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ABSTRACT: Zeolites are crystalline microporous aluminosilicates of paramount
importance. The siting of cations balancing the negative charge of framework Al affects
the catalytic and sorption properties of cation-exchanged zeolites. The siting of Na" cations
in dehydrated Sirich ferrierite zeolites is investigated by **Na (ultra)-high-field
(MQ)MAS NMR spectroscopy together with DFT to obtain the Na' siting and the
local structure of nine Na" cationic sites formed by two 6-rings and two 8-rings having one

’Na MAS NMR Na” siting in ferrierite

Al atom located in different framework T sites. The occupation of the Na* cationic sites is

not controlled by their relative energies but by the kinetics of the Na* ion-exchange. **Na solid-state NMR spectroscopy alone can
determine the ring forming the Na" site but not which T site is occupied by Al in that ring. The developed methodology represents a
highly promising tool for the analysis of the Na* arrangements in zeolites and other crystalline matrices.

1. INTRODUCTION

Zeolites are the most important group of industrial
heterogeneous catalysts." Besides the Y and USY zeolites of
the faujasite structure,” Si-rich zeolites (Si/Al > 8) such as
ZSM-S, the beta zeolite, ferrierite, MCM-22, and mordenite
show the highest industrial impact.”” Zeolites are crystalline
microporous aluminosilicates with 3D channel structures made
of corner-sharing TO, tetrahedra (T = Si or Al7).
Isomorphous framework Al/Si substitutions result in a negative
charge of AlO,” tetrahedra, which is balanced by extra-
framework cationic species representing active sites for
numerous redox- or base-catalyzed reactions.

Cations can be accommodated in extra-framework centers
which differ in their coordination, arrangement of the local
environment, and location in zeolite channels.”® These
characteristics are determined by the siting of the Al atoms
of the negatively charged AlO,” tetrahedra in the framework
crystallographic T sites. Besides protonic forms, transition-
metal-exchanged Si-rich zeolites are the most promising since
they show unique catalytic redox behavior.”” Several features
of Si-rich zeolites strongly limit the applicability of diffraction
methods to determine the siting of cations: (i) a high number
of crystallographically distinguishable framework T sites of
which only some are partly occupied by Al atoms, (ii) a low
number of Al atoms in the framework (Si/Al > 8), and (iii)
large unit cells.®” Therefore, knowledge regarding the siting of
cations and the local structure of cationic sites in Si-rich
zeolites is very limited.””®® However, this information is
necessary to gauge the catalytic and sorption properties of
cation-exchanged zeolites. Several diffraction studies regarding
monovalent cation-exchanged pentasil-ring zeolites have been
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performed,”™"" but the cations have been mainly heavy ones
(Cs* and TI*) not very appealing for catalysis.'”'*"¢
Diffraction experiments provide only the positions of the
cations in the framework but not the local structure of the
cationic sites as the coordinates of the cations are combined
with the averaged coordinates of the framework, reflecting
mainly empty cationic sites and also the corresponding
siliceous structures (i.e,, without the framework Al/Si
substitutions).’ Conversely, NMR crystallography represents
an approach to determine the local structure of cationic centers
in Sirich zeolites. The knowledge of the local structure of
active centers is very important in catalysis.

A new approach to determine the Li" siting in matrices of Si-
rich zeolites was developed in our prior study of Li*-exchanged
ferrierites.” This procedure employs high-resolution 7Li—Li
correlation MAS NMR spectroscopy coupled with periodic
DFT calculations of the structure of Li" sites and subsequent
DFT cluster computations of the "Li NMR shielding. Similarly,
»Na solid-state NMR spectroscopy represents a powerful tool
to identify the Na® siting in matrices of Si-rich zeolites.'”"®
The incorporation of Na® cations into diverse matrices has
attracted particular attention because of its pivotal importance
in various fields such as, for example, energy storage19 and CO,
capture.”* ™
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In this paper, we demonstrate a new approach to the
determination of the siting of Na* and the local structure of
Na* extra-framework cationic sites in crystalline aluminosilicate
matrices based on a combination of high-field and ultra-high-
field MAS and MQMAS **Na NMR spectroscopy interpreted
using predictions of the Na NMR parameters obtained from
periodic DFT calculations including extensive molecular
dynamics (MD) simulations. The usage of high-field and
ultra-high-field **Na solid-state NMR permits highly reliable
evaluations of the Na NMR parameters of Na* cations in
various cationic sites. While *Na MAS NMR spectroscopy is
used to identify Na® cations with a large quadrupolar
broadening since the **Na NMR resonances of such cations
are suppressed in Na MQMAS NMR experiments, ~*Na
MQMAS NMR experiments are employed to analyze close
overlapping **Na NMR resonances with a smaller quadrupolar
broadening. The results reveal that Na* cations can be ligated
to oxygen atoms of nine distinct extra-framework cationic sites
of which eight are occupied by Na" in one or more of the
investigated samples. The Na" centers are formed by two 6-
rings and two 8-rings with one Al atom located in different
framework T sites. The occupancy of the cationic sites by Na*
significantly varies for the studied ferrierites.

This study is the first one which determines the local
structure of Na' extra-framework cationic sites in a Si-rich
zeolite with no knowledge of the Na* cationic sites from
diffraction experiments. Previously, only Al-rich zeolites with
the already known Na* cationic sites were studied by **Na
solid-state NMR spectroscopy.'”'® This investigation is
performed on the zeolite of the ferrierite structure, which is
an industrially important catalyst.

2. COMPUTATIONAL MODELS AND METHODS

2.1. Structural Models. Five models, possessing the P1
symmetry, featuring one Al/Si substitution in the framework
Tla,>* T1b,** T2, T3, and T4 sites™ and one Na* cation
compensating for the corresponding negative charge of AlO,~,
were employed. The models were composed of a super cell
consisting of two unit cells (Si/Al 71) along the ¢ dimension.
The starting structure of the all-silica zeolite framework (no
Na*) was downloaded from the zeolite structural database.”
All possible symmetrically non-equivalent Na* sites with the
Na® cations coordinated to two oxygen atoms of the AlO,”
tetrahedron (with the Na—Q),, distances of ca. 2.4 A) for each
of the five models were used as the starting structures.

2.2, Electronic Structure Calculations. The CP2K suite
of software’®”” was employed using the BLYP functional,”**’
GTH pseudopotentials,””*" and the TZV2P-GTH basis set.
The energy cutoff of 1120 Ry was used.

2.3. Molecular Dynamics. MD simulations were
performed as implemented in the QUICKSTEP program,26 a
part of the CP2K suite of software.”” Born-Oppenheimer MD
simulations of 10,000 fs durations were performed in the
canonical ensemble, with a time step of 1.0 fs and a mean
temperature of 400 K regulated using a chain of Nose—Hoover
thermostats. Similar time lengths were used for MD
simulations of cationic sites in zeolites.”” > The structures
of 20 distinct snapshots collected at 500, 1000, 1500, ... 10,000
fs of the MD simulations were optimized for the five
computational models. The most stable structures of all
distinct Na* sites for all the five models (i.e., Al in all the five
framework T sites’*) were used for subsequent NMR
computations.

2.4. Geometry Optimizations. The lattice parameters
and the atomic positions were optimized employing conjugate-
gradient algorithm minimization of energies and forces as
implemented in the QUICKSTEP program,”® a part of the
CP2K suite of software.”’

2.5. Random Phase Approximation. The calculations
employing the random phase approximation (RPA) to the
energy were performed using the Vienna ab-initio simulation
package (VASP).”>~* The Perdew—Burke—Ernzerhof func-
tional® was used to provide the input states for the RPA
calculation. The renormalized singles corrections to the
energy47 (RSE) of Ren and co-workers, as implemented in
VASP,*® were included in the final RPA energy. The
calculations were performed using the gamma-point-only k-
point sampling. The exact-exchange energy was evaluated
using an 800 eV basis-set cut-off, the RSE corrections using a
400 eV basis-set cut-off and the RPA correlation energy using a
500 eV cut-off for orbitals and a 300 eV cut-off for the
response function.

