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ABSTRACT: Zeolites are widely used as solid acid catalysts from the laboratory to the industrial scale. Their thermal
stability, mesoporous volume and catalytic properties can be significantly enhanced by framework dealumination, result-
ing in the formation of framework defects and extra-framework aluminum (EFAL) species, altering surface acidity and
microporous volume. Understanding dealumination of as-synthesized zeolite crystals is critical to tune their catalytic
activities. However, the atomic-scale structural evolution of the zeolite surface in the course of dealumination treatments
remains elusive. Here, we examined a series of four faujasite zeolite samples, ranging from Y to USY zeolites, collected at
key steps of the manufacturing process. High-resolution quantitative 'H NMR spectra were obtained at high-field and fast
magic angle spinning frequency and interpreted with the help of 'H multiple-quantum (up to four-quanta) and 'H-*Al
dipolar-based correlation experiments. An extensive array of surface species was resolved, identified, and monitored dur-
ing dealumination with a high level of structural detail. This was achieved through a joint interpretation of the NMR data
acquired across the entire sample set and DFT calculations spanning an exceptionally broad range of environments. Key
insight is provided into the environment of various hydroxyl groups as well as the atomic-scale structure of mononuclear
EFAL species. While alumina-like domains are not observed, the presence of multinuclear EFAL species is evidenced. The
structure of several defect silanol sites were also characterized. The quantitative evolution of these various surface sites
during dealumination is discussed based on the peak intensity changes in the 'H spectra. Ultimately, in situ IR spectra
were obtained. Clear correlations were observed between IR bands and 'H chemical shifts, offering valuable perspectives
to refine the interpretation of both IR and NMR spectra.

1. INTRODUCTION An example is the transformation of the as-synthesized

Zeolites are microporous crystalline materials with
structures built from corner-sharing AlO, and SiO, (or
PO,) tetrahedrons and extensively employed as heteroge-
neous catalysts in various industrial applications due to
their unique chemical and physical properties, including
stability, shape selectivity and tunable acidity.”® The
presence of Al atoms in the framework requires charge
compensation by either extra-framework cations or pro-
tons covalently bound to the bridging O between Si and
Al These bridging hydroxyl groups generate the Bronsted
acidity of zeolites. However, the ultimate acidic proper-
ties of zeolites are much more complex, as the final prod-
ucts typically undergo a series of (hydro)thermal and
chemical treatments aimed at enhancing the stability and
porosity of the pristine material.
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faujasite (FAU structure type) zeolite NaY into the ultra-
stable Y (USY) zeolite, a long-standing pivotal catalyst in
refining and petrochemical industry used for fluid catalyt-
ic cracking, hydrocracking, alkylation or isomerization
reactions.”™ Y zeolites also hold recent promise in bio-
mass conversion®"> or plastic recycling.®” Their crystal
structures are constructed with supercages and sodalite
cages interconnected through hexagonal prisms. The USY
zeolites are typically prepared by a series of hydrothermal
treatments, first conducted on partially NH,*-exchanged
NaY zeolites (Figure 1). Steaming steps lead to the hydrol-
ysis of Si-(OH)-Al bonds, displacing Al atoms from the
framework, in what is known as the dealumination.>®"
The generation of extra-framework aluminum (EFAL)
species along with other framework-connected defect
sites results in Lewis acidic sites, simultaneously modify-



ing the vicinity and thus the acidity of Bronsted sites. A
following leaching step using strong acid removes all or
part of the EFAL species. These treatments lead to the
formation of mesopores, whose acid sites have a different
reactivity than those located in the micropores. The
resulting USY zeolite shows not only high thermal stabil-
ity but also improved catalytic activity.

steaming , ! :
and full NH,* exchange steaming acid leaching
—> —> —>
dehydration and
deammoaniation
H/Na-Y (1) H-USY (2) H-USY (3) H-USY (4)
Figure 1. Schematic representation of industrial

dealumination treatments applied to Y zeolites, and the
series of four samples investigated here. Prior to analysis, the
materials were activated as described in the experimental
section, removing water and ammonium ijons from the
framework.

While these manufacturing protocols are widely em-
ployed in industry, a thoroughly fundamental under-
standing of dealumination mechanisms is still missing.
Thus, the causal link between the industrial post-
synthesis treatments and the atomic-scale transformation
of the zeolite surface structure at each step of these man-
ufacturing processes remains still elusive. Such
knowledge, however, is essential for controlling
dealumination and in turn designing zeolite materials
with enhanced and tunable catalytic properties.

Solid-state nuclear magnetic resonance (NMR) spec-
troscopy, often in conjunction with powder X-ray diffrac-
tion (PXRD), Fourier transform infrared (FTIR) spectros-
copy, elemental analysis, adsorption isotherm measure-
ment and/or electron microscopy, has proven to be a
versatile and insightful technique to investigate hydroxyl
groups and monitor dealumination in zeolites.***3>*73°
Analyses are typically conducted after dealumination, as
the conditions of treatments in terms of water vapor pres-
sure and temperature do not permit in situ approaches,
with the exception of PXRD.>° Bronsted and Lewis acid
sites are conventionally explored by one- (1D) and two-
dimensional (2D) 'H and *Al Magic Angle Spinning
(MAS) NMR.*7#3%374° Digtinct *?Al NMR parameters are
extracted for four-coordinated framework aluminum
atoms associated with Brgnsted acid sites and for five- or
six-coordinated aluminum atoms usually assigned to
Lewis acid sites.>**"** Similarly, distinct '"H chemical shifts
are observed for Bregnsted acid sites, EFAL species and
framework or external surface defects. Various NMR
strategies were implemented to determine the number of
hydroxyl groups present in a given structural motif or
spatial proximities between acid sites.”™” NMR spectros-
copy of probe molecules with different sizes and base
strengths were also implemented to monitor the relative
acid strength of dealuminated zeolites and investigate
vicinal acid pairs.**>**4
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While NMR can go a long way in characterizing the lo-
cal structure of acid sites, a coupling with computational
models is often necessary. Several density functional the-
ory (DFT) models were developed to unravel the frame-
work and surface structures of dealuminated zeolites, the
distribution and nature of EFAL species, as well as the
dealumination mechanisms.®*®*°> By combining DFT
calculations with 'H NMR spectroscopy, several EFAL
species, such as AI(OH),, [Al(OH)]* and [AI(OH),(H,0),],
were proposed in dealuminated HY zeolite,**>” and silanol
nests were evidenced in calcined zeolite SSZ-70.%

However, despite substantial research efforts, obtaining
a comprehensive description of the evolution of zeolite
surface structure in the course of dealumination remains
an unmet challenge due to the considerable diversity of
surface sites potentially formed during the processing of
as-synthesized zeolites. Furthermore, many of the afore-
mentioned studies were conducted on samples that do
not represent industrial standards.

In this work, we investigate a series of four FAU zeolite
samples, ranging from Y to USY zeolites collected at key
steps of industrial dealumination treatments (Figure 1). By
conducting NMR experiments at high field and fast MAS,
we show that high resolution quantitative 1D 'H NMR
spectra are obtained that can be fully interpreted with the
help of 2D 'H multiple-quantum single-quantum (MQ-
SQ) correlation experiments (up to four-quanta), as well
as 'H{*’Al} dipolar-based heteronuclear multiple quantum
correlation (D-HMQC) experiments. An extensive set of
individual proton resonances was resolved that could be
assigned with a great level of structural details by a com-
bined interpretation of the ensemble of NMR data ac-
quired across the whole set of samples and DFT calcula-
tions encompassing an unprecedented large variety of
environments. Subsequently, a quantitative analysis of
the evolution of various species during dealumination is
performed, providing novel insights into the structural
changes of FAU zeolites during steaming and acid-
leaching treatments. These results are further used to
revisit the assignment of the IR spectra collected on the
same set of FAU samples.

