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ABSTRACT
Framework AlFR Lewis sites represent a substantial portion of active sites in H-BEA zeolite catalysts activated at low temperatures. We studied
their nature by 27Al WURST-QCPMG nuclear magnetic resonance (NMR) and proposed a plausible mechanism of their formation based on
periodic density functional theory calculations constrained by 1H MAS, 27Al WURST-QCPMG, and 29Si MAS NMR experiments and FTIR
measurements. Our results show that the electron-pair acceptor of AlFR Lewis sites corresponds to an AlTRI atom tricoordinated to the zeolite
framework, which adsorbs a water molecule. This AlTRI–OH2 complex is reflected in 27Al NMR resonance with δiso = 70 ± 5 ppm and
CQ = 13 ± 2 MHz. In addition, the AlTRI atom with adsorbed acetonitrile-d3 (the probe of AlFR Lewis sites in FTIR spectroscopy) exhibits a
similar 27Al NMR resonance. We suggest that these AlFR Lewis sites are formed from Al–OH–Si–O–Si–O–Si–OH–Al sequences located in
12-rings (i.e., close unpaired Al atoms).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083666

I. INTRODUCTION

Zeolites are crystalline microporous aluminosilicate molecular
sieves. They are made of corner-sharing TO4 tetrahedra (T = Si,
Al−). Silicon-rich zeolites (most of them belonging to the pentasil-
ring zeolites) with Si/Al > 8 represent the most important group
of heterogeneous industrial catalysts. Besides Brønsted acid SiO-
HAl groups formed by protons compensating tetrahedral AlO4

−,
electron-pair acceptor Al Lewis sites are often present in zeolite
catalysts.1–3 The Al Lewis sites were suggested to correspond to
Al centers tricoordinated to the zeolite framework.3–7 However,
this type of Al has resisted detection by 27Al MAS nuclear mag-
netic resonance (NMR) until 2015.8 While the formation of Al
Lewis sites related to extra-framework (AlEF) atoms can be con-
trolled by the zeolite treatment, the detailed structure, origin, and
possibility of the regulation of the creation of AlFR Lewis sites
related to framework Al atoms (AlFR) are not clear despite their
importance. Typically, the presence of AlFR Lewis sites significantly
affects the selectivity of transformations of hydrocarbons and causes

a formation of undesired polyaromatic deposits. Conversely, AlFR
Lewis sites can represent the active sites as for example, in the
Meerwein–Ponndorf–Verley reduction of ketones to alcohols over
zeolites.9

A significant effort has been spent to elucidate the presence,
structure, and origin of AlFR Lewis sites in zeolites active in cat-
alytic processes. However, IR spectroscopy provided only indirect
evidence of the formation of AlFR Lewis sites in various zeolite
structures.5,10,11 Only a K-edge x-ray absorption spectroscopy (XAS)
study indicated the presence of a low amount (10% of Al at 700 ○C)
of tricoordinated AlFR, attributable to AlFR Lewis sites in dehydrated
beta zeolites.7

Beta zeolites possess a unique topology with an interconnected
3D pore system having the largest pore diameter among aluminosil-
icates. Matrices with the ∗BEA structure belong to the silicon-rich
zeolites with the highest impact in industrial catalysis (USY > ZSM-
5 > mordenite > the beta zeolite). Aluminosilicates with the ∗BEA
framework are the most prone among the pentasil-ring zeolites to
massively form AlFR Lewis sites (up to 40%–60% of the acid sites)
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even at 450 ○C due to the special topology of their framework and
the unique Al distribution.9,12

We have recently shown that AlFR Lewis sites formed as minor
species created under 300 ○C in a zeolite of the ferrierite (FER)
structure are formed by dehydroxylation of terminal –(SiO)3–AlOH
entities tricoordinated to the zeolite framework. The AlFR Lewis sites
are reflected in an extremely broad 27Al NMR resonance with δiso ≈
67 ppm and CQ ≈ 20 MHz. Such terminal AlFR Lewis sites are located
at internal or external surfaces and are accessible to probe molecules
and reactants. However, there is a substantial discrepancy between
the observed CQ value of 20 MHz and that of 35 MHz predicted
for the near planar Al tricoordinated to the zeolite framework.8 This
issue required a further investigation. Details regarding this issue are
provided in Sec. III. F. Conversely, –(SiO)3–AlOH entities were not
reported for beta zeolites, and moreover, AlFR Lewis sites prevailing
in beta zeolites are formed at higher temperatures compared to those
created in the ferrierite zeolite. Therefore, the structure of AlFR Lewis
sites in the beta zeolite remains unknown.

In this article, we describe the investigation of the formation
and local structure of the AlFR Lewis sites in the beta zeolite employ-
ing 27Al WURST-QCPMG, 29Si MAS, and 1H MAS NMR experi-
ments and FTIR measurements in tandem with extensive periodic
density functional theory (DFT) calculations including molecular
dynamics (MD). We show that the electron-pair acceptor of AlFR
Lewis sites corresponds to an AlTRI atom tricoordinated to the zeolite
framework, which adsorbs a water molecule. Furthermore, a plau-
sible mechanism of the formation of these AlFR Lewis sites from
Al–OH–Si–O–Si–O–Si–OH–Al sequences of the zeolite framework
is suggested.

II. EXPERIMENTAL SECTION
A. Sample preparation and treatment

The beta zeolite (Si/Al 11.3, containing a template) was kindly
supplied by Zeolyst International (CP 814B-25, Lot. No. 814B-25-
1597-77). It was heated in an ammonia stream at 420 ○C for 3 h to
remove the template according to the procedure of van der Waal
et al.,13 preserving Al atoms in the framework. The NH4-BEA sam-
ple was subsequently deammoniated in a stream of O2 at 520 ○C for
2 h to give the H-BEA form. The distribution of Al atoms in the
framework is described in our prior study.12

B. FTIR spectroscopy
FTIR spectra were measured using an FTIR spectrometer

(Nicolet 6700) equipped with LN2 cooled detector. FTIR spectra
were recorded at ambient laboratory temperature between 4000 and
400 cm−1 with a single spectrum consisting of 128 scans at a resolu-
tion of 2 cm−1. The samples were evacuated (10−3 Pa) at 500 ○C for
3 h before the measurements.

