Downloaded viaACADEMY OF SCIENCES CZECH REPUBLIC on April 4, 2019 at 08:41:24 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. C 2019, 123, 7968-7987

pubs.acs.org/JPCC

Al Organization in the SSZ-13 Zeolite. Al Distribution and
Extraframework Sites of Divalent Cations

Kinga Mlekodaj, Jiri Dedecek, Veronika Pashkova, Edyta Tabor, Petr Klein, Martina Urbanova,
Robert Karcz,” Petr Sazama,” Sarah R. Whittleton, Haunani M. Thomas, Anna V. Fishchuk,

and Stepan Sklenak™

J. Heyrovsky Institute of Physical Chemistry, The Czech Academy of Sciences, Dolejskova 3, CZ 18223 Prague 8, Czech Republic

© Supporting Information

ABSTRACT: SSZ-13 is a Sirich (Si/Al > S) small pore
zeolite (chabazite topology) important for both acid and
redox catalysis. Using a sample with Si/Al = 12, a new
procedure involving *’Al (3Q) MAS NMR spectroscopy and
extensive periodic DFT calculations with molecular dynamics,
in addition to the standard methods based on bare Co(II)
cations as probes monitored by FTIR spectroscopy and UV—
vis spectroscopy, was employed. The placement of the Al—

&P

0O—(Si—0),—Al and Al-O—(Si—0);—Al sequences in the zeolite framework was determined (Al—O—Si—O—Al sequences are
absent). 54% of the framework Al atoms correspond to Al—-O—(Si—0O);—Al sequences which cannot form cationic sites for bare
divalent cations but are able to accommodate divalent Co(II) hexaaqua complexes. The corresponding Al-O—(Si—0);—Al
sequence is located in two double 6-ring cages with one Al located in the 4-ring connecting two double 6-ring units. Our study
also reveals that 35% of the framework Al atoms can accommodate neither divalent Co(II) hexaaqua complexes nor bare
divalent cations. Furthermore, the siting of the Al atoms of the Al-O—(Si—0),—Al and Al-O—(Si—0);—Al sequences forming
four cationic sites for divalent cations located in the 6-ring (Al-O—(Si—0),—Al), 8-ring (Al-O—(Si—0),—Al and Al-O—(Si—
0);—Al), and double 6-ring (Al-O—(Si—0),—Al) was determined. These Al atoms correspond to a minority of the Al

framework atoms.

1. INTRODUCTION

Zeolites are crystalline microporous alumosilicates industrially
employed as catalysts and sorbents. Their three-dimensional
frameworks are made of corner-sharing SiO, and AlO,”
tetrahedra. The isomorphous substitutions of Al atoms into
the silicate framework result in the introduction of negative
charges of AlO,” tetrahedra that are balanced by either protons
or extraframework cationic species (metal cations and metal-
oxo cations). These are the catalytic and sorption centers.
The catalytic properties of a Si-rich zeolite depend on the
organization of aluminum atoms in the framework." The Al
organization in the SSZ-13 zeolite (Figure 1) includes the Al
distribution (Table 1), the siting of bare divalent cations (Table
1) and the Al pairs forming the corresponding cationic sites
(Table 1), and the siting of close unpaired Al atoms (Table 1).
The aluminum distribution controls the concentration and
stability of mono- and divalent cations and metal—oxo
species.' > In addition, for monovalent cationic species,
including protons, the aluminum distribution also controls
the distance between the active sites and thus a possibility of
their cooperation.” The catalytic properties can be affected by
(i) the siting of Al pairs forming the cationic sites together with
the siting and structure of the divalent cations occupying these
cationic sites and (ii) the siting of close unpaired Al atoms
which are responsible for the formation and siting of
monovalent oxo-species of divalent cations."””"" Several
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double 6-ring

Figure 1. Structure of SSZ-13 (chabazite topology). T atoms (Si or
Al) are shown in gray and oxygen atoms in red. A 4-ring, a 6-ring, an
8-ring, and a double 6-ring (D6R) are highlighted. Al atoms occupy

some T sites.

catalytic studies have shown that zeolites of the same chemical
composition but different aluminum organization could
possess different catalytic properties. Therefore, the potential
of a zeolite for individual catalytic reactions cannot be
evaluated without the knowledge of the aluminum organization
in the framework.
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Table 1. Definition of Terms Regarding the Al Organization

term

Al pairs (AlpaR)

Definition

Two Al atoms separated by two or three Si atoms located in one 6-ring (only Al-O—(Si—0),—Al) or 8-ring (both AI-O—(Si—0),—Al and

Al-0—(Si—0);—Al) and forming a cationic site for bare divalent (Co(II)) cations in dehydrated zeolites. They are also able to
accommodate Co(II) hexaaqua complexes in hydrated zeolites.

Al distribution

The distribution of framework aluminum atoms among (i) Al-O—(Si—0),—Al and Al-O—(Si—0);—Al sequences in the rings forming

cationic sites for bare divalent cations, (ii) Al-O—(Si—0),,—Al sequences corresponding to close unpaired Al atoms, and (iii) single Al

atoms.

close unpaired Al

atoms (Al ogg) dehydrated zeolites.

single Al atoms
(AlgigLe)

siting of Al pairs
and close
unpaired Al atoms

siting of bare
divalent cations

Al organization in
SSZ-13

Al atoms of Al-O—(Si—0),5,—Al sequences accommodating Co(II) hexaaqua complexes in hydrated zeolites, but not bare Co(II) cations in
These are unable to accommodate both bare Co(II) cations in dehydrated zeolites and Co(II) hexaaqua complexes in hydrated zeolites.

Locations of Al atoms of Al-O—(Si—0),—Al sequences corresponding to Al pairs and close unpaired Al atoms in the zeolite framework.

Positions of bare extraframework divalent cations in 6-rings and 8-rings of the zeolite framework.

Al distribution + siting of Al pairs, close unpaired Al atoms, and bare divalent cations.

The SSZ-13 zeolite possesses the CHA topology,'” and it is
the Si-rich (Si/Al > S) analogue of the naturally occurring
zeolite chabazite (Si/Al 2) of the same CHA topology.12 SSZ-
13 is one of the most important three-dimensional small-pore
zeolites since it can be entered through 8-ring windows.'” The
CHA structure features one T-site and double 6-ring (D6R)
building units (Figure 1)."> The CHA topology requires a
formation of Al—-O—Si—O—Al for the Si/Al ratio below 7."*
Stacy Zones described the first viable synthesis procedure for
$52-13."°

SSZ-13 attracted a lot of attention because of its
extraordinary performances in various catalytic reactions such
as SCR of NOx'°"?** and methanol-to-olefin (MTO)>*~*® and
ethylene-to-propylene (ETP).”” In addition, SSZ-13 exhibits
excellent CO, adsorption properties.”®

As the importance of the SSZ-13 zeolite rises, it induces
emerging studies on the distribution of the aluminum atoms in
the framework and on its influence on the catalytic stability
and performance together with a possible control of the Al
distribution. Deimund et al. tested a series of SSZ-13 zeolites
synthesized with the increasing Si/Al ratio for the methanol to
olefin reaction and observed different catalytic behavior for the
samples.”> Shorter deactivation times and lower selectivity of
olefins were observed for the samples with lower Si/Al ratios
(higher probability for having cooperating acid sites).”* Several
studies investigated the influence of the Al distribution in
copper-exchanged SSZ-13 zeolites employed in the SCR
reaction on (i) the activity of the catalysts in the low-
temperature range and (ii) their hydrothermal stability. It was
shown that the most favorable stabilization of the copper
cations was their accommodation in the 6-ring with two Al
atoms.”” ' Zhao et al. employed »*Na MQ MAS NMR
spectroscopy to study the Na' cationic sites in SSZ-13 and
inferred that there are AI-O—Si—O—Al and Al-O-Si—O—
Si—O—Al sequences located in the 6-ring.’> Atom probe
tomography was used on ZSM-5 to determine the spatial
distribution of individual Al atoms.”> However, not only does
this method not have the required resolution to distinguish the
single Al atoms, Al pairs, and close unpaired Al atoms, but also
there is only a weak relationship between the geometrical
distance of Al atoms and the Al distribution. Al atoms in
different rings or cavities which are unable to accommodate
both bare Co(Il) cations in dehydrated zeolites and Co(II)
hexaaqua complexes in hydrated zeolites represent single Al
atoms although they can be geometrically close. Furthermore,
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the differences in the geometrical distance between the Al pairs
and close unpaired Al atoms can be negligible.

Di Iorio and Gounder concentrated on controlling the Al
distribution by varying the ratio of cations in the crystallization
medium.** Di Iorio et al. reported SSZ-13 zeolites with the Si/
Al values from 14 to 17 and the amount of pairs from 0 to
44%.%° However, only the ion-exchange capacity of the
hydrated samples was employed to monitor the Al distribution
between single Al atoms and Al pairs. Although this approach
was found to be valid for ZSM-S zeolites, ferrierites, and
mordenites, it completely failed in the case of beta zeolites due
to the presence of close unpaired Al atoms with significantly
different properties, distinguishable from Al pairs only by UV—
vis spectroscopy or FTIR spectroscopy in dehydrated zeolites
(not performed by Di Iorio et al.)." Therefore, the
concentrations of Al pairs reported by Di Iorio et al
correspond to the sum of the concentrations of the Al pairs
and close unpaired Al atoms. However, the close unpaired Al
atoms can prevail in SSZ-13 as the investigation of our SSZ-13
sample showed.

In this article, a new significantly improved procedure for the
analysis of the Al organization in SSZ-13 is described. Our
approach includes, in addition to employing the standard
methods based on Co(Il) cations as probes monitored by
FTIR spectroscopy and UV—vis spectroscopy, also *’Al (3Q)
MAS NMR spectroscopy and extensive periodic DFT
calculations including molecular dynamics. The Al distribution,
the siting of close unpaired Al atoms, and the siting and
structure of four cationic sites including the siting of the Al
pairs forming these sites are presented.

