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Annotation

This thesis deals with the application of advanced methods of solid-state nuclear magnetic
resonance (NMR) spectroscopy to determine the crystallographic positions of
extra-framework cations in zeolites. The dehydrated lithium and sodium forms of zeolites
ferrierites have been investigated using various single- and two-dimensional NMR techniques
to distinguish individual cationic positions. Lithium, sodium and potassium forms of the
zeolite chabazite were examined in both the hydrated and dehydrated state to investigate the
effect of the cation on the NMR spectrum of framework aluminium. The experimental data

have been interpreted using results of quantum chemical calculations.
Keywords

zeolite, solid-state NMR spectroscopy, framework Al site, extra-framework cations, ferrierite,

chabazite, heterogeneous catalysis

Nazev
NMR spektroskopie kationtd v mimomfizkovych polohach zeolitt
Anotace

Tato prace se zabyva aplikaci pokrocilych metod spektroskopie nuklearni magnetické
rezonance (NMR) pevné faze pro urceni krystalografickych poloh mimomfizkovych kationtti
v zeolitech. Dehydratované lithné a sodné formy zeoliti ferrieriti byly zkoumany pomoci
riznych jedno- a dvoudimenzionalnich NMR experimentti za G¢elem rozliSeni jednotlivych
kationtovych poloh. Lithné, sodné a draselné formy zeolitu strukturniho typu CHA byly
zkoumany v hydratovaném i dehydratovaném stavu pro zjiSténi vlivu kationtu na NMR
spektrum skeletdlniho hliniku. Pro interpretaci namétenych dat byly pouzZity vysledky

kvantové chemickych vypocth.
Kli¢ova slova

zeolit, NMR spektroskopie pevné faze, miizkovd poloha Al, mimomfizkové kationty,

ferrierit, chabazit, heterogenni katalyza



Souhrn

Tato prace se zabyva aplikaci pokroCilych metod spektroskopie nuklearni magnetické
rezonance (NMR) pevné faze pro ureni mimomiizkovych poloh vybranych jednomocnych

kationti alkalickych kovl v zeolitech.

Jednim z cild bylo vytvofeni postupu pro rozliSeni jednotlivych krystalografickych poloh
kationtd Li" a Na' v zeolitech s vysokym obsahem kiemiku, véetné ovéfeni moZnosti
interpretace NMR spekter pomoci kvantové chemickych vypocti. Jako modelovy systém byl
zvolen zeolit strukturniho typu FER. Na zaklad¢ komplexni analyzy sady syntetickych FER
zeolith pomoci *’Al NMR, *Si NMR a UV-Vis spektroskopie byly vybrany tii vzorky s
rozdilnou distribuci Al ve skeletu. Jejich dehydratované lithné a sodné formy byly néasledné
zkoumény pomoci NMR technik pevné faze za rotace vzorku pod magickym tthlem (MAS).
Pro rozli$eni neekvivalentnich krystalografickych poloh Li" v tizkém rozsahu chemickych
posunit byl poprvé pouzit dvourozmémy 'Li-'Li vyménny korelaéni (EXSY) NMR
experiment. Relativni zastoupeni Li" v jednotlivych polohach bylo nasledné uréeno pomoci
dekonvoluce jednorozmérného 'Li MAS NMR spektra. Pro rozliseni kvadrupolarng
rozsifenych signalfi jednotlivych poloh Na® bylo nutné soub&zné analyzovat jednorozmérna
*Na MAS NMR a dvourozmérna vicekvantova (MQ) MAS NMR spektra zmé&fend na dvou
riznych magnetickych polich (vysokém a ultra-vysokém). Pro interpretaci NMR spekter byly
pouzity kvantové-chemické vypocty. Vypoctené NMR parametry byly v dobrém souladu
s experimentalnimi hodnotami, avSak podobnost vypoctenych parametri nékterych
kationtovych poloh neumoznila jejich dostate€né rozliSeni bez znalosti distribuce Al ve

skeletu.

Dalsim z cilli bylo ovéfeni moznosti analyzy struktury kationtové polohy nepiimo pomoci
Al MAS NMR s vyuzitim vlivu kationtu na koordinaci Al v dehydratovaném zeolitu.
K tomu byl vybran zeolit strukturniho typu CHA, ktery obsahuje pouze jednu miizkovou
polohu Al. Jeho lithné, sodné a draselné¢ formy byly zkoumany v hydratovaném i
dehydratovaném stavu pomoci >’Al MAS a MQMAS NMR experimenti. Bylo zjisténo
znatelné rozsifeni Al spekter dehydratovanych vzorkll v zavislosti na iontovém poloméru
mimomiizkového kationtu. Analyza tohoto roz$ifeni pifinasi dal$i strukturni informace o
mimomiizkovych polohach kationti v zeolitech, a to véetné K, které je obtizné méfitelné.
Teoretické vypocty prokazaly, Ze pti¢inou roz$ifeni je predevsim deformace AlO4, ktera je

zpusobena navazanim kationtu.
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1 Introduction

Zeolites are microporous crystalline aluminosilicates with three-dimensional framework.
These few words describe a unique combination of properties that nominate zeolites to play
an important role in modern chemistry and technology. The term zeolite was originally
introduced in 1756 by Swedish mineralogist Axel Fredrik Cronstedt, who observed large
amounts of steam produced by heating the mineral stilbite. Zeolites occur as natural minerals,
but more important are zeolites synthetized by researchers or produced industrially. Because
of the regular microporous structure leading to large surface area, well organized micropore
channel system, presence of exchangeable cationic species and high chemical and thermal
stability, zeolites are used in a variety of applications with a global market of several million
tones per year." There are three main commercial applications of zeolites: in detergents, in
separation and absorption, and in catalysis. The largest application in volume is in detergents,
but with respect to financial market and industrial impact, catalysis is the largest application
of zeolites." In the case of catalysis mostly synthetic ones are used, since their properties for
the specific reactions and processes can be controlled by tuning synthesis parameters. The
knowledge of the relationship between chemical composition, structural parameters and
chemical and physical properties of the material in a particular process is essential for design,
development and application of zeolite materials for the new generation of highly effective
and environmentally friendly catalytic processes. Solid-state nuclear magnetic resonance
(ssNMR) represents one of the most powerful analytical methods for determining the
structural properties at the atomic scale. This method allows a unique view of coordinating
state and chemical environment of individual atoms. My work deals with the applications of
ssNMR supported by quantum chemical calculations for the analysis of crystallographic
positions of extra-framework cations in zeolites. Aims have been focused on alkali metal
cations in silicon-rich zeolites with low relative concentration of aluminium in the framework.
In presented thesis, impact of zeolites on catalysis and methods for analysis of extra-
framework cations in zeolites are briefly introduced, followed by description of zeolite
structure and chemical composition in Chapter 2. Solid-state NMR spectroscopy and its
application for characterization of zeolites are described in Chapter 3. Aim of study with main
goals is pointed out in Chapter 4 and materials and methods that helped to achieve them are
described in Chapter 5. Results are shown and discussed in Chapter 6 and concluded in

Chapter 7.
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1.1 Zeolites in Heterogeneous Catalysis

In zeolite catalyst, chemical reactions take place within the internal channels and cavities. The

1" ones introduces negative charge into the

isomorphous substitution of Si'" atoms by the A
silicate framework, which has to be compensated by positively charged ions or protons. These
cationic species occupy extra-framework positions in the zeolite channels and can play a role
of reaction/sorption centers (active sites) accessible for various molecules through channel
system. Well-defined microporous structure (see Figure 1) with pore sizes of molecular
dimension provides shape-selectivity where the shape and size of a particular pore system has

a steric influence on the reaction, its transition-states” and controlling the access of reactants

and products.

Figure 1. 3D structure of FER framework type viewed along 10-ring channel [001]

Due to flexible chemical composition is possible to control the type (whether acid, base or
redox), number and strength of active sites as well as the adsorption properties. There are
concentration effects due to high adsorption capacity leading to high reaction rates. Silicon-
rich zeolites have outstanding thermal and hydrothermal stability making their regeneration

easy and repeatable.

Aluminum-rich zeolites (Si/Al 1 - 4) with faujasite (FAU) structure are the most common
zeolites used in heterogeneous catalysis. Nevertheless, in recent thirty years, the application

of silicon-rich zeolites (Si/Al > 6) arises of which ZSM-5, beta zeolite, MCM-22, mordenite

15



and ferrierite exhibit the highest industrial impact.>* An important class of reactions are that
catalyzed by protonic form of zeolites, whose framework-bound protons give rise to very high
acidity. This is utilized in many industrial application in oil refining and petrochemistry,
including crude oil cracking (fluid catalytic cracking - FCC, hydrocracking), isomerization
and alkylation of paraffins/olefins, and conversion of methanol to hydrocarbons (methanol to

gasoline - MTG, methanol to light olefins — MTO).**

Zeolitic materials where Al is replaced by other isomorphously substituted metal exhibit
unique properties as demonstrated in the use of titanium silicate TS-1 in the production of

caprolactam,’ propylene epoxidation, phenol hydroxylation, cyclohexanone ammoximation,'

L2 760lite-based

and in the oxidation of benzene to phenol by nitrous oxide (BTOP reaction).
catalysts with transition metal ions in extra-framework positions exhibiting unique redox
properties have found applications in the abatement of NOy from diesel engine exhaust gases

B-15 There are also many promising application in hydrocarbon

and in nitric acid plants.

syntheses, synthesis of fine chemicals,lé’17 biomass conversion,18 the conversion of methane
1 . .

to form more valuable products (such as methanol and benzene)' and carbon dioxide

utilization and abatement.” Zeolites are frequently referred as “green catalysts™."”

These developments and related successes have only been possible by our increased
knowledge and related technological advances in the tailoring of zeolite-based catalysts. In
the last decade, we have seen an expanding scientific base, often obtained by a synergistic
approach between experiment and theory, for the advanced synthesis and use of zeolites. The
design of advanced catalytic systems exhibiting high activity and selectivity and meeting
requirements on industrial applications represents a complex process, which can hardly be
finalized without the detailed knowledge of the structure of the active sites and their

distribution in the molecular sieve.

1.2 Analysis of Cation Siting in Si-rich Zeolites

The physico-chemical properties of zeolites are strongly related to the crystal structure. The
key information is not only in the structure type, but also in the distribution of the aluminium
and derived distribution of the cations in extra-framework positions in the zeolite cavities and
channels. Since the distribution of the cations controls the electric fields, the characterization
of the cation sites is a prerequisite for understanding of the physical properties of zeolites.”'

To describe methods for characterization of zeolites is far beyond the scope of this thesis.
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Basic spectroscopic method for analysis of structure parameters and cation siting is X-ray
diffraction (XRD). In aluminium-rich zeolites extra-framework sites of different cations
(except lithium) are very well described by XRD in the number of publications and are

compiled by Mortier* for the most common structure types.

Contrary to Al-rich zeolites, publications on cation siting in Si-rich zeolites are less
numerous. Diffraction studies of cations in extra-framework positions in silicon-rich zeolites
meet extreme difficulties due to the low concentration of active sites, large unit cells with a
low symmetry, and a high number of different local structures accommodating cationic sites
and often having several close structures. In pioneer work by Olson et al.>>, synchrotron
diffraction was used to characterize Cs" in ZSM-5. Mentzen** analyzed H-, Li-, Na-, K-, Rb-,
and TI-ZSM-5 using synchrotron a neutron diffraction. Dalconi and co-workers identified
only 3 different cobalt sites in dehydrated ferrierite (Co-FER with Si/Al 8,5) by XRD and
EXAFS® and 4 cationic sites in dehydrated zeolite Ni-FER with the Si/Al 8,5 by powder
XRD.* Seff”’ characterized Cs” sites in single crystal of ZSM-5 using synchrotron

1.** analyzed Co®" siting in hydrated and dehydrated Si-rich zeolites

diffraction. Dédecek et a
by a UV-Vis diffuse reflectance spectroscopy. Analysis of accessibility and nature of active
sites by adsorption of probe molecules and monitored using combination of FTIR and DFT
calculations was reviewed by Nachtigall.*® An important method for characterization of

cations and adsorbed molecules in zeolites reveals solid-state NMR spectroscopy.
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2 Zeolites - Structure and Chemical Composition

Zeolite framework can be described is as regular 3D network of TO, tetrahedra linked
together by their corners, whereas T represents Si and Al atoms. The variability in
organization of building tetrahedra and in chemical composition results in almost infinite
possible arrangements of both channel system and local structure of the zeolite walls. Apart
from regular framework, zeolites can contain impurities, inhomogeneity, disordered parts,
terminating Si-OH groups, octahedral extra-framework aluminium species, bulky silanol nests

etc., which can influence zeolite properties.

The rigid TO4 tetrahedron represents the primary building unit (PBU) of the zeolite
framework. The O-T-O angle is 109° 28 for a geometrically perfect tetrahedron and
deviations of more than a few degrees are not frequent.’’ The T-O bond length depends on the
particular T-atom. To build zeolite frameworks the tetrahedra are connected by shared
oxygen. The T-O-T bond angle is quite flexible, in contrast to the rigid O-T-O one. The
flexibility of the T-O-T angle is very important since it allows the formation of the great
variety of zeolite frameworks without strong thermodynamic barrier.”* The flexibility of the
T-O-T angle allows the formation of rings and other more complex building units. It has be
mentioned that T-O-T angle depends also on the nature of the T-atom and replacement of Si

by Al atom results in significant angle deformation due to the difference in the bond length.