C. Quantitative analysis of the Brønsted
and AlFR Lewis acid sites

10 Torr of acetonitrile-d3 was adsorbed on the sample at
ambient laboratory temperature for 30 min followed by a 30-
min desorption at ambient laboratory temperature to quantitatively

analyze the Brønsted and AlFR Lewis acid sites. The FTIR spec-
trum after the acetonitrile-d3 adsorption (Fig. S1 of the supplemen-
tary material) was analyzed, employing the previously established
method14 based on the deconvolution of the spectrum in the region
2360–2200 cm−1 into four components. The low intense bands at
2250 and 2280 cm−1 are assigned to physisorbed acetonitrile-d3 on
the beta zeolite sample surface and silanol groups SiOH, respectively.
The maxima at 2297 and 2324 cm−1 characterize the Brønsted and
AlFR Lewis, respectively, acid sites. The concentrations of theses acid
sites were calculated using following extinction coefficients: 2.05 cm
μmol−1 for Brønsted acid sites and 3.62 cm μmol−1for AlFR Lewis
acid sites, and they are listed as follows:

[Brønsted] = 0.54 mmol/g,

[AlFR Lewis] = 0.33 mmol/g.

Because the concentration of Al in the zeolite is [Al] = 1.35 mmol/g,
at least two Brønsted sites are required for the formation of one AlFR
Lewis site as [Al] = [Brønsted] + 2.4[AlFR Lewis].

D. Characterization of the OH groups
The FTIR spectrum of evacuated samples (10−3 Pa) at 500 ○C

for 3 h was collected (Fig. S2 of the supplementary material) to qual-
itatively analyze the terminal SiOH groups and Brønsted acid sites
SiOHAl. The well resolved bands at 3743 and 3611 cm−1 are typical
for terminal silanol groups SiOH and Brønsted acid sites SiOHAl,
respectively. The broad band centered around 3500 cm−1 reflects
the presence of so called perturbed SiOHAl acid sites. Note that
the extinction coefficients are not known, and therefore, this region
of FTIR spectra of the dehydrated zeolite cannot be employed for
quantitative or semi-quantitative analysis of the SiOH and SiOHAl
groups.

E. MAS NMR spectroscopy
Solid state NMR experiments were carried out on a Bruker

Avance 500 MHz (11.7 T) Wide Bore spectrometer using either 4 or
3.2 mm double-resonance probes. Samples were packed into 4 and
3.2 mm o.d. ZrO2 rotors and sealed with Kel-F caps. The dehydrated
samples were prepared by in situ evacuation (10−3 Pa) in the NMR
rotors at 500 ○C for 4 h and sealing in the rotor under in situ con-
ditions. The sample with adsorbed acetonitrile-d3 was prepared by
the adsorption of 10 Torr of acetonitrile-d3 on the evacuated sam-
ple (see the above-mentioned) at ambient laboratory temperature
for 30 min followed by a 30-min desorption at ambient labora-
tory temperature. Then, the sample was sealed out under in situ
conditions.

The single pulse 1H MAS NMR spectrum of the dehydrated
sample was recorded using the 3.2 mm probe at a rotation fre-
quency of 20 kHz using the spin-echo approach [π/2–(t1)–π–aq.],
where the t1 delay was rotor synchronized (1 loop). The recycle
delay was 2 s. The 1H chemical shifts were referenced to adamantane
(1.85 ppm).

The 27Al MAS NMR spectra of the hydrated samples were
acquired using the 4 mm probe at a rotation frequency of 12 kHz,
employing a high-power decoupling pulse sequence (SPINAL64)
with a π/12 excitation pulse length of 0.4 μs and a recycle delay of
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2 s. The 27Al isotropic chemical shifts were referenced to the aqueous
solution of Al(NO3)3 (0.0 ppm).

29Si MAS NMR spectra of the hydrated and dehydrated sam-
ples were measured in the 4 mm probe using a π/2 excitation pulse
length of 4 μs with a recycle delay of 30 s at a rotation frequency
of 7 kHz. The 29Si chemical shifts were referenced to M8Q8 (−108.9
ppm, the highest field signal). Analytical simulations of NMR spectra
were performed using the Dmfit program.15

F. 27Al WURST-QCPMG NMR experiments
The measurements of the dehydrated samples were carried

out using 27Al WURST-QCPMG NMR spectroscopy. Both 27Al
WURST-QCPMG and BRAIN-CP/WURST-QCPMG NMR spectra
were collected under static conditions on a 11.7 T Bruker AVANCE
III HD spectrometer. A 4 mm cross-polarization magic angle spin-
ning (CP/MAS) probe was used for 27Al experiments at the Lar-
mor frequency of ν(27Al) = 130.328 MHz. WURST-QCPMG16 and
BRAIN-CP/WURST-QCPMG17 experiments were carried out using
a CT-selective 50 μs WURST pulse with 48 loops, and the recycle
delay was 4 s.

G. Quantification of the concentrations
of the silanol groups

The 1H MAS NMR spectrum (Fig. 1) allows for only determina-
tion of the ratio between the OH groups of (i) the SiOH and Si(OH)2
silanol groups and (ii) the Brønsted acid sites SiOHAl.

Our DFT computations reveal that one proton of the water
molecule adsorbed on the AlTRI atom is similar to that of the Brøn-
sted acid sites SiOHAl while the other hydrogen atom to H of SiOH
and Si(OH)2 silanol groups. Therefore, the 1H NMR signal of (i)
the former proton can be added to the 1H NMR signal at around
3.8 ppm (including the shoulder at around 5 ppm) and (ii) the lat-
ter one to the 1H NMR signal of SiOH and Si(OH)2 silanol groups
at around 1.6 ppm. Note that the extinction coefficients of the 1H
NMR resonances of the single pulse 1H MAS NMR spectrum of

FIG. 1. 1H MAS NMR spectrum of the dehydrated H-BEA zeolite recorded using a
“spin-echo” sequence (1 loop) at 20 kHz.

TABLE I. The concentration of the Al atoms, the Brønsted (B) and AlFR Lewis (L) acid
sites, the Si(3Si,1OH) and Si(2Si,2OH) atoms (SiOH), and the silanol SiOH groups
(OHSi) in the hydrated and dehydrated beta zeolite samples and the values predicted
for one (mechanism I) and two (mechanism II) Si atoms partly released from the
framework.