SSZ-13 of the chabazite topology zeolite belongs to the ABC
family which significantly differs from the family of the
pentasil-ring zeolites."” The concept of the Al distribution and
methodology of its analysis was developed on the ZSM-$
zeolite,”™”” a typical pentasil-ring material, and later
applications and improvements dealt only with other members
of the pentasil-ring family (e.g., ferrierite,*® beta zeolite,*® and
TNU-9*)." Therefore, the analysis of the Al distribution in
other than pentasil-ring zeolite requires rethinking and
redeveloping of both the concept and methodology. Moreover,
the first analysis of the complete siting of divalent cations in
SSZ-13 was performed. Furthermore, a new method to
determine the arrangement of close unpaired Al atoms is
reported.
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While Al (3Q) MAS NMR spectroscopy has been
successfully employed to (partly) determine the Al sit-

354143 this method is used for the first time for the
analysis of the Al distribution. SSZ-13 is the first zeolite for
which the structure and location in the zeolite framework of
close unpaired Al atoms are determined employing *’Al (3Q)
MAS NMR spectroscopy in tandem with DFT calculations.
Furthermore, we redefined Al pairs and single Al atoms in
zeolites and described a new type of the Al organization in
zeolites (not present in pentasil-ring zeolites)—two Al atoms
unable to accommodate Co(II) hexaaqua complexes in
hydrated zeolites but capable of accommodating bare Co(II)
cations in dehydrated zeolites.

2. EXPERIMENTAL SECTION

SSZ-13 zeolite with Si/Al 12 was synthesized based on the
method of Fickel et al.** (for details see the Supporting
Information which also describes the preparations of the
individual cationic forms of calcined SSZ-13). The Na-SSZ13
sample was characterized by X-ray diffraction, SEM, and *Si
MAS NMR (framework aluminum content) (for details see the
Supporting Information).

*’Al MAS NMR and *’Al 3Q MAS NMR were employed to
characterize the local coordination of Al atoms in the
framework (for details concerning the experiments and analysis
of the spectra see the Supporting Information).

FTIR spectroscopy of the dehydrated Co-exchanged
samples in the region of the shifted antisymmetric T-O—T
stretching vibrations of the lattice induced by binding bare
Co(II) cations to the framework oxygens was employed to
monitor the binding of Co(II) cations to the cationic sites (for
details see the Supporting Information). Adsorption of dj-
acetonitrile monitored by FTIR served to quantify the bare
Co(II) cations accommodated in the cationic sites (for details
see the Supporting Information).

The complementary method used for the analysis of the bare
Co(Il) cations located in Co-SSZ-13 was UV-—vis diffuse
reflectance spectroscopy of dehydrated Co-exchanged samples
(for details see the Supporting Information).

3. REFINEMENT OF THE CONCEPT OF THE AL
DISTRIBUTION FOR SSZ-13

The Al distribution was first investigated and defined for
pentasil-ring zeolites (e.g., ZSM-S, the beta zeolite, mordenite,
ferrierite, and TNU-9)."*7'>*673%40 However, since the
framework of SSZ-13 is composed exclusively of combinations
of 4-rings, 6-rings, and 8-rings and the walls of SSZ-13 zeolite
are formed by a single layer of TO, tetrahedra facing
simultaneously several cavities,'” a detailed discussion of the
concept of the Al distribution in SSZ-13 is required. This
discussion should respect a possible need of the refinement of
the definition of various Al species for the case of SSZ-13.
Furthermore, the relationship of the properties relevant to
catalysis (e.g,, the proximity of acid sites, the siting of extra-
framework divalent cations, and the application of Co(II)
cations as a probe of the Al organization) to the Al distribution
should be included as well.

3.1. Cationic Sites in SSZ-13. According to XRD studies
concluded by Mortier, there are three cationic sites reported
for bare cations in the chabazite zeolite: the 6-ring of the
hexagonal prism (D6R), sites B or C according to Mortier; the
8-ring, site D; and the cation location inside the D6R unit, site
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A.®™* Nevertheless, this notation represents only the

geometry of the site and does not take into account the Al
distribution in the site. While the differences in the siting of
mono- and divalent cations in the case of Al-rich zeolites result
only from the size of the ring, the Al distribution should play a
significant role for Si-rich materials for which the presence of
two Al atoms in each ring or site is not guaranteed. Therefore,
cationic sites formed by two Al atoms for divalent cations in
the Si-rich SSZ-13 zeolite are defined as follows (see also
Section $): the @ site inside the hexagonal prism of the D6R,

the o site in the 6-ring, and the 7 site in the 8-ring (Figure
2) 4548

Figure 2. Structure of the empty o, 7, 5 @, and @* cationic sites in
the SSZ-13 zeolite. Silicon atoms are in gray, oxygen atoms in red, and
aluminum atoms in yellow.

3.2. Al-O-Si—0O—Al Sequences. These Al species are
well-known for Al-rich zeolites in which they significantly
predominate.””~>> However, they were also reported for ZSM-
5 and the beta zeolite.””* The Al-O—Si—O—Al sequences
are arranged in these matrices in such a way that each Al atom
is facing a different channel.”” The two Al atoms of Al-O—
Si—O—Al in ZSM-S$ and the beta zeolites exhibit a behavior of
single Al atoms both regarding the cooperation of two acid
sites (i.e., the two sites are noncooperating) as well as the
accommodation of divalent cationic structures (i.e., these two
Al atoms are not able to accommodate bare Me(II) cations).

Conversely, the two Al atoms of AlI-O—Si—O—Al in SSZ-13
face the same cavity, and therefore they exhibit the properties
of Al-O-Si—O—Al species in Al-rich zeolites (a possible
cooperation of two Al-related acid sites and a stabilization of
both divalent cation complexes and bare divalent cations).
Nevertheless, the definition of Al-O—Si—O—Al sequences
does not have to be revised. The Al-O—Si—O—Al sequences
can be monitored by *’Si MAS NMR spectroscopy since their
presence in the zeolite framework is reflected in the existence
of *’Si NMR resonances corresponding to Si(25i,2Al) atoms in
the spectrum. Depending on the Al-O—Si—O—Al siting in the
zeolite framework, the AlI-O—Si—O—Al species are able to
accommodate divalent Co(II) hexaaqua complexes and bare
Co(II) cations (Al-O—Si—O—Al in 6-rings and 8-rings of the
SSZ-13 framework).

3.3. Al Pairs in SSZ-13 (Alppr). Cationic sites for extra-
framework bare divalent cations in zeolites were suggested to
represent Al pairs, i.e., two Al atoms separated by two Si atoms
(i.e., AlI-O—(Si—0),—Al) located in one 6—rin§ accommodat-
ing bare Co(II) cations in dehydrated zeolite. 338740,53,55-59
The o cationic site in the 6-ring can be formed only by AlI-O—
(Si—0),—Al sequences (Figure 2), while the 7 and @ sites in
the 8-ring and D6R, respectively, can be created by both Al—
0—(Si—0),—Al and Al-O—(Si—0);—Al sequences (Figure
2) analogously to the f site in mordenite.”” Therefore, the
definition of Al pairs in Si-rich zeolites has to be extended to
include both Al-O—(Si—0),—Al and Al-O-(Si—0),—Al
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sequences; i.e., Al pairs (Alpy ) represent two Al atoms separated
by two or three Si atoms located in one 6-ring (only Al—O—(Si—
0),—Al) or 8-ring (both Al—0-(Si—0),-Al and Al—0-(Si—0)-
Al) and forming a cationic site for bare divalent (Co(II)) cations
in dehydrated zeolites. Moreover, they are also able to
accommodate Co(I) hexaaqua complexes in hydrated zeolites.
The acid sites in protonic zeolites related to Al pairs can cooperate.
It should be pointed out that the extension of Al pairs to Al—
O—(Si—0);—Al in 8-rings requires a further confirmation
regarding the separation of two Al atoms by three Si atoms and
concerning the formation of cationic sites for bare Co(II)
cations.

3.4. Close Unpaired Al Atoms (Al¢ ose) and Single Al
Atoms (AlgngLe). Close unpaired Al atoms correspond to two
Al atoms capable of accommodating Co(II) hexaaqua
complexes in hydrated zeolites but unable to accommodate
bare Co(II) cations in dehydrated zeolites. Close unpaired Al
atoms were assumed to correspond to Al-O—(Si—0),,—Al
sequences located in two different rings. This Al species is
unique for beta zeolites as revealed in several studies which
reported monovalent Co(I1I)-oxo species to be accommodated
by close unpaired Al atoms in dehydrated zeolites.”*”®'
Nothing is known about such close unpaired Al atoms in SSZ-
13. They may be formed by Al-O—(Si—0),,—Al sequences
located in different rings of two hexagonal prisms (D6R). It
should be noted that the distances of Al in AI-O—(Si—0),—
Al sequences with n >> 2 can be relatively short in cavities of
the SSZ-13 structure, and such Al atoms can still accommodate
Co(II) hexaaqua complexes. The possibility of a cooperation
of the related acid sites for each type of these Al species
depends on the distance of Al atoms and the location of
protons on the individual O atoms of the AlO,” tetrahedra.
Close unpaired Al atoms (Al ogp) represent Al atoms of Al—O—
(Si—0),5,—Al sequences accommodating Co(Il) hexaaqua
complexes in hydrated zeolites but not bare Co(Il) cations in
dehydrated zeolites.

There is one additional type of cationic sites in the CHA
framework, well-known also for Al-rich zeolites of the faujasite
structure.”*” This @ site (Figure 2) is present inside the
hexagonal prism of the D6R (site A according to Mortier)*~*
and accommodates a divalent cation between the two 6-rings.
Each of the two 6-rings of D6R creating the w site must
possess one Al atom. These two Al atoms form either an Al—
0—(Si—0),—Al or Al-O—(Si—0);—Al sequence (Figure 2)
in the Si-rich SSZ-13 zeolite (assuming there are no Al-O—
Si—O—Al chains present in the SSZ-13 framework). Therefore,
the two Al atoms of the @ site do not fit into the definition of
the Al pairs (accommodation of Co(II) hexaaqua complexes in
hydrated zeolites and cooperation of the corresponding acid
sites) and will be designated as Al—-O—(Si—0),—Al and Al—
O—(Si—0);—Al sequences in the D6R (i.e., hexagonal prism), in
the shortened form Al—O—(Si—0),—AIP®® and Al—O—(Si—
0);—AP®, They accommodate bare Co(IL) cations in dehydrated
zeolites, but their two Al atoms are separated, facing two different
cavities (the only case of separated Al atoms in SSZ-13) and are
unable to accommodate Co(1l) hexaaqua complexes in hydrated
zeolites. Moreover, the acid sites related to these Al—O—(Si—
0),—AP® gnd Al—0—(Si—0);—AIP*® sequences cannot coop-
erate due to the fact that they face either two different cavities
or the interior of the strictly limited space of the hexagonal
prism. Therefore, when discussing acid-catalyzed reactions,
Al-0—(Si—0),—APP® and Al-0—(Si—0);—AP*® sequences
represent single Al atoms, while in the case of redox catalysis,
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divalent cations in this site should not be considered since they
are inaccessible for guest molecules (accessed exclusively
through 6-rings).

