.73 1.71 1.89
T7 1.74 170 1.96
T8 1.74 1.70 1.94
T9 1.73 1.69 1.94

“The Al—O distances are averages of four values for the unprotonated
site and three values for the protonated site, both averages having a
standard deviations of 0.02 A.

the nine T-sites in their protonated and unprotonated states
(full list in SI). In general, the four first-shell Al-O bond
distances are nearly identical in the unprotonated state. (It
should be noted that this first-shell T-site similarity does not
extend to the higher O and Si shell distances that provide the
basis for discriminating the T-site occupancy by EXAFS).
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When a proton is bonded to one of the bridging O atoms, that
Al—0O bond is elongated to ~1.92 A versus about 1.70 A for the
remaining three Al-O bonds. As shown in the analysis of a-
Al,O; and Na,ALO,, above, the EXAFS measurements have a
spatial resolution of ~0.15 A (for k. = 8 A™"). For this reason,
it is possible to differentiate the protonated from the
“unprotonated” state of the Al T-sites. This was firmly
established by performing MD-EXAFS simulations on proto-
nated and unprotonated T-sites.

Figure S shows the Img[7(R)] plots for the experimentally
measured spectrum for HBEA150 and the simulated spectra of
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Figure S. Img[7(R)] plot comparing the experimental HBEA150
spectrum (black) with the MD-EXAFS spectra for the T1 site in the
[AlO,]™ (solid blue) and AlO;(OH) (dashed blue) configurations and
the experimental spectrum for Na,Al,O, (dashed red).

a protonated and unprotonated T-site. Because the first-shell
Al—-O distances are nearly the same in the nine different HBEA
T-sites, only the T1 site is shown. For comparison, the EXAFS
spectrum for tetrahedral Na,Al,O, is included. Figure 5 shows
that the experimental spectrum for HBEA150 in the region
between 1 and 1.75 A is in quantitative agreement with the
simulated value for the unprotonated site. The HBEA1S0
EXAFS spectrum is also seen to be similar to the tetrahedral
Na,Al,O,, in which the four Al-O bond lengths are equivalent.
Although not shown, similar observations were made for
HBEA2S. Thus, it is concluded that for both HBEA150 and
HBEA2S, the T-sites are dissociated under measurement
conditions, their negative charges being balanced by hydronium
ions, and for this reason, subsequent analyses will be based on
the T-site structures in the dissociated (unprotonated) state.
Note that although the EXAFS measurements were made on
the samples in vacuum, the ambient room temperature
conditions were not sufficient to dehydrate hydronium
ions.®% The section that follows moves to a comprehensive
analysis of the variation of longer-range Al—O and Al-Si
distances at various T-sites beyond the first-shell Al-O
distances.

Evaluating the Distribution of AI** among HBEA T-
Sites from MD-EXAFS Analysis. HBEA zeolite contains nine
different T-sites that could be populated with Al atoms. The
distribution of Al—Si and Al—O distances (probed by EXAFS)
within a given T-site can be correlated with the number of
shared 4-, S-, or 6-member rings (see Figure 1) at that T-site.
On the basis of this premise, a DFT-based EXAFS spectrum
was calculated for each of the nine T-sites, and it was found that
they could be grouped into three sets—set A (T1, T2, TS, T6),
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set B (T3, T4), and set C (T7, T8, T9)—by way of the
similarity of their EXAFS spectra (see SI Figure 7S).
Subsequently, full MD trajectories at 300 K were calculated
for one representative T-site from each set (T1, T3, and T7
from sets A, B, and C, respectively), and these trajectories were,
in turn, used to simulate the EXAFS spectra of the T-sites using
the MD-EXAFS method. Figure 6 shows the full MD-EXAFS
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Figure 6. Img[7(R)] plots of the calculated MD-EXAFS spectra for
sites T1 (blue), T3 (green), and T7 (brown) representing T-site sets
A, B, and C, respectively. T1, T3, and T7 are rescaled beyond 1.8 A, as
shown, whereas the AlO4~ spectrum is not. The AlO4~ spectrum is
from an experimentally measured aqueous AI*".

spectra generated for T-sites T1, T3, and T7. Note the
significant spectral differences in the region from 2 < R < 5.5 A
owing to the different arrangements of Si and second-shell O
atoms around the different Al T-sites. HBEA zeolites often
contain small percentages of extra-framework AlO,~ (octahe-
dral) as an impurity. This species can be approximated by
aqueous AI’* that would have nearly the same first-shell AI-O
bond distances and symmetry. The spectrum of aqueous Al** is
shown in Figure 6 for comparison. The features for aqueous
APP* are dominated by single and multiple scattering peaks (e.g.,
peak at 3.2 A) from only the first-shell O’s.