Ala,b Ba,c La,d SiOH
a,e OHSi

a,f

NH4-BEA/hydr 1.35 g h 0.95 0.95
H-BEA/deh 1.35 0.54 0.33 1.87 2.16
Mechanism Ii 1.94 2.60
Mechanism IIi 2.93 3.92
aIn mmol/g.
bFrom chemical analysis.
cFrom FTIR of adsorbed acetonitrile-d3 on the Brønsted acid SiOHAl groups.
dFrom FTIR of adsorbed acetonitrile-d3 on the AlFR Lewis sites.
eSiOH from 29Si MAS NMR.
fOHSi in the NH4-BEA/hydr sample equal to SiOH (only terminal SiOH) and OHSi in the
H-BEA/deh sample from 1H MAS NMR calibrated using FTIR of adsorbed acetonitrile-
d3 on the Brønsted SiOHAl groups.
gNot determined in the hydrated zeolite.
hNot formed in the hydrated zeolite.
iValues calculated for B = 0.54 and L = 0.33 mmol/g.

the OH groups are identical. The calibration of the Brønsted acid
groups SiOHAl is required for quantitative analysis of the SiOH and
Si(OH)2 silanol groups using 1H MAS NMR. The concentration of
the Brønsted acid sites SiOHAl of 0.54 mmol/g (Table I) obtained
from FTIR spectroscopy of acetonitrile-d3 adsorbed on the Brønsted
acid sites SiOHAl was employed.

III. COMPUTATIONAL DETAILS
A. Electronic structure calculations

Periodic DFT calculations were carried out employing the
Vienna Ab initio Simulation Package (VASP) code.18–21 The Kohn–
Sham equations were solved variationally in a plane–wave basis set
using the projector-augmented wave (PAW) method of Blöchl22 as
adapted by Kresse and Joubert.23 The exchange–correlation energy
was described by the PW91 generalized gradient approximation
(GGA) functional,24,25 which has been successfully employed in our
previous studies.26–31 Brillouin zone sampling was restricted to the
Γ-point. A plane-wave cutoff of 400 eV was employed for geome-
try optimizations, while a smaller cutoff of 300 eV was used for the
molecular dynamics simulations.

B. Geometry optimizations
The atomic positions were optimized by employing a

conjugate-gradient algorithm minimization of energies and forces
while the lattice parameters were fixed (constant volume) at their
experimental values.

C. Molecular dynamics
The molecular dynamics (MD) simulations used the exact

Hellmann–Feynman forces acting on atoms and applied the statis-
tics of the canonical ensemble to the motion of the atomic nuclei32

using the Verlet velocity algorithm33,34 to integrate Newton’s equa-
tions of motion. The time step for the integration of the equations of
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motion was 1 fs. The simulations were run for 10 000 fs at 400 K
for the models as follows: (i) the AlFR Lewis site with a 3-ring
(one partly released Si′ atom, Scheme I), (ii) the same model with
CD3CN adsorbed on the Al′ atom, (iii) the same model with H2O
adsorbed on the Al′ atom, (iv) the same model with N2 adsorbed
on the Al′ atom, (v) the AlFR Lewis site with a 3-ring (two partly
released Si′ and Si′′ atoms, Scheme II), (vi) the same model with
CD3CN adsorbed on the Al′ atom, (vii) the AlFR Lewis site with a
4-ring (two partly released Si′ and Si′′ atoms, Scheme SIII of the
supplementary material), and (viii) the same model with CD3CN
adsorbed on the Al′ atom. Visual inspection of the structures along
the MD trajectories showed that the duration of the MD simula-
tions was long enough because it included both the rearrangements
of the structures as well as a long period when the system fluctu-
ated around the equilibrium and “snapshots” were collected and
optimized. Similar time lengths were used for MD simulations in
our prior studies of zeolites.12,27,28,30,31,35,36 The MD simulations
serve to obtain the rearranged local structures. The rearrangement
can be monitored by visual inspection. No physical quantity is
derived from the MD trajectories. The structures of 20 distinct
“snapshots” collected at 500, 1000, 1500, . . ., 10 000 fs of the molec-
ular dynamics simulations were optimized for the eight models.
The most stable structures for the models (i–iv) were used for the

subsequent calculations of the 27Al NMR parameters. The start-
ing geometry (P1 symmetry) of the models was generated from
the experimental orthorhombic structure of polymorph A of the
beta zeolite (http://www.iza-structure.org/databases, supercell com-
posed of two-unit cells, cell parameters, a = 12.632, b = 25.264, and
c = 26.186 Å).

Using MD simulations or other similar global optimiza-
tion techniques, which allow for the structural rearrangement, is
necessary27,28 as there are no available experimental structures of the
beta zeolites with AlFR Lewis sites.

D. Calculations of the SiOHAl Brønsted acid sites
The eight models of the SiOHAl Brønsted acid sites cor-

responding to the protonation of one of the four symmetrically
inequivalent oxygen atoms of the Al′O4

− and Al′′O4
− tetrahedra

were calculated. The same starting geometry was employed, and the
structures of the eight models of SiOHAl were optimized.

E. Calculations of 27Al NMR parameters
Clusters of seven coordination shells around the Al atom of

interest (Al–O–Si–O–Si–O–Si–O–Hlink) were extracted from the

SCHEME I. Mechanism I: the formation the AlFR Lewis site with one Si atom partly released from the zeolite framework from an Al′–OH–Si′–O–Si′′–O–Si′′′–OH–Al′′

sequence. Only the atoms of interest are displayed. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow, and hydrogen atoms in white.