2. MATERIALS AND METHODS
2.1. Sample Preparation

Four commercial Y zeolites representing different stag-
es in the dealumination process were purchased from
Zeolyst (commercial codes CBV300, CBV500, CBV600 and
CBV712). The samples were dehydrated (or activated) at
450 °C under high vacuum (<10 mbar) then sealed in
glass ampoules for storage prior to the NMR measure-
ments. As shown in Figure 1, 1 is the activated cation ex-
changed Na/NH,-Y zeolite (CBV300), where 80% of Na*
are replaced by NH,*. Activation decomposes NH," into
NH; and H*, leading to protonated zeolite. 2 is the acti-
vated form of NH,-USY (CBVs500), obtained from
Na/NH,-Y by a first steaming step, followed by full NH,*
cation exchange. H-USY (CBV600) is then prepared by
another steaming step and leads to 3 after dehydration.
The final zeolite sample H-USY (CBV712) has been acid-



leached, as evidenced by its much lower Al content (Table
S1). 4 corresponds to its activated form. All the samples
were characterized by PXRD, X-Ray Fluorescence (XRF)
and N, physisorption as reported in the Supporting In-
formation.

2.2. Solid-State NMR Spectroscopy

The solid-state NMR sample rotors were packed in a
glovebox with argon atmosphere. All the 'H single-
resonance experiments were performed at 18.8 T on a
Bruker NEO narrow-bore spectrometer equipped with a
1.3 mm 'H/2C/°N triple-resonance probe. The 'H-*7Al
double-resonance experiments were carried out at 13.5 T
on a Bruker NEO wide-bore spectrometer equipped with
a 1.3 mm 'H/X double-resonance probe. In order to pre-
vent the sample from absorbing moisture, a new sample
rotor was packed for each experimental session and ultra-
dry nitrogen gas (>99%) was used for MAS and frame-
cooling. Prior to acquiring spectra, the NMR spectrometer
was systematically rechecked and recalibrated, including
the magic angle, the shims, the sample temperature and
the chemical shift reference, to prevent any potential drift
caused by instrumentation.

The quantitative 1D 'H MAS experiments were per-
formed with a MAS rate of 60 kHz. Before these experi-
ments, the proton spin-lattice relaxation time constant,
T,(H), for each resolved peak in each sample was meas-
ured by performing 'H saturation-recovery experiments.
The recycle delay (60 s) for the quantitative 1D 'H MAS
experiment was set to be larger than five times the long-
est T,('H). The probe background was removed by sub-
tracting the spectrum of the empty rotor recorded under
the same experimental conditions from each sample spec-
trum. For the experiment on the empty rotor, the probe
tuning was checked, which was very similar to that of the
packed rotor. The sample masses were recorded so that
the absolute spectral intensities can be compared be-
tween different samples. 2D '"H DQ-SQ correlation spectra
were measured by using the Back-to-Back (BaBa) pulse
sequence® with a MAS rate of 60 kHz. The broadband
version BaBa pulse sequence®® was used for TQ-SQ and
4Q-SQ correlation experiments of 4 for its improved effi-
ciency and robustness. 2D 'H-*’Al heteronuclear correla-
tion spectra were obtained by using D-HMQC pulse se-
quence® with MAS rate of 50 kHz. The chemical shift axis
of 'H and *Al were calibrated indirectly by measuring the
BC signals of adamantane and calculating the reference
frequencies based on the IUPAC suggestions.”>® The
spectral processing and deconvolution analysis of the
quantitative 1D 'H MAS spectra were all performed using
TopSpin (version 4.3.0).

2.3. In Situ FTIR Spectroscopy

A self-supported wafer (1.6 cm in diameter) was activat-
ed in situ at 450 °C in a homemade IR cell attached to a
dynamic vacuum system (<10 mbar). After 10 h at the
selected activation temperature, the sample was cooled to
room temperature under dynamic vacuum. FTIR meas-
urements were carried out using a Thermo Nexus FTIR
spectrometer, equipped with a DTGS detector, in the
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range of 4000 - 400 cm™ at a spectral resolution of 4 cm™
and with 32 scans in transmission mode.

The obtained spectra were analyzed, including decom-
position, integration, subtraction and determination of
peak positions, using Thermo software, Omnic. Absorp-
tion coefficients used for each peak contribution are de-
rived from the methodology of Hensen et al.*>

2.4. DFT Calculations

Periodic DFT calculations were performed using the Vi-
enna Ab Initio Simulation Package (VASP) code.®** The
Perdew, Burke and Ernzerhof (PBE) exchange and corre-
lation functional® was employed, with the projected
augmented wave (PAW) method® to describe core-
electron interactions. Calculations were performed at the
gamma-point with an energy cutoff of 400 eV, except for
lattice optimizations, performed with an energy cutoff of
800 eV. Corrections on dispersion interactions are inte-
grated via the D2 method of Grimme.” The convergence
criterion for the self-consistent cycle was chosen equal or
inferior to 10° eV. Geometry optimization calculations
were considered converged when the force on each atom
was less than 0.02 eV/A. For non-symmetric surface slabs,
a dipolar correction was added to remove unphysical
interactions between vertical periodic images of the sur-
face slabs.

Proton chemical shift tensors were calculated using the
linear response method, using the gauge including projec-
tor augmented wave (GIPAW) formalism.*®**® An energy
cutoff of 600 eV was set, as well as a stricter self-
consistent cycle convergence criterion of 10 eV. The step
size for the finite difference k-space derivative was set to
0.001. The computed 'H chemical shifts are referenced to
tetramethylsilane.

We considered bulk and surface models of different
Si/Al ratios, in some cases incorporating silanol nests and
EFAL species, extracted from Jarrin et al.”” Details about
the construction of these cells can be found in the Sup-
porting Information. In addition, dealumination interme-
diates proposed by Silaghi et al.”"”* were reoptimized with
the current settings and cell parameters. Moreover, a cell
containing a framework-associated octahedral Al site was
constructed in the spirit of Jin et al.** Two water mole-
cules were coordinated to a framework Al atom of the
bulk Si/Al = 3 cell. We also computed 'H chemical shifts
for the silica surface model of Tielens et al.”? and amor-
phous silica-alumina (ASA) models (containing 3 or 5
water molecules per cell).”* Indeed, ASA-like domains are
sometimes invoked after dealumination.” The discussion
of the results will also involve previously performed DFT
calculations on y-Al,O; surface and edge models, which
exhibit a variety of -, j1,- and p;-Al-OH groups, with n in
M, corresponding to the number of Al atoms bounded to
the oxygen of the hydroxyl group.”®”

3. RESULTS AND DISCUSSION
3.1. Solid-State NMR Spectroscopy

1D '"H NMR spectroscopy. The quantitative 1D '"H MAS
NMR spectra of 1-4 are shown in Figure 2, where the spec-



tral intensities are normalized with respect to the most
intense peak in each sample. The spectra in the absolute
intensities and scaled to the sample mass are shown in
Figure Si. The significant improvement of the 'H spectral
resolution by using very fast MAS rate (60 kHz) and high
magnetic field (18.8 T) is demonstrated by Figure Sz in
the Supporting Information. An unprecedented large
number of resolved resonances is observed, whose posi-
tions and intensities continuously evolve during
dealumination.

(@)

8 6 4 2 0 -2
'H chemical shift (ppm)

Figure 2. Quantitative 'H MAS spectra of 1-4 (a-d). The in-
tensities are normalized with respect to the strongest peak in
each spectrum.