2.6. Calculations of 2Na NMR Parameters. Clusters of
seven coordination shells around the Al atom (Al-O—Si—O—
Si—O—Si—O—Hj;,;,) and the Na* cation were extracted from
the optimized structures. Due to the presence of silicate rings
in the framework of the ferrierite, the created seven-shell
clusters contained pairs of very close Hjy, atoms. Since the
close Hyy atoms represented the same Si atom, they were
replaced by the corresponding Si(OHy;,), moiety. This was
repeated until the cluster contained no such pairs. Sub-
sequently, the Gaussian09 program® was employed to
calculate »*Na NMR shielding tensors, nuclear quadrupolar
coupling constants,’ Cq and asymmetry parameters,”’ 7, for
the ®Na atom by the gauge-independent atomic orbital
method®" using the B3LYP functional’”>* and the pcS basis
sets of Jensen:™ pcS-4 for the Na and Al atoms and pcS-1 for
all the other atoms. The EFGShield program®’ was employed
to extract the Cqy and # values from the Gaussian output files.
Moreover, the nuclear quadrupolar coupling product Pq, which
is defined”* as follows: Py = Cq(1 + 1*/3)"/? was calculated
from the Cq and 7 values. These P values can be compared
with those obtained from simulations of the measured **Na
MAS NMR and *Na MQMAS NMR spectra.

2.7. Conversion of the 2Na NMR Shielding Values to
2Na Isotropic Chemical Shifts. The calculated 2>Na NMR
shielding values were converted to **Na isotropic chemical
shifts using the calculated shielding of 568.6 ppm for
Na*(H,0)s (the corresponding **Na chemical shift is 0.0
ppm by definition).>> The geometry of Na*(H,0)s was
optimized at the B3LYP/cc-pVQZ level, and subsequently, the
»Na NMR shielding of 568.6 ppm was obtained with B3LYP
and employing the pcS-4 basis set for the Na atom and the
pcS-1 basis set for the O and H atoms. The conversion was
further verified employing a secondary standard. A *Na NMR
shielding of 583.1 ppm was calculated for the faujasite
structure featuring four Al atoms in the hexagonal prism
(i.e., the double 6-rings) and one Na* cation accommodated in
the SI site employing the experimental structure of Olson®®
using the same procedure as the calculations of ferrierite. The
Na NMR shielding of 583.1 ppm corresponds to the **Na
NMR resonance of —14 ppm assigned to the SI site in the Na—
Y zeolite'® (Si/Al 2.11) and CsNa—Y zeolite'” (Si/Al 2.49).
The difference between the assignments based on the primary
and secondary standards is only 0.5 ppm, confirming a high
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Table 1. 2*Na NMR Parameters (o, J,
Computational Models

S0

site o (ppm)“ Siso (ppm)b Cq (MHz)“
T1-8-ring 1 588.4 —19.8 3.7
Tl-6—l‘ing_l 583.1 —14.5 2.5
T1-8-ring_2 581.2 —-12.6 3.0
T2-6-ring_2 570.7 -2.1 54
T2-8-ring 1 588.5 -19.9 3.7
T3-6-ring_1 581.5 —-12.9 2.4
T3-8-ring_2 5822 -13.6 3.0
T4-6-ring_2 567.9 0.7 4.9
T4-8-ring_2 587.1 —18.5 2.7

Cq 1, and P,) and the Relative Energy of the Na* Cationic Sites Calculated for the

n? Pq (MHz)* AE (kcal/mol) AE (kcal/mol)®
0.45 3.8 0.0 0.0
0.75 2.7 1.8 1.8
0.75 33 L5 19
0.50 5.7 0.0 0.0
0.70 4.0 1.9 39
0.65 2.6 0.0 0.0
0.75 3.3 1.9 3.7
0.70 5.2 0.0 0.0
0.95 3.0 5.9 7.2

“23Na NMR shielding. PNa isotropic chemical shift. “Nuclear quadrupolar coupling constant. dAsymmetry parameter. “Nuclear quadrupolar
coupling product.f Relative energies calculated using the cp2k program. ®Relative energies calculated using the VASP program employing the RPA

approach.

reliability of the conversion of the calculated »Na NMR
shielding values to **Na isotropic chemical shifts based on the
primary standard used in this study.

3. EXPERIMENTAL SECTION

3.1. Sample Preparation. A set of three Na-ferrierite
(FER) samples with predominately isolated Al atoms (for
definition of isolated Al atoms, see ref 34) in the framework
was studied. The three ferrierite samples were the same as
those used in our prior studies.””* The parent FER/20 sample
with Si/Al of 20 and more than 94%”* of isolated Al atoms was
purchased from Unipetrol, a.s., Czech Republic (FER/A in ref
24). The FER/27 sample (Si/Al 27, more than 96%" of
isolated Al, FER/B in ref 24) was synthesized using pure silica
(Cab—0-Sil M5), sodium and aluminum sulfate, NaOH, and
pyridine as the structure directing agent. The FER/30 sample
(Si/Al 30, more than 96%>* of isolated Al, FER/C in ref 24)
was purchased from Zeolyst International, Inc. Details
regarding the sample preparations and characterization of the
corresponding Al organizations (for definition of the Al
organization, see ref 34) are described elsewhere.”*

The parent NaK-samples of FER/20 and FER/27 were ion-
exchanged with 0.5 M NH,NOj; twice for 24 h to obtain NH,
forms. The NH,-FER/20 and NH,-FER/27 together with the
parent NH,-FER/30 were further equilibrated into Na-FER
forms by repeated (3 X 24 h) Na* ion-exchange using a 0.5 M
solution of NaNO; (50 mL per 1 g of a zeolite) at room
temperature. Subsequently, the samples were filtered and
thoroughly washed with distilled water.

For the analysis of the siting of Na" in extra-framework
cationic positions, the three Na-FER samples were dehydrated
to enable the coordination of bare Na* cations to the zeolite
framework and the occupation of the cationic sites. Prior to the
dehydration, the hydrated samples were packed into ZrO,
MAS NMR rotors and dried overnight in an oven at 100 °C to
remove excess water. The dehydrated Na-FER samples for the
NMR experiments were prepared “in situ” using an
instrumental setup that allows dehydration and subsequent
sealing of the cooled Na-FER samples in NMR rotors under
vacuum. The samples were dehydrated at 450 °C under
dynamic vacuum of p = 1 X 107" Pa for 3 h with a heating
ramp of 3 °C min~". Subsequently, the Na-FER samples were
cooled down to room temperature and airtight-sealed with Kel-
F cups. The sealed rotors were immediately transferred into
glass tubes, which were evacuated and sealed to prevent
rehydration of the samples before NMR experiments.

3.2. Solid-State NMR Experiments at 500 MHz.
Experiments were carried out using a Bruker AVANCE III
HD 500 WB/US three-channel NMR spectrometer equipped
with a wide-bore ultra-stabilized magnet charged to 11.7 T
(vo(*H) = 500 MHz). **Na MAS NMR spectra were acquired
at a Larmor frequency, vo(**Na), of 132.3 MHz using either a 4
mm double-resonance MAS probe or a 3.2 mm double-
resonance MAS probe at spinning frequencies of v, = 12 kHz
and v,,, = 20 kHz, respectively. The one-dimensional **Na
MAS NMR single-pulse spectra were collected using single-
pulse excitation and high-power proton decoupling. An
optimized pulse width ranging from 2.3 to 4.4 ps and a
recycle delay of 4 s were used with the number of scans ranging
from 2560 to 3072 and the spectral widths ranging from 40 to
55 kHz. The two-dimensional *Na MQMAS NMR spectra
were recorded using the three-pulse z-filtered sequence’” with
selective, excitation, and conversion pulse widths of 6.8, 2.1,
and 35 ps for the 4 mm probe, respectively, and 5.0, 2.0, and
18 us for the 3.2 mm probe, respectively. The number of
increments in the indirect dimension was set to 256, each
made with 1024—2048 scans.

3.3. Solid-State NMR Experiments at 900 MHz.
Experiments were performed using a Bruker AVANCE 1I 4-
channel NMR spectrometer equipped with a narrow-bore
ultra-stabilized 21.1 T (vo('H) = 900.08 MHz) magnet. >*Na
MAS NMR spectra were measured at a Larmor frequency,
vo(**Na), of 238.1 MHz using a 4 mm double-resonance MAS
probe. The dehydrated samples were spun in 4 mm o.d. ZrO,
rotors at a spinning frequency of v, = 10 kHz. The one-
dimensional *Na MAS NMR single-pulse spectra were
collected with 2048 scans using a single-pulse excitation with
an optimized pulse width of 1 us and relaxation delay of 1 s.
The two-dimensional *Na MQMAS NMR spectra were
recorded using the three-pulse z-filtered sequence with
selective, excitation, and conversion pulse widths of 5.2, 2.1,
and 20 pus, respectively. The number of increments in the
indirect dimension was 512, each made with 576 scans.

The »*Na chemical shifts were referenced externally to a 1 M
solution of NaCl (6, = 0.0 ppm) using a secondary reference
of solid NaCl at 7.2 ppm. The fitting of the one-dimensional
single-pulse and two-dimensional **Na MQMAS NMR spectra
were performed using the DmFit software.”