SCHEME II. Mechanism II: the formation of the AlFR Lewis site with two Si atoms partly released from the zeolite framework from an Al′–OH–Si′–O–Si′′–O–Si′′′–OH–Al′′

sequence. Only the atoms of interest are displayed. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow, and hydrogen atoms in white.
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fully relaxed structures to calculate, employing the Gaussian09
program,37 27Al NMR shielding tensors; nuclear quadrupolar cou-
pling constants38 CQ; and asymmetry parameters38 η for the 27Al
atom by the gauge independent atomic orbital method (GIAO)39

using the B3LYP functional40,41 and the pcS basis sets of Jensen:42

pcS-4 for the Al atom and pcS-1 for all the other atoms. The
EFGShield program38 was employed to extract the CQ and η values
from the Gaussian output files. The calculated Al shieldings were
converted to Al isotropic chemical shifts, employing the experimen-
tal and theoretical NMR parameters obtained for the silicon-rich
structure of chabazite (27Al NMR shielding of 510 ppm = 27Al
isotropic chemical shift of 60 ppm).43,44

F. AlFR Lewis sites in the ferrierite zeolite
We have recently shown that AlFR Lewis sites formed as minor

species created under 300 ○C in a zeolite of the FER structure
are formed by dehydroxylation of terminal -(SiO)3–AlOH enti-
ties tricoordinated to the zeolite framework.8 The AlFR Lewis sites
are reflected in an extremely broad 27Al NMR resonance with
δiso ≈ 67 ppm and CQ ≈ 20 MHz.8 Such terminal AlFR Lewis sites are
located at internal or external surfaces and are accessible to probe
molecules and reactants. However, there is a substantial discrep-
ancy between the observed CQ value of 20 MHz and that of 35 MHz
predicted for the near planar Al tricoordinated to the zeolite frame-
work.8 Based on this study of the beta zeolite, we conclude that
the observed extremely broad 27Al NMR resonance (δiso ≈ 67 ppm
and CQ ≈ 20 MHz) for the ferrierite zeolite8 corresponds to AlFR
Lewis sites tricoordinated to the zeolite framework with adsorbed
H2O. Our calculations yielded δiso = 59 ppm and CQ = 16.7 MHz
for this site using the same computational approach as in our prior
study.8 These theoretical values are in good agreement with the
experiment.

IV. RESULTS
FTIR spectroscopy of acetonitrile-d3 adsorbed on the H-BEA

sample (Fig. S1 of the supplementary material) (i) showed a signifi-
cant formation of AlFR Lewis sites (reaching 28% of the acid sites, see
Table I) in the zeolite sample dehydrated at 500 ○C, which is a typical
temperature for the creation of AlFR Lewis sites in beta zeolites, and
(ii) confirmed a well-known fact that one AlFR Lewis site is formed
at the expense of two Brønsted acid SiOHAl sites.12

Two possible mechanisms of the formation of AlFR Lewis sites
were extensively considered in the past: (i) cleavage of the Al–O
bond and the subsequent formation of tricoordinated AlFR and
SiOH and (ii) dehydroxylation of one Brønsted acid SiOHAl group
and deprotonization of another close SiOHAl (Fig. S3 of the sup-
plementary material). Regarding (i), our DFT calculations including
molecular dynamics show that when the Al–O bond is broken, it
is immediately rebuilt. The zeolite framework cannot rearrange to
maintain the Al atom tricoordinated to the zeolite framework. Con-
cerning (ii), the structure features one tricoordinated AlFR and also
one tricoordinated Si+ atom, which is remotely balanced by the
deprotonated Brønsted site. This structure cannot correspond to the
AlFR Lewis site either since the Al atom tricordinated to the zeolite
framework is not accessible to probe molecules and reactants. In
addition, tricoordinated Si+ atoms are extremely unstable and must

be immediately transformed into some more stable structure block-
ing the access to the AlTRI atom even more. Therefore, the dehy-
droxylation of the SiOHAl group most likely represents only the first
step in the formation of AlFR Lewis site, and a partial release of Si
atoms from the zeolite framework is proposed as a key step for the
formation of stable and accessible AlFR Lewis sites.

The 29Si MAS NMR measurements of (i) the hydrated par-
ent sample (NH4-BEA), (ii) the calcined and rehydrated sample
(H-BEA), and (iii) the calcined, rehydrated, and subsequently equi-
librated with NaNO3 sample (NaH-BEA) show very similar Si/AlFR
ratios: 11.8, 12.0, and 11.8, respectively (Fig. S5 of the supple-
mentary material), which, moreover, agree well with the Si/Al
ratio obtained from chemical analysis (Si/Al 11.3). These results
clearly show that the calcination is connected with no release
of Al from the zeolite framework. Our 27Al MAS NMR experi-
ments on (i) the hydrated parent sample (NH4-BEA) and (ii) the
calcined, rehydrated, and subsequently equilibrated with NaNO3
sample (NaH-BEA) reveal that the two materials do not exhibit
the presence of extra-framework Al (Fig. S6 of the supplemen-
tary material). This guarantees that the AlFR Lewis sites represent
the only type of Al Lewis centers in the investigated dehydrated
sample. In addition, the 29Si CP MAS NMR spectrum of the dehy-
drated H-BEA sample (Fig. S7 of the supplementary material) clearly
reveals the absence of Si(1Si,3OH) and Si(0Si,4OH) atoms. This
excludes a release of various Si species {i.e., “free” Si(OH)4, (OH)3Si–
O–Si(OH)3, and (OH)3Si–O–[Si(OH)2]n≥1–O–Si(OH)3} from the
zeolite framework.

The ∗BEA structure is very unique among the pentasil-ring
zeolites regarding the massive formation of AlFR Lewis sites at
lower temperatures.9,12 While isolated single Al atoms and Al
pairs of Al–OH–Si–O–Si–OH–Al sequences located in one 6-ring
or 8-ring are generally present in the framework of pentasil-ring
zeolites,28,43,45–48 close unpaired Al atoms (close Al atoms com-
pensated by a [Co(II)(H2O)6]2+ complex in hydrated zeolites but
unable to balance a bare divalent cation in dehydrated zeolites) were
reported at higher concentrations exclusively for beta zeolites12,48–52

and, moreover, the SSZ-13 zeolite (54% of Al),31 which, however,
does not belong to the pentasil-ring zeolites. We therefore propose
that close unpaired Al atoms, which predominate in the beta zeolite
studied (68% of Al),12 are responsible for the formation of the AlFR
Lewis sites in the beta zeolite. Close unpaired Al atoms were unam-
biguously attributed to Al–OH–Si–O–Si–O–Si–OH–Al sequences
in the SSZ-13 zeolite.31 Therefore, we assume that the close unpaired
Al atoms most likely correspond to Al–OH–Si–O–Si–O–Si–OH–Al
sequences located in 12-rings of the ∗BEA framework. It should
be noted that since there are two polymorphs of the ∗BEA struc-
ture, each having nine crystallographically distinguishable T sites,
more different AlSi3Al sequences (i.e., the Al atoms occupy differ-
ent crystallographically distinguishable T sites) can participate in the
formation of the AlFR Lewis sites. This can result in the creation
of several AlFR Lewis sites with slightly different local structures
exhibiting various locations in the zeolite channel system, result-
ing in slight variations of their spectroscopic parameters. However,
since the Al siting in the investigated beta zeolite is unknown, we
cannot determine which AlSi3Al sequences participate in the forma-
tion of the AlFR Lewis sites. This absence of knowledge, nevertheless,
has no effect on our analyses of the experimental measurements.
Moreover, a possibility that the close unpaired Al atoms relate to
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Al–OH–(Si–O)3–Si–OH–Al sequences located in 12-rings is also
considered.