In the 'H MAS spectrum of 1 (Figure 2a), two main res-
onances at 3.7 and 4.4 ppm are observed that are assigned
to bridging Si-(OH)-Al hydroxyl groups pointing toward
the supercage and sodalite cage, respectively.”” For sim-
plicity, they are called as supercage and sodalite Si-(OH)-
Al groups, respectively, in the following. Different local
environments are expected” and a careful inspection of
the more deshielded peak reveals a shoulder peak at ca.
4.8 ppm. After the first steaming treatment and NH,"
exchange, in 2 the peak intensity of the bridging OH
groups drastically decreases (Figure Si). This is notably
the case for the resonance of Si-(OH)-Al in the supercage
at 3.7 ppm (Figure 2b). Concomitantly, this resonance
slightly shifts downfield at 3.8 ppm. The intensity of the
resonances of the bridging OH in the sodalite cage is also
strongly attenuated, the peak at 4.4 ppm being reduced
by a larger extent than the one at 4.8 ppm. New reso-
nances at 2.6 and 2.8 ppm as well as a broad shoulder
peak at 3.3 ppm are observed, that are conventionally
assigned to Al-OH of EFAL species.>*>***® A resonance at
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2.1 ppm, often attributed to Si-OH,*>*+475°%5% s also

resolved. In addition, three peaks with much lower inten-
sity are observed at 0.8, 1.2 and 1.7, that were already pre-
sent in 1, assigned in literature to Si-OH>*3***"* and/or
Al-QH>*%77%77 groups, but with no clear consensus.

The second steaming further reduces the total spectral
intensity (Figure S1). For sample 3 (Figure 2c), the peaks
resonating at 4.4 and 4.8 ppm are slightly more resolved
while the resonance of the Si-(OH)-Al in the supercage
further shifts downfield to 3.9 ppm. The relative intensity
of the resonances at 2.6 and 2.8 ppm is largely reduced,
with a maximum shifting to 2.5 ppm. In contrast, the
intensity for the resonance at 1.7 ppm increases signifi-
cantly, and a new shoulder peak appears at ca. 1.9 ppm.
The 'H MAS spectrum of sample 4 obtained after acid
leaching (Figure 2d and S1) is quite different. The reso-
nance at 3.9 ppm dominates, while the signal at 4.8 ppm
strongly decreases, indicating that the acid-leaching
treatment impacts differently the various Si-(OH)-Al
groups (see later Section 3.4). The intensities of the peaks
between 2.5 and 3.3 ppm remain roughly the same. In
contrast the relative as well as absolute intensity of the 1.7
ppm resonance greatly increases.

Here, we note that all NMR experiments were conduct-
ed with extreme care, and as such, a 0.1 ppm difference in
peak position, e.g. between 2.5 and 2.6 ppm or 2.7 and 2.8
ppm, as shown in Figure 2, represents a measurable
change. During dealumination, the relative amounts of
surface species vary, altering the overall line shape and
the position of local maxima. Therefore, small chemical
shift variations, like those mentioned, may result from
slight differences in proton chemical shift distributions.

2D 'H DQ-SQ and 'H{*’Al} D-HMQC experiments. In
order to refine peak assignments, 2D 'H DQ-SQ and
'H{*’Al} D-HMQC experiments were implemented. These
investigations were focused on 1 and 4, as these two sam-
ples represent the initially non-dealuminated parent zeo-
lite and the final catalyst produced after dealumination
(i.e. after steaming and acid-leaching). Moreover, the
main 'H resonances observed in 2 and 3 are all present in
4.

'H{*’Al} D-HMQC experiment can be used to differenti-
ate Si-OH from Si-(OH)-Al and Al-OH in zeolites. This
experiment is based on through-space 'H-*’Al
heteronuclear dipolar interaction. Thus, by using short
dipolar recoupling times, Si-OH groups that are not spa-
tially close to Al atoms are filtered out. 'H DQ-SQ correla-
tion spectroscopy, making use of the through-space '"H-'H
homonuclear dipolar interaction, provides information on
whether a given species contains multiple hydroxyl
groups or about spatial proximities. As it is the case for
the 'H{*Al} D-HMQC experiment, short-range structural
information is obtained when short dipolar recoupling
times are used. Since these experiments require rotor-
synchronization, fast MAS is advantageous, allowing the
use of very short recoupling times. In this study, 600 ps
and 67 ps dipolar recoupling times were used in "H{*Al}
D-HMQC and 'H DQ-SQ experiments, respectively. As



will be described below, the implementation and analysis
of these 2D experiments allowed one to not only elucidate
the nature of the hydroxyls with high structural details
but also evidence the contributions of new species over-
lapping in 1D 'H experiments.

As expected, the 'H{*’Al} D-HMQC spectrum of 1 (Fig-
ure S3 and Figure 3b) is dominated by the correlations of
the bridging Si-(OH)-Al species. More specifically, strong
cross-peaks are observed for 'H resonances in the 3.6 to
4.8 ppm range. Much weaker correlations are visible for
'H at around 2.3, 2.5 and 2.7. The absence of any correla-
tion for the 0.8, 1.2 and 1.7 ppm resonances supports their
assignment to Si-OH groups.>”*

Figure 3¢ shows the SQ-dimension projection extracted
from the 2D 'H DQ-SQ correlation spectrum of 1. The
peaks observed in this spectrum are all mainly due to
auto-correlations along the diagonal (Figure S4), i.e., they
relate to species bearing multiple hydroxyl groups (=2) or
located in close proximity. The peaks at 0.8 and 1.2 ppm
as well as the resonances in the 2.3-2.7 ppm range are
clearly exacerbated. In the Si-(OH)-Al region, we mainly
observe autocorrelations for protons at 3.6 and 4.8 ppm.
The intensity of the 4.8 ppm peak associated with Si-
(OH)-Al in the sodalite cage is much stronger than the 3.6
ppm resonance of the Si-(OH)-Al in the supercage, sug-
gesting that these bridging hydroxyls are more clustered
in the former cage. This is reasonable as the sodalite cage
is of smaller size, i.e., favors spatial proximity. Weak off-
diagonal cross-peaks are also observed between supercage
and sodalite Si-(OH)-Al (Figure S4), reflecting a spatial
proximity between those protons.

8 6 4 2 0 8 6 4 2 0

'H chemical shift (ppm) "H chemical shift (ppm)

Figure 3. 1D 'H MAS spectra and projections along the 'H
direct dimension of 2D 'H{*’Al} D-HMQC and 'H DQ-SQ
correlation spectra for 1 (a, b and ¢) and 4 (d, e and f), respec-
tively. Blue, red and green colors are highlighting peaks in
the chemical shift range ultimately assigned to Si-(OH)-Al,
Al-OH and Si-OH protons, respectively (see Table 1).

For 4, the projection extracted from the 2D "H{*’Al} D-
HMQC spectrum (Figure 3e) shows that all the peaks
related to the different Si-(OH)-Al groups in the 3.6 to 4.8
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ppm range clearly correlate with Al atoms. However, for
the supercage protons, a resonance at 4.0 ppm now dom-
inates the spectrum while the most intense signal among
the sodalite Si-(OH)-Al is at 4.6 ppm. A relatively larger
amount of EFAL species is expected to be present in 4
than in 1; indeed, strong *’Al correlations are observed
with 'H resonances at 2.5, 2.7-2.8 and 3.3 ppm (Figure 3e).
Importantly, the 2D spectrum (Figure S5) shows that the
*’Al linewidths of these three correlation peaks are similar
and noticeably smaller than those corresponding to the
bridging OH between 3.6 and 4.8 ppm, meaning that *’Al
nuclei in these species have reduced quadrupolar cou-
plings than those in Si-(OH)-Al groups. This observation
corroborates their assignment to Al-OH in EFAL
species,” considering that they may have multiple OH
groups and/or interactions with oxygens from H,O mole-
cules, framework, Si-(OH)-Al, Si-OH or from other EFAL
species. In Figure 3e the 2.3 ppm peak is observed as a
shoulder of the 2.5 ppm peak. Weak correlation with 'H at
1.9 ppm is also seen, implying that the corresponding OH
groups are close to Al atoms. The absence of any correla-
tions in 4 with protons at 0.8, 1.2 and 1.7 ppm indicates
that these three types of groups are far away from any Al
atom, which confirms their assignments to Si-OH groups.