Single Al atoms in zeolites represent Al atoms either located
far enough or separated by a zeolite wall that they cannot
accommodate Co(II) hexaaqua complexes in hydrated
zeolites.”*%*” Moreover, single Al atoms are unable to
accommodate bare divalent cations in dehydrated zeolites,
and the corresponding acid sites cannot cooperate. Taking into
account Al—O—(Si—0),—AI°® and Al-O—(Si—0);—AI"*}
atoms, which might be able to accommodate bare Co(II)
cations, the definition of single Al atoms has to be extended.
Single Al atoms (AlgygLg) are unable to accommodate both bare
Co(Il) cations in dehydrated zeolites and Co(II) hexaaqua
complexes in hydrated zeolites, and moreover, the corresponding
acid sites cannot cooperate. It should be noted that the Al atoms
of the Al-O—(Si—0),—AI°}? and Al-O—(Si—0),—AIP}
would behave as isolated acid sites when facing different
cavities.

4. COMPUTATIONAL MODELS AND METHODS

4.1. Calculations of Co(ll) Cationic Sites. 4.1.1. Compu-
tational Models. Five models possessing P1 symmetry were
employed. They feature one unit cell of SSZ-13 with two Al/Si
substitutions forming the possible o, 7, 5 w, and 0 cationic
sites accommodating one Co(II) cation. The starting
monoclinic structure was downloaded from the zeolite
structural database."’

4.1.2. Electronic Structure Calculations. Periodic DFT
calculations were carried out by employing the VASP
code® % (for details see the Supporting Information).

4.1.3. Molecular Dynamics. The molecular dynamics (MD)
simulations were carried out on all the five models. The
simulations were run for 10 000 fs at 400 K (for details see the
Supporting Information).

Visual inspection of the structures along the MD trajectories
showed that the duration of the MD simulations was long
enough because it included both the rearrangements of the
local structures of the SSZ-13 framework (up to ca. 1000 fs) as
well as a long period (ca. 9000 fs) when the system fluctuated
around the equilibrium and “snapshots” were collected and
optimized. 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 molecular dynamics simulations were optimized for the
computational models. Our MD approach to calculate possible
rearrangements of the cationic sites upon binding divalent
Co(II) cations was validated experimentally on Co(II)-
ferrierite;” however, other approaches can also be viable.

4.1.4. Geometry Optimizations. The collected “snapshots”
were optimized (for details see the Supporting Information).

4.2. Computations of ?’Al Isotropic Chemical Shifts.
4.2.1. Computational Models. A bare zeolite framework
model possessing P1 symmetry and featuring one unit cell of
SSZ-13 including neither cations nor water molecules is
adopted to calculate the local structure around the AlO,~
tetrahedra and to predict the *’Al NMR shielding. The bare
zeolite framework model has been successfully employed in
our previous studies.****¥°~7* Each Al atom bears a formal
charge of —1. The starting structure was downloaded from the
zeolite structural database.””

36 models featuring a single Al atom in all possible 36 T
sites of the SSZ-13 framework were used. In addition, five
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more models with two Al atoms corresponding to empty o, 7,
7% @, and @ cationic sites were employed as well.

Moreover, six more models featuring possible locations of
two Alcosg atoms were also used. All structures featuring Al—
0—(Si—0),—Al, AlI-O—(Si—0);—Al, and Al-O—(Si—0),—
Al sequences with the two Al atoms located in two different
hexagonal prisms (D6R) and arranged in such a way that the
two Al atoms can accommodate Co(II) hexaaqua complexes in
hydrated zeolites but not bare Co(II) cations in dehydrated
zeolites were calculated. The corresponding structures of the
six models are shown in Section 5.2.3.

For models featuring two Al atoms, the calculations were
carried out for three variants of the model. Both the Al atoms
(AL—O—(Si—0),—Aly) (n = 2, 3, and 4) are present in the
first variant, while Al and Al; are replaced by Si in the second
and third variants (i.e.,, Al,—O—(Si—0),—Siy; and Si;—O—(Si—
0),—Aly, respectively), respectively. Using the three variants
of each model is discussed in detail elsewhere.****"*

4.2.2. Electronic Structure Calculations and Geometry
Optimizations. The CP2K program was employed”>”” to fully
relax the zeolite unit cells (lattice parameters and geometries)
using the BLYP functional,””’® GTH pseudopotentials,”””®
and the TZV2P-GTH basis set.

4.2.3. Calculations of Al NMR Shielding. Clusters of
seven coordination shells around the Al atom of interest (Al—
0—Si—0—-S8i—0—-Si—O—Hj,,) for the 36 models featuring a
single Al atom were extracted from the fully relaxed structures
to calculate the *’Al NMR shielding by the gauge-independent
atomic orbital method (GIAO)’ using Gaussian09,*° the
B3LYP functional,”**" and the pcS basis sets of Jensen®*-pcS-4
for the Al atom of interest and pcS-1 for all the other atoms.
Similarly, double centered clusters around (i) the two Al atoms
of interest (Al,—O—(Si—0),—Aly), (ii) the Al; and Sij; (Al,—
0O—(Si—0)—Siy;) atoms, and (iii) the Si; and Al; (Si—O—
(Si—0),—Aly;) atoms, having seven coordination shells, were
used for the computational models of the cationic sites as well
as Alcogp atoms. The calculated *’Al shielding values were
converted to *’Al isotropic chemical shifts using two observed
27Al NMR resonances of the SSZ-13 zeolite of the Si/Al ratio
of 38.%

5. COMPUTATIONAL RESULTS

5.1. Structures and Stability of the 6, 7, and w
Cationic Sites. Our MD calculations and the subsequent
optimizations of the four models (o, 7, °%, and @) of the
cationic sites of Co-SSZ-13 yielded the structures of the
corresponding cationic sites, the relative binding ener jes>*? of
Co(II) in these sites, and the stabilization energiesz’ 40 of the
cationic sites accommodating Co(II) (Table 2).

Conversely, our MD computations of the @' model
revealed that Al—-O—(Si—0);—AI°® sequences do not form
a cationic site for divalent cations. The Co(II) cation moved to
one of the two 6-rings forming the D6R during the MD
simulation. Such Co(II) cations are very unstable since their
two plus charge is compensated only by one minus charge of
one AlO,” tetrahedron in the 6-ring accommodating Co-
(H).83'84

Our MD simulations of the o and 7> models and
subsequent optimizations of selected MD snapshots led to
energy stabilizations by 9 and § kcal mol™’, respectively (Table
2), relative to the same models that were not relaxed
employing MD simulations but simply optimized by using
the structure downloaded from the zeolite structural data-

3Si
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Table 2. Relative Binding Energies in kcal/mol of Co(II)>*’

and Stabilization Energiesz’s’40 in kcal/mol
cationic sites ABE,” AE,"
o 0.0 8.6
T 43.0 0.1
8 56.5 5.1
0] 35.0 0.0

“The difference between the energies of the Co-SSZ-13 featuring the
site of interest and the Co-SSZ-13 with the most stable site (i.e., ).
This energy gap is corrected by subtracting the difference between the
energies of the SSZ-13 with the empty site of interest and the SSZ-13
featuring the most stable site without the cation. The empty sites have
two aluminum atoms in the corresponding ring forming the cationic
sites that are not compensated by any cation. “The difference between
the energies of the model relaxed by MD simulations and,
subsequently, optimized and the model that was not relaxed by MD
simulations but simply optimized using the starting structure
downloaded from the zeolite structural database."®

base.'” The computational results show the proper binding of
Co(II) mainly to the oxygen atoms of the AlO,” tetrahedra
and significant rearrangements of the local structures of the
zeolite framework of the ¢ and 7°%' cationic sites. Conversely,
there is no rearrangement observed for the 7 and ® sites
(Table 2).

The computational results (Table 2) also revealed the
relative binding energies of Co(II) in the calculated cationic
sites. The cation binds the most tightly in the o site, followed
by in the w site, and followed by in the 7 site. The binding is
the weakest in the °% site. The optimized structures of the
four models are shown in Figure 3.

Figure 3. Optimized structures of the o (left, top), @ (right, top), 7
(left, bottom), and % (right, bottom) models. The distances are in
A. Silicon atoms are in gray, oxygen atoms in red, aluminum atoms in
yellow, and the cobalt atoms in blue.
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The Co—O, and Co—Og; bond lengths (Figure 3) range
from 1.934 to 2.078 A and from 2.027 to 2.163 A, respectively.
The calculated Co—O bond lengths are in good agreement
with those obtained by EXAFS measurements, which revealed
two Co—O distances of 1.99 and 2.09 A for Co-ferrierite with
Co(II) located mainly in the f3 sites.>

5.2. Al Isotropic Chemical Shifts. 5.2.1. $5Z-13 with
One Al Atom. Our calculations employing one isolated Al
atom per unit cell yielded three *’Al NMR shielding values of
507.8, 508.9, and 509.1 ppm in agreement with our previous
study.”” The Al NMR shielding of 507.8 ppm is assigned to
the observed ?’Al isotropic chemical shift of 60.0 ppm,”” while
the other two Al NMR shieldings are attributed to the other
observed ’Al NMR resonance at 59.2 ppm.”” These
relationships were used to convert the ’Al NMR shielding
values into 2’Al isotropic chemical shifts for the calculated
models of the cationic sites and close unpaired Al atoms.

5.2.2. $57-13 Featuring the Empty Cationic Sites. The
calculated *’Al NMR shieldings of the five computational
models are listed in Table S1 of the Supporting Information.
The corresponding converted *’Al isotropic chemical shifts are
revealed in Table S1 of the Supporting Information and
Figures 4 and S.

. 5,(27A|) =
59.2 ppm

Figure 4. Structures corresponding to the empty o (top), @ (middle),
and % (bottom) cationic sites and the *’Al isotropic chemical shifts
of the two Al atoms forming these cationic sites. Silicon atoms are in
gray, oxygen atoms in red, and aluminum atoms in yellow.

Our computational results reveal that the *’Al isotropic
chemical shifts of the Al atoms forming the four cationic sites
are changed the least for the 7 and @ cationic sites (less than
—1 ppm), while the largest change is obtained for the 7° site
(3.3 ppm).

5.2.3. $5Z-13 Featuring the Al¢ ose Atoms. The calculated
*’Al NMR shieldings of the six computational models are listed
in Table S2 of the Supporting Information. The corresponding
converted *’Al isotropic chemical shifts are shown in Table S2
of the Supporting Information and in Figure 6.