Based on the experimental results revealing neither dealumi-
nation nor desilication and, furthermore, our DFT calculations
and assumption regarding the presence of Al–OH–Si–O–Si–O–Si–
OH–Al sequences (i.e., close unpaired Al atoms) in beta zeolites,
we propose the formation of AlFR Lewis sites from two Brønsted
acid sites separated by three Si atoms (i.e., Al′–OH–Si′–O–Si′′–O–
Si′′′–OH–Al′′) including four steps (see mechanism I in Scheme I)
as follows:

(Step 1) Dehydroxylation of one Brønsted acid site of an
Al′–OH–Si′–O–Si′′–O–Si′′′–OH–Al′′ sequence located in a
12-ring to yield Al′TRI Si′+–O–Si′′–O–Si′′′–OH–Al′′. An
electron-pair acceptor tricoordinated Al′TRI atom is formed.

(Step 2) Deprotonation of the other Brønsted acid site
of Al′TRI Si′+–O–Si′′–O–Si′′′–OH–Al′′ to give Al′TRI
Si′+–O–Si′′–O–Si′′′–O–Al′′−.

(Step 3) Cleavage of two Si′–O bonds and a partial release of the
Si′ atom from the zeolite framework. The two unsaturated sili-
con atoms yield two SiOH groups by interactions with residual
water molecules. These reaction steps result in a creation of a
hole with a nest of two silanol groups in the vicinity of the tri-
coordinated Al′TRI atom, making it accessible for probes and
reactants.

(Step 4) Subsequent formation of a 3-ring. The positively charged
Si′ atom forms a bond with the O atom of the deprotonated
negatively charged Si′′′–O–Al′′− Brønsted site, and the Al′′–O
bond is cleaved. However, due to the spatial proximity of the
O and Al′′TRI atoms, the O atom interacts with one of its lone
pairs with the tricoordinated Al′′TRI atom and saturates it. This
Al′′TRI atom tricoordinated to the zeolite framework does not
act as an electron-pair acceptor. The Si′′ and Si′′′ atoms pre-
serve their positions in the framework. The unsaturated Si′

atom yields a Si(OH)2 group by reactions with residual water
molecules.

In addition, we also considered mechanism II (Scheme II): a
cleavage of two Si′–O bonds and two Si′′–O bonds and a partial

release of the Si′ and Si′′ atoms from the zeolite framework in
step 3.

Consequently, a 3-ring is formed in step 4, and only the Si′′′

atom preserves its position in the framework. The Al′′TRI atom
tricoordinated to the zeolite framework is not accessible due to
the coordination of a lone pair of an oxygen atom of the 3-ring.
However, the number of silanol groups formed by reactions of
unsaturated silicon atoms is doubled [four SiOH and two Si(OH)2].

Similarly, mechanism III (Scheme SIII of the supplementary
material) involving Al–OH–(Si–O)3–Si–OH–Al sequences located
in 12-rings is considered as well.

We employed 27Al WURST-QCPMG, 1H MAS, and 29Si MAS
NMR spectroscopy to support the suggested mechanisms and deter-
mine the number of partially released Si atoms and thus resolve
which one of the two mechanisms better describes the formation
of AlFR Lewis sites in beta zeolites. The standard way of the detec-
tion of AlFR Lewis sites represents FTIR spectroscopy. However,
the formation of AlFR Lewis sites cannot be identified directly, but
adsorbed acetonitrile-d3 is used as a probe. To allow for compar-
ison between 27Al WURST-QCPMG NMR experiments and the
FTIR measurements, acetonitrile-d3 was adsorbed on the dehy-
drated H-BEA sample. The formation of AlFR Lewis sites in the
dehydrated H-BEA sample is reflected in extremely broad 27Al
NMR resonances in the 27Al WURST-QCPMG NMR spectrum
(Fig. 2).

The 27Al WURST-QCPMG NMR spectrum was simulated
using the DFT calculated NMR parameters for the Al′TRI atom with
adsorbed CD3CN and Al′′TRI atoms (Table II). Furthermore, there
are also Brønsted acid SiOHAl groups present in the framework of
the studied zeolite (Table I). It is sufficient to use one 27Al NMR res-
onance corresponding to the Brønsted acid sites in our simulation.
However, our simulation required another 27Al NMR resonance
(i.e., the R-IV resonance) to obtain good agreement between the sim-
ulated and measured spectra. The DFT calculated NMR parameters
were used as the starting values to perform the simulation dur-
ing which the NMR parameters were slightly optimized to obtain
the best fit. The observed NMR parameters are shown in Table II.
The experimental NMR parameters of the R-I (assigned to Al′TRI

FIG. 2. 27Al WURST-QCPMG NMR spectrum of the dehydrated H-BEA zeolite with adsorbed acetonitrile-d3 (left) and its simulation with the individual 27Al NMR resonances
(right).
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TABLE II. The calculated and observed values of the 27Al isotropic chemical shift (δiso), the nuclear quadrupolar coupling constant (CQ), the asymmetry parameter (η), the span
(Ω), the skew (κ), the Euler angles (α, β, and γ), and the intensity. Italicface denotes DFT calculated values.