As shown in the SQ-dimension projection (Figure 3f)
extracted from the 2D 'H DQ-SQ correlation spectrum
(Figure S7) of 4, strong auto-correlations are observed for
only six 'H resonances, at 0.8, 1.2, 2.1, 2.8, 3.6 and 4.8 ppm.
We conclude that in the Si-(OH)-Al region the 3.6 and 4.8
ppm peaks correspond to spatially proximate (or clus-
tered) Si-(OH)-Al groups pointing toward the supercages
and sodalite cages, respectively, whereas the other belong
to isolated Si-(OH)-Al. Among the three 'H peaks as-
signed to Al-OH resonating at 2.5, 2.7-2.8 and 3.3 ppm,
only the 2.7-2.8 ppm peak corresponds to species having
multiple hydroxyl group protons (=2) and/or in spatial
proximity, the other two peaks corresponding to species
bearing isolated hydroxyl groups. The now resolved 2.1
ppm resonance as well as the 0.8 and 1.2 ppm peaks corre-
spond to sites having multiple hydroxyl groups (z2) or
site with Si-OH groups in spatial proximity, while the
other three peaks resonating at 1.7, 1.9 and 2.3 ppm are
related to isolated Si-OH.

In agreement with previous studies, cross-correlations
are observed between supercage or sodalite Si-(OH)-Al
groups and Al-OH groups (Figure S8). 2D 'H DQ-SQ cor-
relation spectra were also acquired on 2 and 3 (Figures Su
and Si12), showing that the same set of auto-correlations
are observed as in 4, although in different intensity ratios.
As a much larger amount of AI-OH groups are present in
2, the cross-peaks mentioned in last paragraph between
various Si-(OH)-Al and Al-OH groups are all very clearly
detected in this sample.
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Figure 4. Comparison of the 'H MAS spectrum (a) and the
SQ-dimension projections extracted from the 2D 'H DQ-SQ
(b), TQ-SQ (c) and 4Q-SQ (d) correlation spectra of 4.

2D 'H TQ-SQ and 4Q-SQ experiments. In order to
further probe the number of 'H contributing to the six
diagonal peaks observed in 'H DQ-SQ correlation spec-
trum of 4 (Figure 3f), 2D 'H TQ-SQ and 4Q-SQ correla-
tion experiments were performed (Figures Sg and Si0).
With the same consideration as for DQ-SQ correlation
experiment, short dipolar recoupling time was used to
excite TQ or 4Q coherences. With these experimental
conditions, mainly auto-correlation signals on the diago-
nal are detected in both experiments. Therefore, projec-
tions on the SQ dimension extracted from these two 2D
spectra capture the essential information of the spin sys-
tems. Strong peaks are observed at 1.2, 2.1, 2.8 and 4.8
ppm in the TQ-SQ projection (Figure 4c), while reso-
nances only appear at 1.2 and 4.8 ppm in the 4Q-SQ pro-
jection (Figure 4d). The 1D single pulse spectrum as well
as the DQ-SQ projection are shown for comparison (Fig-
ure 4a and b respectively).

First, these results indicate that 'H peaks at 2.1 and 2.8
ppm correspond to species having three spatially proxi-
mate protons in their structures, or four, according to the
quantum mechanical selection rules for the excitation of
MQ coherences that exclude the possibility of generating
4Q in a four-spin system.”* Note that these two peaks
correlate off diagonal in the 2D 'H DQ-SQ correlation
spectrum (Figure S7), indicating that they correspond to
species in close proximity. In contrast, the 4.8 ppm peak
corresponds to more than four spatially proximate (or
clustered) sodalite Si-(OH)-Al. 4Q coherences are also
detected at 1.2 ppm, although with a much weaker inten-
sity, meaning that this peak mainly corresponds to 3 spa-
tially proximate Si-OH.

3.2. DFT Calculations

The models included in the computational study (Sec-
tion 2.4) encompass diverse structures in various envi-
ronments. Figures sa-h summarize the main classes of
surface sites discussed here (all of them are depicted in
Figure S13, and a selection of sites is depicted in Figure 6).
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Bridging hydroxyl groups, Si-(OH)-Al (Figure sa, Figure
6a and c), are located both in the bulk and at the external
surfaces, the latter being also representative of local envi-
ronments found in the surface of mesopores formed dur-
ing dealumination. Silanols (Figure sb and 6b to f), Si-
OH, are expected to be present at the framework defects,
the external and mesoporous surfaces, in amorphous
silica- or silica-alumina-like domains that may form
through the thermal and chemical treatments. Some of
the silanols exhibit aluminum as second neighbors (Fig-
ure 5¢, Figure 6b, ¢, e) and are called silanol-A1.3"9>%° Al-
H,O sites close to silanols (Figure 5d, Figure 6b, d and e)
are expected to be present at bulk defects and external
surfaces. AI-OH close to bridging OH group (Figure se,
Figure 6¢) were also modelled as well as mononuclear
EFAL (Figure sf). Some of these Al containing species
interact with the framework via remaining Si-O-Al bonds
leading to framework-associated defect sites (Figure 6f).””
They exhibit p,-Al-OH groups, as well as Al-H,O species.
We chose not to explicitly simulate polynuclear EFAL
species, even though their existence has been proposed,”
given the vast number of potential local configurations
when considering both bulk and surface sites. However,
we will leverage the knowledge previously reported on 'H
chemical shifts for surface and edge sites of y-ALO,.”*”
We finally modelled pseudo-bridging silanols (PBS), ei-
ther PBS-Al (Figure 5g) or PBS-Si (Figure 5h) found on
amorphous silica-alumina models.”*%>%°

Computed 'H NMR chemical shifts are categorized into
different groups in Figure s5i. The chemical shifts of pro-
tons being hydrogen-bond (H-bond) donors are not re-
ported as they display a dramatic downfield shift towards
values around 10 ppm, which are not observed (or re-
solved) in experiments. Thus, we only report the chemical
shifts of protons belonging to non-H-bonded OH groups
and H-bond acceptors (i.e. involved in H-bond through
their oxygen atom). Table Sz presents the median 'H
chemical shift values computed for the various classes of
hydroxyl groups. Although the computed 'H chemical
shift distributions of the bridging hydroxyl protons in
supercages and sodalite cages overlap, there is a clear
shift towards higher values for the sodalite cage. This
observation aligns with the findings from a previous com-
putational study.”” In the present work, the computed
resonance frequencies of the 'H lines of bridging OH
groups are shifted by about 0.5 ppm with respect to the
experimental data.