Our calculations reveal that the *’Al isotropic chemical shifts
of the close unpaired Al atoms are smaller by 1—2 ppm than
those of the corresponding single Al atoms for most of the
models. The exception is the E model which features Al atoms
having their ?’Al isotropic chemical shift of about 61 ppm.

6. EXPERIMENTAL RESULTS

6.1. Sample. The obtained XRD pattern (Figure S1 of the
Supporting Information) complies with the reference pattern
for the SSZ-13 material, and no additional reflexes were
observed.” The SEM images (Figure S2 of the Supporting
Information) evidenced a highly crystalline zeolite with the
crystals in the range of the crystal sizes from 0.3 to 0.5 ym. The
chemical analysis of the zeolite sample yielded the Si/Al ratio
of 12. The chemical composition of the prepared set of Co,Na-
§SZ-13 and Co,NH,-SSZ-13 samples obtained from the
chemical analysis using the XRF method is listed in Table 3.

6.2. 2°Si MAS NMR Spectroscopy. The °Si MAS NMR
spectrum of the SSZ-13 sample (Fi§ure 7) is similar to those
already reported in the literature.*” %%’

Our simulation of the **Si MAS NMR spectrum revealed
four ¥Si NMR resonances at —98.5, —101.5, —105.0, and
—111.0 ppm. *°Si NMR resonances with the *’Si chemical
shifts between —92 and —100 ppm reflect Si(3Si,lOH) or
Si(28i,2A1) atoms. The significant increase of the *Si NMR
resonance at —98.5 ppm in the cross-polarization experiment
(not shown in the figures) suggests that the measured *’Si
NMR resonance at —98.5 ppm can be assigned to Si(3Si,10H)
atoms. Since **Si NMR resonances between —97 and —107
ppm correspond to Si(3Si,1Al) atoms and only the region
above —100 ppm increased in the cross-polarization experi-
ment, the observed *Si NMR resonances at —101.5 and
—105.0 ppm were assigned to Si(3Si,1Al). *’Si NMR
resonances below —110 ppm reflect Si(4Si,0Al) atoms.
Therefore, the *°Si NMR resonance at —111.0 ppm belongs
to Si(4Si0Al) atoms. This assignment is confirmed by an
excellent agreement between the Si/Al ratio of 12 obtained
from the chemical analysis and the Si/Alg ratio of 12.0
received from the **Si MAS NMR spectrum employing eq 1.
The above interpretation confirms that Si(2Si2Al), Si-
(1Si,3Al), and extra framework Al atoms are not present in
the investigated zeolite.

Si/Alg = 1/0.25], (1)

where I denotes the total intensity of the *’Si NMR signal in
the single-pulse experiment and I, denotes the intensity of the
NMR line corresponding to the Si(3Si,1Al) atoms (Section
$2.2. of the Supporting Information).

6.3. 2Al (3Q) MAS NMR Spectroscopy. Al MAS NMR
single-pulse spectrum of the hydrated Na-SSZ-13 is shown in
Figure 8a.

The spectrum exhibits a signal only in the region of
tetrahedral framework Al atoms. *’Al NMR resonances at
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S5(*An)
59.3 and 58.6

Figure S. Structures corresponding to the empty 7 (left) and 7°% (right) cationic sites and the 2’Al isotropic chemical shifts of the two Al atoms
forming these cationic sites. Silicon atoms are in gray, oxygen atoms in red, and aluminum atoms in yellow.

§(7Al) = 58.1 ppm

8,(*’Al) = 57.5 ppm
A B

8,(’Al) = 58.3 ppm 6,(*Al) = 57.6 ppm

8,(*’Al) = 57.4 ppm 8,(*Al) = 58.9 ppm

C
8,(*7A1) = 58.2 ppm

D
8,(¥Al) = 57.3 ppm

E
8,(*Al) = 59.9 ppm
S8(*Al) = 60.7 ppm

F

8(*Al) = 59.5 ppm

8,(*7Al) = 58.6 ppm

Figure 6. Structures corresponding to possible close unpaired Al atoms and their corresponding *’Al isotropic chemical shifts. Silicon atoms are in
gray, oxygen atoms in red, and aluminum atoms in yellow.

Table 3. Chemical Composition and the Conditions of the Preparation of the Co,Na-SSZ-13 and Co,NH,-SSZ-13 Samples

sample
Co,Na-SSZ-13/a
Co,Na-SSZ-13/b
Co,Na-SSZ-13/c
Co,Na-SS8Z-13/d
Co,NH,-SSZ-13/e
Co,NH,-SSZ-13/f
Co,NH,-SSZ-13/g
Co,NH,-SSZ-13/h

Co/Al Co mmol/g Na/Al Na mmol/g Co in solution mol/L solution/1 g zeolite mL/g time/h
0.33 0.42 0.04 0.05 0.05 100 72
0.18 0.33 0.02 0.03 0.03 100 48
0.09 0.11 0.28 0.34 0.01 100 24
0.02 0.02 0.30 0.36 0.01 100 12
0.24 0.31 0.03 0.04 0.05 100 72
0.18 0.23 0.02 0.03 0.03 100 48
0.06 0.07 0.00 - 0.01 100 24
0.02 0.02 0.00 - 0.01 100 12
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Figure 7. **Si MAS NMR spectrum of the Na-SSZ-13 sample and the
simulation of the spectrum with Gaussian bands of the individual
resonances.

around 0 ppm as well as between 15 and 30 ppm
corresponding to extra-framework octahedral and pentacoordi-
nated Al atoms, respectively, were not observed. This confirms
the exclusive presence of tetrahedral framework Al atoms in
the zeolite.

Unexpectedly, although the CHA topology contains only
one crystallographically distinguishable framework T site, the
*’Al MAS NMR spectrum of SSZ-13 is rather broad. Visual
inspection reveals at least two *’Al NMR resonances. Our prior
study of the Si-rich SSZ-13 (Si/Al 38) zeolite revealed that Al/
Si substitutions caused the splitting of the single T site into
three T sites having slightly different local geometries.69
However, the corresponding splitting of the *’Al isotropic
chemical shift is very small (0.8 ppm)®® and cannot itself
explain the observed spectrum. The variability of the AIO,~
local geometries due to the different arrangements of various
Al-O—(Si—0),—Al sequences in the SSZ-13 framework is
most likely responsible for the broadness of the *’Al MAS
NMR spectrum. It should be noted that the presence of Al
atoms as the next-nearest and next-next-nearest neighbors has
already been shown to affect the geomet?r of the AIO,”
tetrahedron and *’Al NMR parameters.””*® Our DET
calculations of the 2’Al NMR parameters of Al atoms located
in different Al-O—(Si—0),—Al sequences (Tables SI and S2
of the Supporting Information and Figures 4—6) reveal a

relatively broad variability of the predicted *’Al isotropic
chemical shifts lying in the range from 56.7 to 60.7 ppm. This
variability is most likely responsible for the shape of the
spectrum of Na-SSZ-13. It should be noted that also the
quadrupolar broadening of individual *’Al NMR resonances
and the presence of other transitions than those between the
—1/2 and 1/2 states can affect the shape of the spectrum.®®
Therefore, the exact analysis of the spectrum requires a
combination of multiple quantum experiments (analysis of the
number of Al NMR resonances and their parameters) with
the single-pulse measurement (quantitative analysis of the
concentrations of the individual Al species is possible only for
single-pulse spectra).

On-sight analysis of the *’Al 3Q MAS NMR spectrum
depicted in Figure 8b confirms the presence of at least two *’Al
NMR resonances in the spectrum of the Na-SSZ-13 sample.
Detailed analysis employing a simulation of the 2D spectrum
confirmed the presence of two broad *’Al NMR resonances
with the Al isotropic chemical shifts of 59.4 and 60.0 ppm.
The corresponding concentrations of the Al atoms obtained
from the single-pulse ’Al MAS NMR measurements are 75
and 25%, respectively.

The broadening of both the Al NMR resonances originates
from either the variability of the middle-range and long-range
orderings of the zeolite framework due to various isomorphous
substitutions of Al into the zeolite framework or the presence
of other Al NMR resonances with close NMR parameters. It
should be noted that the spectrum simulation represents the
result with the lowest number of *’Al NMR resonances
required to obtain an acceptable simulation of the signal.
Nevertheless, simulations of the spectrum with varied *’Al
isotropic chemical shifts clearly showed that there were *’Al
NMR resonances neither above 60.0 ppm nor below 58.0 ppm
in the spectrum.

6.4. FTIR of Adsorbed d;-Acetonitrile. The spectra of d;-
acetonitrile adsorbed on the series of Co,H-SSZ-13 and
Co,Na-SSZ-13 are depicted in Figure 9.

Five bands are recognizable in the spectra: band at 2323
cm™! attributed to framework aluminum Lewis sites, vibration
at 2309 cm™" corresponding to Lewis acid sites of bare cobalt
cations, band at 2282 cm™" reflecting sodium cations, vibration
at 2298 cm™! related to Bronsted sites, and band at 2253 cm™!
assigned to dj-acetonitrile physisorbed on the surface of the

spectrum

simulation
individual
; : . ' __resonances
80 70 60 50 40 30

2TAl observed chemical shift (ppm)

b

F

(ppm)

N
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55

0
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70
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Figure 8. /Al MAS NMR spectrum of the Na-SSZ-13 sample, a simulation of the spectrum with the individual Al NMR resonances (a). The 2D
plot of the Al 3Q MAS NMR spectrum of the Na-SSZ-13 sample, the F, and F, projections (blue), and a simulation of the individual resonances

in the F2 projection (violet and green) (b).
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Figure 9. FTIR spectra of ds-acetonitrile adsorbed on the series of Co,Na-SSZ-13 (a—d, black, red, green, and blue, respectively, lines) with a
simulation of the spectrum of Co,Na-SSZ-13/b (eee) and the individual Gaussian bands and Co,H-SSZ-13 (e—h, black, red, green, and blue,
respectively, lines) (a) and (b), respectively, and the effect of the Co loading on the integrated area of the maximum at 2309 cm ™" for the Co,Na-

SSZ-13 series (M) and Co,H-SSZ-13 series (®) (c).

sample. The integrated area of the band related to the Lewis
acid sites of bare cobalt cations showed a linear dependence in
lower cobalt concentrations, while there is a plateau at the
highest Co loadings. This result allowed us to estimate the
extinction coefficient of ds-acetonitrile adsorbed on Co(II)
which is shown in Table 4 and compared with the data known
for other zeolites.