By linking groups of PBUs together, secondary building units (SBUs) can be formed. The
simplest examples of SBUs are rings. In general, a ring containing » tetrahedra is called an » -
ring. The most common rings contain 4, 5, 6, 8, 10, or 12 tetrahedra, but materials with rings
formed of 14, 18, up to 20 tetrahedra have been prepared.”®> Materials with 3-, 7- or 9-rings,
are rare.”* When a ring defines the face of a polyhedral unit, it is also called a window.
Although the rings are sometimes planar, more often they have more complicated shape and

geometry.

At the next level of complexity is obtained by constructing larger composite building units
(CBUs) from n-rings giving rise to a diverse and interesting set of structures, such as double
n-rings, polyhedral units and chains. By combination of CBUs together any zeolite structure
with channels (and cavities) can be build. A channel is a pore that is infinitely extended in
one dimension with a minimum aperture size (n-ring) that allows guest molecules to diffuse

along the pore. In many zeolites the channels intersect forming two- and three-dimensional
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channel systems. The dimensions of the pore are one of the critical properties of zeolite
materials since this dimension determines the maximum size of the molecules that can enter
from the exterior of the zeolite crystal into its micropores. CBU, framework structure and

channel system of various framework structures are shown in Figure 2.

Faujasite
XandY
H ZSM-12
¥ x053nm
SiO,, -or ZSM-5
_ —_— 0.55 nm
AlO, - Silicalite-1 x0.51 nm
Tetrahedra ’g—.
Pentasil Unit
0.45 nm
(L X 0.55 nm
& Theta-1
B N —>
M ZSM-22

Figure 2. Structures of four selected zeolites (from top to bottom: faujasite or zeolites X, Y; zeolite ZSM-12;
zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions®

Zeolites as any crystalline material can be described by Unit Cell (UC). This is the smallest
building “block” when periodically repeated the whole structure can be build. UC is given by
its lattice parameters, which are the length of the cell edges and the angles between them,
number of T-atoms and their topology and framework density (number of T-atoms per

1000 A%).

2.1 Framework Structure Types

On contrary to infinite possible arrangements, over 230 framework structures with different
framework topology are now recognized by the Structure Commission of the International
Zeolite Association.”® In accordance with the TUPAC recommendations on the chemical

nomenclature of zeolites and related materials, topologically distinct framework types are
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represented by a mnemonic code consisting of three capital letters. Generally, these codes
derived from the name of the type materials for example FAU for faujasite, SOD for sodalite
and FER for ferrierite. These symbols only describe and define the network and the topology
of the corner sharing tetrahedrally coordinated framework atoms (T-atoms), irrespective of
composition, distribution of the T-atoms (Si, Al, P, Ga, Ge, B, Be, etc.), cell dimensions or

symmetry. In this work, zeolites of FER and CHA framework type were investigated.

2.1.1 Ferrierite (FER)

Zeolites of the FER structure are important group of silicon-rich zeolites. Crystal structure of

the framework type was first described by Vaughan®’ on the material with chemical formula:

|Mg2+2Na+2 (H20)18| [AléSi30 O72]-FER

However, chemical composition is highly variable and ferrierites are synthesized in a wide
range of Si/Al ratios as from about 5 up to all-silica materials. Crystal unit cell of FER is
orthorhombic (a = 19.0180 A, b = 14.3030 A, ¢ = 7.5410A; o = B = y = 90.000°) with
framework density of 17.6 T-atoms/1000 A’ and accessible volume of 10 %. Framework
structure (see Figure 3) contains four different T-atoms connected into 5-, 6-, 8- and 10-rings.
The two-dimensional channel system is formed by 10-ring channels in [001] plane with free
diameter of 4.2 x 5.4 A interconnected with 8-ring channels in [010] plane with free diameter

of 3.5x 4.8 A.
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Figure 3. Structure of FER framework unit cell, viewed along [001]

2.1.2 Chabazite (CHA)

Unit cell of CHA framework type is trigonal (a = 13.6750 A, b = 13.6750 A, ¢ = 14.7670 A;
a=90.000°, B=90.000°, y=120.000°) with framework density of 15.1 T/1000 A® and
accessible volume of 17.3 %. CHA structure with one T-atom forming 4-, 6- and 8-rings can
be viewed as a sequence of double 6-rings forming 3D system of 8-ring channels with free
diameter of 3.8 A with big cavities at intersection. Type material of CHA framework is

Al-rich zeolite chabazite with chemical formula:

|Ca®* (H20)a0| [Al12Siz4 O72]-CHA

Many other related materials differ in chemical composition and unit cell dimensions
including Si-rich zeolite SSZ-13, all-silica chabazites, and number of aluminophosphates and

silicoaluminophosphates.
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Figure 4. Structure of CHA framework unit cell

2.2 Role of Aluminium in Zeolite Framework

Since Al governs the location of cationic species in the zeolite channel/cavity system as well
as their local arrangement (coordination to individual rings) and nature (monovalent species
can balance both isolated or close Al atoms, while polyvalent species requires high local
framework charge resulting from presence of close Al atoms), description of Al arrangement
in the zeolite framework is of high interest. The low content of isomorphously substituted Al
in the Si-rich zeolites (Si/Al > 8) provides a wide variety of mutual arrangements of Al atoms
in the framework. Al arrangement can be described by two parameters: distribution and
siting. Al distribution describes distances between Al atoms and their positions in n-ring,

while siting represents location of Al atoms in crystallographic positions.

2.2.1 Al Distribution

There is only one known empirical rule for the aluminum distribution in the zeolite
framework, the Loewenstein rule,*® excluding two neighboring AlO4 tetrahedra. Thus,
Al-O-Al sequences are not present in the zeolite framework. The absence of other rules
governing the mutual arrangement of Al atoms in the framework, establish conditions such
that all the Al-O-(Si-O),-Al sequences are allowed in the frameworks of Si-rich zeolites (see

Figure 5).4
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Figure 5. Arrangement of Al distribution in Si-rich zeolites®

The term “close Al atoms” is introduced for Al atoms, which participate on the charge
balance of the hexaaquo divalent complex in hydrated zeolites. The close Al atoms are
represented by Al-O-(Si-O);»-Al sequences in one ring (and Al-O-(Si-O);-Al in mordenite),
and Al-O-(Si-O), »3-Al sequences with Al atoms in different rings in close geometric distance
under conditions that the hexaaquo comlex of the divalent ion can cooperate with both these

Al atoms (see below the visible distance of Al atoms).

The closest Al atoms present in the zeolites, AI-O-Si-O-Al sequences, are well-known for Al-
rich materials (e.g. LTA, FAU topologies). They can be readily detected using standard *°Si
MAS NMR analysis. However, these Al sequences are very rare in Si-rich frameworks (for
illustration see Figure 5 a, b, ¢). On the other hand, close Al atoms of Al-O-(Si-O),-Al
sequences in one ring in Si-rich zeolites represent substantial and, in some Si/Al
compositions, the predominant fraction of Al atoms. The Al atoms in AI-O-(Si-O),-Al
sequences located in one six-member ring of cationic site (denoted further Al pairs, Al,Al) are

of specific importance and occur frequently (as an example see Figure 5 d). The Al-O-(Si-
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0)3-Al sequence in an 8-MR was reported only in mordenite. It would behave similarly as the
Al-O-(Si-O),-Al sequences in 6-MRs and they will accordingly be discussed together. When
occupied by the above sequences, the described 6- and 8-MRs represent cationic sites for bare

divalent cations bound exclusively to framework oxygen atoms in dehydrated zeolites.*

Al-O-(Si-O),-Al with n = 2 or 3 with Al atoms located in different rings is also a possibility
for Al distribution (Figure 5 e, f). This is the only condition for these Al atoms, albeit there is
no way of differentiating amongst the numbers of (Si-O), groups. If close enough, the Al-O-
(Si-O),.3-Al sequences with Al atoms in the different rings can balance the charge of the
divalent hexaaquo complex in hydrated zeolites, whereas they are unable to coordinate bare

divalent cations in dehydrated zeolites.*

2.2.2 Al Siting

Crystallographically different TO4 tetrahedra units forming the frameworks in Si-rich zeolites
consist of at least one unit in zeolite SSZ-13 of CHA structure up to 24 units in monoclinic
ZSM-5 or TNU-9. This leads, together with the low Al content (Si/Al > 8), to high variability
in the siting of Al atoms, i.e., occupation of the individual framework T-sites, and different
populations of Al atoms in these sites. The siting of Al atoms in the individual framework T-
sites represents a basic parameter which governs the derived distribution of Al atoms. The
parameters describing the Al siting can be suggested as siting of Al atoms in the individual
framework rings (essential for the location of protons and location and coordination of metal
ions) and siting of Al atoms with respect to the structural channel/cavity system, which
thereafter controls the accessibility of charge balancing metal ions or protons for reactants or
guest molecules, and the formation of various types of reaction intermediates in the
surrounding void volume of the counter ions. Thus the negatively charged AlO, tetrahedra in
the framework determine the distribution of the local negative charges and derived

distribution of active sites.

Recently, it has been shown that the Al siting and distribution in silicon-rich zeolites is not
random and depends on the conditions of the zeolite synthesis.'***** Therefore, the
determination of the Al siting in the framework is the first and essential step in the synthesis
of zeolites with the defined Al distribution. Nevertheless, Al siting in zeolites with isolated Al

atoms can be monitored by solid-state NMR spectroscopy, the presence of close Al structures
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can dramatically affect >’Al chemical shift, making analysis complicated. Thus,

complementary method is needed.

2.3 Cations in Extra-Framework Positions in Si-rich Zeolites

Extra-framework cations play an important role in determining the catalytic properties of
zeolites. Positively charged counter ions in the cationic sites bound via framework oxygen
atoms neighboring to the framework T-sites occupied by Al atoms. In the exchange of di- or
poly-valent cations, a sufficient local negative charge balancing the charges of the cations is
required. Thus the siting and distribution of Al atoms in the framework of the zeolite controls
the location of the exchanged protons and bare cations, and the structure of metal-ion
complexes and their distances in the zeolite structure. This implies an essential importance of
the siting and distribution of Al atoms in the zeolite framework for the catalytic properties of
zeolite catalysts. Typical positions of divalent cations (denoted as o,  and y) in the pentasil
zeolites are depicted in Figure 6. Specific ionic capacity varies with the structure of the zeolite
and the exchanged cation. It has to be mentioned, that in the Si-rich zeolites divalent (or
trivalent) cations can occupy only position where are two (or three, respectively) close Al
atoms. It leads to the fact, that Al distribution can affect structure of the active sites. It was
demonstrated by Dédetek et al.*® on the set of Cu-ZSM-5s with different Si/Al and Cu
loading. Monovalent cations indicate the location of the Al atoms in the individual framework

rings and channels, to ensure charge balance.
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Mordenite Ferrierite

Figure 6. (A) The rings of the a-, B- and y-type sites in the framework of mordenite, ferrierite, ZSM-5 and beta
zeolites, and (B) detail of the a-type site in mordenite, B-type site in the beta zeolite, and y-type site in ferrierite.
(with permission from Ref.*)

Position of the Cs" ion provides evidence only for the location of the Al atoms in the walls of
the channels. Thus the location of the Cs" ions obtained by XRD for Cs-ZSM-5 indicates only
Al atoms located in one T site of the main channels and two T sites are located in the
sinusoidal channel.” Siting of Al atoms on the intersection of the main and sinusoidal

channels results from location of Na', K', Rb" and T1" in the ZSM-5 channel system
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according to the study of Mentzen et al.® Moreover, siting of Al atoms in the T; or Ty, T4 or
T, and Tjo was suggested using Li" ion as a probe monitored by neutron powder diffraction
in this study. The discrepancies in the cation and Al siting in different crystallographic studies
should reflect variability of Al siting in Si-rich zeolites, clearly evidenced by *’Al MAS NMR
studies. The Cu" ions coordinated to four framework oxygens of the a- or p-type cationic sites
containing Al-O-(Si-O),-Al sequences represent the most active sites in decane-SCR-NOy
(see Figure 7a). On contrary, the Cu' ions coordinated to two or three framework oxygens and
located at the channel intersection adjacent to the single Al atoms in the a- or B-site control

predominantly reaction of NO decomposition (see Figure 7b).

Figure 7. a) Cu ion (blue) balanced by two Al atoms (black) and preferring divalent state — active center for
decane SCR-NO, under water presence. b) Easy reducible Cu ion balanced by isolated Al atom — active center
for NO decomposition®

Figure 8. Two Fe’" ions in defined distance and each balanced by two Al atoms — active center for N,O
decomposition in Fe-FER™
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Sklenak et al.** found that active site for N,O decomposition in pentasil zeolites (ferrierite,

ZMS-5 and beta) is formed by two Fe®" ions in defined distance and each balanced by two Al

atoms (see Figure 8).