The median signal computed for silanol-Al appears 0.3
ppm higher than that of other Si-OH groups. This aligns
very well with the experimental NMR data that identify
Si-OH groups nearby Al atoms in the 1.9-2.3 ppm range
and others below 1.7 ppm. However, this trend is not
reproduced for H-bond acceptor Si-OH and silanol-Al
Overall, signals corresponding to Si-OH and silanol-Al
overlap significantly (Figure 5i).
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Figure 5. Various environments of hydroxyl groups comput-
ed by DFT and discussed in the present work: (a) Bridging Si-
(OH)-AI group, (b) non-hydrogen bonded silanol, (c) non-
hydrogen bonded silanol-Al, (d) water molecule adsorbed on
Al close to a silanol, (e) p,-Al-OH close to a bridging OH
group, (f) mononuclear [AI(OH),(H,O)] EFAL, (g) pseudo-
bridging silanol (PBS-Al) and (h) pseudo-bridging silanol
(PBS-Si). (i) 'H chemical shifts from DFT calculations. Previ-
ous assignments for y-Al,O; are also recalled.

We note that the lowest chemical shift computed here
for a Si-OH group is 1.7 ppm, whereas experimental sig-
nals as low as 1.2 and 0.8 ppm are observed. Silanols from
silica and ASA (including PBS-Al and PBS-Si at 3.1 and 3.7
ppm, respectively) are mostly computed above 2 ppm,
similar to zeolite surfaces. Thus, the models that we have
developed so far are insufficient to explain the lowest
experimentally observed chemical shifts of Si-OH groups.
To account for these low chemical shifts, different surface
models remain to be constructed, opening perspectives
for future DFT studies that are beyond the scope of this
work.

Concerning the p,-Al-OH groups, two distinct distribu-
tions appear, one with a median chemical shift value of 1.4
ppm corresponding to H-bond acceptors with Si-OH or
Al-H,O, and the other around 0.5-0.6 ppm for non-H-
bonded Al-OH groups or H-bond acceptors with Si-(OH)-
Al. While consistent with previous calculations made on
ZSM-5,% it is important to note that these computed fea-
tures solely reflect the spectroscopic properties of mono-
nuclear aluminum species, including surface groups and
Al-OH from EFAL species. The presence of multinuclear
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EFAL species, not considered here, could potentially lead
to additional signals in the o-3.5 ppm interval,®” as
shown by the y-AlO, features reported in Figure s5i.

The Al-H,O data presented here originate from sites
modeled at the external surface, in the bulk with the
presence of defects or for EFAL species. We find that
these groups have chemical shifts centered around 3.4
ppm, which thus overlaps with the chemical shifts of
silanol-Al. Some non-H-bonded Al-H,O species (see later
Figure 7) appear close to 2.8 ppm. In ZSM-5 zeolite, the 'H
chemical shift domain of Al-H,O overlaps with both the
domains of Si-OH and Si-(OH)-Al,* whereas in the pre-
sent case of faujasite there is no overlap with Si-(OH)-Al
domain.

Figure 6. Some of the DFT models used for computational
analysis. (a) Bulk bridging OH group at the TO1H site. (b) Al-
H,O site at the external surface of faujasite, D6R complete
surface termination. (c) AI-OH and bridging OH group at the
external surface, Sodalite complete surface termination. (d)
Defect site at the bulk with Al-H,O. (e) External surface
model of the Y system (Si/Al = 3), Sodalite incomplete termi-
nation. (f) Dealumination intermediate starting from a bulk
TO3H site, after hydrolysis of Al-O bonds by three water
molecules.

It is clear from these results that the resolution of the
DFT calculations in terms of spectral assignment is lower
than the o. ppm precision discussed experimentally.
Thus, we can only comment on general trends. In fact,
several computed features indicate that achieving such a
level of precision for the simulated environments in pres-
ence in this work is not feasible:

i) for a given type of site, simulated in various cells, the
distribution of chemical shifts is much larger than o.a
ppm (see Figure si). For example, non-H-bonded p,-Al-
OH give rise to computed shifts between 0.4 and 1.4 ppm
while the computed chemical shift of non-H-bonded
silanols can be found between 1.7 and 2.3 ppm.

ii) the computed chemical shifts of bridging OH groups
in faujasite are found to be shifted with respect to exper-
imental ones by about 0.5 ppm.

iii) it is known that the level of theory chosen for the
theoretical study significantly impacts the results.”” The



cell size employed here, however, limits us to GGA ap-
proaches.

3.3. Assignments of the 'H Resonances from NMR Ex-
periments and DFT Calculations

The information derived from NMR experiments and
their correlations with DFT calculations are summarized
in Table 1. The following section provides a detailed
breakdown of the 'H resonance assignments and the pos-
sible local structures, zone by zone:

From 0.8 to 1.7 ppm: Through 'H{*’Al} D-HMQC and
'H MQ-SQ correlation experiments, the two 'H signals at
0.8 and 1.2 ppm are assigned to 2 and 3 spatially proxi-
mate Si-OH groups, respectively. This confirms and re-
fines previous assignments of these peaks to Si-
OH,3*%9 contradicting other studies assigning these
peaks to AI-OH***57°77 possibly from EFAL species. DFT
calculations did not reveal any Si-OH in this zone, sug-
gesting that the relevant environments were not ade-
quately simulated for these signals. It is worth noting
that, experimentally, similar signals have been reported in
the case of silica®***'> and ASA.%'*>*** Although the com-
puted 'H chemical shifts of non-H-bonded p-Al-OH
groups fall within this zone, the absence of 'H-*’Al corre-
lation signal in this range in 'H{*’Al} D-HMQC spectra
indicates that they are not present. The absence of 'H
signals for edge-like sites as simulated on y-Al,O, edge
models””” suggests that y-Al,O,-like domains are not
formed after steaming. Alternatively, p,-Al-OH groups
could potentially be formed at the external surface. Their
absence aligns with DFT calculations indicating their
lower stability compared to Al-H,O groups,” the spectral
feature of the latter appearing at higher chemical shifts
(see below). As mentioned above, the 1.7 ppm resonance
corresponds to isolated Si-OH groups.

From 1.9 to 3.4 ppm: 'H{*’Al} D-HMQC spectra reveal
that the 1.9-3.4 ppm range encompasses the presence of
Al-OH groups or Si-OH groups in spatial proximity to Al
Signals falling between 1.9 and 2.3 ppm manifest in the
"H{*Al} D-HMQC spectra with significantly lower intensi-

ty compared to the 2.4-3.4 ppm signals. Consequently,
the former peaks are assigned to Si-OH groups in spatial
proximity to Al, while the higher chemical shift zone is
attributed to Al-OH. The fact that silanol-Al would ap-
pear at higher chemical shift than Si-OH far away from Al
is compatible with DFT calculations made on non-H-
bonded silanols (Figure si). Second, in light of the DFT
calculations in previous studies,”®”” and in agreement
with previous experimental data,*******® .- and p,-Al-
OH, i.e., hydroxyls belonging to multinuclear EFAL spe-
cies, are expected to also yield signals in the 1.9-2.6 ppm
range. Therefore, their presence in small quantities can-
not be ruled out.

Most of the above-mentioned OH groups are isolated,
with the exception of two 'H signals at 2.1 and 2.7-2.8
ppm. These two signals are detected in the 'H DQ- and
TQ-SQ spectrum, while being absent in the 4Q-SQ spec-
trum (Figure 4), indicating a cluster of 3 or 4 protons (at
most). In addition, the 2.7-2.8 ppm peak corresponds to
OH groups in proximity to Al (Figure 3). Several scenarios
are compatible with these observations, listed in Table 1.
The 2.7-2.8 ppm signal may involve Al atoms at the exter-
nal surface, framework-associated sites, or mono- or mul-
ti-nuclear EFAL species. Environments with Al-H,O spe-
cies provide 2 adjacent protons and are good candidates.
Among simulated Al-H,O species, those at the external
surface result in computed chemical shifts between 3.
and 3.5 ppm (which does not exclude a correspondence
with the 2.8 ppm experimental observation). However,
two bulk-like environments, illustrated in Figure 7, are
computed close to 2.8 ppm. One model involves a proton
from framework-associated Al(H,O), species resonating
at 2.9 ppm, and the other model has a proton from an
extra-framework AI(OH),(H,O) connected to a silanol
nest, calculated at 2.7 ppm. However, the latter species
would generate a signal in the 4Q-SQ spectrum, which is
not observed, suggesting that a more accurate assignment
corresponds to Al(OH),,,.,(H,O),,.,, species.