Table 4. Extinction Coefficients of d;-Acetonitrile Adsorbed
on Bare Co(II) Cations and the Shifted Antisymmetric T—
O-T Stretching Lattice Modes of the Zeolite Framework
Induced by Binding Bare Co(II) Cations

extinction coefficient (cm-umol™")

spectrum SSZ-13  beta zeolite®  ferrierite =~ TNU-9*
d;-acetonitrile 4.5 7.12 - 11
T—O-T vibrations 30.0 382

6.5. FTIR of the Shifted Antisymmetric T-O-T
Stretching Vibrations. The FTIR spectra (Figure 10) of

the dehydrated series of the Co,H-SSZ-13 and Co,Na-SSZ-13
samples in the region of the shifted antisymmetric T-O—T
stretching lattice modes of the zeolite framework induced by
binding bare Co(II) cations to the framework oxygens (960—
880 cm™') confirmed the presence of bare cobalt cations
accommodated in the cationic sites.

Since the total area of the vibrations increased linearly with
the rising concentration of Co(II) cations in the samples with
lower Co loadings, the determination of the extinction
coefficient for this region was possible (Figure 10c). The
extinction coefficient is also given in Table 4 and compared
with those of other zeolites. Conversely, the intensity of the
shifted antisymmetric T—O—T stretching lattice modes
reached a constant value for higher Co(Il) loadings. It is
possible to distinguish four maxima: three at 895, 907, and 924
cm™ for all the samples in the entire range of concentrations
and one more maximum at 948 cm™' only for high
concentrations of Co(II). The simulation of the spectrum is
shown in Figure 11a, and the corresponding wavenumbers of

a b c
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Figure 10. FTIR spectra in the region of the shifted antisymmetric T—O—T stretching lattice modes of the zeolite framework induced by binding
bare Co(Il) cations to the framework oxygens of dehydrated zeolites at 723 K (960—880 cm™). The Co,Na-SSZ-13 series, the samples a—d
depicted in black, green, red, and blue, respectively, (a) and the Co,H-SSZ-13 series, the samples e—h depicted in black, green, red, and blue,
respectively (b). The effect of the Co loading on the integrated area of vibrations for the Co,Na-SSZ-13 (M) and Co,H-SSZ-13 (®) samples (c).
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Figure 11. Simulation (eee) of the spectra in the 960—880 cm™" region in the individual Gaussian bands for the Co,H-SSZ-13 sample with the
maximum Co loading (a) and the changes of the integrated area of the individual maxima at 895, 907, and 924 cm™" with the concentration of
Co(II) cation in the Co,Na-SSZ-13 and Co,H-SSZ-13 zeolites (b) and (c), respectively.

the shifted antisymmetric T—O—T stretching vibrations are
compared with those of other zeolites in Table 5.

Table 5. Comparison of the Wavenumbers of the Shifted
Antisymmetric T—O—T Stretching Vibrations of the Lattice
Induced by Accommodation of Bare Co(II) Cations in the
Cationic Sites

The effect of the Co(II) concentration on the intensity of
the individual vibrations in the Co,Na-SSZ-13 and Co,H-SSZ-
13 samples is depicted in Figures 11b and 11, respectively. As
mentioned above, the concentration of the bare Co(II) cations
does not increase with the rising Co cation loadings for the
highest Co concentrations. This indicates the formation of
another Co species than bare Co(II) cations in these samples
(for details see Section 7). Therefore, the intensity of the

Wa‘(’zﬁluff’)ber wavenumber (cm™) individual bands is related to the concentration of bare Co(II)

cations obtained from the total intensity of the vibrations.

I SSZ-13 site  ferrieriteS”  ZSM.S zegleitti” TNU-9*% While the band at 924 cm™ exhibits a low intensity and

" 295 o 94-945 970 %01 910 significantly increases at higher loadings, the bands at 895 and

» 907 § 918-920 931-935 918 930 907 cm™" predominate in the entire range of concentrations,

. 924 ; 90s 916 935 ) and the dependence of their intensity on the concentration is
JEn 048 similar.

As mentioned above, no samples significantly differing in the
relative intensity of the bands at 895 and 907 cm™' were
prepared. This represents an obstacle in the assignment of the
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Figure 12. Differences of the vibrations in the 960—880 cm™" region for the Co,H-SSZ-13 zeolite fully loaded with Co and dehydrated at 723 K
(black) and the special sample (Section 2) (red), graphical representation (a), and the concentration of the simulated components (b).
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Figure 13. UV—vis spectra of the Co,Na-SSZ-13 series (a) and the Co,H-SSZ-13 series (b). All the samples were dehydrated at 723 K. Normalized
vis spectra of the Co,Na-SSZ-13/a—d (black, green, red, and blue, respectively, lines) samples (c) and the Co,H-SSZ-13/e—h (black, green, red,
and blue, respectively, lines) samples (d). Simulation (in red) of the vis spectra to the spectroscopic species formed by Gaussian bands of the Co,H-
SSZ-13 samples with the lowest (e) and highest (f) Co loadings. The spectroscopic species in green formed by one band with the maximum at
15000 cm™" is present only for the highest Co concentrations.
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Table 6. Al Distribution in the SSZ-13 Zeolite
Si/Al?
12

Al” mmol/g
1.25

AlSINGLEb (% Al)
35

AISINGLEb mmol/g

0.44

AlCLOSEC (% Al)

AIPAIRd (% Al)
11

Alpyr? mmol/ g

0.14

Alcrosg” mmol/g

54 0.67

“From the chemical analysis using the XRF method. YFrom the Co concentration in the zeolite maximally exchanged by Co(II) hexaaqua complex
employing eq 2. “From the Co concentration in the zeolite maximally exchanged by Co(II) hexaaqua complex and from FTIR of adsorbed ds-
acetonitrile employing eq 4. “From FTIR of adsorbed ds-acetonitrile employing eq 3.

individual bands to the cations located in the individual
cationic sites (see Section 7). Therefore, an attempt was made
to prepare a special sample with a significantly changed relative
ratio of the bands at 895 and 907 cm™" (see Section S2 of the
Supporting Information for details regarding the preparation of
this special sample). The FTIR spectra of this sample are
compared with the spectrum of the sample prepared by the
standard ion-exchange procedure in Figure 12.

Comparison indicates that while the relative intensity of the
bands at 907 and 924 cm™' notably and slightly, respectively,
increased, the intensity of bands at 895 and 948 cm™
significantly decreased.

6.6. UV—vis Spectroscopy of the Co Samples. UV—vis
spectra of the dehydrated Co-SSZ-13 samples are depicted in
Figures 13a and 13b.

Two types of absorption bands are present in the spectra:
bands attributable to the d—d transition of bare Co(II) cations
in the visible region between 12000 and 30000 cm™ and
charge transfer (CT) bands in the UV region above 40000
cm™". The CT bands correspond to (i) charge transfer (CT)
between bare Co(II) and skeletal oxygens and (ii) the AlI-O
and Si—O charge transfer of the zeolite framework.””*>>°%%%
Bands of bridging Co-oxo species with characteristic maximum
at 35000 cm™! are not present in the spectra.””*” It should be
noted that the CT bands of Co(II) cations are not site specific
and cannot be employed for the analysis of the Co(II) siting.
Therefore, our attention will be focused on the d—d spectra in
the visible region.

On-sight analysis of the normalized vis spectra of the
dehydrated Co samples shown in Figures 13c and 13d clearly
evidences the presence of two spectroscopic species with
complex bands centered at around 16 500 and 25000 cm™!
and another complex spectroscopic species at around 20 000
cm™'. While the spectroscopic species at 20 000 and 25 000
cm™! predominate at low Co loadings, the species at 16 S00
cm™! prevail in the spectra of highly Co-loaded samples. The
spectra were simulated using Gaussian bands for detailed
analysis of the spectra (Figures 13e and 13f). The
spectroscopic species at around 25000 cm™' is formed by
two absorption bands at 24 500 and 27000 cm™'. Further-
more, two bands at 18 500 and 21 500 cm™' belong to the
species reflected in the region around 20000 cm™'. The
complex spectroscopic species in the region at around 16 500
cm™! is formed by three bands with the maxima at 16 100,
17000, and 20 SO0 cm™'. Unexpectedly, the analysis of the
spectra with the highest Co loadings reveals the existence of a
fourth spectroscopic species present only at the highest Co
loadings. This spectroscopic species is reflected only in one
band at 15000 cm™.

7. DISCUSSION

The obtained X-ray pattern, *’Al MAS NMR and *Si MAS
NMR spectra, and SEM images of the Na-SSZ-13 sample
showed a well-crystalline SSZ-13 zeolite with the exclusive
presence of framework tetrahedral Al atoms in the zeolite (see
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Section 6.1). However, besides a well-developed crystal
structure of the parent zeolite material, the accessibility of
the whole inner volume of the zeolite channel/cavity system is
also essential for the analysis of both (i) the Al distribution and
(ii) the siting of divalent cations and the Al pairs forming the
corresponding cationic sites. The reason is that ion-exchanged
Co(II) cations acting as a probe represent the foundation of
the characterization methods. 8-Rings control only the
migration from the main channel to the mordenite pocket
and to the side channel of ferrierite."> Since the maximum
Me(II) ion exchange obtained for the A zeolite and chabazite
is 100% (i.e., Me(II)/Al 0.5), the system of cavities
interconnected by 8-rings does not represent a limitation for
Co(II) cations in the SSZ-13 sample.””™"> This is further
confirmed by a complete ion exchange of our SSZ-13 sample
to the NH,-SSZ-13 form. Therefore, Co(II) cations as a probe
can be employed to analyze the Al distribution and the Me(II)
siting in the investigated SSZ-13 sample.

7.1. Al Distribution in the SSZ-13 Zeolite. 7.1.1. AI-O—
Si—O—Al Sequences. Our *°Si MAS NMR measurements
reveal that there are no Al-O—Si—O—Al sequences of
Si(2Si,2Al) atoms in the investigated sample (Figure 7). Al—
O—Si—0—Al sequences were reported only for Al-rich zeolites
(including chabazite of the same topology as SSZ-13).

7.1.2. Single Al Atoms (Algng,g). Single Al atoms are those
which are unable to accommodate both bare Co(II) cations
and Co(Il) hexaaqua complexes, and their concentration is
given in the case of acid catalysis by the equation

[Algngre] = [Algr] — 2x[Copyax] ()

where [Copux] is the Co concentration in the zeolite
maximally exchanged by the Co(II) hexaaqua complex.