To provide an understanding of the structural similarities and
differences between these sites and the groups they represent,
the Al-Si and Al-O radial distribution functions, g(r),
generated from the MD trajectories of the three Al T-sites
are compared in Figure 7. Both g(r)_o and g(r) o_g; are shown
because, although the EXAFS backscattering signal from O is
not nearly as strong as for Si, the signal still contributes
significantly to the total EXAFS spectra, and the contributions
are distinct from those for Si. Peaks in the g(r) plots at g(r) -0
=1.75 A and g(r)o_s; = 3.15 A are due to the nearest-neighbor
O and Si atoms about each Al When the Al T-site is
protonated, multiple peaks appear at these distances, as shown
in Figure 7 for the Al T1-site (the dashed purple line). In the
g(r) a—o plot, two distinct peaks are seen. One intense peak for
the three unprotonated oxygens bonded to Al appears at
g(r)a_o = 1.7 A, and one of lower intensity for the protonated
O appears at g(r)a_o = 1.95 A. In the g(r)5_g; plot, two peaks
appear at g(r)x_g = 3.1 and 3.25 A, and a shoulder is evident at
3.45 A. This analysis shows that the protonation state can be
definitively determined from EXAFS measurements of the first-
shell AlI-O and Al-Si distances.
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Figure 7. Calculated g(r) plots for Al-Si (a) and Al-O (b) atom
pairs; see legend for details. The corresponding unique structural
features providing information about the framework are shown as
schemes, Al (purple), O (red), Si (orange), H (gray) atoms. Note:
pore structures are schematic, bond distances are not to scale.

When the Al T-site is unprotonated (the expected
experimental state), there is very little difference in the Al-O
and Al-Si first-shell distances among the three different
structural sets A, B, and C. Hence EXAFS cannot differentiate
the structures solely upon the first-shell AI-O and Al-Si
distances. In contrast, there are distinguishable differences in
the second-shell AI—O and Al—Si distances. In sets A, B, and C,
the Al T-sites share different combinations of 4-, 5-, and 6-
member Al—O-(Si—0),_; rings. The T-sites in sets A and B
contain at least one 4-member ring. The second-shell Al-Si
distances for these 4-member rings occur at a distance of 4.5 A.
Set C contains no 4-member rings, such that g(r)_g shows a
peak at a somewhat greater distance of ~S A for both 5- and 6-
member rings. Although not nearly as distinct as for the 4-
member rings, the atom distances for the S-member rings are
somewhat shorter than for 6-member rings. Analysis of the
g(r)a—o plot shows similar trends. The distributions of second-
shell Al-O distances for sets A and B appear at shorter
distances than for set C. All three structural sets of A, B, and C
contain a component from a near linear arrangement of Al-O—
Si—O-Si atoms leading to distinct peaks in the second-shell
distances at g(r)y_o = 4.2—4.4 A and g(r),_g = 5.8 A. Thus,
the differences in the distribution of Al—Si and Al—O distances
revealed in the g(r) plots provide an understanding of how the
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EXAFS data may discriminate between the different structural
sets. In addition, EXAFS multiple scattering signals depend
upon the angular correlations of the nearby Si and O atoms,
thereby further improving the structural resolution of bond
lengths and symmetry. These multiple scattering features
cannot be represented in the standard g(r) plots, but they are
quantitatively represented in the calculated MD-EXAFS
spectra.

The measured HBEA150 and HBEA2S (k) data were fit as a
linear combination of the full MD-EXAFS spectra (Figure 6 T-
sites T1, T3 and T7) to determine the Al T-site occupancy of
each zeolite. Since both zeolites contain small fractions of
octahedrally coordinated Al present as extra-framework Al*’,
the measured spectrum of aqueous Al(H,0),** was used as a
reference for octahedral Al (see SI). The presence of octahedral
Al is clearly differentiated by both its unique EXAFS structure
and by its near-zero chemical shift in NMR. Figure 8 shows the
resulting analysis for the HBEA150 zeolite. The analysis for
HBEA2S is shown in the Supporting Information. The T-site
occupancies in HBEA150 and HBEA2S as determined by
EXAFS (and by MAS NMR, as will be shown below) are shown
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Figure 8. EXAFS k-weighted y(k) plots (a) for experimental
HBEA150 and simulated using a linear combination of MD-EXAFS
for T1 and T3 sites representing Al T-site sets A and B, respectively,
and a measured aqueous Al(H,0)s** EXAFS for octahedral Al
Img[7(R)] plots (b) for experimental (solid black) and simulated
(dotted black) HBEA150 with the calculated contributions for T-sites
T1 (set A, blue), T3 (set B, green), and AlO, ™ (octahedral sites, gold).
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in Table 2. It should again be emphasized that the three MD-
EXAFS spectra (for set A, B, C) were generated from DFT