Table 1. Summary of the assignments derived from NMR experiments and DFT calculations.

. 'H{*’Al} D-| 'HDQ- |, "
Sy IEIMQ}C SQ sp%c- H TQ_S(Q) H 4Q_S(Q) DFT Assignment(c) IR band
(ppm) spectra® | tra® spectra'” | spectra® | calc. (cm™)
0.8 X v X X X 2 spatially proximate Si-OH n.d.”
1.2 X v v oW X 3 spatially proximate Si-OH n.d.
1.7 X S X X v isolated Si-OH" 3745
v % % v isolated Si-OH close to Al containing spe-
19 © cies (or possibly p,- and p;-Al-OH) 3740
a1 v v v . v 3 or 4 spatially pr.oximate Si-OH groups nd
close to Al (or possibly p,- and p,-Al-OH)
v % % v isolated Si-OH close to Al containing spe-
23 © cies (or possibly p,- and p,-Al-OH) 3720




) v % % isolated - and p;-Al-OH involving multi-

2526 © nuclear EFALs 3696
mononuclear external surface, frame-
work-associated and Al(OH),,,,(H,O),.;,

EFAL species, multinuclear/clustered

2.7-2.8 v v 4 X mononuclear EFAL species with fewer| 3696
hydroxyl groups on each Al atom or
silanol-Al as H-bond acceptor with Al-

H,O
isolated Al-OH, mainly p,-Al-OH involv-
33 v o X X ing multinuclear EFALs or possibly iso-| 3667
lated PBS-Al of ASA zones
6 v v % % 2 spatially proximate Si-(OH)-Al pointing | 3642
3 toward the supercages (HE”)
3642
(HF”),
3.7, 3.8, v o % % isolated Si-(OH)-Al pointing toward the| 3628
3.9-4.0 supercages (HF),
3601
(HF)
3565
6 v o % % isolated Si-(OH)-Al pointing toward the| (LF”),
44 4- sodalite cages 3547
(LF)
3 v v v v >4 spatially proximate Si-(OH)-Al groups| 3525
4 pointing toward the sodalite cages (LF)

@ These columns indicate resonances that are observed (v) and resolved in 2D 'H{*’Al} D-HMQC spectra, 2D 'H DQ-SQ
spectra, 2D "H TQ-SQ spectra or 2D 'H 4Q-SQ spectra. A cross (X) means that the resonance is not observed. ® Envi-
ronments described (v) by DFT calculations. A cross (X) means that no such species have been described by the models
proposed herein. ) Information specifically obtained from DFT appears in bold. © n.d. means not detected. ¥ ® denotes
no or very weak auto-correlation signal corresponding to isolated OH group. © Isolated Si-OH refer to silanols not proxi-
mate to any other silanols (as clearly established from the absence of a resonance in the DQ-filtered spectra), correspond-
ing to a specific type of non-bridging silanols. Blue, red and green bars separate the chemical shift range mainly assigned

to Si-(OH)-Al, Al-OH and Si-OH protons, respectively.

©Al ©Si 0 CH

Figure 7. Two structures depicting Al-H,O species in line
with the experimental 'H signal at 2.7-2.8 ppm: (a) frame-
work-associated Al(H,0), and (b) extra-framework
Al(OH),(H,O) connected to a silanol nest.

The signal at 3.3 ppm can be more specifically assigned
to isolated p,-Al-OH on multinuclear EFAL species. DFT
calculations suggest that some silanol-Al signals appear
between 3.0 and 3.4 ppm. However, these are spatially
close to other protons and act as H-bond acceptors,
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which is not observed experimentally. Therefore, the best
correspondence between DFT and this 3.3 ppm reso-
nance, besides ,-Al-OH from EFALs, is found with PBS-
Al from ASA domains. To the best of our knowledge, such
a detailed assignment of this spectral region has not been
provided before.

From 3.6 to 4.8 ppm: We confidently assign this re-
gion to bridging OH groups based on 'H{*’Al} D-HMQC
experiments and DFT calculations, in line with previous
knowledge.?”” While DFT calculations support the rela-
tive 'H chemical shift rankings between Si-(OH)-Al
groups pointing toward the supercages (3.6-4.0 ppm) and
those pointing toward the sodalite cages (4.4-4.8 ppm),
more subtle effects are challenging to capture through
our DFT calculations, likely due to limited sampling of Al
and H distributions. Thus, the comprehensive analysis
presented in Table 1 primarily results from the combina-
tion of 'H{*’Al} D-HMQC and 'H MQ-SQ correlation ex-
periments.



As only a very weak 'H TQ auto-correlation signal is
generated at 3.6 ppm, this peak can be assigned to mainly
two spatially proximate Si-(OH)-Al groups in the
supercage. In contrast, the 4.8 ppm peak corresponds to
more than four spatially proximate (or clustered) Si-
(OH)-Al groups pointing toward the sodalite cage, which
is related to the higher probability of finding clustered Si-
(OH)-Al groups in the sodalite cage. Table S3 in the Sup-
porting Information shows the distribution of 'H-'H dis-
tances for the different crystallographic proton sites iden-
tified by Czjzek et al. in zeolite HNaY.'”® For O1-H located
in the supercage, only 6 'H-'H distances below 5 A are
calculated, while this number increases to 10 for O2-H (at
the border of sodalite cage and supercage) and O3-H (in
the sodalite cage), increasing the probability of 4Q-SQ
correlations for sodalite cage protons.

3.4. Quantitative Analysis of Dealumination

Evolution of the bridging Si-(OH)-Al groups. The 'H
MAS NMR spectra of Figure S1 allow a quantitative analy-
sis of the evolution of different OH groups during the
dealumination process. The H/Na-Y zeolite 1 contains
essentially bridging Si-(OH)-Al groups accounting for
83% of the total spectral intensity, 51.2 / 82.8 x 100% =
62% of them pointing toward the supercages (Table 2).
According to neutron diffraction study, a majority of
bridging OH groups, namely protons bond to O2 (23%)
and O3 (38%), point toward the sodalite cages, while only
O1 (39%) protons point toward the supercages (O4H
being almost absent), in total leading to 27 and 17 protons
attributed to the sodalite cages and supercages, respec-
tively.”” This contradiction with the experimental data,
including both ours and those of others,” has not been
pointed out before. The Oz protons at the interface be-
tween sodalite cage and supercage, can easily flip into the
supercage by thermal motion. Therefore, we suggest
counting these O2 protons as being part of the supercage.
In that case, the percentage obtained from diffraction
(61%) aligns very well with the one derived from the NMR
data.

Table 2. Quantitative analysis of "H MAS spectra of 1-
4.