Our results reveal that the [Copax] value is 0.325 for the
investigated SSZ-13 sample, and therefore, the single Al atoms
represent 35% of the framework Al atoms in this zeolite (Table
6).

The *’Al isotropic chemical shifts of 60.0 and 59.2 ppm
observed in our prior studyé9 correspond to the single Al
atoms. This result agrees well with the fact that the *’Al NMR
resonance at 60.0 ppm represents ca. 25% of the Al atoms in
the Al MAS NMR and Al 3Q MAS NMR spectra of the
investigated sample.

7.1.3. Al Pairs (Alpprs) and Close Unpaired Al Atoms
(Alciose). Alparrs and Alcpoge represent Al atoms of Al—O—
(Si—0),5,—Al sequences which balance Co(II) hexaaqua
complexes in hydrated zeolites. Moreover, Alpapg can
accommodate bare Co(II) cations in dehydrated zeolites,
while Alg;oge cannot. The concentrations of the former and
latter atoms are thus given by the equations

[Alppr] = 2x([Coppggl — [Copeg]) (3)

(4)

where [Cogagrg] is the concentration of bare Co(II) cations in
the maximally bare Co(II) cation exchanged zeolite; [Copx]

[Al g ose]l = 2x[Coppax] — 2x([Cogaggl] — [CoDéR])
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is the Co concentration in the zeolite maximally exchanged by
Co(1I) hexaaqua complex; and [Copeg] is the concentration of
bare Co(II) cations in the hexagonal prism. It should be noted
that the two Al atoms accommodating Co(II) cations in D6R
exhibit ion-exchange properties of single Al atoms (do not
accommodate Co(II) hexaaqua complexes in hydrated
zeolites), and the acid sites in protonic forms correspond to
single Al atoms as well.

7.1.4. Three Main Methods Allowing the Estimation of
the Bare Co(ll) Cations in Dehydrated Zeolites. Method 1.
The adsorption of dj-acetonitrile in dehydrated zeolites
monitored by FTIR spectroscopy represents the simplest way
to estimate the bare Co(II) cations in zeolites. The bare
Co(II) cations are acceptors of lone electron pairs of the N
atoms of acetonitrile, and therefore, they represent Lewis acid
sites which can adsorb dj-acetonitrile. The intensity of the IR
band of d;-acetonitrile adsorbed on bare Co(II) cations then
corresponds to the concentration of the bare Co(II) cations. It
should be noted that the adsorption of dj-acetonitrile is not
specific regarding the siting of the bare Co(II) cations (Al
pairs) (i.e., there is only one band for all the cationic sites).
The adsorption of acetonitrile on bare Co(II) cations
corresponds directly to the concentration of Al pairs since
acetonitrile does not adsorb on Co(II) cations accommodated
in the @ cationic site inside the hexagonal prism ([Copgr])
since these Co(II) cations exhibit a closed coordination sphere.
Nevertheless, there are substantial differences in the framework
topology between pentasil ring zeolites and SSZ-13. The space
for the adsorbed complex Co(II)---ds-acetonitrile is very
limited in the case of pentasil-ring zeolites leading to different
extinction coefficients of ds-acetonitrile adsorbed on Co(II)
cations in pentasil-ring zeolites and SSZ-13. Moreover, in
contrast to pentasil-ring zeolites, the access to the whole zeolite
cavity system of SSZ-13 occurs exclusively through 8-rings, and
this can affect the applicability of the method on SSZ-13.
Therefore, the adsorption of d;-acetonitrile as a method for the
analysis of bare Co(II) cations in SSZ-13 has to be verified,
and the extinction coefficient has to be evaluated.

Method 2. Shifting the antisymmetric T-O—T stretching
lattice modes of the zeolite framework occurred by binding
bare Co(II) cations to the framework oxygens of dehydrated
zeolites monitored by FTIR spectroscopy. This method is site
sensitive and can be employed to distinguish the Co(II)
cations accommodated in different cationic sites when the
spectrum is completely analyzed. Several close bands in the
FTIR spectrum of dehydrated Co-zeolites correspond to the Al
pairs forming the cationic sites. Nevertheless, the extinction
coefficients for Co(II) cations located in the individual sites do
not differ, and the only obstacle associated with this method
represents the presence of a “well-developed window” in the
region of the antisymmetric T—O—T stretching lattice
vibrations. The “window” is essential for observations of the
vibrations reflecting the accommodated bare Co(II) cations. In
addition, this method can also detect the Co(II) cations
located in the w cationic site of the hexagonal prism of SSZ-13
although the Al atoms forming this cationic site are located in
two different rings.

Method 3. The absorption of bare Co(1l) cations in the
region of d—d transitions is monitored by vis spectroscopy.
This method is also site sensitive and can be used to determine
the Co(II) cations located in different cationic sites upon
analyzing the vis spectrum. However, this approach is the most
demanding since one or more (up to four) absorption bands in
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the spectrum correspond to one Co(II) coordination (i.e.,
cationic site). Moreover, the extinction coefficients differ for
the Co(II) sites.*”*>°**® It should be noted that this method
also includes Co(II) cations in the hexagonal prism as
discussed in previous paragraphs.

7.2. Evidence of the Presence of Close Unpaired Al
Atoms in the SSZ-13 Zeolite. Two close unpaired Al atoms
are able to balance Co(II) hexaaqua complexes in hydrated
zeolites. When the zeolite is dehydrated, the two close
unpaired Al atoms cannot accommodate bare Co(II) cations.
Several studies suggested that upon dehydration of the zeolite
[Co(III)O]* species can be formed. They balance one Al atom
of the two close unpaired Al atoms, and the other close
unpaired Al atoms are balanced by a different positively
charged species.3’6’7 [Co(IIT)O]* species do not adsorb
acetonitrile, and therefore, they cannot be monitored by
FTIR spectroscopy of adsorbed dj-acetonitrile. Moreover,
[Co(IIT)O]* species are not “visible” in FTIR spectra in the
region of the shifted antisymmetric T—O—T stretching lattice
modes either.

Our results show that the intensity of d;-acetonitrile
adsorbed on bare Co(II) cations in SSZ-13 is not proportional
to the Co loading in the samples (Figure 9c). The absorption
linearly increases with the rising Co loading at its low values,
but there is a significant deviation from the linear increase at
the medium Co loading resulting in a plateau at the high Co
loading. This effect is observed for both the Co,Na-SSZ-13 and
Co,H-SSZ-13 samples, and therefore, it can be explained
neither by a steric hindrance in the ds-acetonitrile adsorption
nor by a limited ds-acetonitrile transport. If steric hindrance
was responsible, the effect would be the strongest for the
Co,Na-SSZ-13 sample with the lowest Co loading (which is
not observed for our samples) since one Co(II) cation replaces
two Na* cations (acetonitrile adsorbs on Na* as well). If the
transport of d;-acetonitrile was responsible, then it should be
faster in Co,H-SSZ-13 than in Co,Na-SSZ-13, and the effect
should not be observed for Co,H-SSZ-13 which is not true
either. Therefore, the only plausible explanation of the effect is
that close unpaired Al atoms are present in the SSZ-13 sample.

The presence of close unpaired Al atoms is further
confirmed by the similar dependence of the intensity of the
shifted antisymmetric T-O—T stretching lattice modes of the
zeolite framework on the Co loading (Figure 10c). This is well
visualized in Figure 14 in which the concentration of bare
Co(Il) cations derived from the FTIR spectra of adsorbed dj-
acetonitrile is plotted against the concentration of bare Co(1I)
cations obtained from the FTIR spectra of the shifted
antisymmetric T—O—T vibrations.

This dependence is linear in the whole region but does not
pass through zero indicating that even at low Co loadings the
® cationic site in the hexagonal prism is occupied by Co(II)
cations. This fact results in systematically higher values of the
concentration of bare Co(II) cations received from FTIR
spectra of the shifted antisymmetric T—O—T vibrations than
from the FTIR spectra of adsorbed dj-acetonitrile.

7.3. Analysis of the Al Pairs in the SSZ-13 Zeolite. The
linear parts of the concentration dependences of the FTIR
spectra of the shifted antisymmetric T—O—T vibrations and
the FTIR spectra of adsorbed d;-acetonitrile can be employed
to estimate the extinction coefficients for bare Co(II) cations.
The values of the extinction coefficients are close to those
already reported for pentasil-ring zeolites (Table 4). The
knowledge of the extinction coefficients allows the estimation
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Figure 14. Intensity of the bands of d;-acetonitrile adsorbed on bare
Co(II) cations plotted against the intensity of the bands
corresponding to the shifted antisymmetric T—O—T stretching
vibrations. This linear dependence reaches zero for the samples
containing bare Co(II) cations. This indicates that the w site inside
the hexagonal prism is occupied from the lowest Co loadings. Co,Na-
SSZ-13 series (M) and Co,H-SSZ-13 series (@®).

of the maximum content of bare Co(II) cations in the
investigated sample. The concentration of Al pairs (Tables 6
and 7) and close unpaired Al atoms (Table 6) can be
calculated employing eqs 3 and 4.

Table 7. Concentrations of Al Atoms in Al Pairs Forming
the Cationic Sites in the SSZ-13 Sample

site c ® T o
ring 6-ring D6R 8-ring 8-ring
Me(11) sites (% of sites) 26 39 26 9
Algr (% Al) S 7 S 2
Al (mmol/g) 0.06 0.09 0.06 0.02

It should be noted that the data in Table 7 are obtained from
the FTIR spectra of the shifted antisymmetric T—O-T
vibrations, and therefore, they also include the Co(II) cations
in the w site of the D6R (the Al atoms forming this site do not
belong to Al pairs). Conversely, the data in Table 6 were
obtained from FTIR spectra of adsorbed dj-acetonitrile not
reflecting the w site.

Table 6 shows that the concentration of Al pairs
accommodating bare Co(Il) cations in the investigating SSZ-
13 sample is low, reaching only 11% of all the Al atoms. 54% of
all the Al atoms are present in the form of close unpaired Al
atoms. Co(II) cations upon dehydration preferentially form
bare divalent cations and occupy cationic sites with two Al
atoms at low Co loadings. With increasing Co loadings, Co
cations are exchanged to the vicinity of close unpaired Al
atoms, and upon dehydration, they form [Co(III)O]* species
balancing one of the two close unpaired Al atoms. At the
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highest Co loading, Co cations in the form of [Co(III)O]*
species predominate. The corresponding close unpaired Al
atoms therefore represent the most populated type of Al atoms
(54%) in the framework of the SSZ-13 sample (Table 6).