Atom δiso (ppm) CQ (MHz) η Ω (ppm) κ α (deg) β (deg) γ (deg) Intensity (%)

Al′ + CD3CN DFT 65 15.3 0.53 87 −0.3 72 83 353
R-I 70 ± 5 14 ± 2 0.7 ± 0.2 74 −0.2 80 0 0 19

Al′ DFT 90 37.2 0.14 126 −0.4 80 89 359
Not observed

Al′ + N2
DFT 68 28.2 0.25 126 −0.5 74 87 357

Not observed

Al′ +H2O DFT 69 12.6 0.65 70 −0.2 81 85 357
R-I 70 ± 5 13 ± 2 0.9 ± 0.2 74 −0.2 80 0 0 22

Al′′ (CD3CN model) DFT 70 17.3 0.1 69 −0.6 269 89 3
R-II 70 ± 5 19 ± 2 0.2 ± 0.2 67 −0.6 275 0 200 15

Al′′ (H2O model) DFT 69 17.6 0.1 68 −0.7 276 88 178
R-II 70 ± 5 19 ± 2 0.2 ± 0.2 67 −0.6 275 0 200 18

SiOHAl DFTa 66 3.5 0.85
R-III 60 ± 5 3.5 ± 0.5 0.4 ± 0.2 62,b 56c

Penta-coordinated Al Not calculated
R-IV 40 ± 5 3.5 ± 0.5 0.5 ± 0.2 550 0.87 0 0 0 4,b 4c

aBare framework AlO4
− model without a proton.

bCD3CN model.
cH2O model.

with adsorbed acetonitrile-d3) and R-II (attributed to Al′′TRI) reso-
nances are in very good agreement with the DFT calculated values
(Table II). It should be noted that several various AlSi3Al sequences
can participate in the formation of the AlFR Lewis sites, and there-
fore, using additional broad 27Al NMR resonances with close NMR
parameters corresponding to the Al′TRI atom with adsorbed CD3CN
and the Al′′TRI atom located in various crystallographically distin-
guishable T sites would be necessary to obtain a perfect fit. However,
employing four 27Al NMR resonances for the fit of the 27Al WURST-
QCPMG NMR spectrum (Fig. 2) were sufficient for our analysis of
the experimental measurements and the support of the suggested
mechanism.

While framework Al atoms in hydrated zeolites exhibit very
narrow spectra with the CQ value close to 3 MHz,53–55 Al atoms in
dehydrated H-zeolites are reflected in significantly wider resonances
with the CQ values ranging from 5 to 16 MHz.55–58 This wide range
of the CQ parameters can be explained by the various degrees of the
mobility of the Brønsted proton on the AlO4

− tetrahedra.59 Our DFT
calculations of the beta zeolite yielded (i) the CQ

38 value of 4 MHz
(Table II) for the bare framework AlO4

− model without a proton
representing the completely mobile Brønsted proton55 on AlO4

−

and (ii) the CQ constant of 17–21 MHz (Table SI of the supplemen-
tary material) for the SiOHAl Brønsted acid sites with completely
immobile protons. Therefore, the R-III resonance with the measured
CQ = 3.5 MHz can be assigned to the Al atoms of Brønsted acid
SiOHAl groups with highly mobile protons.

The very low intensity R-IV resonance with an enormous
anisotropy of the chemical shift most likely corresponds to a small
fraction of penta-coordinated extra-framework Al species forming
extra-framework AlEF Lewis sites that are not distinguishable by
FTIR from framework AlFR Lewis sites.

Furthermore, the dehydrated H-BEA sample was used to inves-
tigate the structure of “bare” AlFR Lewis sites (i.e., without adsorbed
acetonitrile-d3). Again, the “bare” AlFR Lewis sites are reflected in
extremely broad 27Al NMR resonances in the 27Al WURST-QCPMG
NMR spectrum (Fig. 3).

Our DFT calculations of the CQ parameters of the Al′TRI and
Al′′TRI atoms taking part in the formation of AlFR Lewis sites gave
the values of 37 (Table II) and 17 MHz, respectively. There is no
observed 27Al NMR resonance in the 27Al WURST-QCPMG NMR
spectrum (Fig. 3), which can be assigned to Al′TRI with the CQ value
of 37 MHz although the 27Al WURST-QCPMG NMR method guar-
antees detection of the signal with CQ up to 50 MHz (details are
given in the supplementary material).16,60 The discrepancy of the CQ
parameters of the electron-pair acceptor tricoordinated Al′TRI atom
can hardly be explained only by the difference between the calcu-
lated model and the real structure in the zeolite (it should be noted
that there are two polymorphs of the ∗BEA structure, each hav-
ing nine crystallographically distinguishable T sites, and therefore,
there is a large number of possible AlSi3Al structures). However,
the AlTRI atom tricoordinated to the zeolite framework is extremely
reactive and interacts not only with water molecules but even with
N2 present in the zeolite.61 It should be noted that new SiOH and
Si(OH)2 groups cannot be formed in the absence of water molecules.
Our DFT calculations of the CQ parameters of the Al′TRI of AlFR
Lewis sites with adsorbed N2 and H2O (Table II) yielded the val-
ues of 28 and 13 MHz, respectively (Table II). There is no observed
27Al NMR resonance in the 27Al WURST-QCPMG NMR spectrum
of the dehydrated H-BEA zeolite (Fig. 3), which can be assigned
to Al′TRI with the CQ value of 28 MHz. Conversely, the simula-
tion of this spectrum with one 27Al NMR resonance with the CQ
parameters (Table II) 13 MHz (Al′TRI with adsorbed H2O), one
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FIG. 3. 27Al WURST-QCPMG NMR spectrum of the dehydrated H-BEA zeolite (left) and its simulation with the individual 27Al NMR resonances (right).

27Al NMR resonance with the CQ value of 18 MHz (Al′′TRI), one
27Al NMR resonance corresponding to the Brønsted acid sites, and
another 27Al NMR resonance (i.e., the R-IV resonance) yielded good
agreement between the simulated and measured spectra. The DFT
calculated NMR parameters were used as the starting values to per-
form the simulation during which the NMR parameters were slightly
optimized to obtain the best fit.