Sample 1 2 3 4
Si-OH* 6.3 88 | 6.7 | 8.4
Al-OH* 2.2 121 | 32 |38
Si-(OH)-Al (super)® 5.2 | 105 | 3.4 | 45
Si-(OH)-Al (sodalite)® 3.6 | 1.3 | 41 |29
Si-(OH)-Al* 828 | 218 | 75 | 74
Total” 100.0 | 53.9 | 21.6 |24.7

Si-(OH)-Al (super) / Total | 5% | 19% | 16% [18%

Si-(OH)-Al (sodal.) / Total | 32% | 21% | 19% [12%

Si-OH / Si-(OH)-Al (1)¢ 8% 1% | 8% |10%

Al-OH / Si-(OH)-Al (1)° 3% [ 15% | 4% | 5%

Si-(OH)-Al / Si-(OH)-Al | 100% | 26% | 9% | 9%
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* Shown in absolute intensity. The total integrated spectral
intensity of 1 is scaled to 100. Resonances from 0.8 to 2.3, 2.5
to 3.3, and 3.6 to 4.0 and 4.4 to 4.8 ppm were considered for
Si-OH, Al-OH, Si-(OH)-Al in supercage and Si-(OH)-Al in
sodalite cage respectively (following the assignments of Ta-
ble 1). © “Total” means the total spectral intensity of each
sample. © Si-(OH)-Al (1) is the absolute intensity of Si-(OH)-
Al groups in sample 1, i.e. 82.8.

For the steamed and ion-exchanged sample 2, we ob-
serve a sharp decrease of the intensity of the bridging OH,
only 26% of the initial signal being maintained (Table 2).
The decrease is larger than expected from the degree of
dealumination derived from XRD; indeed, the decrease of
the unit cell size indicates that the number of framework
Al atoms per unit cell drops from 55 to 37 (67%). There-
fore, we presume that some bridging OH groups are elim-
inated by ion exchange with EFAL species. While alumi-
na-like domains are not formed, EFAL species potentially
including multi-nuclear species were observed after the
first steaming treatment. The decrease of the peaks as-
cribed to Si-(OH)-Al groups pointing toward the
supercages is more pronounced than the decrease of Si-
(OH)-Al groups pointing toward the sodalite cages. This
indicates that either the Si-(OH)-Al groups pointing to-
ward the supercage are the preferred sites for attack by
hydrolysis, leading to dealumination, or bridging OH
groups pointing toward the supercage are more prone to
ion exchange with EFAL species. The former hypothesis
contradicts the ranking of preferential hydrolysis initia-
tion found by DFT,"*® suggesting that either the hypothe-
sis is wrong or this initiation step is not the rate-limiting
step, but the respective stabilities of EFAL in sodalite
versus supercage could play a role.”

The second steaming continuously leads to a drastic in-
tensity decrease for Si-(OH)-Al groups, only 9% of the
initial amount remaining, which again exceeds the de-
crease expected from the degree of dealumination derived
from XRD. Different from the previous treatment step,
the Si-(OH)-Al groups pointing toward the two types of
cages decrease by very similar amount from 2 to 3. The
acid-leaching, leading to 4, restores partially the intensity
of the supercage Si-(OH)-Al groups, likely due to the
removal of EFAL species, but results in a further decrease
of the intensity for the sodalite Si-(OH)-Al groups.

Evolutions of AlI-OH and Si-OH groups. The
dealumination process generates a complex mixture of
defects and EFAL species. In the steamed and ion-
exchanged zeolite 2, several resonances in the 2.5 to 3.3
ppm range were assigned to mono- and multi-nuclear
EFAL species (or framework-associated Al in the bulk and
on the external surface), created by the dealumination.
Their intensity corresponds to 15 % of the total Si-(OH)-
Al intensity of the parent zeolite sample 1 (Table 2). Con-
sidering that the degree of dealumination is 33% based on
the framework Al content deduced from XRD, we esti-
mate that the upper-limit for the average ratio of



OH/H,O groups coordinated/bonded to EFAL is about
0.5 H per Al atom from EFAL. After the second steaming,
in 3 the overall intensity of EFAL resonances strongly
decreases (Table 2), presumably because the second
thermal treatment leads to a clustering of EFAL species,
making them less hydroxylated. The acid-leaching re-
stores part of the intensity of these signals. Although the
acid-leaching overall removes EFAL species, the remain-
ing ones are, therefore, again more strongly hydrat-
ed/hydroxylated.

Concerning the Si-OH groups, one might expect
dealumination to create silanol nests, i.e. clustered Si-OH
groups. However, we observe the appearance of the iso-
lated silanols at 1.7 ppm after the second steaming treat-
ment in 3, that further increase upon acid leaching. The
computed chemical shifts for silanol nests are all superior
to 4 ppm, due to a dense H-bond network within the nest,
and we do not expect to see a well-defined signal for such
silanols. Thus, we suggest that they escape detection.

3.5. Linking "H NMR and IR Spectroscopy

IR spectroscopy is a conventional technique for investi-
gating hydroxyl groups in zeolites, since it is highly sensi-
tive to the OH response >***”7 A lot of efforts have been
devoted to assign the complex OH stretching vibrational
spectra of USY zeolites.””'**">™* However, ambiguities
remain as only a few specific samples were analyzed in
detail. In this final section, we demonstrate that the anal-
yses discussed above allow improving the assignment of
IR spectra obtained from the four zeolite samples.

Figure 8a shows the IR spectra of 1-4. The bridging hy-
droxyl groups are easily identified for 1 by the two distinct
regions: the high frequency region caused by Si-(OH)-Al
groups pointing toward the supercage and vibrating at
3642 cm™' (HF”) and the low frequency region due to Si-
(OH)-Al groups pointing toward the sodalite cage and
vibrating at 3547 cm™ (LF).**7™ Upon dealumination,
new features are observed in the IR spectra of 2-4. The
bands at 3745 and 3740 cm™ are conventionally assigned
to isolated and weakly H-bonded Si-OH groups, respec-
tively; an additional weak broad band is observed at
around 3720 cm™ assigned to internal silanol.”” The band
at 3696 cm™ has been previously attributed to stable H,O
molecules on Na* that would remain after in situ thermal
treatments.””" The band at 3667 cm™, a position close to
that of OH groups in pseudoboehmite,**"*> is generally
associated with OH groups from EFAL species. The ap-
pearance of the two bands at 3628 (HF) and 3601 cm™
(HF) is usually linked to structural changes in the frame-
work upon dealumination impacting supercage Si-(OH)-
Al groups. Two additional maxima at 3565 (LF”) and 3525
cm™ (LF’) are observed in the low frequency region, which
are associated with sodalite Si-(OH)-Al groups of per-
turbed environments.
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Figure 8. (a) IR spectra of 1-4, where the intensity is normal-
ized with respect to the strongest peak in each spectrum. (b)
Correlation plot of IR wavenumbers (cm™) versus NMR 'H
chemical shifts (ppm). The color codes are the same as in
Figure 3.

In the '"H MAS NMR spectrum of 4 (Figure 2d) the 1.7
ppm peak assigned to isolated Si-OH groups dominates
the silanol region (Table 1), as does the 3745 cm™ band in
the corresponding area of the IR spectrum (Figure 8a).
According to Dib et al, non-H-bonded Si-OH groups
have O-H stretching frequency in the range of 3745-3702
cm™ and 'H chemical shift in the range of 1.27-1.96 ppm.”
Therefore, we associate the 3745 cm™ IR band with the 1.7
ppm '‘H NMR peak, and assign them to isolated non-H-
bonded Si-OH groups at external and mesopore surfaces.
The two additional bands in this region of the IR spectra
have vibration frequencies at 3740 and 3720 cm™, which is
quite close to the aforementioned band at 3745 cm™.
Thus, they likely correspond to species with similar envi-
ronments, and we relate them to the 1.9 and 2.3 ppm 'H
resonances respectively, previously assigned to isolated
Si-OH groups close to Al-containing species (Table 1).
Travkina et al. as well as Gabrienko et al. assigned the
3740 cm' IR band to internal or defect Si-OH groups in
the close vicinity to lattice imperfection or Lewis acid site
(containing Al).”*"*7 The two bands at 3745 and 3740 cm™
have similar intensities in 3, while the former becomes
more intense in 4, which aligns well with the trends ob-
served in the corresponding NMR spectra for the 1.7 and
1.9 ppm resonances. This further corroborates the correla-
tion proposed for the 1.9 ppm resonance and 3740 cm™
band, and the assignment of these signals to internal or
defect isolated Si-OH groups close to Al-containing spe-
cies.