To the best of our knowledge, close unpaired Al atoms have
been reported only for zeolites of the *BEA topology. Their
concentration reaches from 40 to 75% of Al atoms in beta
zeolites with a high or medium Al content (Si/Al < 18).>%7
Therefore, the SSZ-13 zeolite is the second structure with a
substantial formation of these unique species of close unpaired
Al atoms.

7.4. Siting of Bare Me(ll) Cations, Al Pairs, and Close
Unpaired Al Atoms in SSZ-13. The SSZ-13 framework is
formed only by one T site."” However, the DFT calculations
and the *’Al 3Q MAS NMR experiments clearly showed the
splitting of the T site into three T(Al) sites.”” Nevertheless, the
splitting does not represent a crucial issue regarding the
location of the active site in the ring and cavity systems.
Conversely, the siting of (i) the close unpaired Al atoms, (ii)
the Al pairs forming the cationic sites, and (iii) the
accommodated divalent cations is of crucial importance.

7.4.1. Siting of Close Unpaired Al Atoms (Alqose)-
[Co(III)O]* species balancing close unpaired Al atoms in
dehydrated zeolites are spectroscopically “invisible” (i.e., they
are not reflected in (i) FTIR spectra of the shifted
antisymmetric T—O—T vibrations, (ii) FTIR spectra of
adsorbed dj-acetonitrile, and (iii) UV—vis spectra), and
therefore they cannot be employed as a probe of the location
of close unpaired Al atoms in the SSZ-13 cavity system.
Conversely, 2’Al MAS NMR spectroscopy in tandem with
DFT calculations of the *’Al isotropic chemical shifts of these
close unpaired Al atoms can be employed for this purpose.

Our “Al 3Q MAS NMR measurements yielded two *’Al
NMR resonances at 59.4 and 60.0 ppm. Our *’Al MAS NMR
experiments provided the relative concentrations which are
75% and 25%, respectively, of all the Al atoms. The *’Al NMR
resonance at 60.0 ppm can be assigned to single Al atoms (35%
of all the Al atoms, Table 6), while that at 59.4 ppm belongs to
the close unpaired Al atoms (54% of all the Al atoms, Table 6),
the Al pairs forming cationic sites (11% of all the Al atoms,
Table 6), and some single Al atoms. The broadening of the
*’Al NMR resonances at 59.4 and 60.0 ppm originates from
either the variability of the middle-range and long-range
orderings of the zeolite framework or the presence of other
Al NMR resonances with close NMR parameters. However,
our simulations show that only ?’Al NMR resonances above
60.0 ppm and below 58.0 ppm can be excluded. Figure 6 shows
the ?’Al isotropic chemical shifts calculated for the six models
featuring possible locations of two close unpaired Al atoms.
Comparison of the calculated and observed *’Al isotropic
chemical shifts clearly indicates that the structure featured in
Model F is the best candidate for the siting of close unpaired
Al atoms in the SSZ-13 zeolite. All the other models can be
ruled out as dominant structures of close unpaired Al atoms in
the SSZ-13 zeolite sample. The *’Al isotropic chemical shifts of
58.6 and 59.5 ppm calculated for Model F can correspond to
the observed *’Al NMR resonance at 59.4 ppm.

7.4.2. Siting of Al Pairs (Alpprs) Creating Cationic Sites for
Bare Me(ll) Cations. Based on XRD, three cationic sites for
bare cations were suggested for zeolites of the CHA
topology.gz’93 The three sites are located in (i) the hexagonal
prism, (ii) the 6-ring, and (iii) the 8-ring, designated as , o,
and 7, respectively, as sites containing Al pairs and
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accommodating bare divalent cations. However, the spectra of
the shifted antisymmetric T—O—T stretching vibrations of the
lattice clearly evidence four types of Co(II) coordinations, i.e.,
four cationic sites. Our DFT calculations of the models of the
possible o, 7, 25 @, and @5 cationic sites accommodating
one Co(II) cation can explain this discrepancy.

The @ and @ cationic sites inside the hexagonal prism
cover two possibilities with one Al atom of Al-O—(Si—0),—
Al or Al-O—(Si—0);—Al sequences, respectively, in each 6-
ring. The DFT calculations clearly showed that only AI-O—
(Si—0),—Al sequences created a cationic site which can
accommodate bare Co(II) cations which is located inside the
hexagonal prism. Conversely, Al-O—(Si—0);—Al sequences
do not form a cationic site which can accommodate bare
Co(II) cations (for details see Section 5.1.). Therefore, it is
safe to conclude that the w site of bare divalent cations inside
the D6R is formed by an Al-O—(Si—0),—Al sequence with
each Al atom in one 6-ring of the hexagonal prism. The
calculated Al isotropic chemical shifts of the Al atoms
creating this site are 58.6 and $9.2 ppm (Figure 4). Bare
Co(II) cations in this site exhibit approximately pseudo-
octahedral coordination with the coordination to three
framework oxygens with the access strictly limited by the 6-
ring.

There is only one possible arrangement of the o site of the 6-
ring with two Al atoms in Al-O—(Si—0),—Al pairs. The
calculated Al isotropic chemical shifts of the Al atoms
forming this site are $7.4 and 582 ppm (Figure 4),
corresponding to this site. Co(II) cations in this site exhibit
approximately square planar coordination in the plane of the 6-
ring and are coordinated to four oxygens of this ring.

The 7 and 7°% cationic sites in the 8-ring can be created by
Al-0—(Si—0),—Al and AI-O—(Si—0);—Al, respectively,
pairs. Our DFT calculations revealed that both the pairs can
form a cationic site which can accommodate bare Co(II)
cations located inside the 8-ring. Therefore, there are two types
of cationic sites in the 8-ring: 7 and 7*%. The computed *’Al
isotropic chemical shifts of the Al atoms forming these cationic
sites are 58.6 and 59.3 ppm (Al-O—(Si—0),—Al) and 56.7
and 57.3 ppm (Al-O—(Si—0);—Al) (Figure 5). Co(II)
cations in this site exhibit a highly open coordination sphere
with coordination to three oxygen atoms of the 8-ring in the
plane of the ring. The 7°% site represents the first cationic sites
created by an Al pair with the Al atoms separated by three Si
atoms.

In opposition to close unpaired Al atoms, *’Al MAS NMR
and *’Al 3Q MAS NMR experiments combined with DFT
calculations of the 2’Al isotropic chemical shifts of the Al atoms
of the Al pairs (Figures 4 and 5) cannot be employed for the
analysis of the Al pairs. Table 7 shows that the maximum
concentration of one Al atom of the Al pair forming the
cationic sites does not exceed 4% of all the Al atoms. This low
Al concentration is at the edge of the experimental limit of the
Al MAS NMR experiment. However, in contrast to close
unpaired Al atoms, bare Co(II) cations balanced by Al pairs
can be easily detected by FTIR spectroscopy and vis
spectroscopy, and they can serve as probes for the location
of Al pairs.

7.5. Siting of Bare Me(ll) Cations. Figure 11 clearly
shows four bands with their maxima at 895, 907, 924, and 948
cm™! corresponding to four types of bare Co(II) cations in the
cationic sites of SSZ-13. The concentration of Co(II) cations
in the individual sites of the samples is depicted in Figure 11a.
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Because a significant fraction of the Co(II) cations balances
close unpaired Al atoms, the effect of the Co loading on the
shifted antisymmetric T—O—T stretching vibrations of the
lattice induced by binding bare Co(II) cations to the
framework oxygens does not provide good insight into the
occupation of cationic sites. The concentration of Co(II)
cations in the individual sites is plotted against the
concentration of bare Co(II) cations in the samples in Figures
11b and 1lc. It should be pointed out that the shifted
antisymmetric T—O—T stretching vibrations corresponding to
the siting of Co(II) cations in SSZ-13 and pentasil-ring zeolites
differ (Table S) due to different geometries of the cationic sites
in SSZ-13 (and in materials of the CHA topology in general)
and pentasil-ring zeolites. This difference is responsible for the
fact that the wavenumbers of the vibrations cannot be simply
assigned to the cationic sites of the SSZ-13 zeolite as was
possible for the pentasil-ring TNU-9 zeolite.”” Therefore, the
assignment of the vibrations to the Co(II) cations in the
individual cationic sites requires a detailed discussion.

Conversely, Co(II) d—d transitions are highly sensitive to
the local environment and reflect the arrangement of the
cationic sites, and therefore, Co(II) monitored by vis
spectroscopy can serve as a probe of the siting of Co(Il)
and the corresponding Al pairs. Nevertheless, the individual
Co(II) spectroscopic species can be interpreted only semi-
empirically (based on the similarity of the sites and spectra in
various zeolites) due to the fact that even state of the art
quantum chemistry methods do not allow the prediction of the
absorption spectrum of Co(II) cation exchanged in zeolite
matrices with a high enough accuracy. Spectra of bare Co(II)
cations in different cationic sites of various zeolites are listed in
Table S3 of the Supporting Information to help interprete the
vis spectra of the SSZ-13 zeolite (Figure 13).

It should be mentioned that the detailed quantitative
analysis of the Co(II) vis spectra is extremely demanding
and, in some circumstances, even extremely difficult. More-
over, the extinction coefficients of Co(II) cations in the
individual sites can significantly differ. Therefore, the most
promising approach for the analysis of the Co(II) siting is a
combination of vis spectroscopy for the identification of the
arrangements of the cationic sites and FTIR spectroscopy of
the shifted antisymmetric T—O—T vibrations for quantitative
analysis of the distribution of Co(II) cations in the individual
sites. The quantitative results of the analysis of Co and Al pair
distribution are shown in Table 7.

7.5.1. w Cationic Site. This site corresponds to the band at
907 cm™. It is preferentially occupied from low loadings in
both the Co,H-SSZ-13 and Co,Na-SSZ-13 samples, and the
concentration of Co(Il) cations in this site steadily increases
with the Co loading. This site accommodates 39% of the bare
Co(II) cations and 7% of the framework Al atoms in the
maximally Co-loaded zeolite (Table 7). The occupancy of the
sites corresponding to the vibrations at 895 and 907 cm™" from
the lowest Co loadings indicates that one of them represents
the o site inside the hexagonal prism. The dependence shown
in Figure 14 is linear in the whole region but does not pass
through zero indicating that even at low Co loadings the @
cationic site in the hexagonal prism is occupied by Co(II)
cations. The significant increase of the relative intensity of the
band at 907 cm™" in the special sample (see Section S2 of the
Supporting Information for details regarding the preparation of
this special sample) clearly evidences that this band
corresponds to the Co(Il) cation in the @ site. This site is
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accessible only through the 6-ring, and thus, in contrast to all
the other sites, a release of a Co(II) cation from this site and its
replacement by a Na® cation are strictly limited. The
preferential occupation of the w site agrees well with the fact
that the Co(II) cation binds the second most tightly in this site
(after the o site) (Table 2).