Table 2. Al T-Site Occupancies of HBEA150 and HBEA2S
As Determined from EXAFS and NMR Spectra®

occupancyl’
HBEA150 EXAFS groups via via HBEA150 NMR T-sites
(T-sites) EXAFS NMR (fraction)
set A (1,2, 5,6) 0.72 070 1 (0),2(0), S + 6 (0.70)
set B (3, 4) 0.19 024 3 (020), 4 (0.04)
set C (7, 8,9) 0.0 0.0 7 (0), 8 (0), 9 (0)
AlO4~ (octahedral) 0.09 0.06  AlOg™ (octahedral)
occupancy”
HBEA2S EXAFS groups via via HBEA2S NMR T-sites
(T-sites) EXAFS NMR (fraction)
set A (1,25, 6) 041 042 1 (0),2 (0.33),
S + 6 (0.09)
set B (3, 4) 0.0 00  3(0),4(0)
set C (7, 8,9) 0.38 035 7 (0.35), 8 (0), 9 (0)
AlOg4~ (octahedral) 0.21 023 AlOg (octahedral)

“The two zeolites vary not only in Al content but also in Al T-site
distribution. Site occupancies are derived from fitting of experimental
EXAFS and NMR spectra to their respective sets of theoretical
standards. “The estimated errors are +10% by EXAFS and +10% by
NMR.

methods without the need for any adjustable parameters. The
percent occupancy was derived from fitting four spectra (three
T-sites and one AlOg~ site) using only three parameters
representing the fractions of each component.

The results show that HBEA150 and HBEA2S have distinctly
different distributions of Al T-sites. In the HBEA1S50, the sites
are 70% populated by set A and 20% by set B, whereas in
HBEAZ2S, the sites are nearly equally populated by sets A and
C. It is interesting that no sites of set C are present in
HBEA150 and no sites of set B sites are in HBEA2S. Neither Al
distributions correlate well with that expected from the relative
thermodynamic stability of the T-sites. The probabilities of Al
to populate the nine unprotonated sites based on the
degeneracies and the DFT energies are listed in SI Table 7S
and graphically depicted in SI Figure 11S. Sites T7 and T8 are
thermodynamically the most favored sites (probabilities of 0.87
and 0.12, respectively). Members of set C, both T7 and T8, are
located in 6-member rings that are connected to the large 12-
member ring in the [100] and [010] planes; however, these
two sites never occur in the same 6-member ring. From the
EXAFS analysis, ~50% of the tetrahedral Al in the measured
HBEA2S5 may occupy site T7, but in HBEA1S50, none of the T7
sites appear to be occupied by Al. The EXAFS analysis shows
that set A sites (T1, T2, TS, T6) in both HBEA1S0 and
HBEA2S samples are occupied by Al to significant extents,
although their thermodynamic probabilities of being occupied
total less than 0.1%. The T3 and T4 sites (set B) have similarly
low probabilities of being occupied, yet the EXAFS analysis
shows that 20% of the tetrahedral Al in the HBEA150 sample is
located in these sites. Therefore, the differences in Al®*
distributions from thermodynamic equilibrium suggest that
the distributions are controlled by kinetic factors, which are
unique to the methods in which the two zeolites were
synthesized, and the dealumination procedure, which may lead
to selective removal of Al from certain T-sites.
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Evaluating the Occupancy of Al T-Sites from the NMR
Analysis. The *’Al MAS 900 MHz NMR spectra of HBEA 150
and HBEA2S are shown in Figure 9. The chemical shifts are in

—— HBEA150
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Figure 9. Al MAS NMR spectra measured for HBEA150 (black) and
HBEA2S (blue). The intensity of the HBEA2S spectrum was scaled
(0.33) for better visualization.

agreement with chemical shift values previously reported for
HBEA.®”®® The peak positions and peak heights indicate that
the zeolites have substantially different distributions of AlI**.
The peaks between —15 and 20 ppm are typical of extra-
framework octahedral Al. From integration of the spectra, 23%
of the Al in HBEA2S5 and 6% in HBEA150 occupy octahedral
environments. These amounts are consistent with the EXAFS
analysis (Table 2), which yielded 21 and 9%, respectively. The
peaks between S0 and 65 ppm are attributed to tetrahedral Al
in the zeolite framework. Although both zeolites exhibit a peak
in this region at about 57 ppm, the 54 ppm signal present in
HBEA2S is not observed in HBEA150, and the 60 ppm signal
present in HBEA150 is not found in HBEA2S. The presence of
other Al species, for example, extra-framework tetrahedral Al
which would give rise to signals at ~30—4S ppm,*7® is
excluded on the basis of the MAS NMR spectra. These findings
are consistent with the EXAFS results, which showed that Al
does not populate some T-sites.