The assignment of the R-I and R-II resonances to the Al′TRI
and Al′′TRI atoms, respectively, is in good agreement with the results
of the quantitative analysis. Our simulation of the 27Al WURST-
QCPMG NMR spectrum (Fig. 3) yielded 22% of all the Al atoms for
Al′TRI. This value agrees well with the 28% of Al′TRI derived from
our FTIR measurements (Table I). It should be noted that FTIR
experiments reflect only the accessible Al atoms of the acid sites
(i.e., Al′TRI), and therefore, 54 μmol/g of the Brønsted acid SiOHAl
groups and 33 μmol/g of AlFR Lewis sites correspond to 54 μmol/g
of Al atoms creating the Brønsted acid sites and 33 μmol/g of Al′TRI
and 33 μmol/g of Al′′TRI (i.e., 66 μmol/g of Al atoms taking part in
the formation of the AlFR Lewis sites). Therefore, we can conclude
that a water molecule is adsorbed on Al′TRI of the AlFR Lewis site at
ambient laboratory temperature (when the 27Al WURST-QCPMG

NMR spectrum was measured). Conversely, probes and reactants
can replace H2O at elevated temperatures under reaction conditions,
and therefore, Al′TRI atoms can serve as reaction centers.

The assignments of the R-I and R-II resonances to the Al′TRI
and Al′′TRI atoms, respectively, were further confirmed by the
results of the 27Al BRAIN-CP/WURST-QCPMG NMR experiment,
which showed a significant suppression of the R-III resonance
in the spectrum (Fig. 4) assigned to the Al atoms of the Brøn-
sted acid SiOHAl groups. Only protons of the Brønsted acid sites
should be highly mobile, and the corresponding Al atoms are
thus suppressed in the 27Al BRAIN-CP/WURST-QCPMG NMR
spectrum even when a relatively short mixing time of 1 ms was
employed.

This result most likely indicates the presence of close fixed
hydrogens of the water molecule adsorbed on Al′TRI (two fixed
hydrogens at 2.5 Å). There is a lower efficiency of the magneti-
zation transfer from hydrogens of silanol groups to Al′′TRI due to
larger distances of the silanol groups. The R-III resonance with
CQ = 3.5 MHz is almost completely suppressed in the 27Al BRAIN-
CP/WURST-QCPMG NMR spectrum due to a very low efficiency of
magnetization transfer from the SiOHAl groups.

FIG. 4. 27Al BRAIN-CP/WURST-QCPMG NMR spectrum of the dehydrated H-BEA zeolite measured at a relatively short contact time (l ms) (left) and its simulation with the
individual 27Al NMR resonances (right).
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It should be noted that 27Al NMR resonances with high CQ val-
ues can also relate to Al atoms of Brønsted acid SiOHAl groups with
completely immobile protons.62 Nevertheless, neither the R-I res-
onance nor the R-II resonance can correspond to Al atoms of the
Brønsted acid SiOHAl groups since our FTIR experiments show that
28% of the acid sites correspond to AlFR Lewis sites and the rest are
Brønsted acid sites (Table I), and there is no other observed 27Al
NMR resonance in the 27Al WURST-QCPMG NMR spectrum with
a larger CQ value.

1H MAS and 29Si MAS NMR experiments were employed to
determine the number of partially released Si atoms (Scheme I
and II). Mechanisms I and II differ in the number of Si atoms with
OH groups and number of OH groups. It is very difficult to dis-
tinguish between Si(3Si,1OH) and Si(2Si,2OH) atoms in 29Si MAS
NMR spectra of the beta zeolite composed of two polymorphs each
possessing 9 crystallographically distinguishable T sites. Conversely,
1H MAS NMR spectroscopy does not suffer from this issue and
therefore represents a promising tool to identify the number of
partially released Si atoms.

The 1H MAS NMR spectrum of the dehydrated H-BEA zeolite
(Fig. 1) shows three 1H NMR resonances: (i) a dominant one cen-
tered around 1.6 ppm, corresponding to the silanol SiOH groups,
(ii) another resonance at around 3.8 ppm, relating to the Brøn-
sted acid SiOHAl groups with a shoulder at around 5 ppm, which
can likely be attributed to adsorbed water molecules, and (iii) a
minor resonance at 6.3, which most likely can be assigned to resid-
ual NH4

+ cations.63 These results agree well with the FTIR spectrum
of the dehydrated H-BEA samples in the region of OH vibra-
tions (Fig. S2 of the supplementary material). The FTIR spectrum
clearly shows the bands corresponding to the OH vibrations of
SiOH and SiOHAl; however, it does not allow for quantification of
the OH groups. Nevertheless, the concentration of the OH groups
can be estimated from the 1H MAS NMR spectrum calibrated
using FTIR spectroscopy of adsorbed acetonitrile-d3 on the Brønsted
SiOHAl sites. The concentrations of the OH groups are listed
in Table I.

Figure 5 compares the 29Si MAS NMR spectra of the hydrated
NH4-BEA sample and the H-BEA zeolite dehydrated at 500 ○C and
their simulations (with the lowest possible number of resonances)
and reveals (i) a significant increase in either one of the Si(3Si,1OH)
and Si(2Si,2OH) atoms or both of them from 6% to 11% of all
the Si atoms (Fig. 5 and Table I) with a new silanol resonance at
−106.5 ppm, which is a product of a partial release of Si atoms
(Schemes I and II) analogous to a formation of silanol nests,64,65

and (ii) an appearance of a new 29Si NMR resonance at −120.5 ppm.
The assignment of 29Si NMR resonances to silanols was based on
the 29Si CP MAS NMR experiment (Fig. S7 of the supplementary
material).

Since the 29Si NMR resonance at −120.5 ppm is within the
range of 29Si chemical shifts of Si(4Si), it most likely corresponds to
framework Si(4Si) atoms that rearranged when the framework was
perturbed.

Quantifications of (i) the Si atoms of the SiOH and Si(OH)2
groups created during the formation of the AlFR Lewis sites by 29Si
MAS NMR spectroscopy and (ii) the corresponding H atoms of
these SiOH and Si(OH)2 groups employing 1H MAS NMR spec-
troscopy were used to determine the number of Si atoms partly
released from the framework.

FIG. 5. 29Si MAS NMR spectra of the hydrated NH4-BEA (top) and dehydrated
H-BEA (bottom) zeolites and their simulations.

Comparison between (i) the concentrations of the Si(OH)1,2
atoms and the OH groups measured for the H-BEA sample dehy-
drated at 500 ○C and (ii) the corresponding theoretical values
derived from the suggested mechanisms for one and two Si atoms
partly released from the framework (Schemes I and II, respec-
tively) indicates that the former mechanism (i.e., a partial release of
only one silicon atom) is in significantly better agreement with the
experimental results than the latter (Table I).