The doublet centered around 20 000 cm™ can be attributed
to the Co(II) cation in the octahedral or pseudo-octahedral
symmetry (Table S3 of the Supporting Information). Co(II)
cations with the pseudo-octahedral coordination and similar
spectrum were reported for hexagonal prism of the zeolite
Y.”*%° The exact coordination of divalent cations in this site of
the above zeolite is not known, but the hexagonal prism of the
zeolite Y is very similar to that of SSZ-13. Therefore, the
doublet around 20 000 cm™" reflects the Co(II) cations located
in the w site of the hexagonal prism.

7.5.2. o Cationic Site. The doublet centered around 25 000
cm™' can be without any doubt assigned to the Co(II) cation
located in the o site. This assignment is based on the
comparison with the spectra of the Co-A zeolite, for which the
doublet around 25000 cm™" was attributed by Klier et al. to
the Co(II) cation in the planar C;, symmetry in the plane of
the simple 6-ring (Table S3 of the Supporting Informa-
tion).”*”” Therefore, Co(II) cations located in the plane of the
6-ring of the hexagonal prism were assigned to the o site. It
should be noted that such doublets are not observed for the
Co—Y zeolite which also contains hexagonal prisms with 6-
ring.94’95 However, in the case of the zeolite Y, a high
framework Al content results in the occupation of both the
opposite 6-rings of one D6R by cations with their position
located significantly above the plane of the 6-ring and so with
the loss of the planar symmetry. The occupation of only one 6-
ring of D6R by an Al pair is assumed for the SSZ-13 sample
with a low content of framework Al atoms (Si/Al 12). It
should be noted that the interaction of Co(II) cation in this
ring with a Na" cation in the opposite ring can be excluded
because a formation of D6R with three Al atoms is not very
probable due to the low Al content. Klier et al. showed”®"” that
the doublet at 25000 cm™ corresponds to Co(II) cations in
regular 6-rings with the coordination exhibiting the trigonal
planar symmetry, while our DFT calculations yielded the
structure with the Co(II) cation in the 6-ring of SSZ-13 having
approximately square planar symmetry (Figure 3). This can be
explained by the fact that the exact symmetry of the cations in
the Co-A zeolite is not known, and XRD studies showed that
Co(Il) cations are located in the center of the 6-ring.
Conversely, the structure depicted in Figure 3 depicts beside
the location in the center of the ring also the ring deformation
due to the coordination of the Co(Il) cation to the oxygens
belonging to two AlO,” tetrahedra. Nevertheless, the planarity
and a high degree of symmetry of the site are preserved. It
should be noted that due to the high symmetry of this site
resulting in symmetry-forbidden d—d transitions even a weak
intensity of this doublet can represent a significant part of bare
Co(II) cations in the zeolite.

This site is preferentially occupied in both the Co,H-SSZ-13
and Co,Na-SSZ-13 zeolites, and from middle Co loadings, the
site is saturated. This site accommodates 26% of the bare
Co(II) cations and 5% of the framework Al atoms in the
maximally Co-loaded zeolite (Table 7). The preferential
occupation of the o site agrees well with the fact that the
Co(II) cation binds the most tightly in this site (Table 2). The
band at 895 cm ™' can be assigned to the o site since it reflects
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the cationic site which is occupied preferentially from low
loadings in both the Co,H-SSZ-13 and Co,Na-SSZ-13 samples,
and then it reaches a plateau approximately before one-half of
bare Co(II) cations are introduced in the zeolite.

7.5.3. 7 Cationic Site. The complex absorption centered at
around 16500 cm™' composed of three bands can be
attributed to the Co(II) cations located in the 7 site of the
8-ring. This agrees well with the fact that such absorption
species were not reported for pentasil-ring zeolites (they
exhibit a significantly broader quartet in this region reflecting
Co(II) cations in deformed 6—rings)39’40’55’56’58 which do not
exhibit cationic sites formed by the planar 8-ring. Conversely, a
similar absorption was reported for the zeolite A which besides
cations located in the 6-ring also exhibit cations located in the
planar 8-ring of a similar shape as that in $$Z-13.*” It should
be noted that this triplet cannot represent a tetrahedrally
coordinated Co(II) cation (only Co(Il) coordinated to three
framework oxygens with some adsorbed molecule, e.g., water,
would be possible in zeolites)’*”” due to the fact that this
triplet is present only in the vis region of the spectra and not in
the NIR one (the NIR spectrum of the dehydrated Co samples
is not shown). The presence of triplets with the same splitting
both at around 17000 cm™" in the vis and at around 7000
cm ™" in NIR regions is typical for tetrahedral coordination of
the Co(Il) cation in zeolites. The 7 site is not significantly
occupied at low Co loadings (it is more populated in the
Co,Na-SSZ-13 sample than in the Co,H-SSZ-13 one), but its
relative occupation significantly increases with the rising Co
loading. This agrees well with the fact that the Co(II) cation
binds only the third most tightly in this site (after the 6 and ®
sites) (Table 2). The band at 924 cm™" can be assigned to the
7 site. This site accommodates 26% of the bare Co(II) cations
and 5% of the framework Al atoms in the maximally Co-loaded
zeolite (Table 7).

7.5.4. 75" Cationic Site. Finally, the single band at 14 500
cm™ is detectable only at highest Co loadings and corresponds
therefore to the FTIR band at 948 cm™" which is also present
only at elevated Co loadings. The 7> cationic site corresponds
to these bands. The Co(1I) cation binds the least tightly in this
site (Table 2). Only 9% of the bare Co(II) cations balance the
Al atoms (2% of all the Al atoms) of the Al pair which creates
this cationic site.

8. CONCLUSIONS

The Al distribution in the SSZ-13 zeolite with Si/Al 12 was
determined, and furthermore, the siting of (i) the Al pairs
forming the sites for bare divalent cations and (ii) close
unpaired Al atoms were determined. Divalent cationic species
can be accommodated by both Al-O—(Si—0),—Al and Al-
O—(Si—0);—Al sequences in the SSZ-13 zeolite. Therefore, a
new significantly improved procedure for the analysis of the
arrangements of Al—-O—(Si—0),—Al and Al-O—(Si—0);—Al
sequences was developed. It includes in addition to the
standard methods based on Co(Il) cations as probes
monitored by FTIR spectroscopy and UV—vis spectroscopy
also Al 3Q MAS NMR spectroscopy and extensive periodic
DFT calculations including molecular dynamics. This multi-
spectroscopic and theoretical approach was shown to be a very
powerful tool for analyzing the organization of Al and siting of
divalent cations in the SSZ-13 zeolite.

Our results reveal that 54% of all the Al atoms in the SSZ-13
zeolite are close unpaired Al atoms of Al—O—(Si—0);—Al
sequences of two D6R cages with one Al located in the 4-ring
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connecting two D6R units. 35% and 11% of all the Al atoms
represent single Al atoms and Al pairs, respectively. The latter
correspond to Al-O—(Si—0),;—Al sequences located in one
ring forming cationic sites for bare divalent cations. The Al
atoms of Al-O—(Si—0),—Al sequences in D6R (each Al in
one 6-ring) represent 7% of all the Al atoms, but the acid sites
connected with these Al atoms face different cavities and,
therefore, exhibit the properties typical for isolated acid sites.
Divalent cations accommodated in these sites are not
accessible for guest molecules. The concentration of Al-O—
Si—O—Al sequences in the SSZ-13 sample is negligible.

All the types of the Al arrangements—single Al atoms, close
unpaired Al atoms, and Al pairs are important for the catalytic
properties of the prepared materials. Single Al atoms are able
to accommodate exclusively monovalent cationic species, while
Al pairs can stabilize divalent cations and divalent species. In
addition, Al pairs can also create two close and cooperating
monovalent centers. Close unpaired Al atoms have been until
now regarded to be unique for beta zeolites with a high or
medium Al content in the framework. They were reported to
be responsible for the formation of monovalent oxo-species of
divalent cations. The concentrations of single Al atoms, close
unpaired Al atoms, and Al pairs in the SSZ-13 zeolite are the
most similar to those of some Al-rich beta zeolites.

There are four cationic sites in the SSZ-13 zeolite capable of
accommodating bare divalent cations. The o site is formed by
an Al-O—(Si—0),—Al sequence in the 6-ring. The divalent
cation in this site exhibits planar coordination with an open
coordination sphere and is coordinated to four framework
oxygens of two AlO,” tetrahedra. This site represents the main
cationic sites for accessible divalent cations which accom-
modates 26% of bare divalent cations in the maximum Me(II)-
loaded zeolite, and the Al atoms in the Al pairs of this site
correspond to 5% of all the Al atoms in the SSZ-13 zeolite.
This site is preferentially occupied from the lowest cation
loadings.

The 7 and 7°% sites are formed by Al-O—(Si—0),—Al and
Al-O—(Si—0);—Al, respectively, sequences in the 8-ring.
Divalent cations located in these sites exhibit an open
coordination sphere and approximately planar coordination.
They are coordinated to three framework oxygens. The 7 and
5 sites accommodate 26 and 9%, respectively, of bare
divalent cations in the maximum Me(II)-loaded zeolite, and
the Al atoms of the Al pairs of these sites correspond to 5 and
2%, respectively, of all the Al atoms in the SSZ-13 zeolite.
These sites are occupied only at higher or the highest Me(II)
loadings, respectively, in the SSZ-13 zeolite.

The w site is located inside the D6R unit. It is formed by an
Al-O—(Si—0),—Al sequence with each Al atom belonging to
a different 6-ring of the D6R cage. Divalent cations located in
this site are coordinated to three oxygens, to one from each of
the two AlO,” tetrahedra, and to one from a SiO, tetrahedron.
Divalent cations in this site are not accessible for guest
molecules, and the acid sites corresponding to the two Al
atoms of this site face different cavities and behave as isolated
acid sites. The @ site accommodates 39% of bare divalent
cations in the maximum Me(Il)-loaded zeolite, and the Al
atoms of the Al pairs of this site correspond to 7% of all the Al
atoms in the SSZ-13 zeolite.
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