DFT NMR calculations of *’Al chemical shifts were
performed to assign the T-sites that contribute to the observed
peaks. The chemical shifts calculated for the nine different T-
sites are compiled in SI Table 4S and shown graphically in
Figure 10 on expanded plots of the NMR resonances for
tetrahedral Al in the HBEA150 and HBEA2S samples. The
calculated chemical shifts span from 53.9 to 62.5 ppm, which is
significantly wider than the chemical shifts predicted using an
empirical relationship based solely upon Al-O—Si bond angles
(see SI Figure 9S)."

This suggests that the DFT NMR chemical shifts may be
used to simulate the experimental spectra and, through a least-
squares fitting procedure, determine the relative Al occupancy
at each T-site. The fitting of DFT NMR shifts to the
experimental *’Al NMR spectra is performed completely
independent of the EXAFS analysis and is not constrained in
any way by the amounts of Al in the different T-site sets
determined in the EXAFS analysis. To limit the number of
parameters used in the fitting procedure, the NMR line width
and shape (Voigt function) for each T-site were assumed to be
identical. As shown in Figure 10a, the HBEA1S0 spectrum can
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Figure 10. Calculated Al MAS NMR chemical shifts for the
tetrahedral Al based on the DFT optimized T-site structures for the
measured HBEA1S0 (a) and HBEA2S (b). Fitted NMR peaks are
shown in gray; the fit spectrum is shown in magenta. Note: the TS-
and T6- signals overlap. DFT NMR peak intensity is based on fitting
results.

be represented as a combination of three peaks assigned to TS
+ T6 (coincident peaks) and T3 and T4. As shown in Figure
10b, the HBEA2S spectrum is best represented as a
combination of T7, T2, and TS + T6. The incorporation of
additional peaks into the fitting procedure did not lead to an
improvement in the DFT NMR fit to the experimental data.
The Al T-site occupancies determined by fitting to the DFT
NMR shifts are listed in Table 2, and for comparison, they are
summed into the same sets of T-sites (A, B, C) that were
defined by the MD-EXAFS analysis. The agreement with
EXAFS on the distribution of Al among these sets of T-sites is
excellent for both HBEA150 and HBEA2S. Consistent with the
observations from the EXAFS analysis, the AI** distribution in
the HBEA2S (from NMR analysis) is found to be significantly
different from the HBEA150.

Note that the NMR data then lead to a further refinement of
the EXAFS-derived information with respect to the T-site
occupancy. For HBEA1S50, the occupancy of T1 by Al can be
excluded with high confidence because the calculated DFT
NMR peak position is too far upfield to contribute significantly
to the observed spectrum (see Figure 10a). For HBEA2S, the
Al occupancy of T1, T8, and T9 can be excluded for similar

reasons. These refinements are reflected in the NMR
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distributions reported in Table 2. Hence, the combination of
EXAFS and NMR analysis allowed a more quantitative
determination of the Al distribution among T-sites than either
would have permitted alone.

Although not the primary focus of this study, the analysis
provides new insight into the HBEA zeolite synthesis, thus
demonstrating its potential to aid in understanding how
synthesis methods affect Al distributions and ultimately to
guide efforts to optimize catalytic efficiency. Both HBEA2S and
HBEA150 are synthesized hydrothermally using templating
agents. Note that HBEA150 was obtained from a parent zeolite
(Si/Al ratio similar to that of HBEA25) that was dealuminated
by steaming and leaching steps to achieve the high Si/Al ratio
of 75. We speculate that the postprocessing steps cause
selective removal of the T2 and T7 sites, whereas the TS and
T6 sites remain mostly intact. The description of the
dealumination mechanism is incomplete at this point and
requires a more comprehensive evaluation of the relation
between zeolite synthesis methods and Al distribution.