4. COMPUTATIONAL RESULTS

4.1. Calculation of the Cationic Sites and the NMR
Parameters. Our calculations of the models of the Na*
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cationic sites yielded three, two, two, and two Na* cationic
sites (Table 1) for AI(T1), AI(T2), AI(T3), and Al(T4),
respectively. The Na* sites for Al(T1a)** and Al(T1b)** are
the same. The coalescence of the cationic sites for Al(T1a)**
and Al(T1b)** was calculated for Li* as well Subsequent
NMR calculations gave the corresponding **Na NMR
parameters (Table 1).

The Na* cationic sites can be naturally sorted according to
the rings forming these sites rather than by the crystallo-
graphically distinguishable framework T sites occupied by the
Al atom (ie., the Al siting®*). The cationic sites formed by the
same ring with different Al sitings have similar NMR
parameters. The optimized structures, 2*Na isotropic chemical
shift (8,), nuclear quadrupolar coupling constant (Cg), and
asymmetry parameter (#) are shown in Figures 1—4.

Siso=-19.8 T2
Co= 3.7

n= 0.45

Figure 1. Optimized structure (Na—O distances in A) of the Na*
cationic sites with the designations of the T sites for the T2-T2-T1-
T1-T2-T2-T1-T1 8-rings (i.e., 8-ring_1), the **Na isotropic chemical
shift () in ppm, the nuclear quadrupolar coupling constant (Cq) in
MHz, and the asymmetry parameter (1); the T1-8-ring_1 cationic site
(left) and the T2-8-ring 1 cationic site (right). Silicon atoms are in
gray, oxygen atoms in red, aluminum atoms in yellow, and sodium in
violet.

The side views of the Na* centers showing planarity/non
planarity of the cationic sites are depicted in Figure S.

4.2. Na* Cationic Sites Formed by the T2-T2-T1-T1-
T2-T2-T1-T1 8-Ring (i.e., 8-Ring_1). Figure 1 shows that the
T2-T2-T1-T1-T2-T2-T1-T1 8-rings, hereafter 8-ring 1, forms
Na' cationic sites for both possible Al sitings [i.e,, Al(T1) and
AI(T2)]. The Na* cation is coordinated to two O atoms of the
AlO,” tetrahedron (Na—O,; distances of 2.30 and 2.42 A for
T1-8-ring_1 and 2.36 and 2.46 A for T2-8-ring 1) and to one
O atom of one SiO, tetrahedron (Na—Oy; distance of 3.00 A
for T1-8-ring 1 and 2.60 A for T2-8-ring_1). The Na* is

Figure 3. Optimized structure (Na—O distances in A) of the Na*
cationic sites with the designations of the T sites for the T4-T2-T1-
T1-T2-T4-T3-T3 8-rings (i.e., 8-ring_2), the **Na isotropic chemical
shift () in ppm, the nuclear quadrupolar coupling constant (Cg) in
MHz, and the asymmetry parameter (7); the T1-8-ring_2 cationic site
(top), the T3-8-ring 2 cationic site (middle), and the T4-8-ring 2
cationic site (bottom). Silicon atoms are in gray, oxygen atoms in red,
aluminum atoms in yellow, and sodium in violet.

positioned slightly above the plane of the oxygen atoms to
which it is coordinated for both the sites (Figure S). The

2.578

Siso= -12.9
Co= 2.4

Figure 2. Optimized structure (Na—O distances in A) of the Na" cationic sites with the designations of the T sites for the T1-T1-T3-T1-T1-T3 6-
rings (i.e., 6-ring_1), the **Na isotropic chemical shift (5,,) in ppm, the nuclear quadrupolar coupling constant (Cq) in MHz, and the asymmetry
parameter (#7); the T1-6-ring 1 cationic site (left) and the T3-6-ring_1 cationic site (right). Silicon atoms are in gray, oxygen atoms in red,

aluminum atoms in yellow, and sodium in violet.
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Siso= -2.1
T2

Figure 4. Optimized structure (Na—O distances in A) of the Na*
cationic sites with the designations of the T sites for the T2-T2-T4-
T2-T2-T4 6-rings (i.e., 6-ring 2), the *Na isotropic chemical shift
(6,) in ppm, the nuclear quadrupolar coupling constant (Cq) in
MHz, and the asymmetry parameter (17); the T2-6-ring_2 cationic site
(left) and the T4-6-ring 2 cationic site (right). Silicon atoms are in
gray, oxygen atoms in red, aluminum atoms in yellow, and sodium in
violet.

calculated values of the 2*Na isotropic chemical shift (5,) and
the nuclear quadrupolar coupling constant (Cq) are very close
for both the sites (6, = —20 ppm and Cq = 3.7 MHg,
respectively). Conversely, the asymmetry parameter (1)
significantly differs: 0.45 and 0.70 for the T1-8-ring 1 and
T2-8-ring_1, respectively.

4.3. Na* Cationic Sites Formed by the T1-T1-T3-T1-
T1-T3 6-Ring (i.e., 6-Ring_1). Figure 2 shows that the T1-
T1-T3-T1-T1-T3 6-rings, hereafter 6-ring 1, creates Na®
cationic sites for both possible Al sitings (i.e, Al(T1) and
Al(T3)). The Na* cation is ligated to two O atoms of the
AlO,” tetrahedron (Na—O,; distances of 2.36 and 2.53 A for
T1-6-ring_1 and 2.39 and 2.40 A for T3-6-ring 1) and to
three O atoms of two SiO, tetrahedra for T1-6-ring 1 (Na—
Qy; distances of 2.53, 2.70, and 2.93 A) or to two O atoms of
one SiO, tetrahedron for T3-6-ring 1 (Na—Og; distances of
2.58 and 2.61 A). Na* is positioned markedly above the plane
of the oxygen atoms to which it is ligated for both the sites
(Figure 5). Our calculations yielded similar **Na isotropic
chemical shifts of —13 to —15 ppm, a nuclear quadrupolar
coupling constant of ca. 2.5 MHz, and an asymmetry
parameter of ca. 0.7 for both the sites.

4.4. Na* Cationic Sites Formed by the T4-T2-T1-T1-
T2-T4-T3-T3 8-Rings (i.e., 8-Ring_2). There are four
possible Al sitings in the T4-T2-T1-T1-T2-T4-T3-T3 8-rings,

hereafter 8-ring 2, making Na* cationic sites. Figure 3 shows
the calculated sites for Al(T1), Al(T3), and AI(T4).
Conversely, our calculations yielded no Na* cationic site for
Al(T2). The Na* cation binds to two O atoms of the AlO,~
tetrahedron and two O atoms of one SiO, tetrahedron for all
the three Al sitings. The Na—O,; distances are calculated to lie
in the range from 2.35 to 2.53 A, while the Na—Oyg; distances
are longer, ranging from 2.53 to 2.84 A. Na* is located
significantly above the plane of the oxygen atoms forming the
cationic center for all the three sites (Figure 5). The calculated
»Na isotropic chemical shifts (&, = ca. —13 ppm), the nuclear
quadrupolar coupling constant (Cq = 3.0 MHz), and the
asymmetry parameter (17 = 0.75) are very close for T1-8-ring 2
and T3-8-ring 2, while these values differ (more negative &,
of =19 ppm, smaller Cq, of 2.7 MHz, and larger ; of 0.95) for
T4-8-ring_ 2.

4.5. Na* Cationic Sites Formed by the T2-T2-T4-T2-
T2-T4 6-Rings (i.e., 6-Ring_2). Figure 4 shows two cationic
sites created by the T2-T2-T4-T2-T2-T4 6-rings, hereafter 6-
ring 2, for both the possible Al sitings. The Na* cation is
tightly coordinated to five and four O atoms for Al(T2) and
AI(T4) sitings, respectively, and lies in the plane and slightly
above the plane, respectively, of the 6-ring 2 (Figure S). The
Na—O,, distances are calculated to be 2.35 and 2.55 A for
Al(T2) and 2.30 and 2.33 A for Al(T4), while the Na—Oy;
distances are somewhat longer [2.40, 2.43, and 2.52 A for
Al(T2) and 2.45 and 2.48 A for Al(T4)]. The calculated NMR
parameters differ for both the sites. The ;,, of =2 ppm for T2-
6-ring_2 is more negative than the J;, of 1 ppm for T4-6-
ring 2. The Cq of 5.4 MHz for T2-6-ring_2 is larger than the
Cq of 4.9 MHz for T4-6-ring_2. The 77 of 0.50 for T2-6-ring_2
is smaller than the # of 0.70 for T4-6-ring_2.