These few examples demonstrates that analysis of cation siting together with Al siting is of

the highest interest since not all of the extra-framework species form suitable active sites in

particular catalytic processes.
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3 Solid-state NMR Spectroscopy — Concepts and Techniques

High-resolution solid-state  NMR spectroscopy is a powerful tool for a structural
characterization which is not affected by the issues causing difficulties in diffraction studies
as discussed above. A high sensitivity of ssNMR techniques for chemical bonds in the local
structure of the resonating nuclei is utilized for characterization of framework atoms,
extra-framework species, surface sites, and adsorbate complexes in zeolites with great
success. Many atoms occurring in zeolites possess isotopes with a nuclear spin, which makes
these isotopes NMR active. HB, 17O, 27Al, 298i, 31P, SlV, 67Zn, and "'Ga isotopes are
accessible for NMR spectroscopy and contribute to the framework of zeolites in a broad
manner. 'H, 'Li, **Na, and **Cs isotopes are interesting for the characterization of surface OH

. .45
groups and extra-framework species, such as extra-framework cations.

431 Therefore, this section briefly

NMR spectroscopy is described in a number of texts.
introduces basic NMR principles and focuses on the mechanisms responsible for the
broadening of solid-state NMR signals and line narrowing techniques, which allows

acquisition of highly resolved solid-state NMR spectra.

3.1 NMR Principles

“NMR active nuclei,” which are observable by NMR, possess a spin-angular momentum
defined by the nuclear spin number /. The nuclear spin is an intrinsic property of the nucleus.
The nuclear magnetic dipole moment p depends on the nuclear spin-angular momentum,

defined by the vector I:

p=yhl

where vy is the gyromagnetic ratio and £ is reduced Planck's constant (i.e. Planck's constant
divided by 2m). The gyromagnetic ratio is unique for each isotope of each element and a very
important quantity in NMR, since NMR spectroscopy is based on the precession of the
nucleus in a magnetic field. The rate of this precession is known as the Larmor frequency, oo,

in angular units (rad.s™) given by:
wo = YBy

where By is the magnetic flux density of the external applied magnetic field.
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3.2 NMR Interactions

There are two types of NMR interactions: internal and external. The external interactions
depend on By, and the oscillating field B; induced by a radiofrequency (rf) pulse and
solenoidal coil. The internal interactions arise from the magnetic and/or electronic chemical
environment of the nucleus, such as chemical shielding, direct and indirect dipolar coupling,
quadrupolar coupling, paramagnetic interaction etc. and are described in detail elsewhere.*®

48,50,52 Here, we focus on dominant interactions relevant to this work. These NMR interactions

are described by the total Hamiltonian:***

FI:H2+FIrf+Hcs+HD+HQ

where Hz, Hy, Hcs, Hp and PIQ are the Hamiltonians of the Zeeman interaction,
radiofrequency interaction, chemical shielding interaction, dipolar interaction and quadrupolar

interaction, respectively.

3.2.1 External Interactions

3.2.1.1 Zeeman Interaction

NMR spectroscopy is based on the interaction of the nuclear spin with the applied external
magnetic field By. This interaction is known as Zeeman interaction and it is represented as its

Hamiltonian form as:>*
I:IZ = _hyBOIZ

where I, is the projection of the nuclear spin angular momentum along the z-axis in the
direction of By. In an external magnetic field the spin of an NMR active nucleus will precess
about the z-axis in one of the 2/ + 1 possible orientations. These orientations or energy levels
are described by different values of the nuclear spin magnetic quantum number m;, where m;
=1 I-1..., -I. In the case of spin /=1/2 , the spin precesses with one of the two energy levels,
my = +1/2 (a state), or m; = -1/2 (P state) (see Figure 9). The difference in energy between

these levels (i.e., from o to ) depends on both By and y:*'°

AE = hyBo = h(,l)o

If AE increases as the result of increasing in By or vy, the population difference between the

energy levels increase.
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Figure 9. Splitting of energy levels of nucleus with spin 7/ = 1/2 in the presence of static magnetic field.

At thermodynamic equilibrium, the non-degenerate energy states are not equally populated,
and the ratio of the population between adjacent energy levels is described by the Maxwell-

Boltzmann distribution as:>'

where Ng and N, represent the populations of higher (B) and lower (a) energy levels (when
v > 0), respectively, and k is the Boltzmann constant. As a consequence of longitudinal
relaxation, at equilibrium, there are slightly more spins in the a state than in the B state, and as
a consequence, there is a bulk magnetization, M, directed along the direction of By. The
difference between spin state populations is relatively small, compared to other forms of

spectroscopy, because of the small energy difference between the levels. As a result, NMR is

an insensitive technique in terms of the attainable signal-to-noise ratio (S/N).

3.2.1.2 Radiofrequency Interaction

An application of an rf field, B, in the direction perpendicular to the static external magnetic
field, By, induces a spin transition (the change of spin state from o to  or in the opposite

direction). The rf Hamiltonian describes the interaction between the nuclear spin and B:
I:\Irf = _Bl (t) Cos[wrft + (p(t)] Z Vrillaic
i

where ;¢ is the applied rf and ¢ is its phase. The nuclear spins interact with By similarly as
with By, although, B is static and B; oscillates in the lab frame in time. An oscillation of By
can be visualized as two component vector rotating around By in opposite direction (Figure

10).
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Figure 10. The two vector components of the B, field in the xy-plane.

The effect of the oscillating B; field can be understood by transforming this system into a
rotating frame of reference which rotates at the rf transmitter frequency, o In this rotating
frame, the effect of the By field is depleted and the oscillating magnetic field, By, appears
stationary and has a similar effect on the bulk magnetization as By does in the lab frame (i.e.,
the magnetization precesses about B; for an on-resonance pulse). In the absence of an rf pulse,
the bulk magnetization, My, precesses along By at a ®o. When an rf pulse is applied along the
x-axis of the rotating frame, the bulk magnetization, My, rotates counterclockwise by an angle

O.r about the x-axis. The angle 0, is called the tip angle and it is defined by:
erf = YB1Trf = W1 Trf

where o 1s called the nutation frequency and 7. is the length of applied rf pulse. If the
applied pulse is on resonance (i.e., ®9 = ), then the bulk magnetization, My, appears
stationary in the rotating frame and By appears to be absent. The only remaining field is By,
around which the magnetization precesses. In most NMR experiments, pulses are not applied
on resonance. In such cases, the Larmor frequency is then reduced from ¢ to (®¢ - ®,f) and
the field along Bj does not vanish (as it is the case for an on resonance pulse). Thus, in this
case there exist two fields, one along the z-axis with magnitude equal to By(l - o./wo)/y and
the second of magnitude B; along the x-axis. The resultant effective field is the vectorial sum
of the two components and is denoted as By (Figure 11) around which the nuclear spin

magnetization precesses.
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Figure 11. The magnetic fields present in the rotating frame. In the case of an on-resonance pulse (@ = ®,f), only
B, remains.

The allowed NMR spin transitions are defined by Am = £1. By application of an rf pulse, the
energy is absorbed causing spin transitions between two different energy levels, and the
population of the two levels become equal, this phenomenon is called saturation. Once the
pulse is turned off, the magnetization returns to thermal equilibrium. The system reaches the
equilibrium by releasing the acquired energy to the surroundings via a phenomenon called
relaxation. There are two fundamental spin relaxation processes. Longitudinal or spin-lattice
relaxation, whose time constant is denoted by 77, is the process by which the magnetization
returns back to the initial state of thermal equilibrium (along the z-axis), and transverse or
spin-spin relaxation, denoted by 7>, is the magnetization dephasing or loss of phase coherence

in the xy-plane.

3.2.2 Internal Interactions

3.2.2.1 Chemical Shielding Interaction

Circulation of the electrons surrounding nucleus in the static external magnetic field generate
small local magnetic fields, Bj,.. Interaction of these fields with nuclear spins is call chemical
shielding. Induced local fields change the net magnetic field at the nucleus, leading to changes
in its Larmor frequency. The degree of change of the precession frequency reflects the value
of the chemical shielding which depends on the total effective magnetic field, Ber,

experienced by the nucleus:

- —

Befr = By + Bioc = By — 0By = (1 - G)BO
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The magnitudes of these local magnetic fields depend on the strength of the external applied
magnetic field By, but more importantly, upon the nature of the orbitals within the atom or

molecule. The latter is what makes chemical shielding a sensitive probe of subtle changes in

molecular structure. The nuclear shielding Hamiltonian is expressed as:

H; = —yhl,6B,
where G is the chemical shielding non-symmetric second-rank tensor.
Oxx Oxy Oxz
6 =|(0%x Oyy Oyz
Ozx Ozy Oz

G v, O x, etc. are the electric field vector components in an arbitrary reference frame. This
tensor can be diagonalized by transformation into its own principal axis system (PAS), which

is fixed in orientation with respect to the molecule:
o1 O 0
Opas = ( 0 o O )
0 0 o33

where 61, 022 and o33 are the principal components of the chemical shielding tensor (Figure

12) and O11 < 022 < 033.

Figure 12. An ellipsoid depicting the three principal components (o1}, 62,, 633) of the chemical shielding tensor
and polar angles (0, ¢) describing the direction of the external magnetic field (By)

These values are frequently expressed as the isotropic value of chemical shielding ois,,

the anisotropy A, and the asymmetry 7 as follows:*’
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(011 + 022 + 033)
Oiso — 3

A = 033 — Ojso

. (011 — 022)

033 — Ojso

The direction of By in PAS of the chemical shielding tensor is described by polar angles 6 and
¢ (see Figure 12 for definition). The contribution to the spectral frequency from the chemical

shielding o in absolute value for given orientation of shielding tensor is expressed as:*’
1 :
wes(0,P) = —w(0iso — EwOA[(S cos?0 — 1) + n(sin? 0 cos 2¢)]

where the quantity - m0iso= Oiso 1S the isotropic chemical shift frequency, relative to bare
nucleus. This equation indicates that chemical shielding depends on the orientation of
molecules with respect to the applied magnetic field. The orientation dependence of the
chemical shielding is referred to as chemical shielding anisotropy (CSA). In solution, sharp
peaks representing the average shielding are observed, due to the fast isotropic reorientation
of molecules. In microcrystalline or powder sample, all orientations of crystallites or
molecules are present and all values of 0 and ¢ are possible. Each different orientation implies
different orientation of PAS with respect to By and thus a different chemical shielding. The
spectrum will cover a range of frequencies from the different orientations, yielding NMR
powder pattern. Overlapping lines form continuous lineshape, where the intensity at a given
frequency is proportional to the number of molecular orientations with particular chemical
shielding. This means that the powder pattern lineshape depends on the symmetry of the
shielding tensor and thus on the site symmetry at the nucleus. Principal components of
chemical shielding tensor can be obtained from discontinuities and shoulders of powder
pattern influenced only by CSA. Three different orientations of chemical shielding tensor and

corresponding shielding values in powder pattern are depicted in Figure 13.

The shielding tensor components determine the shape of the powder pattern. The effect of
anisotropy and asymmetry of the chemical shielding tensor on the powder pattern lineshape is
shown in Figure 14. The anisotropy determines the breath of the lineshape, while the

asymmetry its shape.
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Figure 13. CSA powder pattern with principal values of chemical shielding tensor. Different tensor orientations
with respect to the external magnetic field lead to different chemical shielding
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Figure 14. The effect of asymmetry of the chemical shielding tensor on the static powder pattern lineshape



The total spectral frequency in absolute units is the Larmor frequency plus the chemical

shielding contribution:**
0 = wo + Wes(6, @)

In NMR experiment absolute frequencies are not measured directly, rather frequencies of
lines relative to a specific line in the spectrum of reference compound are measured and
quoted as chemical shift with respect to that compound. The chemical shift 6 is reported in

parts per million of resonance frequency and is defined as

sample — Vref

\Y)
8(ppm) = x 106

ref

where vemple (Hz) is the spectral frequency of the signal for the spin of interest and vy is the
resonance frequency of the same spin in reference compound. The chemical shielding and
chemical shift are related by:

_ Oref — Osample

&= ~ Oref — Osam
ple
1- Oref

where o is the chemical shielding of the spin in reference compound and Ggmpie 1s the

chemical shielding of the spin of interest.

3.2.2.2 Direct Dipolar Interaction

The direct dipolar interaction, as known as the dipole-dipole interaction or dipolar coupling, is
the through-space interaction between the magnetic moments of two nuclear spins separated
by a distance r. It is caused by interaction of local magnetic fields around nuclei and is
independent on the By. The interaction Hamiltonian for dipolar coupling between spins / and

S in angular frequency units (rad.s™) is given by:>*

I-r)(S'r

r2

Ho ) Vivsh

) lI-S—3

fip = —

dp = (B0) 1S

where 1 is the magnetic constant (permeability of vacuum), r is a vector joining two dipoles,

r is the distance between them and dp is the dipolar-coupling constant in units rad.s™. The
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dipolar interaction depends on the gyromagnetic ratios of the nuclei and is inversely
proportional to the cube of their distance; therefore, this interaction is more important for

nuclei with larger magnetic moments and for nuclei which are relatively close in space.