Al XANES Analysis and TDDFT Al XANES Calculations.
XANES spectra primarily represent core- to valence-state
electronic transitions that, with the aid of theory, provide a
sensitive probe of the bonding and structure in the vicinity of
the target atom. Although a quantitative analysis of the XANES
region is beyond the scope of this study, the TDDFT
calculations of the near edge spectra qualitatively confirm the
conclusions deduced from the combination of EXAFS and
NMR methods. In Figure 11, XANES spectra for HBEA150
and HBEA2S are compared to their respective theoretical
calculations using TDDFT theory.

Initially, the XANES spectra for the complete set of nine T-
sites were calculated and compared. The findings (see Figure
13S in the SI) show that the XANES spectra for the T-sites can
be grouped with high confidence into the same three sets (sets
A, B, C) that are used for the EXAFS analysis. As a result,
Figure 11 shows the spectra for sets A, B, and C that were
obtained by averaging the XANES spectra for T-sites (T1, T2,
TS, T6), (T3, T4), and (T7, T8, T9), respectively. Although
there are significant differences in the spectral features of these
three sets, they are insufficiently unique to determine the
distribution of AI** at the same level as achieved by combining
EXAFS and NMR data. For this reason, a representative
spectrum was generated using the site occupancies derived
from the EXAFS measurement. This linear combination of sets
A, B, and C is shown Figure 11 (red lines). The linear
combinations also include small contributions from octahedral
Al (an experimental aqueous AI** spectrum is used to represent
the octahedral Al fraction).

The XANES calculations lead to an assignment of the
electronic transitions for the HBEA spectra in the range of
~1560 to ~1568 eV. The feature at ~1564.5 eV, which is
prominent in set C but also present in sets A and B, is
attributed to excitations from the Al 1s to a mixture of O 3p, Al
3p, and Al 3d states. The prominent feature at ~1567 eV is
attributed to excitations from Al 1s to a mixture of O 3p, Al 3p
states. The deviation from experiment beyond ~1568 eV is
tentatively interpreted as multiple excitation effects, which are
not included within the linear-response formulation of TDDFT
and, hence, are not captured. Previous studies®®”"”> have
shown, however, that TDDFT calculations of XANES are very
reliable up to ~10 eV from the rising edge, where single
excitations are dominant. Overall, the linear combination of the
TDDFT XANES spectra qualitatively predicts the features of
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Figure 11. XANES y(E) plots for the experimental HBEA150 (a) and
HBEA2S (b). The EXAFS weighted linear combination of set A, set B,
and octahedral Al (HBEA150) and set A, set C, and octahedral Al
(HBEA2S) are shown in red. The TDDFT calculated signals, set A
(T1, T2, TS, T6) (dark blue), set B (T3, T4) (light blue), and set C
(T7, T8, T9) (green), are also shown. The octahedral Al signal is
shown in cyan. Note: the intensity of the measured AI** spectrum was
scaled to the HBEA150 for comparison.

the experimental HBEA150 and HBEA2S spectra supporting
the AI’* distribution derived using the EXAFS and NMR
spectroscopy methods.

B CONCLUSION

An unprecedented level of structural detail regarding the
distribution of AI** in the HBEA zeolite framework has been
attained through a combination of X-ray absorption and NMR
spectroscopies supported by ab initio computational models
that enable quantitative analysis of the spectral data. The
excellent quality of Al EXAFS allowed analysis of scattering
from atoms up to 6 A apart from the absorbing Al T-site and
enabled the quantification of both framework and extra-
framework AI**. The identical first-shell Al-O bond distances
led us to conclude that hydronium ions are formed at all Al T-
site to compensate the lattice charges. The population of T-
sites with Al in HBEA150 and HBEA2S does not follow the
population predicted by the thermodynamic stability of Al T-
sites. This strongly suggests that the incorporation of Al into
the zeolite lattice during hydrothermal synthesis is controlled
by kinetics and primarily determined by the organic base
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functioning as a template constituent. The distribution of Al T-
sites in HBEA150 and HBEA2S differed markedly. Because the
HBEA1S50 was prepared by leaching Al out of the lattice, we
speculate that the lack of population in the T7- and the T2-
sites, which are highly populated in HBEA2S, is associated with
the dealumination. It also points to the fact that TS and T6 are
resilient toward removal of Al Although the details of this
dealumination process are not explored at present, the analysis
using a combination of EXAFS, NMR, and theory demonstrates
the potential to analyze zeolite active sites in a depth and detail,
which were not available hitherto.

B ASSOCIATED CONTENT
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HBEA XANES, XRD, and DFT optimized structures for HBEA
T-sites as well as reference fitting parameters. This material is
available free of charge via the Internet at http://pubs.acs.org.
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