4.6. Stability of the Cationic Sites. Table 1 also lists the
relative energies for the Na* cationic sites corresponding to the
same Al siting. For a particular Al siting, the sites with the
relative energies smaller than ca. 2.0 kcal/mol with respect to
the most stable Na" cationic site exist in the sample at room
temperature.” However, this is true only if all the Na* cationic
sites are accessible during the Na® exchange, that is, if the
occupation of the Na* cationic sites during the Na* exchange is
driven by thermodynamics.’ Conversely, if the barrier for Na*
to occupy a particular cationic site during the Na* exchange is

Naeee

T1-8-ring_1

T1-6-ring_1

ek

T2-8-ring_1
T3-6-ring_1

154

-<;~C

T1-8-ring_2 T4-8-ring_2
T2- 6-r|ng 2
T4-6-ring_2

T3-8-ring_2

Figure S. Side views of the optimized structure of the Na* cationic sites. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in yellow,

and sodium in violet.
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Figure 6. Na MAS NMR spectra of Na-FER/20 recorded (i) at By = 21.1 T and v,,, = 10 kHz (brown), and (ii) at By = 11.7 T and v,,, = 12 kHz

(blue) and v, = 20 kHz (green).

high, then other less thermodynamically favored sites can be
occupied.

5. EXPERIMENTAL RESULTS

5.1. Na NMR Results. The effect of the spinning
frequency and the field strength (B,) on the *Na MAS
NMR spectrum of the dehydrated Na-ferrierite is shown in
Figure 6 showing the spectra of Na-FER/20 recorded at B, =
21.1 T with the spinning frequency of 10 kHz and at B, = 11.7
T with the spinning frequencies of 12 kHz and 20 kHz.

The spectra recorded at 11.7 T are very broad (about 70
ppm). This agrees with the well-known quadrupolar character
of »Na nuclei’”® and the nuclear quadrupolar coupling
constant (Cq) and the asymmetry parameter (#7) of the electric
field gradient (EFG) tensor of *Na* accommodated in the
cationic sites in the dehydrated ferrierite (Table 1). The
narrowing effect of a faster rotation on the spectrum recorded
at By = 11.7 T with the spinning frequency of 20 kHz results
from the averaging of the first-order quadrupolar interaction,
which is rotation-dependent. However, the effect of the
spinning frequency on the spectrum of Na-FER/20 is small
and does not remove the second-order quadrupolar broad-
ening to allow a detailed analysis of the spectra as the
individual resonances of quadrupolar nuclei can take on
various shapes depending on the nuclear quadrupolar coupling
constant (Cq) and the asymmetry parameter (#) of the EFG
tensor; for details regarding spectral shapes, see ref 59. The
significant decrease of the breadth of the spectrum recorded at
By = 21.1 T by a factor of 2 relative to that measured at By =
11.7 T is caused by a suppression of the quadrupolar
interaction by the higher magnetic field. However, although
a significant narrowing of the spectrum was reached at B =
21.1 T, the high values of C, and 7 predicted for *Na* located
in the cationic sites (Table 1) can lead to well-known non-
Gaussian shapes of the individual resonances even in this ultra-
high field. Therefore, MQMAS experiments were performed to
obtain the quadrupolar parameters of the individual **Na

NMR resonances to permit an interpretation of the **Na MAS
NMR spectra.

The **Na MAS NMR spectra and isotropically sheared 2D
projections of **Na MQMAS NMR spectra of the dehydrated
samples Na-FER/20, Na-FER/27, and Na-FER/30 recorded at
By = 11.7 T with v,,, = 12 kHz and By = 21.1 T with v, = 10
kHz are shown in Figures 7—9. Note that different shapes of
the 2D projections of the Na MQMAS NMR spectra as well
as a substantial decrease of the breadth of the MAS dimension
(F, horizontal) of the 2D projections of the same sample
recorded at different magnetic fields result from the
suppression of the quadrupolar interaction at the ultra-high
field. Furthermore, rotational sidebands are observed in the
»Na MQMAS NMR spectra recorded at 21.1 T. The
experiment at the ultra-high field is also associated with a
significantly higher signal to noise ratio partly due to the
significant decrease of the breadth of the spectra. A detailed
visual inspection of the 2D projections of the 2*Na MQMAS
NMR spectra indicates the presence of several resonances in
each spectrum. However, all the resonances found in the **Na
MQMAS spectra correspond to the main peaks in the **Na
MAS NMR spectra. Conversely, the resonances observed at
above (i.e., less negative or even positive) —10 ppm (R—I, see
below) at By = 21.1 T are observable only in the **Na MAS
NMR spectra at both the field strengths. This is most likely
due to a lower sensitivity of MQMAS to sites with larger
quadrupolar coupling constants. Concluding, both the *Na
MAS NMR and *Na MQMAS NMR spectra of all three
dehydrated samples are complex, and a simple visual
inspection of the spectra does not allow for their analysis
and interpretation. Therefore, we extracted the NMR
parameters of the individual resonances from the spectra
based on the simultaneous fitting of both the **Na MAS NMR
and »Na MQMAS NMR spectra. This approach minimizes
the bias, which can occur due to overlapping resonances when
the traditional approach for the spectra interpretation based on
a fitting of cross-sectional traces in the center of gravity of the
individual resonances is used. The *Na MAS NMR and **Na

https://doi.org/10.1021/acs.jpcc.2c02496
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Figure 7. Experimental (solid blue line) and modeled [simulations of the individual sodium sites (dashed lines) and their sum (solid red line)]
*Na MAS and MQMAS NMR spectra of the Na-FER/20 sample recorded at B, = 21.1 T (900 MHz) and B, = 11.7 T (500 MHz).

MQMAS NMR spectra acquired at two different field strengths
(i.e., four spectra for each sample) were simultaneously fitted
using the DmFit software® to obtain and verify the NMR
parameters of the individual *Na NMR resonances in each
sample. Since the NMR parameters reflect the structure and
environment around the nuclei in the sample (it should be
noted that the structure and environment are properties of the
measured material and they are not field-dependent), all the
experimental line shapes were fitted using a set of resonances
with unique three parameters (6, Cq, and ) of the same or
very similar values for all the four spectra. The spectral
simulations are also shown in Figures 7—9. The NMR

parameters of the individual resonances obtained are presented
in Table 2. Four resonances were identified in the Na-FER/20
and Na-FER/27 samples, while six resonances were found for
the Na-FER/30 sample. The relative intensities of the
individual resonances (Table 2) were calculated only from
the simulations of the *Na MAS NMR spectra since the
MQMAS experiments are not quantitative.

6. DISCUSSION

6.1. Accommodation of Na® in Cationic Sites in
Ferrierite. Table 1 shows that the DFT-calculated values of
(i) the »Na isotropic chemical shift (J,,), (ii) the nuclear

150
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Figure 8. Experimental (solid blue line) and modeled [simulations of the individual sodium sites (dashed lines) and their sum (solid red line)]
*Na MAS and MQMAS NMR spectra of the Na-FER/27 sample recorded at B, = 21.1 T (900 MHz) and B, = 11.7 T (500 MHz).

quadrupolar coupling constant (Cg), and (iii) the asymmetry
parameter (#7) lying in the intervals from 0.7 to —19.9 ppm,
from 2.4 to 5.4 MHz, and from 0.45—0.95, respectively, are in
very good agreement with the experimental ones (Table 2)
ranging from 1.0 to —23.0 ppm, 1.1 to 4.5 MHz, and 0.6 to 0.7,
respectively. In addition, the patterns of the predicted and
observed **Na isotropic chemical shifts and the nuclear
quadrupolar coupling constants show notable similarities.
This confirms the reliability of the calculated Na* structures
in the ferrierite matrix and the corresponding predicted NMR
parameters. The arrangements and properties of Na* in the
cationic sites in ferrierite and the relation between the

10693

coordination of Na" cations in the individual sites and the
related NMR parameters are discussed based on the calculated
NMR parameters to minimize a possible bias due to the
experimental errors (e.g., a possibility of a small fraction of Na*
structures related to Al pairs present in the zeolite samples).
There is only one available experimental structure of a
monovalent cation-exchanged dehydrated ferrierite to the best
of our knowledge discussed later.” Except for this K-ferrierite
structure, there are only available experimental data regarding
the siting of divalent cations in the dehydrated ferrierite
zeolite.”~°* However, the siting of divalent cations is
influenced by the need for the presence of two Al atoms in

https://doi.org/10.1021/acs.jpcc.2c02496
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Figure 9. Experimental (solid blue line) and modeled [simulations of the individual sodium sites (dashed lines) and their sum (solid red line)]
*Na MAS and MQMAS NMR spectra of the Na-FER/30 sample recorded at By = 21.1 T (900 MHz) and B, = 11.7 T (500 MHz).

the ring forming the corresponding cationic site for bare
divalent cations. In contrast to Al-rich zeolites, the fulfilment of
this requirement is not guaranteed for all rings of Si-rich zeolite
frameworks. Moreover, transition-metal cations, for example,
Co”" and Ni*', are of a significantly smaller diameter compared
to the monovalent Na* cation. Therefore, large differences
between the siting of a monovalent Na* cation and that of
divalent transition-metal cations are expected.