The dipolar coupling of spins is either between same species (homonuclear dipolar
coupling) or between two different nuclei (heteronuclear dipolar coupling). The homonuclear

dipolar coupling Hamiltonian is expressed as **:
fyhomo 1 2
Hp°™° = —dp > (3cos” 015 — 1)[31,S, — 1+ S]

and the heteronuclear dipolar coupling Hamiltonian as >*:
ngtero = _dD(3 C052 615 - 1)1252

where 0js is the angle between vector r and By. In liquids the dipolar interaction is averaged
by molecular tumbling, while in solids line broadening can occur and can be removed by

magic angle spinning (MAS — see chapter 3.3.1).

3.2.2.3 Quadrupolar Interaction

Quadrupolar nuclei (i.e. nuclei with spins / > ’2) have a non-spherical positive charge
distribution which gives rise to a nuclear electric quadrupole moment. The electric quadrupole
moment is defined by a scalar value, O, and is unique for each quadrupolar nucleus. The
quadrupolar interaction is the interaction between the nuclear electric quadrupolar moment
and the local electric field gradient (EFG) around the nucleus. The EFG is caused by the
electronic charge distribution around nucleus (i.e. electrons, atoms bonds, etc.); therefore, the
EFG is very sensitive to small structural changes. The Hamiltonian of the quadrupolar

. . . . 54
interaction in angular frequency units is expressed by ~:

ed

21— V!

HQ:

where I is the nuclear spin operator, and V is the EFG second-rank tensor:
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Vex Vey  Vaz
V={Vx Wy W,
Vix Vay Vi

where V.., V,, etc. represent the gradient of the electric field vector components in an

arbitrary reference frame. This tensor can be diagonalized by transformation into its PAS:'

V. 0 0
VPAS:<O Va2 0)

0 0 Vi

PAS components of the gradient of the electric field vector are defined as |Vss| > |Vas| > |V1y|
and this tensor is symmetric and traceless (Vi3 + Vy + Vi3 = 0). Information about the
spherical and axial symmetry of the EFG tensor can be obtain by the measurement of the

nuclear quadrupolar coupling constant (Cq) and the asymmetry parameter (ng). The Cq is

defined as:
eQVs3;3
and asymmetry parameter as:
_ Vii — Vi
o=y,

where 1nq is dimensionless and varies from 0 to 1 and Cy is reported in MHz. When Vi = V2,
no = 0 and the EFG tensor is axially symmetric, while if V; = V = V33 =0, Cq is equal to
zero and the nucleus is located in a site with spherical symmetry. To describe quadrupolar

interaction the quadrupolar product (Pq) can be used:

Pq = Co(1 +ng?3)"”
The quadrupolar Hamiltonian can be written as:

fg=Hq +Hy + ..

where PAIQ1 and PAIQ2 represents the first- and second-order quadrupolar Hamiltonians,
respectively. Mostly, the spectra of quadrupolar nuclei are affected only by first- and
second-order quadrupolar interaction, thus, we neglect higher then second-order terms in this

work.
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Both, the first- and second-order quadrupolar interactions cause large energy shifts in Zeeman
levels. In the case of spin / = 3/2 quadrupolar nuclei, four (27 + 1) quantized energy levels
exist (see Figure 15). The transition from -1/2 to +1/2 is called the central transition (CT) and

all others are satellite transitions (ST).

M, = -3/2 —
w, [wo +AuuQ
m=-1/2 = e e
m = +1/2 _‘”_o ________ Iwo ________ ) Wy AW,
w, iwo -Awq__
m, = +3/2 —ccC N
st nd
Zeeman 1 order 2 order
Ql Ql

Figure 15. The energy levels of spin / = 3/2 nuclei under Zeeman, first- and second- order
quadrupolar interaction (QI).

The first-order quadrupolar interaction affect only satellite transitions while the second-order
quadrupolar interaction affect both CT and STs. For this reason, the CT is observed in most of

the NMR studies.

In solution, the first-order quadrupolar interaction averages to zero, and has no influence on
the frequency of the observed resonances. However, in the solid state, the quadrupolar
interaction affect the NMR spectra, and can lead to broadening of powder pattern. The Cq
describes the magnitude of the quadrupolar interaction and determines the breadth of the
NMR pattern, while ng has influence on its shape. The effect of Cq and ng on static ssNMR

powder pattern is shown in Figure 16.
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Figure 16. The effect of C and ng on static ssNMR powder pattern

3.3 Solid-State NMR Techniques

Depending on the nuclear spin / responsible for the magnetic dipole moment, different line
narrowing techniques are required to obtain highly resolved solid-state NMR spectra of
zeolites. In the case of spin / = 1/2, the application of the conventional magic angle spinning
(MAS) technique leads to an averaging of the most important nuclear interactions, such as
anisotropic chemical shielding and dipolar interactions. Isotopes with nuclear spin / > 1/2 are
additionally characterized by an electric quadrupole moment. These nuclei are involved in
quadrupolar interactions and often require more sophisticated solid-state NMR techniques,
such as high-field MAS NMR, and multiple-quantum magic angle spinning (MQMAS) NMR
spectroscopy making their investigation complicated.* Hereafter, ssNMR techniques

employed in this work are described.
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3.3.1 Magic Angle Spinning (MAS)

The most important technique for averaging nuclear interactions in solids, i.e., for the
narrowing of solid-state NMR signals, is magic angle spinning (MAS). This experimental
technique was introduced in 1958 by Andrew et al.*’ In MAS, the sample is spun rapidly
around an axis in an angle 0y, to the external magnetic field By (Figure 17). The maximum line

narrowing effect is reached for the “magic” angle of 6, = 54.74°.

R
Z

spinning axis

shielding tensor

Figure 17. Position of CS tensor and NMR rotor during MAS experiment

The principle of MAS is that first-order interaction Hamiltonians (CS, dipolar and
quadrupolar) contain the geometric term (3cos’0 — 1), where 0 is the angle between the z-axis
of NMR interaction tensor and the static magnetic field By. If we spin the sample, the
orientation of the tensor with respect to the magnetic field varies with time and the average of

(3cos’0 — 1) becomes:
1
(3cos?0—1) = > (3cos20,, —1)(3cos?p—1)

where the angles 0,, and y are defined in the Figure 17. If we set 0, to 54.74°, then
(3c0s0, — 1) =0, and so the average <3cos’0 — 1> is also zero. Therefore, if the spinning rate
is fast so that 0 is averaged rapidly compared with the anisotropy of interaction, then the first-

order NMR interactions are averaged to zero.
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CSA can be averaged out completely by MAS when the spinning speed is larger around a
factor 3 or 4 than the CSA measured in Hz. In this case, only the isotropic peak is observed.
However, when the spinning speed is slower, the NMR pattern will be divided into spikelets
known as spinning sidebands. They are set at distances equal to the spinning frequency and
radiate out from the line at isotropic chemical shift. Spinning sidebands arise because of the
refocusing of the magnetization after each rotor period. After the dephasing of the
magnetization, the spins go back to their original positions after each rotor cycle leading to

the formation of what are called “rotational echoes” in the frequency spectrum.

Both homonuclear and heteronuclear dipolar interactions can be completely averaged to zero
by MAS provided that the spinning frequency is larger than the strength of the dipolar

coupling.

In the case of quadrupolar interactions, the first-order Hamiltonian, I:IQI, contains only the
geometric term (3cos’0 — 1) that can be averaged by MAS, while a significant residual line
broadening remains due to the second-order quadrupolar effect on central transition. The
second-order Hamiltonian, ﬂQz, contains three polynomials of which only two can be
averaged by MAS. The third polynomial contains geometric term (35cos*0 — 30cos’0 + 3),
which can only be zero either at 30.56° or at 70.12°. Thus, there is not a single value of 0
which averages all terms to zero simultaneously, therefore, the linewidth of quadrupolar

powder pattern can be reduced under MAS, but an anisotropic powder pattern remains.

Nowadays, the fast spinning of samples is performed using small turbines with gas bearing
systems and rotors consisting of zirconia tubes. Standard MAS NMR probes reach sample
spinning rates of 5-40 kHz using rotors with outer diameters of 7.0-2.5 mm. Recently,

spinning rates above 100 kHz can be reach using special probes and 0.7 mm o.d. rotors.

3.3.2 Heteronuclear Decoupling

Single pulse excitation of nucleus under study represents a basic NMR technique (see Figure
18). The rf pulse (p;) excites the spin S nuclei, which relax during acquisition time (7).
Precession of the nuclear spin induces oscillating voltage, giving an NMR signal as the
exponentially decaying sine wave termed free-induction decay (FID). After the rf pulse, the
nuclear spins do not return to equilibrium instantly, but relax according to a time constant 77,
which depends on the nucleus, its environment, temperature, etc. Therefore, relaxation delay

d; (longer than T7) have to be applied prior to the next scan. Typically, ten to thousand scans
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have to be applied to get signals with high signal to noise ratio. In some cases, sensitivity can
decrease, when less abundant spin S nucleus under study is coupled with spin / nucleus. To
increase signal intensity nucleus / is irradiated by broad rf pulse to be decoupled from spin S
nucleus. The scheme of high power decoupling pulse sequence (hpdec) with single pulse

excitation of nucleus S and decoupling of spin 7 is shown in Figure 18.

decoupling

d P, T

ac

FID

Figure 18. The hpdec pulse sequence with single pulse excitation of nucleus S and decoupling of nucleus I.
d; - relaxation delay, p; — excitation rf pulse, 7,. — acquisition time.

3.3.3 Spin-Echo

Broad lineshapes arising from NMR interactions such as chemical shift anisotropy,
quadrupolar coupling, etc. have usually rapidly decaying FIDs. Due to the ‘ringing’ in the coil
that measures the FID, there is a short period of time after each pulse, when a signal is not
detected. When induction decays rapidly, a significant part of the FID is not recorded, leading
to severely distorted lineshapes after Fourier transformation. This problem can be overcome
using spin-echo pulse sequence (Figure 19) discovered and described by Erwin Hahn® in

1950.

/2 T

Figure 19. The Hahn-echo pulse sequence
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After initial /2 pulse, magnetization components dephase during the first 7 period. The
subsequent m pulse rotates the magnetization components 180° about the y axis so the
components refocus after a second 7 period and start dephasing again. The 7 period should be

long enough to include the dead time.”*

3.3.4 Multi-Quantum Magic Angle Spinning (MQMAYS)

The two-dimensional echo experiment on half-integer quadrupole spin, which combines the
excitation of invisible multiple-quantum transitions with MAS to remove the anisotropic term
of the second-order quadrupolar broadening, was introduced by Frydman and Hardwood in
1995.°"°® This technique is the multiple-quantum (MQ) MAS NMR spectroscopy. In typical
MQMAS NMR experiments, a pulse sequence is applied with a strong first pulse, which
excites the invisible multiple-quantum coherence. The second pulse and the possibly weaker
third pulse convert the coherence back to the observable single-quantum level. The scheme
and coherence pathway of z-filtered 3QMAS pulse sequence™ is shown in Figure 20. Going
from the multiple-quantum to the single-quantum level, the sign of the phase development of

the coherence is inverted.

T /2 1_7

Z_ﬁlte;. ’\/\/\/\/\/\ﬁ

Figure 20. The scheme of z-filtered 3QMAS NMR pulse sequence and coherence transfer pathway.
d; - relaxation delay, p; - excitation pulse, p,— conversion pulse, m/2 — selective pulse, v — z-filter duration,
t, - acquisition time

The two-dimensional MQMAS NMR spectrum is obtained after a two-dimensional Fourier
transformation with respect to #, and ¢, leading to the F, and F; dimensions, respectively.
After application of an isotropic shearing transformation, the F); projection of the two-

dimensional MQMAS NMR spectrum yields signals free of anisotropic broadening. MQMAS
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NMR is not quantitative, since the efficiency of the excitation and subsequent conversion of
the multi-quantum coherence is heavily influenced by the magnitude of quadrupole

interaction, the pulse length and the radiofrequency amplitude.

NMR spectroscopic parameters can be obtained by simulating the lineshape of slices of the F,
projection® or by two-dimensional simulation using special software (e.g. dmfit® or
SIMPSON®?), that allows to take the distribution of the interaction parameters into account.
The second method is based on a computational estimation of the isotropic chemical shift and
the quadrupolar coupling constant via the simultaneous decomposition of both MAS and
MQMAS spectra and provides more accurate results when spectrum consists of close

overlapping resonances.

3.3.5 Homonuclear correlation experiments

Two-dimensional nuclear magnetic resonance spectroscopy (2D NMR) is a set of nuclear
magnetic resonance spectroscopy (NMR) methods which give data plotted in a space defined
by two frequency axes. Types of 2D NMR include correlation spectroscopy (COSY), J-
spectroscopy, exchange spectroscopy (EXSY), and nuclear Overhauser effect spectroscopy
(NOESY). Two-dimensional NMR spectra provide more information about molecules than
one-dimensional NMR spectra and are especially useful in determining the structure of a
molecule, particularly for molecules that are too complicated to work with using one-

dimensional NMR.