The possibility of existence of the zeolite framework with sta-
ble either the 3-ring or the 4-ring and tricoordinated AlFR atoms
as well as the accessibility of these Al atoms were investigated by
extensive DFT calculations including molecular dynamics. The com-
putational results reveal that the formed 3-ring (Schemes I and II)
and 4-ring (Scheme SIII of the supplementary material) can be
created and are stable and one AlTRI is accessible for a CD3CN
probe while the other AlTRI is closed for donor molecules due to
its donor–acceptor interaction with an electron-pair of one of the
oxygen atoms of the 3-ring or 4-ring. Since mainly only one sili-
con atom is partly released (Table I), a possibility that AlFR Lewis
sites are predominantly formed from Al–OH–(Si–O)3–Si–OH–Al
sequences located in 12-rings (mechanism III in Scheme SIII of
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FIG. 6. The optimized structures of the model of the AlFR Lewis site with one Si
atom partly released from the zeolite framework (mechanism I) (top) and acetoni-
trile (middle) and water (bottom) adsorbed on the Al′TRI atom of the same model
of the AlFR Lewis site. The atoms of interest are displayed as balls. The distances
are in Å. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow,
nitrogen atoms in blue, and hydrogen atoms in white.

the supplementary material) can be ruled out. Our DFT calcula-
tions show that a 4-ring cannot be formed if only one Si atom is
partly released from the framework. Mechanism III requires a par-
tial release of the Si′ and Si′′ atoms from the zeolite framework
and yields a (Si–O)4 4-ring with the Si′′′ and Si′′′′ atoms preserving
their positions in the framework and eight silanol groups. There-
fore, Al–OH–(Si–O)3–Si–OH–Al sequences can be excluded as the
main precursors of the AlFR Lewis sites. It should be noted that
Al–OH–Si–O–Si–OH–Al sequences cannot represent precursors of
the AlFR Lewis sites either because 2-rings cannot exist in the frame-
work. Therefore, we propose that AlFR Lewis sites are predominantly
formed from Al–OH–(Si–O)2–Si–OH–Al sequences (correspond-
ing to the close unpaired Al atoms) from which one Si atom is partly
released (Scheme I). The calculated arrangement of the AlFR Lewis
site is depicted in Fig. 6.

V. DISCUSSION
The proposed reaction steps are consistent with all our experi-

mental measurements on the H-BEA sample. At least one Si atom
must be partly released from the framework to allow for the for-
mation of a hole in the vicinity of the tricoordinated Al′TRI atom;
otherwise, Al′TRI would not be accessible for probes and reactants.
If the Si′ atom did not form a ring with the Si′′′ atom, then it
would either be fully released from the framework to yield Si(OH)4
or form a –Si(OH)3 group attached to the framework by one Si–O
bond. Our 29Si MAS NMR experiments show the presence of nei-
ther Si(1Si,3OH) nor Si(0Si,4OH) atoms in the calcined sample.
Furthermore, if some Si species were completely released from the
framework, then it would be difficult to explain the reversibility of
the formation of the AlFR Lewis sites, i.e., that tetrahedral Al atoms
are created from AlFR Lewis sites upon rehydration of the sam-
ples and also the preservation of the Si/Al ratio of (i) the hydrated
parent sample (NH4-BEA), (ii) the calcined and rehydrated sam-
ple (H-BEA), and (iii) the calcined, rehydrated, and subsequently
equilibrated with NaNO3 sample (NaH-BEA) (Fig. S5 of the supple-
mentary material).12 In addition, the formation of the ring prevents
the reprotonation of the deprotonated Si′′′–O–Al′′− Brønsted site,
and thus, one AlFR Lewis site is formed at the expense of two
Brønsted acid sites as observed.

The fact that Al–OH–(Si–O)2–Si–OH–Al sequences located in
12-rings most likely represent the precursors of the AlFR Lewis sites
explains why the ∗BEA structure is very unique regarding the mas-
sive formation of AlFR Lewis sites at lower temperatures. These close
unpaired Al atoms were reported at higher concentrations only for
the beta9,12 and SSZ-1331 zeolites. Nevertheless, the above sugges-
tion indicates that AlFR Lewis sites are formed in other zeolites
than the beta and SSZ-13 zeolites by different mechanisms as it was
confirmed for ferrierite.8

VI. CONCLUSIONS
Our study suggests that Al–OH–Si–O–Si–O–Si–OH–Al

sequences located in 12-rings most likely represent the main
precursors of the AlFR Lewis sites in beta zeolites. Two Si–O and
two Al–O bonds are cleaved to yield (i) a partly released Si atom
from the zeolite framework, which subsequently creates a 3-ring,
(ii) four silanol groups, and (iii) two electron-pair acceptor AlTRI
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atoms. The production of the 3-ring creates a hole with a nest of
two silanol groups in the vicinity of one Al′TRI atom, making it
accessible for electron-pair donors while the other Al′′TRI atom
is closed. Therefore, the two AlTRI atoms correspond to one AlFR
Lewis site. Our results show that the electron-pair acceptor of AlFR
Lewis sites corresponds to an Al′TRI atom tricoordinated to the
zeolite framework, which adsorbs a water molecule. The Al′TRI
atoms with adsorbed H2O and Al′′TRI are reflected in two extremely
broad 27Al NMR resonances—one with δi = 70 ± 5 ppm, CQ = 13
± 2 MHz, and η = 0.9 ± 0.2 and the other one with δi = 70 ± 5 ppm,
CQ = 19 ± 2 MHz, and η = 0.2 ± 0.2, respectively. Adsorption
of acetonitrile-d3 on the zeolite permitted comparison between
the 27Al WURST-QCPMG NMR measurements and the FTIR
experiments used to evidence and quantify the AlFR Lewis sites. The
observed 27Al NMR resonances are again extremely broad—one
corresponding to Al′TRI with adsorbed acetonitrile-d3 with δi = 70
± 5 ppm, CQ = 14 ± 2 MHz, and η = 0.7 ± 0.2 and the other one
related to Al′′TRI with δi = 70 ± 5 ppm, CQ = 19 ± 2 MHz, and η = 0.2
± 0.2. The partial release of one Si atom from the zeolite framework
is proposed as a key step for the formation of stable and especially
accessible AlFR Lewis sites.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures, a table,
and experimental sections.
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