Visual inspection of the ferrierite framework topology
permits the evaluation and comparison of the calculated
cationic sites. The cationic site formed by 6-ring_1 (Figure 2)
corresponds to the B site according to Mortier’s notation.
Moreover, if two Al atoms are present in 6-ring_1, then this
corresponds to the a site.”* This site is located on the wall of
the main channel and thus accessible through the 10-rings. 6-
ring 2 (Figure 4) relates to the A site of Mortier’s notation®
and f site of divalent cations if two Al atoms are present.”*
This site in the ferrierite side channel is accessible through 8-

ring 1 (Figure 1). The corresponding cation site formed by 8-
ring 1 is equal to the F site of Mortier’s notation.” 8-ring 1
represents an opening of the ferrierite side channel from the
main one, and thus the corresponding site is accessible through
the 10-rings. The site created by 8-ring 2 (Figure 3) is located
on the wall of the side channel, and it has not been suggested
yet. This cationic site is accessible through 8-ring 1. The
“boat-shaped” y site® for divalent cations in the side channel is
not occupied by Na*; however, 8-ring 2 represents a part of
this complex site. Figure S shows that all the calculated Na*
sites exhibit an open coordination sphere. This feature in
combination with the accessibility of the Na™ sites by 8-rings or
10-rings makes them possible active sites.

6.2. 22Na NMR Parameters and the Local Arrange-
ments of Na* in the Cationic Sites. The relationship
between the calculated **Na isotropic chemical shifts (J,,) and
the calculated nuclear quadrupolar coupling constant (Cq) of
Na* cations (Table 1) is shown in Figure 10.
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Table 2. **Na NMR Parameters (J,,,, Co, 11, and P,) and Relative Intensity (I) of the Individual Na* Resonances of the Na-FER

Samples

sample res. Oiso/ppm*” CQ/Msz
Na-FER/20 I 0.0 + 2.0 45 +03
IIa —-1583 + 1.0 21 +£01

IIb -19.2 + 2.0 20+ 02

111 —23.0 £ 2.0 3.6 +0.1

Na-FER/27 I -1.5+20 43+03
IIa -15.5 + 1.0 22 +0.1

1Ib —19.5 £ 2.0 21 +£02

111 —22.0 £ 2.0 3.6 0.1

Na-FER/30 1 1.0 £2.0 44 + 03
IIa —-143 + 1.0 2.1 +£0.1

IIb -17.6 £ 2.0 23 +£02

IIc -17.5 £ 0.5 1.1+0.1

I1d —-202 + 0.5 1.3 £0.1

III —22.8 £ 0.5 34 +£01

n Po/MHz? 1/% Na* site
0.7 +0.3 49+ 03 16 T4-6-ring_2
0.6 + 0.1 22 +£0.1 29 T3-8-ring_2
¢ 22 +02 16 T4-8-ring_2
0.7 £0.1 39+ 0.1 40 T2-8-ring 1
0.6 0.3 46 +03 12 T4-6-ring 2
0.6 + 0.1 23 +0.1 NY T3-8-ring_2
0.6 + 0.1 22 +£02 12 T4-8-ring_2
0.6 + 0.1 3.8 +0.1 26 T2-8-ring 1
¢ 47 +£03 12 T4-6-ring_2
0.7 £02 23 +0.1 16 T1-8-ring 2
0.6 + 02 24 +02 17 T4-8-ring_2
0.6 + 0.1 12 £ 0.1 6 T3-6-ring_1
¢ 14 +02 6 T1-6-ring 1
0.6 + 0.1 3.6 £0.1 44 T1-8-ring 1

“2Na isotropic chemical shift. *Nuclear quadrupolar coupling constant. “Asymmetry parameter. “Nuclear quadrupolar coupling product. “This
resonance was fitted using a Czjzek function,®' since the # exhibits a Gaussian distribution.
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Figure 10. DFT-computed nuclear quadrupolar coupling constants
(Cq) compared to the DFT-computed **Na isotropic chemical shifts
for the nine calculated Na* cationic sites.

Figure 2 shows that the Al siting in the T1 and T3 sites has
only a small effect on the NMR (ie, &, Cq and 7)
parameters of Na" accommodated in 6-ring 1. Regarding 8-
ring 1 (Figure 1) with Al(T1) and Al(T2), &, and Cq are
identical while # differs. Concerning 8-ring 2 (Figure 3), the
NMR parameters are very close for Al(T1) and Al(T3), while
they significantly differ for Al(T4). Conversely, the two Na*
sites formed by 6-ring 2 are distinguishable from each other
since they have distinct NMR parameters (Figure 4). Figure 10
clearly shows that both &, and Cq are significantly more
sensitive to the type of ring forming the corresponding cationic
site than to the Al siting in the ring. *Na solid-state NMR
spectroscopy thus can provide, without any doubt, the
information on the ring accommodating the Na® cation,
while the Al siting in the ring can be distinguished only for
some specific cases [ie., Al(T4)].

Although, in general, the NMR parameters (i.e., 5, Cq and
) cannot be predicted empirically and quantum chemical
calculations are required, we make an attempt to draw some
rough conclusions on the relationship between the arrange-
ment of the cationic sites and the corresponding NMR

parameters. Table 1 and Figures 1—5 show that the calculated
nuclear quadrupolar coupling constant (Cq) is the largest for
the planar or near-planar sites (T2-6-ring 2 and T4-6-ring 2,
respectively, having Cq, = 5.4 and 4.9 MHz, respectively), while
Cq is the smallest (from 2.4 to 3.0 MHz) for the sites with the
Na* cation positioned markedly above the plane of the oxygen
atoms to which it is ligated (i.e., T1-6-ring_1, T3-6-ring_1, T1-
8-ring 2, T3-8-ring 2, and T4-8-ring 2). Therefore, it is
apparent that Cq reflects approximate local site symmetry.

The cationic sites which are highly asymmetric but possess
an approximately planar Na* coordination, that is, T1-8-ring_1
and T2-8-ring_1, have the most negative (ca. —20 ppm) **Na
isotropic chemical shift and a Cq of 3.7 MHz. The (near)
planar sites with a high symmetry, that is, T2-6-ring_2 and T4-
6-ring_2, exhibit the least negative or even positive (ca. 0 ppm)
*»Na isotropic chemical shift and the highest Cq, of ca. S MHz.
The sites with the Na* cation positioned markedly above the
plane of the oxygen atoms to which it is ligated, that is, T1-6-
ring_1, T3-6-ring 1, T1-8-ring_ 2, T3-8-ring 2, and T4-8-
ring_2, feature a **Na isotropic chemical shift from —13 to
—15 ppm (T4-8-ring 2 is the exception due to a highly
asymmetric coordination of the Na* with the &, of —19 ppm)
and a Cq from 2.4 to 3.0 MHz.

All the cationic sites except for the T4-8-ring_2 site, which is
an outlier, can be sorted into three groups according to the
similarity regarding the NMR parameters as well as the
closeness of the structures. The latter can be explained by the
fact that the Na* cation is bound to the oxygen atoms of the
cationic sites and optimizes the number and arrangement of
the oxygen ligands to reach an energetically favorable position.
The T1-8-ring_1 and T2-8-ring_1 sites form the first group,
the T2-6-ring 2 and T4-6-ring_2 centers create the second
group, and the third group is composed of the T1-6-ring_1,
T3-6-ring_1, T1-8-ring 2, and T3-8-ring_2 sites.