Almost all two-dimensional experiments have four stages: the preparation period, where a
magnetization coherence is created through a set of RF pulses; the evolution period, a
determined length of time during which no pulses are delivered and the nuclear spins are
allowed to freely precess (rotate); the mixing period, where the coherence is manipulated by
another series of pulses into a state which will give an observable signal; and the detection
period, in which the free induction decay signal from the sample is observed as a function of

time, in a manner identical to one-dimensional FT-NMR.

In NOESY, the nuclear Overhauser cross relaxation between nuclear spins during the mixing
period is used to establish the correlations. The spectrum obtained is similar to COSY, with
diagonal peaks and cross peaks, however the cross peaks connect resonances from nuclei that
are spatially close rather than those that are through-bond coupled to each other. 2D EXSY

NMR provides off-diagonal responses for spins which exchange slowly with one another
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(either conformationally or chemically). The NOESY and EXSY pulse sequences are

identical.

P, P, P;

Figure 21. The scheme of 2D EXSY (NOESY -type) pulse sequence and coherence transfer pathway.
d, - relaxation delay, 7,, — mixing time

3.3.6 Ab Initio NMR Calculations

Simulations of site arrangements using quantum chemistry methods followed by predictions
of NMR parameters of the involved atoms represent an essential part of the interpretation of
ssSNMR spectra as there is not empiric method of the interpretation of the NMR results at an
atomic level. Experimental NMR spectra can provide the NMR tensor components; however,
they don't provide information about the orientation of these components with respect to
molecular structures. A variety of methods, such as Hartree-Fock (HF), density functional
theory (DFT) and the gauge-including projector augmented-wave (GIPAW) have been used

to predict the NMR tensor parameters.®>**

Generally, at first the probable position of given species have to be find (or defined). In the
case of Al, the position in given T site is known from XRD measurements. For cations, extra-
framework position has to be calculated by molecular dynamics using density function theory
(DFT). Subsequently, the local structure of the given species has to be optimized by periodic
DFT or in some cases by quantum mechanics/molecular mechanics approach (QM/MM).
Afterwards NMR parameters for optimized structure are calculated and therefore individual

resonances in the NMR spectrum can by assigned to given species.
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3.4 Application of ssNMR for characterization of zeolites

3.4.1 Investigation of Framework Species

For proper characterization of active sites analysis of framework species is necessary since
both *’Si and ’Al NMR provides information about distribution and siting of Al in the

framework governing derived distribution and siting of extra-framework cations.

3.4.1.1 ¥SiNMR

As already mentioned, the basic unit of the zeolite framework is TO, tetrahedron with silicon
(or aluminium) atom at the central T-position. Some of these T-positions may be occupied by
other metal atoms, such as aluminum, boron, gallium, iron, titanium etc. Depending on the
amount of metal atoms, which are incorporated in the second coordination sphere of the
silicon atoms at T-positions, the SiO4 units (Q*) are characterized by up to five different
environments denoted as Si(nT) with n = 0, 1, 2, 3, and 4. In the case of aluminum atoms
incorporated at T-positions, each type of Si(nAl) species yields a characteristic *’Si MAS
NMR signal in a well-defined range of chemical shifts.”® This allows calculate framework

Si/Al ratio and quantify the presence of Al-O-Si-O-Al sequences.

3.4.1.2 “AINMR

*TAl is half integer nuclei (spin / = 5/2) with 100% natural abundance, moderate quadrupolar
moment (Q = 14.66 x 10°° m?) and good sensitivity. According to Loewenstein’s rule,”® the
formation of AI-O—-Al bonding in the framework of zeolites is forbidden and exclusively
Al(4Si) units exist. Therefore, the >’ Al NMR spectra of tetrahedrally coordinated framework
aluminum (AI") in hydrated zeolites consist, in general, of a single signal in the chemical
shift range of 55-70 ppm (referenced to 0.1 M aqueous AI(NOs); solution).”
Extra-framework aluminum species in hydrated zeolites obtained in result of dealumination
by calcination, steaming or acid leaching are octahedrally coordinated aluminum species
(AI'") causing a narrow *’Al NMR signal at around 0 ppm. If extra-framework aluminum
species exist as polymeric aluminum oxide in zeolite cages or pores, quadrupolar line
broadening may occur owing to distortions of the octahedral symmetry of the AlO¢ units.
Broad *’Al MAS NMR signals at 30-50 ppm may be caused by aluminum species in a
disturbed tetrahedral coordination (Al'") or by penta-coordinated species (Al"). Generally,

quantitatively reliable *’Al MAS NMR spectra of hydrated zeolites containing framework as
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well as non-framework aluminum atoms can be obtained in high magnetic fields, with fast

magic angle spinning, and using a short excitation pulses.®®

Significant progress in determining aluminium distribution in silicon-rich matrices was
achieved by application of Al MQMAS NMR combined with quantum mechanics
calculation®® However, presence of Al-O-(Si-O),-Al sequences®’ in these materials

significantly affects both aluminium geometry and NMR parameters.®®

3.4.2 Investigation of Extra-Framework Cations

Lithium and sodium are important extra-framework species in zeolites. Solid-state NMR
spectroscopy is the suitable method for investigating the distribution and coordination of
lithium and sodium cations in zeolites. Although these nuclei have a spin 7 > 1/2 (°Li: spin /=
1; Li: spin I = 3/2; *Na: spin I = 3/2), only the quadrupolar interaction of **Na nuclei causes

a dominating line broadening effect.*

3.4.2.1 Lithium ssNMR

Lithium exchanged zeolites represent promising material for CO, capture. Thanks to its small
diameter it is promising probe for Al siting in zeolites. Both the lithium nuclides °Li and "Li
are useable for NMR spectroscopy. In the most cases of the investigation of lithium-
exchanged zeolites by solid-state NMR spectroscopy, the spin 7= 3/2 'Li nucleus is studied,
since it has a significantly higher natural abundance in comparison with the spin 7= 3/2 °Li
nucleus (°Li: 7.42%, 'Li: 92.58%) and favorable receptivity. In some cases °Li spectra can be
useful. Because of the weak quadrupole moment of "Li nuclei (Q = -4.01 x 107° m?), the "Li
MAS NMR spectra of lithium cations in hydrated as well as dehydrated zeolites consist of
narrow isotropic lines.*> However, individual resonances of lithium are in the small range of
chemical shifts, making analysis of Li" siting in Si-rich zeolites with number of
distinguishable T-atoms complicated. Thus, it is necessary to setup experiments for maximal

possible resolution.

3.4.2.2 Sodium ssNMR

Due to the large quadrupole moment of **Na nuclei (Q = 10.4 x 10°°m?),*’ the MAS NMR

spectra of sodium cations in dehydrated zeolites are dominated by broad quadrupolar patterns.
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The overlap of the Na MAS NMR signals of sodium cations located on crystallographically
non-equivalent extra-framework positions makes the separation and assignment of the

071 or application of

corresponding signals difficult and requires field-dependent experiments
MQMAS techniques.”’®"*™* Utilizing the above-mentioned experimental techniques, the
quadrupole coupling constant Cq, the asymmetry parameter 7, and the isotropic chemical

shift & can be obtained.®

50



4 Aim of Study

The aim of this study is to employ techniques of solid-state NMR spectroscopy for analysis of
crystallographic positions of extra-framework monovalent cations in zeolites with focus on

following objectives:

e Development of methods and methodology to increase the resolution of NMR

experiments necessary for the analysis of cation siting in silicon-rich zeolites.

e Verification of reliability of quantum chemical calculation of NMR parameters of

non-relativistic nuclei of monovalent cations in cationic sites in zeolites.
. .. . . o+ + . . .
e Analysis of siting and coordination of Li" and Na ions in zeolite of selected structure.

e Application of monovalent cations monitored by NMR as supplementary method for

the analysis of Al siting in silicon-rich zeolites.

e To test possibility of indirect characterization of siting of monovalent cations
including “NMR invisible” in zeolites via analysis of local arrangement of framework

Al atoms in dehydrated zeolites.
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5 Materials and Methods

5.1 Samples

As a model material for testing and verification of methods and procedures suitable for
analysis of extra-framework sites in silicon-rich zeolites, FER framework type was chosen.
One of the reasons is presence of four framework T sites, which one of the lowest number
among silicon-rich structures. Moreover, it is available in a range of Si/Al ratios and it can be
synthetized by different routes. In a preliminary study,” 5 zeolites of FER structure with
different Si/Al were analyzed. Complex multi-spectroscopic approach using *Si NMR and
UV-Vis spectroscopy and ’A1 MQMAS NMR interpreted by periodic DFT allowed
determination of aluminium siting in the FER framework. Three of them containing mostly

isolated Al atom were used for further analysis of extra-framework sites.

To elucidate an effect of cation on *’Al NMR spectra of zeolites, zeolite of CHA framework
were investigate, as it contains only one framework T site and low Si/Al ratio allow

acquisition of Al NMR spectra in reasonable timescale.

5.1.1 Parent zeolites
The parent FER/20 sample with Si/Al of 20 was purchased from Unipetrol, a.s., Czech
Republic (FER/A in Ref.”).

The parent FER/27 sample (Si/Al 30), FER/B in Ref.”’) was synthetized using pure silica
(Cab—0O-Sil M5), sodium and aluminum sulfate and NaOH. Pyridine served as the structure

directing agent.

The parent FER/30 sample (Si/Al 30, FER/C in Ref.”) was purchased from Zeolyst

International, Inc.

The parent CHA sample with Si/Al of 2.2 was prepared according to the procedure described

in Ref.”®
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5.1.2 Cationic forms of zeolites

The parent samples were ion-exchanged with 0.5 M NH4NO; twice for 24 hours to obtain the
NHs-forms. Then the NH4-forms of parent zeolites were exchanged into the M-CHA (M = Li,
Na, and K) and M-FER (M = Li, Na) forms by repeated (3% 24 hours) M ion-exchange using
0.5 M solution of MNO3 (50 ml per 1 g of a zeolite) at 70°C for Li" and at room temperature
for Na" and K. Subsequently, samples were filtered, thoroughly washed with distilled water

and then equilibrated on air at room temperature to guarantee their full hydration.

5.1.3 Dehydration

For analysis of cations in extra-frameworks positions, cationic forms of zeolites were
dehydrated to enable coordination of cations to the zeolite framework. Prior to the
dehydration, hydrated samples were packed into the ZrO, MAS NMR rotors and dried
overnight in the oven at 100 °C to remove excess water. The dehydrated samples for the
NMR experiments were prepared “in situ” using instrumental setup developed in this work to
allow dehydration and subsequent sealing of the cooled samples in NMR rotors under
vacuum. Samples were dehydrated at 450°C under dynamic vacuum of p=1.10" Pa for 3
hours with a heating ramp of 3°C min™'. Subsequently to the dehydration, the samples were
cooled down at room temperature and airtight-sealed with Kel-F cups. Sealed rotors were
immediately transferred into the glass tubes, which were evacuated and heat-sealed to prevent

rehydration of the samples before NMR measurements.

5.2 Solid-State NMR experiments

Solid-state NMR experiments were carried out in the Joint Laboratory of Solid-State NMR,
Institute of Macromolecular Chemistry, AS CR and Jaroslav Heyrovsky Institute of Physical
Chemistry, AS CR on 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)
adapted for measuring of high resolution NMR spectra of solid samples. An external cooling
unit and set of NMR probe-heads allow performing NMR experiments under wide range of
experimental conditions. In this work, solid state NMR spectra were measured using either 4
mm (PH MAS WVT 500 WB BL4 N-P/H-F CP/MAS) or 3.2 (PH MAS WVT 500 WB BL3.2
N-P/H-F CP/MAS) double resonance probe-heads. Samples packed in the ZrO, rotors with
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outer diameter of either 4 mm or 3.2 mm and sealed with Kel-F caps were spun under magic

angle at spinning frequencies of 7-22 kHz.

A set of dehydrated Na-FER samples were measured on a Bruker Avance II 4-channel NMR
spectrometer equipped with a narrow bore ultra-stabilized 21.1 T (vo('H) = 900.08 MHz)
magnet using a 4 mm double-resonance MAS probe-head (Bruker, 4 mm, 18 kHz MAS,
1H/13C/15N, CP/MAS, VT) at the National Ultrahigh-Field NMR Facility for Solids in

Ottawa, Canada.

Analytical simulations of NMR spectra were performed using dmfit®’ program. This program
allows modeling of powder patterns of a broad range of NMR active nuclei in various types of
experiments using a set of model functions and thus allows obtaining NMR parameters of
individual resonances. Details of particular simulations are described and discussed in

Chapter 6.

5.2.1 Lithium ssNMR

SLi ssNMR experiment was carried out at Larmor frequency vo(°Li) = 73.6 MHz in 3.2 mm
double-resonance MAS probe at spinning frequency vio; = 20 kHz. The one-dimensional °Li
MAS NMR spectrum was acquired using one pulse sequence with a proton decoupling.
Experiment was conducted with an excitation pulse width of 2.4 us, a recycle delay of 30s

and number of scans of 1844.

’Li ssNMR spectra were acquired at Larmor frequency vo('Li) = 194.37 MHz using either a
4 mm or a 3.2 mm double-resonance MAS probes at spinning frequencies of v;os= 12 kHz and

Viot = 20 kHz, respectively.