The 3696 cm™ IR band has been attributed to H,O mol-
ecules and therefore must correspond to the 2.7-2.8 ppm
resonance, assigned from NMR and DFT calculations to
EFAL with H,O in the coordination sphere (Table 1).
However, it is also possible that this IR band relates to the
2.5-2.6 ppm 'H NMR peak assigned to isolated p,- and p,-
Al-OH groups involving multinuclear EFAL species. The
3667 cm™' IR band could be correlated with the 3.3 ppm 'H
peak assigned to isolated Al-OH (mainly p,-Al-OH groups
involving multinuclear EFAL species or possibly isolated
PBS-Al of ASA zones), as Travkina et al. assigned a 3675
ecm™ IR band observed for HY to Al-(OH)-Al groups.”*



With this assignment, the intensity evolution of this spe-
cies observed in IR (Figure S16) agrees well with that ob-
served in NMR (Figure S1).

In the IR spectrum of 1 (Figure 8a) the 3642 ¢cm™ band
dominates the region for the supercage Si-(OH)-Al
groups, while in the corresponding 'H MAS NMR spec-
trum (Figure 2a) the 3.7 ppm peak has the highest intensi-
ty for the same type of bridging hydroxyl groups, strongly
suggesting that these two signals can be associated with
each other. It should be noted that, as it is not possible to
deconvolute the 3.6 and 3.7 ppm 'H peaks, the 3642 cm™
IR band may also have a contribution from the spatially
proximate supercage Si-(OH)-Al groups. Upon steaming
treatment, the main 'H resonance of the supercage Si-
(OH)-Al protons gradually shifts to 3.8 and 3.9-4.0 ppm,
suggesting that we may correlate them with the IR bands
at 3628 and 3601 cm™ respectively. This assignment
matches well with the intensity trends observed in the IR
and NMR spectra of sample 3 and 4.

In the low frequency region of the IR spectrum of 2
(Figure 8a), the 3525 cm™ band has the highest intensity,
while in the corresponding 'H spectrum (Figure 2b) the
4.8 ppm peak dominates the region corresponding to the
sodalite Si-(OH)-Al groups; in contrast, in the IR spec-
trum of 4 the 3565 cm™ band has the highest intensity in
the low frequency part and in the corresponding NMR
spectrum the 4.4 ppm 'H peak is the strongest one for the
sodalite protons. Based on these observations, we tenta-
tively correlate the 3525 and 3565 cm™ IR bands with the
4.8 and 4.4 ppm 'H resonances, respectively. The remain-
ing 3547 cm™ IR band is thus correlated with the 4.6 ppm
'H peak.

An overall linear relationship is expected between the
NMR 'H chemical shifts and IR O-H stretching frequen-
cies for zeolites. Figure 8b plots the NMR 'H chemical
shifts (in ppm) against the IR O-H stretching frequencies
(in cm™), where the signal correlations discussed above
are used. Two slopes were considered for the Si-(OH)-Al
and Al-OH/Si-OH regions, respectively, each fitting the
data perfectly. We note that the linear regression line for
the Si-(OH)-Al data is in excellent agreement with the
theoregically predicted linear relation calculated by Sierka
etal.;”

vou (cm™) = 4061.7 — 131 x §('H, ppm)
This analysis allows one to propose a new and detailed
interpretation for the different IR bands of the supercage
and sodalite bridging OH groups (Table 1). The correla-

tion plot suggests that the clustered silanols assigned at
0.1, 1.2 and 2.1 ppm are not observed in the IR spectra.

Finally, a quantitative analysis of the IR spectra in the
course of dealumination was performed and is reported in
Table S4 and Figure S17 in the Supporting Information.
While quantifying the amounts of the various OH groups
from IR spectroscopy may be prone to errors due to dif-
ferences in the individual absorption coefficient, a very
good agreement is observed between the two techniques.
This result further support not only our correlations be-

12

tween IR bands and 'H NMR peaks but also the quantita-
tive analysis results derived from the NMR data.

4. CONCLUSIONS

In this study four faujasite zeolites representing key
treatment steps in industrial dealumination were investi-
gated by high-resolution 'H solid-state NMR spectroscopy
in combination with advanced DFT calculations. The
resolution of proton NMR spectra of zeolites is often lim-
ited, due to a narrow chemical shift range (typically be-
tween o and 5 ppm) and the presence of potentially
strong homonuclear dipolar interactions. Thus, a limited
number of 'H resonances are usually resolved, preventing
an in-depth spectral interpretation. Here, we addressed
this issue by conducting NMR experiments at high mag-
netic field (18.8 T) and fast MAS rate (6o kHz), and by
implementing a series of heteronuclear and homonuclear
multiple-quantum filters to selectively edit subsets of
resonances. A substantial number of 'H resonances, total-
ing 15 peaks, could be resolved and monitored in the
course of dealumination. These resonances were assigned,
some unambiguously, by combining the NMR infor-
mation with DFT calculations of 'H chemical shifts. The
DFT calculations were conducted on an extensive array of
hydroxyl structures and environments, ranging from bulk
to surfaces, also considering amorphous silica-alumina or
y-alumina domains.

Several isolated and spatially proximate bridging OH
groups were identified in both the sodalite cage and the
supercage. Notably, dense clusters of more than four Si-
(OH)-Al were highlighted in sodalite cages. Similarly, a
set of six Si-OH resonances were resolved and assigned to
either isolated or clustered silanols, whether in proximity
to Al atoms or not. Clusters of different sizes were again
identified. While the structure of EFAL species and alu-
minum defects at the external surface or within the
framework is still a matter of debate in dealuminated
zeolites, our analysis points towards the presence of
Al(OH),,,.(H,0),,, species. Proximities are observed with
clustered silanols, and new structural models are pro-
posed for such species. Multinuclear or clustered mono-
nuclear EFAL species with fewer hydroxyl groups on each
Al atom are also formed, as confirmed by the comparison
between the quantitative analysis of the NMR and X-ray
data. Isolated Al-OH in multinuclear EFAL species or in
ASA domains are also identified. In contrast, the presence
of y-alumina-like domains is excluded as free p,-Al-OH
groups are not observed. Figures S18 to S21 show schemes
illustrating the evolution of the various surface species at
each stage of dealumination. The evolution of the hy-
droxyls groups was tracked during the dealumination
process through quantitative analysis of the NMR spectra.
The results indicate that either bridging hydroxyls in the
supercage are more prone to dealumination than in the
sodalite cage, or that protons located in the supercage are
more prone to ion exchange with EFAL species. New
insight into the evolution of EFAL species is also provid-

ed.



Finally, in situ IR spectra were collected on the same
series of four samples. Clear correlations were established
between the vibration frequencies and 'H chemical shifts,
that allows one to revisit and refine the assignment of
faujasite IR spectra, but also provide additional infor-
mation on the location of some of the hydroxyl groups.

In summary, an unprecedented large variety of hydrox-
yl sites were observed, identified, and monitored with a
great level of structural detail during faujasite
dealumination. The integrated methodology proposed
here could be extended to probe the dealumination and
surface structure of other zeolites. Such an advanced
knowledge is crucial to rationally understand and im-
prove the catalytic properties of these unique materials.
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