6.3. Preferences of Na*™ for Various Rings. Table 1
reveals the preferences of Na* for the siting in rings of different
sizes. In the case of Al-rich zeolites for which there are enough
experimental data, all zeolite rings (except 4-rings) must serve
as cationic sites for monovalent cations due to a high
framework aluminum content. Regarding Si-rich zeolites,
experimental data on the monovalent cation siting are available
only for mordenite® and ZSM-5."°"'® However, these data
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Figure 11. Comparison of the relationship between the calculated (squares) and observed (circles) nuclear quadrupolar coupling product (Pq) and
the calculated (squares) and observed (circles) **Na isotropic chemical shifts for the nine calculated Na* cationic sites. The black squares
correspond to the cationic sites occupied by Na*, while the white square relates to the most likely unoccupied cationic site.

cannot be directly employed for this purpose because of (i) the
competition between the monovalent cations at a higher Al
content due to a possible presence of Alpyp atoms,”* (ii) the
presence of only deformed 6-rings similar to 6-ring 1 of
ferrierite (the a site for divalent cations when two Al atoms are
present in the ring) for mordenite and ZSM-S, and (iii) the
existence of 6-rings with different geometries than 6-ring_1 for
ZSM-S. Only experimental data regarding the siting of divalent
cations (with the exception of potassium-exchanged ferrierite’
described below) are available for other Si-rich zeolites. The
siting of divalent cations is governed by the presence of Alp,;r
atoms”* in the rings on the surface of zeolite channels. The
four crystallographically distinguishable framework T sites of
the ferrierite framework belong to several ring types—5-rings,
6-rings, and 8-rings. However, 4-rings in the A zeolites are the
exception, and the corresponding cationic sites are energeti-
cally disfavored compared to the sites formed by larger rings.
Our DFT calculations using MD provided no Na* cationic
sites created by S-rings either, indicating that the siting of a
larger cation as Na* is unfavorable also in this ring size. Table 1
shows the effect of the zeolite-ring size on the relative energy
of the Na" cationic sites formed by the various rings with the
Al atom in the same framework T site. It is clear that the
cationic sites created by 6-ring 1 (Figure 2) and 6-ring 2
(Figure 4) are preferred compared to the sites formed by 8-
ring 1 (Figure 1) and 8-ring_2 (Figure 3). The only exception
is the sites connected with the AI(T1) atom as the Na* center
formed by T1-8-ring 1 is the most stable one. This may be
explained by the fact that Na* is positioned slightly above the
plane of the oxygen atoms to which it is coordinated for T1-8-
ring 1, while Na* is placed markedly above the plane of the
oxygen atoms to which it is ligated for T1-6-ring_1 (Figure S).
Moreover, analogous results showing the preference for 6-rings
relative to 8-rings were obtained for the Na* siting in SSZ-13
(CHA topology) in our prior study.”

A potassium-equilibrated ferrite sample was analyzed by
neutron powder diffraction.” Two K(1) and K(2) potassium
cationic sites were found, and furthermore, a third extra-
framework species assigned to an oxygen atom, O(9), was
determined. The K(1) center corresponds to the T1-8-ring 1
site for Na*, while the K(2) extra-framework cation relates to
no Na* site of our study. K(2) is located in 10-rings and is
coordinated to two O atoms of an Al(T2)O,” tetrahedron.
Since the Si/Al ratio of the potassium-exchanged ferrierite is
8,” Alpar " atoms are most likely present in the sample.*”
Since (i) Al pairs creating the f cationic sites predominate in
ferrierites’ and (ii) Al pairs forming these f sites are created
only by the Al(T2)—Si—Si—Al(T2) sequences’® (ie., 52%*),
the K(2) cations most likely balance the two Al atoms of the
Al(T2)-Si—Si—Al(T2) sequences. Therefore, the K(2)
cations are located in the 10-rings to maximize the distance
between two K(2) cations. If O(9) was not an oxygen atom
but a potassium cation, then this K cationic site would be
equal to the T3-8-ring 2 site of Na*. These results show the
opposite tendency of K" with respect to Na* to occupy 8-rings
rather than 6-rings. Furthermore, analogous results show that
the preference for 8-rings relative to 6-rings were gained for the
K* siting in SSZ-13 (CHA topology) in our previous
investigation.”” Monovalent cations choose the ring type
depending on their size. However, it should be noted that the
energy stability of monovalent cations in cationic sites
corresponding to a particular Al siting (i.e., thermodynamics)
represents only one parameter controlling the occupation of
the sites in the dehydrated zeolite. In the case of zeolites with a
nonequivalent channel system (e.g., ferrierite with the main 10-
ring channel and the side 8-ring channel), kinetics of the site
occupation during the dehydration process as well as the
starting locations of the solvated cations in the channel system
of the hydrated zeolite (at the channel intersections in ferrierite
zeolites) can play a role.
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sites for the FER/20, FER/27, and FER/30 samples. The T2-6-ring_2 site is not occupied by Na" in the three samples.

6.4. Analysis of the Siting of Na* Cations in Si-Rich
Ferrierite Matrices. Table 1 shows that there is no significant
variability in the calculated values of the asymmetry parameter
(1) since most sites feature # from ca. 0.5 to ca. 0.8. Table 2
reveals that the low sensitivity of # on the cation siting is
further confirmed by the experimental results (# lying in the
range from 0.6 to 0.7). Therefore, the combination of (i) the
nuclear quadrupolar coupling product (Pq), which describes
the quadrupolar interaction using one number, and (ii) the
»Na isotropic chemical shifts (5i,) for the individual sites is
employed for the characterization of Na® cations in the
individual centers. The relationship between the calculated and
observed **Na isotropic chemical shifts (§,,) and the
calculated and observed nuclear quadrupolar coupling product
(Pq) of Na* cations (Tables 1 and 2) is compared and shown
in Figure 11.

It can be clearly seen that the calculated and experimental
Pq and 6, values are in very good agreement. Therefore, the
combination of Py and J;, is essential for the full character-
ization of the Na* sites (it should be noted that 7 can be
employed to serve as an additional parameter in specific cases,
see below).

Figure 11 clearly shows three groups of the *Na NMR
resonances—one R-I, four R-II (i.e., R-IIa, R-IIb, R-IIc, and R-
I1d), and one R-IIL. On the one hand, Table 1 and Figure 4
show that the **Na NMR resonance R-I with the most positive
value of the observed &, (between 1 and —2 ppm) clearly
corresponds to Na* cations accommodated in 6-ring 2 of the
ferrierite side channel. Most likely, the Al atoms balanced by
these Na" cations are located in the framework T4 site as the
calculated and observed NMR parameters are in significantly
better agreement for Al(T4) than for Al(T2). On the other
hand, Table 1 and Figure 1 show that the BNa NMR
resonance R-III with the most negative value of the observed
8o (between —22 and —23 ppm) relates to Na* cations
located in 8-ring 1. However, the experimental values of
(0.6—0.7) do not allow the determination whether either
AI(T1) or Al(T2) or both Al(T1) and Al(T2) atoms form this
cationic site.

The four R-II resonances have to correspond to Na* cations
present in 6-ring_1 and 8-ring_2. The presence of all four R-II
resonances in the spectra of the Na-FER/30 sample can be
employed for the assignment of the four R-II resonances to the
Na® cationic sites since each of the close four R-Ila—R-IId
resonances unambiguously relates to one type of Na® siting.

10697

The *Na NMR resonances R-Ilc and R-1Id with low P, values
correspond to Na* cations accommodated in 6-ring 1, most
likely, the T3-6-ring 1 and T1-6-ring_1 sites, respectively. The
large deviations of the observed values of the **Na isotropic
chemical shifts of the R-IIc and R-IId resonances from the
corresponding values predicted by DFT reflect rather the effect
of the close *Na NMR resonances of a high intensity to those
of a low intensity (i.e, R-Ilc and R-IId) than a systematic
discrepancy between the experimental and theoretical values of
the **Na isotropic chemical shifts (compare the differences for
the other 2>Na NMR resonances). The Na NMR resonances
R-Ila and R-TIb with high P, values can be assigned to Na*
cation siting in 8-ring 2. However, there is uncertainty
regarding the Al siting in 8-ring_2 for the two resonances. A
comparison of the calculated and experimental NMR
parameters gives two most likely assignments: (i) the **Na
NMR resonance R-Ila with the observed **Na isotropic
chemical shift at around —15 ppm relates to Na® cations
located in both the T1-8-ring 2 and T3-8-ring_2 sites and the
®Na NMR resonance R-IIb with the experimental **Na
isotropic chemical shift at around —18 ppm correlates with the
T4-8-ring_2 site or (ii) the *Na NMR resonances R-Ila and
R-IIb could be identified with the T1-8-ring 2 and T3-8-
ring 2 sites, respectively, and the T4-8-ring 2 site is not
occupied by Na" cations. Nevertheless, the pattern of the
experimental data shown in Figure 11 favors the former
assignment with the **Na NMR resonance R-IIb belonging to
the T4-8-ring 2 site. It should be noted that there is no
uncertainty to which ring the R-IIb relates to (i.e., 8-ring 2),
only the Al siting in 8-ring 2 is not fully certain. Our study
shows that this Al siting cannot be determined by using
exclusively *Na solid-state NMR spectroscopy but additional
methods are required. The analysis of the Al siting in the
framework T sites of the ferrierites studied”* and/or the Li*
siting in these matrices’ can be employed for this purpose.
Both the Al siting and Li" siting show that the framework T1
and T2 sites are not occupied in the FER/20 and FER/30
samples, respectively. This finding provides clues to assign the
R-ITa and R-IIb as well as the R—III resonances.