The one-dimensional 'Li MAS NMR spectra were acquired using either the Hahn-echo
sequence or one pulse sequence with an optional proton decoupling. For Hahn-echo sequence,
an optimized selective /2 pulse width of 2.9 us followed by m pulse delayed by 6 us was
applied. The number of scans was set to 64. For one pulse sequence with an optional proton
decoupling (hpdec), an excitation pulse widths ranging from 0.8 to 2.9 us were applied. The
number of scans ranged from 16 to 512. In all one-dimensional 'Li MAS NMR experiments,
recycle delay of 4 s, spectral width of 39 kHz and transmitter frequency offsets of 9 kHz was

set.
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The two-dimensional single quantum 'Li 2D EXSY MAS NMR spectra were recorded using
the NOESY-type three-pulse sequence with /2 pulse widths of 2.9 ps. Duration of the
spin-exchange period between the second and third pulse ranged from 10 ps to 100 ms.
Spectral width in both frequency dimensions was rotor-synchronized to be 15-22 kHz.
The transmitter frequency offsets were set to 9 kHz. The indirect detection period t1 ranged

from 320 to 1024 increments, each made of 8-40 scans.

The °Li and 'Li chemical shifts were referenced externally to a 1M solution of LiCl

(0iso = 0.0 ppm) by using a signal of solid LiCl at -1.04 ppm.

5.2.2 Sodium SSNMR

Experiments at 11.7 T. *Na NMR spectra were acquired at Larmor frequency
vo(*’Na) = 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 vy, = 12 kHz and vt = 20 kHz, respectively.

The one-dimensional ?Na MAS NMR single pulse spectra were collected using hpdec pulse
sequence with a single pulse excitation and high power proton decoupling. An optimized
pulse width ranging from 2.3 ps to 4.4 us and recycle delay of 4 s were used with number of

scans ranging from 2560 to 3072 and spectral widths ranging from 40 to 55 kHz.

The two-dimensional Na MQMAS NMR spectra were recorded using three-pulse z-filtered
sequence with selective, excitation and conversion pulse widths of 6.8, 2.1 and 35 ps for 4
mm probe and 5, 2 and 18 for 3.2 probe, respectively. Number of increments in indirect

dimension was set to 254 each made by 1024-2048 scans.

Experiments at 21.1 T. “Na NMR spectra were measured at Larmor frequency
vo(**Na) = 238,1 MHz using a 4 mm double-resonance MAS probe. Dehydrated samples were

spun in 4 mm o.d. ZrO; rotors at frequency vt = 10 kHz.

The one-dimensional ?Na MAS NMR single pulse spectra were collected after 2048 scans

using a single pulse excitation with optimized pulse width of 1 us and relaxation delay of 1 s.

The two-dimensional Na MQMAS NMR spectra were recorded using three-pulse z-filtered
sequence with selective, excitation and conversion pulse widths of 5.2, 2.1 and 20 ps,
respectively. Number of increments in indirect dimension was of 512, each made by 576

scans.
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The **Na chemical shifts were referenced externally to 1M solution of NaCl (8, = 0.0 ppm)
by the signal of a solid NaCl at 7.2 ppm.

5.2.3 Aluminium ssNMR

Al MAS NMR single pulse spectra were recorded using hpdec pulse sequence with a 7/12
excitation pulse of 0.8 pus and a 2s repetition delay at the rotation frequency of 12 kHz and
20 kHz for the hydrated and dehydrated samples, respectively. A low temperature experiment
with the K-CHA sample was performed at temperature of 190 K employing an attached

external cooling unit.

The two-dimensional triple-quantum *’Al 3Q MAS NMR spectra of the dehydrated M-CHA
samples were recorded using a three-pulse sequence with excitation, conversion, and selective
pulse lengths of 4.2, 1.5, and 43 ps respectively. The conversion and selective pulses were

spaced using a z-filter of 20 ps in length. The rotation frequency was of 20 kHz.

The *’Al chemical shifts are referenced to the 1M solution of AI(NO;); in D,O
(Siso =0.0 ppm)
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6 Results and Discussion

6.1 Lithium ssNMR of Li-FER samples

6.1.1 °Liand 'Li MAS NMR Experiments

To investigate lithium environment in three dehydrated Li-FER samples 'Li MAS NMR
experiments were conducted using a single-pulse excitation with proton decoupling during
data acquisition (hpdec pulse sequence). Resulting spectra collected using the calibrated 90°
pulse, under MAS rate of 11 kHz, are shown in Figure 22. Temperature of the samples was of
303 K, due to the friction heating. An excellent signal to noise ratio was achieved after 8

minutes and 128 scans.

Li-FER/20

Li-FER/27

Li-FER/30

Li chemical shift, ppm

Figure 22. "Li MAS NMR spectra of dehydrated Li-FER samples, v,,= 11 kHz, T =303 K
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It is clearly visible that the spectra consist of at least two overlapping resonances at
approximately -0.2 ppm and -0.8. The differences between the spectra evidence presence of
several distinguishable Li" cations in the samples reflecting different siting of Al atoms in the
framework T sites. However, a detailed analysis of these spectra is limited due to the narrow
range of the "Li chemical shifts (ca. 2 ppm) of overlapping resonances and relatively low
resolution of 'Li MAS NMR spectra with respect to width of signals. In the attempt to
increase spectral resolution 'Li MAS MAS experiment with Hahn-echo pulse sequence was
performed on the sample Li-FER/20 under the same conditions as hpdec spectra. Spectrum is

shown and compared with hpdec "Li MAS NMR spectrum in Figure 23.

30 25 20 15 1.0 05 00 -05 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4
f1 (ppm)

Figure 23. Comparison of 1D "Li MAS NMR pulse sequences. Hpdec (green), Hahn-echo (brown)

It is clearly visible that there is no remarkable improvement on the resolution of the 'Li MAS
NMR spectra using Hahn-echo and both pulse sequences provide the same results. For further
investigation of lithium we focus on °Li nuclide. Comparisons of °Li and "Li hpdec MAS

NMR spectra of Li-FER/20 sample acquired at the same conditions are shown in Figure 24.
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30 25 20 15 1.0 05 00 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4
f1 (ppm)

Figure 24. Comparison of °Li (brown) and 'Li (green) hpdec MAS NMR spectra

SLi pattern exhibits similar featurures as "Li pattern, i.e. main peak from -0.5 to -1.0 ppm with
shoulder on the left. One can observe °Li pattern breadth is smaller than 'Li pattern and the
maximum is shifted to the left of about 0.2 ppm. Subtle differences between °Li and 'Li
chemical shifts of the same chemical entities are common and reported e.g. by Gee et al.”’
The fact, that the main peak is not symmetrical confirms presence of multiple overlapping
resonances, bun resolution is not sufficient to resolve them. Moreover, due to the low natural
abundance of °Li nuclide and low concentration of Li in the sample, °Li experiment suffers by
enormous acquisition time of 18 hours and low signal to noise ratio of 50, in contrast to 'Li
experiments with acquisition time of 8 minutes and signal to noise ratio of 1000. Therefore,
"Li MAS NMR experiment with hpdec sequence revealed to be the most suitable method for
acquisition of one dimensional quantitative spectra of Li-FER. In next steps, effect of rotation
frequency and temperature on hpdec 'Li MAS NMR spectrum was studied on the sample
FER/20 (Figure 25 and Figure 26, respectively).
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30 25 20 15 1.0 05 0.0 -05 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0
f1 (ppm)

Figure 25. Effect of spinning frequency on 'Li hpdec MAS NMR: 11 kHz (green), 20 kHz (brown)
Only subtle changes of the spectrum can be observed during rotation of the sample at
different frequencies and. More pronounced effect can be seen with change of the temperature

(Figure 26). Broadening of the powder pattern recorded at 260 K can be explained by a

systematic linear change of chemical shifts of individual resonances.
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f1 (ppm)

Figure 26. Effect of temperature’Li hpdec MAS NMR: 303 K (green), 260 K (brown)

All one dimensional experiments performed indicate presence of multiple overlapping
resonances without observable quadrupolar broadening. As the best options reveals to be 'Li
hpdec MAS NMR experiment at temperature of 260 K and spinning rate of 20 kHz. However,
the spectral resolution on given instrumentation is not sufficient to provide their proper

identification and more complex approach has to be developed.

6.1.2 2D 'Li-’Li Correlation NMR Experiments

For better resolution and identification of close lithium resonances and thus more detailed
analysis of lithium siting, two dimensional homo-nuclear 'Li 2D EXSY NMR experiment
using NOESY -type pulse sequence was employed. For this purpose MQMAS cannot be used
due to the negligible quadrupolar broadening. Better resolution of individual resonances in 2D
EXSY NMR spectrum is achieved by diagonal position of peaks and by presence of cross-
peaks of correlating resonances. 'Li 2D EXSY NMR spectra of sample Li-FER/20, recorded
with t; spin-exchange period of 1, 10 and 50 ms are shown in Figure 27. Acquisition time of

single 'Li 2D EXSY NMR NMR experiment was of approximately 5 hours.
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Figure 27. 'Li 2D EXSY NMR spectra of sample Li-FER/20 with spin-exchange period of 1 ms (top),
10 ms (middle) and 50 ms (bottom)

With increasing spin-exchange period a 2D lineshape of 'Li-"Li correlation spectrum becomes
“wider”. It indicates stronger magnetization transfer between Li nuclei in spatial proximity

during longer spin-exchange period. Although cross-peaks are not fully resolved, due to the
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low concentration of lithium in the sample, the analysis of the 2D signal indicates their
positions and thus positions of correlating diagonal peaks. 'Li 2D EXSY NMR spectra of
samples Li-FER/20, Li-FER/27 and Li-FER/30 recorded with spin-exchange period of 10 ms
are shown in Figure 28, Figure 29 and Figure 30, respectively.

L ppm JL

T

1 0 '1 -2 ppm

Figure 28. Li 2D EXSY NMR spectrum of sample Li-FER/20 with spin-exchange period of 10 ms with skyline
projections, selected cross-sections and marked resonances’®
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Figure 29. "Li 2D EXSY NMR spectrum of sample Li-FER/27 with spin-exchange period of 10 ms with skyline

-2 ppm

. . . 78
projections, selected cross-sections and marked resonances

Different shape of the spectra indicates different positions of Li resonances and proves a
hypothesis that "Li spectra consist of more than two resonances. Careful and detail inspection

of non-diagonal cross-peaks in the 2D projection of the 'Li-'Li correlation experiments allows

the estimation of the number of 'Li NMR resonances and their 'Li chemical shifts.
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Figure 30. Li 2D EXSY NMR spectrum of sample Li-FER/30 with spin-exchange period of 10 ms with skyline
projections, selected cross-sections and marked resonances’®

Six distinguishable resonances, denoted here as R1-6 (with chemical shift descending from
the most positive value of R1 to the most negative value of R6), were identified in the 'Li 2D
EXSY NMR spectra of the Li-FER samples. Three resonances were found in 'Li-’Li
correlation spectra of the sample Li-FER/20 and four in both Li-FER/27 and Li-FER/30.
Isotropic chemical shifts of individual lithium resonances obtained from analysis of "Li-"Li

correlation MAS NMR spectra are summarized in Table 1.

6.1.3 Quantitative analysis of Li" distribution

Correlation experiments do not provide quantitative results due to the non-homogenous
transfer of magnetization during spin-exchange period. For quantitative analysis of Li"
distribution simulations of 'Li MAS NMR spectra using isotropic chemical shifts of
individual lithium resonances obtained from analysis of 'Li-'Li correlation MAS NMR

spectra were performed (see Figure 31).
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Figure 31. 'Li MAS NMR spectra of Li-FER samples with simulation

Figure 31 clearly demonstrates that simulations using chemical shifts obtained from "Li-'Li
correlation spectra fit perfectly with experimental lineshape. The 'Li chemical shifts of
individual lithium resonances and corresponding relative concentration of Li" ions at
crystallographically non-equivalent extra-framework positions in Li-FER samples are

summarized in Table 1 and graphically displayed in Figure 32.
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Table 1. 'Li chemical shift (9) and relative intensity (Z) of individual Li" resonances in dehydrated Li-FER

samples
"Li NMR resonances
sample R1 R2 R3 R4 R5 R6
o’ppm I/% oppm 1% S/ppm 15 o/ppm 1% o/ppm 1% oppm 1%
Li-FER/20 -0.23 40 -0.80 50 -1.07 10
Li-FER/27  0.17 5 -020 15 -0.80 60 -1.05 20
Li-FER/30  0.12 5 -0.55 72 -0.85 20 -1.50 3
Li (%) -
Li-FER/20
30 Li-FER/27
R3 Li-FER/30
] R4
60
) R2
40 |
] R5
20 —
i R1 R6
1, : -
0 -0.5 -1 -1.5

/Li chemical shift (ppm)

Figure 32. Experimental "Li chemical shifts and their relative intensities in the spectra of the dehydrated Li-FER
samples Li-FER/20 (|| ), Li-FER/27 (] ), and Li-FER/30

6.1.4 Analysis of Li" siting

The complexity of the siting of cations in zeolite matrixes and a very high sensitivity of the
chemical shift on the local structure of the nucleus environment do not allow empiric or semi-
empiric interpretations of MAS NMR spectra of cations in extra-framework positions of
zeolites and therefore quantum-chemistry computations are employed. Theoretical
computations were made by group of Dr. Stépan Sklenak (see Ref.”® for details). Six
optimized structures of the low energy Li" sites (two sites denoted as T1A and T1B for Li"

balancing Al in T1 site, T2A and T2B for Al(T2), T3 for Al(T3), and T4 for Al(T4)) with
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calculated values of lithium chemical shifts and the relative energies of are shown in Figure

33 and listed in Table 2.