The assignment of the **Na NMR resonances R-Ila and R-
IIb to the T1-8-ring 2 and T3-8-ring 2 sites, respectively,
would result in the presence of the Al atom in the T1 site in
the FER/20 sample, which is not true. Therefore, the **Na
NMR resonance R-Ila is unambiguously assigned to the Na*
accommodated in the T1-8-ring_2 (FER/30) and T3-8-ring 2
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Table 3. Al Relative Concentrations in the Crystallographically Distinguishable Tetrahedral Framework Sites (T sites) for the

FER/20, FER/27, and FER/30 Samples

Al concentration (in %) in the T sites

T1 T2 T3 + T4" T3 T4 T3 + T4
sample Na® Al Li? Na’ Al Li? Na’ Li? Na” Al Na® Al° Na’ Al
FER/20 0—69 0 0 0—40 S0 S0 32—61 50 0-29 15 32 35 32—61 N
FER/27 0-76 N S 0-26 30 35 24-74 60 0-50 20 24 45 24-74 65
FER/30 6—66 80 80 0—44 0 0 35-51 20 6—22 N 29 15 35-51 20

97Li NMR did not allow the selection between Al in the T3 and T4 sites. “Al relative concentration estimated using 23Na MAS NMR. “Al relative
concentration estimated using 2’Al MAS NMR. The data are taken from ref 24. 9Al relative concentration estimated using Li MAS NMR. The data

are taken from ref 6.

(FER/20 and FER/27) sites, while the 2’Na NMR resonance
R-IIb reflects the Na* located at the T4-8-ring_2 site. Similarly,
the 2*Na NMR resonance R-I must correspond to Na* located
in the T4-6-ring_2 site and not in the T2-6-ring_2 center since
Al(T2) atoms are not present in the FER/30 sample.

Employing the absence of Al(T1) in the FER/20 sample and
a very low concentration of Al(T1) in the FER/27 sample on
the one hand, and the absence of Al(T2) in the FER/30
sample on the other hand, we can assign the BNa NMR
resonance R-III to the T2-8-ring 1 site for FER/20 and FER/
27, while R-IIT belongs to the T1-8-ring 1 site for FER/30.

The quantitative distribution of Na* cations accommodated
in the individual cationic sites for all the three samples is
shown in Figure 12. Figure 12a shows the siting of Na* cations
in the specific rings creating the Na* cationic sites, while Figure
12b shows the detailed Na* distribution in the individual Na*
cationic sites including the Al siting in the ring forming the
corresponding Na* cationic sites. Figure 12 clearly shows that
the ferrierite zeolites even with rather close Si/Al ratios
between 20 and 30 exhibit significant differences in the Na*
siting, confirming that the Al organization (for definition of the
Al organization, see ref 34) and not the Si/Al ratio is the key
determining factor for understanding the catalyst performance.
On the one hand, 6-ring_1 is occupied only in the FER/30
sample. On the other hand, the remaining three rings are
occupied in all the samples. The occupancy of Na* cations is
similar for 6-ring 2, while it significantly varies for 8-ring_1
and 8-ring 2. Figure 12b shows that the FER/20 and FER/30
samples exhibit similar Na* relative concentrations in the
individual cationic sites formed by 6-ring 2, 8-ring 1, and 8-
ring 2. The Na* occupancies in the FER/27 zeolite markedly
differ (differences up to 90 relative %) in comparison with the
FER/20 and FER/30 samples for the two sites formed by 8-
ring 1 with AI(T1) and Al(T2) (ie., the T1,2-8-ring 1 sites)
and the two sites created by 8-ring 2 with Al(T1) and Al(T3)
(i.e., the T1,3-8-ring 2 sites), while the Na* relative
concentrations are similar for all the three samples for the
T4-6-ring_2 and T4-8-ring 2 sites.

As it has been mentioned in the previous paragraphs, while
the individual resonances can be unambiguously assigned to
the zeolite rings forming the Na® cationic sites, there is
uncertainty regarding the relationship between the *Na NMR
resonances and the Al siting in these rings (Al(T1) + Al(T2)
for 8-ring 1 and AI(T1) + AI(T3) for 8-ring 2). This results
in a huge variability of possible Al relative concentrations in the
individual T sites when estimated solely from the Na* siting (a
variability in the range from 0 to 76% of Al atoms in a T site).
Only the concentration of Al atoms in the T4 site can be
estimated for the investigated samples. Therefore, the
application of Na® cations as probes for the Al siting is

significantly limited. Conversely, the results of our prior studies
concerning the Al 51t1ng24 and the Li' s1t1ng in the three
ferrierite samples can be employed for the verification of the
analysis of the Na" siting in the same three ferrierite samples.
The Al relative concentrations in the individual T sites
estimated using BNa, ¥’Al, and "Li solid-state NMR experi-
ments are compared in Table 3. It should be noted that the "Li
NMR measurements did not permit the selection between
Al(T3) and AI(T4) atoms, and therefore, the Al relative
concentrations for both the Al(T3) and Al(T4) atoms together
are included in Table 3.

Table 3 shows that there are mainly only small discrepancies
between the Al relative concentrations in the individual T sites
estimated using »Na, Al and Li solid-state NMR experi-
ments. Negligible or low concentrations of Al atoms in (i) the
T1 site for FER/20 and FER/27 and (ii) the T2 site for FER/
30 are not in conflict with the results of the *Na NMR
experiments according to which the Al relative concentration
can vary, depending on the assignment of the *Na NMR
resonances, between 0 and 76% for AI(T1) and 0 and 44% for
Al(T2). The largest discrepancies between the relative
concentrations obtained from, on the one hand, *Na solid-
state NMR measurements and, on the other hand, >’Al solid-
state NMR experiments are for the T4 sites for the FER/27
sample. This inaccuracy can be explained either by the fact that
the overlapping **Na NMR resonances R-Ila and R-IIb with
close NMR parameters are employed or there is a more
pronounced error in the analysis of the Al siting of that sample
using ’Al MAS NMR. It should be noted that *’Al MAS NMR
spectra of all the three ferrierite samples are formed by closely
overlapping 27Al NMR resonances, and the *’Al NMR
parameters for simulations of the ?’A1 MAS NMR spectra for
the quantitative analysis were estimated using a visual
inspection of the Al MQMAS NMR spectra.”* Nevertheless,
as it has been concluded above, **Na solid-state NMR
spectroscopy represents a powerful tool for the analysis of
the Na* siting in zeolite rings (i.e., the identification of the
rings with an Al atom). Therefore, *Na (MQ)MAS NMR can
be suggested as a supporting method for the analysis of the Al
siting in zeolite matrices.

Taking into account that the T1 site is not occupied by Al
atoms in the FER/20 sample and has a very low occupancy in
the FER/27 matrix, the >Na NMR resonances R-III and R-Ila
assigned to the cationic sites formed by 8-ring_1 and 8-ring_2,
respectively, in these samples have the Al atoms located in the
T2 and T3 sites, respectively. Conversely, the T2 site is not
occupied by Al and the T3 site has a very low Al occupancy in
the FER/30 sample, and therefore, the 23Na NMR resonances
R-III and R-Ila relate to the sites formed by 8-ring 1 and 8-
ring_2, respectively, with Al atoms in the T1 site. Thus, the
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Figure 13. Relative concentrations of Al atoms (in %) corresponding to the individual Na* cationic sites for the FER/20, FER/27, and FER/30
samples. There are no Al atoms forming the T2-6-ring_2 site in the three samples.

unambiguous analysis of the Na® siting in the investigated
samples can be estimated using the combination of the **Na
solid-state NMR experiments with the support of "Li and *’Al
solid-state NMR measurements (Figure 13). These results
clearly provide evidence that the Na® sitings in the three
ferrierite samples significantly differ. Figure 13 shows that even
when only the Na" siting in the rings is taken into account, it
markedly varies in the three samples. The FER/30 sample
exhibits similarities with the FER/20 and FER/27 matrices
only in the Na' siting in the T4-6-ring 2 and T4-8-ring 2
sites. Conversely, the Na" siting in the 8-ring_1 and 8-ring_2
(except for T4-8-ring_2) sites differs not only quantitatively,
but also by the T site occupied by Al atom (the T1 vs T2 site
for 8-ring 1 and the T1 vs T3 for 8-ring_2). These marked
differences clearly reflect the various Al sitings in the three
investigated samples. This is significantly different with respect
to the siting of bare divalent cations in Si-rich zeolites with Al
pairs. In this case, the concentration of Al pairs is reflected in
the maximum possible concentration of bare cations in the
zeolite and varies, but the relative distributions of bare cations
in the maximum loaded samples in the a, f, and y sites”* do
not exhibit a significant variability. The f site significantly
predominates (typically around 60% of the cations in the
maximum loaded sample followed by the « site with 20—35%
of the cations for, e.g., ZSM-S, ferrierite, mordenite, and beta
zeolite). ™

Surprisingly, there is a marked discrepancy between the
occupation of the Na* cationic sites (Figure 13) and their
calculated relative energies (Table 1). Only for Al(T1), the
most stable T1-8-ring 1 site is preferentially occupied by Na®,
while the Na* occupancy of the other two low energy sites T1-
6-ring 1 and T1-8-ring 2 is lower. Conversely, for Al(T2),
only the less stable (by 4 kcal/mol) T2-8-ring 1 cationic site is

occupied by Na* (Figure 13). Similarly, for Al(T3), the T3-8-
ring 2 site, which is higher in energy by 4 kcal/mol, is
preferentially occupied by Na* in comparison with the more
stable T3-6-ring_1 site. For Al(T4), both T4-6-ring_2 and T4-
8-ring 2 feature comparable occupancies by Na* although the
former is lower in energy by 7 kcal/mol than the latter. These
results clearly provide evidence for a significant role of the
starting positions of the Na* cations in the hydrated zeolite and
the kinetics of the occupation of the Na* cationic sites during
the dehydration process. It is especially difficult for the Na*
cations to be accommodated in the 6-ring 2 sites. Therefore,
the siting of monovalent cations in extra-framework cationic
sites cannot be predicted from the known Al siting in the
zeolite matrix of interest and the calculated relative energies
but must be determined experimentally.

7. CONCLUSIONS

A method for the analysis of the siting of monovalent Na*
cations in extra-framework cationic sites in Si-rich ferrierite
zeolites was developed. The Na® siting was analyzed by a
combination of high-field (500 MHz) and ultra-high-field (900
MHz) MAS and MQMAS **Na NMR spectroscopy
interpreted using predictions of the *Na NMR parameters
obtained from periodic DFT calculations including extensive
MD simulations. The employment of high-field and ultra-high-
field »Na solid-state NMR allows estimations of the **Na
NMR parameters of Na* cations in different cationic sites with
a high reliability. On the one hand, **Na MAS NMR
spectroscopy is essential for the identification of Na* cations
with a high quadrupolar broadening. **Na NMR resonances of
such cations are suppressed in *Na MQMAS NMR experi-
ments. On the other hand, **Na MQMAS NMR measurements
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are essential for the analysis of close overlapping resonances
with a lower quadrupolar broadening.

Our study of ferrierite matrices with isolated framework Al
atoms reveals that Na* cations can occupy nine distinct extra-
framework cationic sites formed by two 6-rings and two 8-rings
with one Al atom located in different framework T sites. S-
rings do not create cationic sites for Na* cations. The Na* is
positioned highly asymmetrically in 8-ring 1 and is slightly
above the plane of the oxygen atoms to which it is coordinated
for the T1-8-ring_1 and T2-8-ring_1 cationic sites formed by
the Si(T2)-Si(T2)-Al(T1)-Si(T1)-Si(T2)-Si(T2)-Si(T1)-Si-
(T1) and AI(T2)-Si(T2)-Si(T1)-Si(T1)-Si(T2)-Si(T2)-Si-
(T1)-Si(T1) sequences, respectively. Na* is placed approx-
imately symmetrically in 6-ring 1 and is markedly above the
plane of the oxygen atoms to which it is ligated for the T1-6-
ring 1 and T3-6-ring 1 cationic sites created by the Al(T1)-
Si(T1)-Si(T3)-Si(T1)-Si(T1)-Si(T3) and Si(T1)-Si(T1)-Al-
(T3)-Si(T1)-Si(T1)-Si(T3) chains, respectively. The Na*
cation is located roughly symmetrically (T1-8-ring 2 and
T3-8-ring 2) and very asymmetrically (T4-8-ring 2) in 8-
ring 2 and is well above the plane of the oxygen atoms to
which it is bound for the T1-8-ring 2, T3-8-ring 2, and T4-8-
ring 2 cationic sites made of the Si(T4)-Si(T2)-Al(T1)-
Si(T1)-Si(T2)-Si(T4)-Si(T3)-Si(T3), Si(T4)-Si(T2)-Si(T1)-
Si(T1)-Si(T2)-Si(T4)-Al(T3)-Si(T3), and Al(T4)-Si(T2)-Si-
(T1)-Si(T1)-Si(T2)-Si(T4)-Si(T3)-Si(T3) sequences, respec-
tively. 6-ring 2 constitutes two (near) planar cationic sites
with a high symmetry, that is, the T2-6-ring 2 and T4-6-
ring 2 centers built of the AI(T2)-Si(T2)-Si(T4)-Si(T2)-
Si(T2)-Si(T4) and Si(T2)-Si(T2)-Al(T4)-Si(T2)-Si(T2)-Si-
(T4) chains, respectively. The cationic sites created by 8-
ring_1 and 6-ring 1 are accessible through the 10-rings while
those formed by 8-ring 2 and 6-ring 2 are reachable through
8-ring 1.

Both the theoretical and experimental results show that the
»Na NMR parameters are sensitive to the cation coordination,
which in turn reflects the structure of the ring forming the
corresponding cationic site. Although the detailed arrangement
of the Na* in the cationic site as well as the corresponding **Na
NMR parameters can be predicted only employing quantum
chemical calculations, some empirical conclusions can be
made. Highly asymmetric but approximately planar Na*
cationic sites, that is, T1-8-ring 1 and T2-8-ring_1, feature
the most negative (ca. —20 ppm) **Na isotropic chemical shift
and a Cq of 3.7 MHz. The (near) planar Na* cationic sites with
a high symmetry, that is, T2-6-ring 2 and T4-6-ring 2, have
the least negative or even a positive (ca. 0 ppm) »Na isotropic
chemical shift and the highest Cq, of ca. 5 MHz. The sites with
the Na* cation located well above the plane of the oxygen
atoms to which it is bonded, that is, T1-6-ring_1, T3-6-ring_1,
T1-8-ring 2, T3-8-ring 2, and T4-8-ring 2, possess “Na
isotropic chemical shifts ranging from —13 to —15 ppm, with
the exception (—19 ppm) of the T4-8-ring 2 site due to its
highly asymmetric coordination, and Cq values ranging from
2.4 to 3.0 MHz.

The Al siting in the rings forming the Na* cationic sites is
not markedly reflected in the Na* coordination and thus in the
corresponding ZNa NMR parameters. Therefore, Na solid-
state. NMR spectroscopy can clearly identify the ring
accommodating the Na® cation, while the Al siting in the
ring can be determined solely for some specific cases [i.e.,
AI(T4)]. However, **Na solid-state NMR spectroscopy
together with an additional method sensitive to the Al siting

in the zeolite matrix (e.g., *’Al solid-state NMR and Li solid-
state NMR) can resolve both the ring forming the Na* cationic
site and the corresponding Al siting in the ring.

Eight of the nine predicted Na" cationic sites are occupied
by Na* in one or more of the investigated samples. Only T2-6-
ring_2 is empty in all the three studied samples. However, the
Na" relative concentration in the individual cationic sites of the
three differently synthesized ferrierite samples significantly
varies. Although the calculated relative energies are, with the
exception of the T1-8-ring_1 site, lower for the Na* cationic
sites created by the two 6-rings, the two 8-rings are
preferentially occupied by Na® in the three dehydrated
samples, clearly evidencing a significant role of the starting
positions of the Na* cations in the hydrated zeolite and the
kinetics of the occupation of the Na* cationic sites during the
dehydration process. Therefore, quantum chemical calculations
of the relative energies of extra-framework cationic sites cannot
alone predict the siting of monovalent cations in the zeolite
matrix of interest even when the corresponding Al siting is
known.

Our study shows that **Na solid-state NMR spectroscopy
represents, on the one hand, a highly promising tool for the
analysis of the siting of monovalent cations in Si-rich zeolite
matrices, and, on the other hand, a method permitting the
identification of the rings with an Al atom, and when applied
together with *’Al and "Li solid-state NMR spectroscopies, it
may allow the full analysis of the Al siting in Si-rich zeolites
with a high number of framework T sites.
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