T3A T4A
5=-0.78 4 3=-0.71
AE =0.0 AE =0.0

Figure 33. Optimized structures (Li-O distances in A) with the designations of the T sites of the low energy Li"
sites, the relative energies in kcal/mol, and the corresponding "Li chemical shifts in ppm.” Silicon atoms are in
gray, oxygen atoms in red, aluminum atoms in yellow, and lithium in violet’
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Table 2. Calculated "Li chemical shift (J.,.) and relative energies (AE) of six optimized low energy Li" sites

Li* site Iflgagl e ;‘fn o
TIA 0.32 0.0
TIB -0.34 0.9
T2A -0.86 0.0

2B -0.45 0.2
T3 -0.78 0.0

T4 -0.71 0.0

Figure 34 compares the experimental 'Li chemical shifts with the calculated ones.

The patterns of the experimental and predicted 'Li chemical shifts in Figure 34 show
significant similarities.

0.5 -1 1.5
T1A TIBT2BT4T3T2A . ..
Lo I I I I values
I ( 0) “I ‘\V:' ‘\“ IlI| ||‘ Li-FER/ZO
'.‘ W | Li-FER/30
1 / R4 i
604 J ":
1 R2 I"\
s | v
| v
R5
20 -
_ R1 R6
. B : -
0 -0.5 -1 1.5

"Li chemical shift

Figure 34. Experimental 'Li chemical shifts of Li" resonances and their intensities in the spectra of the
dehydrated Li-FER samples, 'Li chemical shifts calculated for Li* ions balancing Al atoms in the T1 — T4 sites,

and their assignments to the experimental data. Li-FER/20 ( I ), Li-FER/27 ( I ), and Li-FER/30 ( I ); Li"
balancing Alin the T1 (]), T2 (| ), T3 (] ), and T4(]| ) sites.

The R5 resonance observed for the Li-FER/20 and Li-FER/27 samples (Table 1) can be safely

assigned to the T2A site. Since there are two low energy Li' sites for Al(T2), the R2
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resonance measured for the same samples corresponds to the T2B site. Then, it follows, that
the R4 resonance observed in all Li-FER samples belongs to either one of the T3A and T4A
sites or to both of them. The calculated "Li chemical shifts of T3A and T4A are too close to
each other to be distinguishable by 'Li MAS NMR spectroscopy. The R1 resonance observed
for Li-FER/27 and Li-FER/30 can be safely assigned to the T1A site. There are two more 'Li
NMR resonances measured for Li-FER/30 (Table 1). R3 belongs to the T1B site which is the
other low energy Li" site for AI(T1). Figure 2 shows the assignment of the observed 'Li NMR
resonances to the Li" sites. The shift deviations are ca + 0.2 ppm. The remaining very low
intensity R6 resonance at -1.50 ppm, which is observed only for Li-FER/30, cannot be
assigned to any of the calculated low energy Li™ sites and its origin is unclear. It can
correspond to (i) Li" in vicinity of the site formed by close Al atoms, (ii) perturbation of the
site by neighbouring defect. The ranges of the observed (without the unassigned R6) and

calculated "Li chemical shifts (1.24 and 1.18 ppm, respectively) are in very good agreement.

There are no experimental data based on diffraction methods regarding the siting of Li" in
ferrierites. However, the knowledge of the Al siting in the three ferrierite samples used’
permits a verification of the siting of Li" ions obtained in this study. The Al atoms occupy the
T sites in the samples (for details see Figure 6 of Ref.””) as follows: T2, T3, and T4 in
FER/20; T1, T2, T3, and T4 in FER/27; and T1, T3, and T4 in FER/30. Figure 35 compares
the relative concentration of Al atoms (in %) corresponding to the T sites obtained from (1)
the corresponding Li" siting analyzed using 'Li MAS NMR and (i) Al MAS NMR

experiments.”
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Figure 35. Relative concentration of Al atoms (in %) corresponding to the distinguishable framework T sites
obtained from (i) the corresponding Li" siting analyzed using 'Li MAS NMR and (ii) *’Al MAS NMR.”

The agreement between the results obtained by 'Li and *’Al MAS NMR is very good and
confirms the assignment of the experimental ’Li NMR resonances to the Li" sites related to Al
in the individual T sites. It substantiates that the siting of Li" is controlled by the siting of Al
atoms in the zeolite framework. Moreover, the agreement supports the reliability of (i) the
periodic DFT calculations of the local structure of Li" sites using extensive conformational
sampling and (ii) DFT cluster computations of the 'Li NMR shielding. Moreover, only the
*’A1 3Q MAS NMR experiments allow the distinction between the T3 and T4 sites and reveal
that the "Li R4 resonance observed for all the three samples belongs to Li" in both the T3A
and T4A sites. Therefore, the combination of 'Li MAS NMR and 27Al 3Q MAS NMR
experiments in tandem with DFT calculations is suggested to represent the optimal approach
to the analysis of the Al and Li" siting in the framework T sites and extra-framework sites,

respectively, in Si-rich zeolites.

6.1.5 Summary

Three dehydrated lithium exchanged Si-rich ferrierites were studied by 'Li MAS NMR
spectroscopy. One dimensional lineshape contains close overlapping resonances in a narrow

range of chemical shifts with negligible quadrupolar broadening. To identify individual
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resonance high resolution 'Li 2D EXSY MAS NMR spectroscopy had to be applied. Highly
reliable periodic DFT calculations were in very good agreement with experimental data
allowed interpretation of most of the individual lithium resonances. It was found that Li"
balancing Al in one T site can occupy two different crystallographic positions. On the other
hand, assignment of such close resonances has to be performed very carefully but still
resonances T3 and T4 cannot be distinguished. Results fit well with analysis of Al siting and
thus verify proper assignment of Li" resonances. It opens possibility to use Li* as an
additional probe of Al siting and shows importance and usefulness of multinuclear NMR

approach.

Presented method based on the combination of quantitative 1D 'Li MAS NMR and ’Li 2D
EXSY MAS NMR supported by DFT calculations can be, in general, applied to analysis of
Li" ions in other zeolites and various crystalline matrixes with a low concentration of Li" ions

and also to other NMR-active cations with no or negligible quadrupolar coupling.
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6.2 Sodium ssNMR of Na-FER samples

6.2.1 *Na MAS and MQMAS NMR experiments at 11.7 T

Na MAS NMR spectra of dehydrated samples Na-FER/20, Na-FER/27 and Na-FER/30
measured in 4 mm and 3.2 mm probe head using single pulse excitation with high power
proton decoupling acquired at spinning frequency of 12 and 20 kHz are shown in Figure 36 A
and B, respectively. An acquisition time of single spectrum with mediocre signal to noise
ratio ranged from 100 to 200 was of approximately 5 hours. Na MAS NMR spectra of Na-
FER samples are very broad (about 70 ppm) due to the quadrupolar character of sodium that
is in contrast to narrow lineshape of lithium MAS NMR spectra. All spectra shows similar
lineshape with dominant peak at around -25 ppm with intensive hump on the right at
about -45 ppm and a minor shoulder on the left at -10 ppm. Positive effect of faster rotation
on the pattern breadth indicates presence of quadrupolar interaction. Individual resonances of
quadrupolar nuclei can form various shapes depending on the magnitude (Cq) and the
asymmetry parameter (ng) of EFG tensor (see Section 3.2.2.3) and therefore MQMAS
experiments had been performed to obtain quadrupolar parameters of individual sodium
resonances. 2D Na MQMAS NMR spectra of dehydrated Na-FER samples spun in 4 mm
o.d. rotors at 12 kHz and in 3.2 mm rotors at 20 kHz are show in the Figure 37 together with
skyline projections in isotropic (F;) and MAS (F,) dimension. Note the acquisition time of

one ’Na MQMAS NMR experiment was of several days.
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Figure 36. Na MAS NMR spectra of samples Na-FER/20 (brown), Na-FER/27 (green) and Na-FER/30 (blue)
acquired at 11.7 T in 4 mm probe (v,o= 12 kHz, top) and 3.2 mm probe (v,,= 20 kHz, bottom).

Rotation of the sample at higher frequency narrows 1D spectra due to averaging of the first
order quadrupolar interaction, that are rotation dependent. Unfortunately, in the case of
MQMAS experiments increased rotation did not improve resolution significantly, probably

due to the smaller volume of the sample in 3.2 mm cuvette.
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Figure 37. Isotropicaly sheared Na MQMAS NMR spectra of dehydrated Na-FER/20 (top), Na-FER/27
(middle) and Na-FER/30 (botton"m) samples spun in 4 mm o.d. rotors at 12 kHz (left) and in 3.2 mm rotors at 20
kHz (right) with skyline projections in isotropic (F;) and MAS (F,) dimensions

The isotopically sheared MQMAS spectra of Na-FER samples acquired using 4 mm and
3.2 mm probes at spinning frequencies of 12 kHz and 20 kHz, respectively, show similar
features. Several resonances can be distinguished in 2D MQMAS spectra, but all resonances
found in MQMAS spectra corresponds with the main peak in 1D MAS experiments. That is

probably due to the lower sensitivity of MQMAS to broader resonances. Even the main peak
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in 1D MAS NMR spectra looks very similar for all samples and one can suggest it contains
only one resonance, the 2D MQMAS experiments reveal that it consist of at least two
resonances characterized by different NMR parameters. It demonstrates essential role of
MQMAS experiments in NMR spectroscopy of quadrupolar nuclei. Unfortunately, due to the
strong quadrupolar broadening and overlapping of the resonances and the fact, that
resonances at -45 ppm in MAS spectra were not observed MQMAS spectra, we were not able
to obtain NMR parameters of all individual resonances and to perform precise analysis of Na
siting. One of the possibilities how to increase spectral resolution is an application stronger

magnetic field.

6.2.2 *Na MAS and MQMAS NMR experiments at 21.1 T

Na MAS NMR spectra of dehydrated samples Na-FER/20, Na-FER/27 and Na-FER/30
measured at ultra-high magnetic field (Bo=21.1T, vo('H) = 900.08 MHz) in 4 mm probe

using single pulse excitation acquired at spinning frequency of 10 kHz are shown in Figure

38.

T T T T T T T T T T T T T T
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Figure 38. Na MAS NMR spectra of samples Na-FER/20 (brown), Na-FER/27 (green) and Na-FER/30 (blue)
acquired at 21.1 T in 4 mm probe (v,o= 10 kHz)
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An acquisition time of approximately 35 minutes was required to obtain single/one spectrum
with a very good signal to noise ratio of approximately 400. That is significantly better
performance compared to results obtained at 11.7 T where inferior quality spectra were
collected during 5 hours. A decrease of the breath of the spectra by factor 2 compared to
experiments at 11.7 T is caused by a suppression of the quadrupolar interaction by/at higher
magnetic field. This effect is clearly visible in 2D Na MQMAS NMR spectra (see Figure
39) where the breath of the spectra in isotropic (vertical) dimension remains the same, but in
MAS (horizontal) dimension the breath is much smaller. Acquisition time of one MQMAS
spectrum was of 5 hours. Even the signal to noise ratio is similar as in the case of MQMAS
experiments at 11.7 T, the spectral resolution is better due to the suppression of quadrupolar
broadening in MAS (F,) dimension and also due to the fact, that resonances forming a hump
in single pulse spectra are visible in *Na MQMAS NMR spectra at ultra-high magnetic field.
Position of these resonances denotes stronger quadrupolar interaction then the other
resonances and that is the reason why it was not observable at lower magnetic field. The
effect of external magnetic field strength on ?Na MAS NMR spectra of dehydrated sample
Na-FER/20 is demonstrated in Figure 40.
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Figure 39. Isotropicaly sheared *Na MQMAS NMR spectra of samples Na-FER/20 (top), Na-FER/27 (middle)
and Na-FER/30 (bottom) acquired at 21.1 T in 4 mm probe (v,,= 10 kHz) with skyline projections in isotropic
(F,) and MAS (F,) dimension
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Figure 40. Na MAS NMR spectra of the sample Na-FER/20 recorded at 21.1 T (brown), 11.7 T, 4 mm (blue)
and 11.7 T, 3.2 mm (green)

6.2.3 Quantitative analysis of Na" distribution

As mentioned before, there are two methods for extracting NMR parameters of individual
resonances from MQMAS spectrum. The traditional one is based on fitting of cross-section
traces in the center of gravity of individual resonances and the newer one is based on
simultaneous fitting of both MAS and MQMAS spectra. It this work the latter was used since
the former can provide inaccurate results especially when spectra consist of several
overlapping resonances as in our case). To obtain NMR parameters of individual Na"
resonances in each Na-FER sample, its Na MAS and MQMAS NMR spectra acquired at
two different magnetic fields (i.e. four spectra for each sample) were simultaneously fitted
using dmfit software. Since NMR parameters reflect structure and environment around nuclei

in the sample and those parameters are not field dependent, then we should be able to model
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all four experimental lineshapes using a set of resonances with unique parameters of the same

or very similar value for all four models.

At first, number of resonances and their approximate position were suggested and their NMR
parameters were estimated by careful inspection of ultra-high field 2D MQMAS NMR
spectra. Parameters of individual resonances were then automatically optimized by fitting
algorithm and subsequently used for modeling ultra-high field 1D MAS NMR spectrum.
When model did not fit experimental lineshape, parameters were adjusted till both 1D and 2D
models fit well NMR spectra. In the next step, “Na MAS and MQMAS NMR spectra
recorded at magnetic field of 11.7 T were modeled using resonances with the same parameters
to prove correctness of fit. Again, when models did not fit NMR spectra sufficiently,
parameters of individual resonances were simultaneously adjusted and optimized step by step

until all models fit well experimental lineshapes. This procedure is very exacting, but

Four resonances were identified in the sample Na-FER/20 and Na-FER/27, while six
resonances were found in the sample Na-FER/30. Na MAS and MQMAS spectra of
Na-FER samples together with models are shown in Figure 41, Figure 42 and Figure 43,
respectively. NMR parameters of individual sodium resonances are summarized in Table 3.
Relative intensities of individual resonances were calculated only from MAS models since
MQMAS experiments are not quantitative. *Na chemical shifts and relative intensities of
individual Na" resonances of Na-FER samples taken from model of ultra-high field MAS

NMR spectra are visualized in Figure 44.
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Figure 41. Experimental and modeled Na MAS and MQMAS NMR spectra of Na-FER/20 sample recorded at
and Bo=21.1 T (900Hz) and B, =11.7 T (500 Hz)
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Figure 42. Experimental and modeled ’Na MAS and MQMAS NMR spectra of Na-FER/27 sample recorded at
and By =21.1 T (900Hz) and By =11.7 T (500 Hz)
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Figure 43. Experimental and modeled Na MAS and MQMAS NMR spectra of Na-FER/30 sample recorded at
By =21.1 T (900Hz - left) and By =11.7 T (500 Hz - right)
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Table 3. Na chemical shift (dy,) and relative intensity (/) of individual Na" resonances of Na-FER samples

sample res. exp. Ona/pPpm Co/MHz o 1% Na' site
MAS 500 0.0 42 0.7 17
MQ 500? n/a n/a n/a n/a
Na-FER/20 I MAS 900 0.0 4.7 0.65 15 T2-/T4-6MR
MQ 900? n/a n/a n/a n/a
MAS 500 155 2.1 0.5 26
MQ 500 -15.0 2.1 0.6 -
a  \1AS 900 -15.6 2.1 - 31 T3-8MR
MQ 900 -15.1 2.1 -
MAS 500 -19.2 2.1 - 17
MQ 500 -19.2 2.0 - .
b \1AS 900 -19.2 2.0 - 15 T4-8MR
MQ 900 -19.3 2.0 - .
MAS 500 225 3.6 0.7 40
MQ 500 223 3.7 0.6 -
m MAS 900 225 3.6 0.7 39 T2-8MR
MQ 900 24.0 3.6 0.6 .
MAS 500 2.0 4.1 0.6 14
MQ 500? n/a n/a n/a n/a
Na-FER/27 I MAS 900 -1.0 4.4 0.6 j0  12-/T4-6MR
MQ 900* n/a n/a n/a n/a
MAS 500 155 22 0.6 47
MQ 500 -15.5 22 0.6 -
lla \1As 900 -15.5 2.2 0.6 53 T3-8MR
MQ 900 153 22 - -
MAS 500 20.0 22 0.6 14
MQ 500 -19.3 2.1 0.6 -
b \1AS 900 -19.0 2.1 0.6 11 T4-8MR
MQ 900 -20.0 2.0 - -
MAS 500 220 3.6 0.5 25
MQ 500 205 35 0.5 -
1 MAS 900 220 3.6 0.6 26 T2-8MR
MQ 900 23.0 35 0.5 -
MAS 500 0.3 4.1 0.0 10
MQ 500 n/a n/a n/a n/a
Na-FER/30 I MAS 900 2.0 4.7 0.0 13 12-/T4-6MR
MQ 900 n/a n/a n/a n/a
MAS 500 145 2.1 0.9 17
MQ 500 -14.5 2.0 0.9 -
la \1As 900 -142 2.0 0.7 16 T1-8MR2
MQ 900 143 22 - -
MAS 500 175 1.1 0.6 4
MQ 500 174 1.0 - -
b \1AS 900 175 1.0 - 7 T3-8MR
MQ 900 -17.7 1.1 - -
MAS 500 -18.0 23 0.6 15
MQ 500 172 2.3 - -
e MAs 900 -18.0 2.3 - 18 T1-ALPH
MQ 900 175 22 - -
MAS 500 20.8 1.3 - 4
MQ 500 204 12 - .
d - \iAs 900 220.0 1.3 - 8 T4-8MR
MQ 900 202 1.3 - -
MAS 500 229 35 0.55 50
MQ 500 227 3.6 0.55 .
m MAS 900 225 34 0.50 38 T1-8MRI1
MQ 900 23.1 34 0.55 -

? Resonance I was not detected in MQMAS
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Figure 44. **Na chemical shift and relative intensity of individual Na" resonances of Na-FER samples

6.2.4 Analysis of Na' siting

As in the case of Li", empirical interpretation of Na™ resonances is not possible. Theoretical
computations were made by the group of Dr. Stépan Sklenak (see Appendix A for details).
Calculated NMR parameters of nine low energy sites of Na" compensating negative charge of

Al in different T sites are summarized in

Table 4. Three possible low energy Na' sites were found for Al in T, site, two for T»(Al), as
same as for T3(Al) and T4(Al). Calculated values of **Na chemical shift between 0.7 ppm and
-19.9 ppm and quadrupolar coupling constant ranging from 2.6 MHz to 5.7 MHz are in very
good agreement with experimental ones ranging from 1.0 ppm to -23.5 ppm and from 0.9

MHz to 5.3 MHz, respectively.
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Table 4. Calculated **Na shielding (Gn,caic), chemical shift (O, i), quadrupolar coupling constant (Co cac),
asymmetry parameter (4o ...), quadrupolar product (P ) and relative energies (AE) of eight optimized low
energy Na' sites

+ O-Na,calc 5Na,calc CQ,calc P Q,calc AE
Nasite ppm ppm MHz Heale MHz kcal.mol
Tl-a 583.12 -14.5 2.467 0.744 2.7 1.8
TI-8MR2  581.15  -12.6 302 0767 33 15 DEFSNII{IQ’IED
TI-8MR1 58839  -19.8  3.666  0.466 38 0.0 NORMAL
SMR
T2-6MR 570.73 2.1 5.427 0.507 5.7 0.0
T2-8MR 588.53 -19.9 3.67 0.714 4 1.9
T3-a 581.48 -12.9 2.443 0.632 2.6 0.0
T3-8MR 582.20 -13.6 3.008 0.738 3.3 2.2
T4-8MR 587.06 -18.5 2.650 0.963 3.0 5.9
T4-MR 67.88 0.7 4.852 0.700 5.2 0.0
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Based on the comparison of experimental and theoretical values in Figure 45, possible
Na-sites were assigned to Na resonances in Table 3. Nevertheless, calculations show, that we
are able to distinguish Na in different rings or sites, but not specific Al T site, e.g. that sodium
accommodated in one of 8-mr has the same NMR parameters despite Al is in T1 or T3 site.

+ .. . .
As a consequence, Na' cannot be use as a probe of Al siting in the case of ferrierite.

b 7
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Figure 45. 2*Na chemical shift and quadrupolar product of individual resonances of Na-FER samples compared
to calculated values of low-energy Na' sites.

6.2.5 Summary

»Na MAS and MQMAS NMR spectra of dehydrated Na-FER samples were acquired at both
high and ultra-high magnetic field strengths of 11.7 T and 21.1 T, respectively. Na NMR
experiments at 11.7 T did not allow complete analysis of Na* environment in our samples
because some resonances found in Na MAS NMR spectra were not observed in MQMAS
spectra. Moreover, experiments are very time consuming and resulting spectra are very broad

due to the strong quadrupolar interaction.
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In contrast to “Na NMR experiments at 11.7 T, measurements performed at ultra-high
magnetic field of 21.1 T provide much better results regarding spectral resolution and time
consumption. Even the signal to noise ratio of MQMAS experiments at 21.1 T is similar to
those at 11.7 T, spectral resolution increased due to the suppression of quadrupolar
broadening and quadrupolar induced shift. Moreover, MQMAS spectra revealed presence of

resonances that we were not able to observe at 11.7 T.

By careful simultaneous deconvolution (analytical simulation) of MAS and MQMAS spectra
recorded at 21.1 T, 4-5 resonances were found in Na-FER samples and their NMR parameters

were extracted.

Comparison of quadrupolar parameters obtained at different magnetic field helps to identify

individual resonances and guaranteed accurate parameters were obtained.

Theoretical calculations revealed that NMR parameters of sodium cations balancing Al in
different T sites while located in the same ring are similar. Thus, Na" is not a suitable probe of
Al siting in the case of ferrierite, yet ’Na ssNMR can provide information about location of

sodium in different rings.
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6.3 Structure of cationic sites in dehydrated CHA"

The Al MAS NMR experiments on hydrated zeolites allowed a determination of the siting
of Al atoms in the T sites but the local arrangement of the whole cationic site (i.e., the extra-
framework cation and the framework atoms forming the structure of the cationic site
including the balanced framework Al atoms) could not have been analyzed. Only a few
studies investigated dehydrated zeolites by ’Al MAS NMR spectroscopy and therefore our
knowledge in this area is significantly limited.***' Freude et al. demonstrated that it was
possible to monitor Al atoms in dehydrated zeolites by Al MAS NMR spectroscopy and his
results showed a variability of the >’Al MAS NMR spectra and line widths for faujasite and
ZSM-5 structures exchanged with Na and H cations.*™® Thus, the Al NMR spectra of
dehydrated zeolites have to contain complex and detailed information regarding the Al siting
in the framework and concerning the local structure of the site accommodating the extra-
framework cation in a dehydrated zeolite. However, this information has not been utilized yet.
This is caused by the absence of understanding the mechanism of the broadening of the
spectra and of the parameters controlling its width and shape. There is only a generally
accepted hypothesis that narrow *’Al NMR resonances of framework Al atoms in hydrated
zeolites are caused by narrowing the broad 2’Al NMR resonance (due to the quadrupolar
broadening) by averaging the electrostatic field around AlO4 tetrahedra due to molecular
motion of water molecules. To elucidate an effect of cation on *’Al NMR spectra of zeolites,

a set of CHA samples were investigate.

6.3.1 *’AI NMR of CHA Samples

Figure 46 compares the single pulse ’Al MAS NMR spectra of the hydrated M-CHA as well
as hydrated M-CHA(deh) (M = Li, Na, and K) samples. The dehydration of the samples is
connected with a marked broadening of the ’Al NMR signal. Moreover, this broadening

depends on the cation balancing the framework negative charge.

* This section is based on Ref.(79) Klein, P.; Pashkova, V.; Thomas, H. M.; Whittleton, S. R.; Brus, J.; Kobera,
L.; Dedecek, J.; Sklenak, S. Local Structure of Cationic Sites in Dehydrated Zeolites Inferred from 27A1 Magic-
Angle Spinning NMR and Density Functional Theory Calculations. A Study on Li-, Na-, and K-Chabazite. The
Journal of Physical Chemistry C 2016, 120 (26), 14216.
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Figure 46. ”’Al MAS NMR spectra of hydrated (left) and dehydrated (right) Li-, Na- and K-chabazites

Al 3Q MAS NMR spectra of the dehydrated M-CHA(deh) samples were collected to
investigate the mechanism of line broadening in dehydrated zeolites. Note that the collection
of the MQ MAS NMR spectrum of an enormously broad signal requires the acquisition time
of several days. Both the single pulse *’Al MAS and isotropically sheared *’Al 3Q MAS
spectra of all the dehydrated samples were simultaneously fitted in the dmfit software using
"Czjzek simple" model to obtain the *’Al NMR parameters. >’Al MAS and MQMAS NMR
spectra of dehydrated Li-CHA(deh) sample together with simulations are shown in Figure 47.

ppm
25

50
Li-CHA(deh)
75
simulation
—r 7 L e e e S
120 100 80 60 40 20 0 -20 -40 -60 -80 90 80 70 60 50 40 30 20 10 O
277l observed chemical shift, ppm F,, ppm

Figure 47. ”’A1 MAS (left) and MQMAS (right) NMR spectra of dehydrated Li-, Na- and K-chabazites together
with simulations
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The spectra of the dehydrated Na-CHA and K-CHA samples were simulated using one
resonance while two resonances are required for the dehydrated Li-CHA sample. The values
of the ?’Al isotropic chemical shift and the nuclear quadrupolar coupling parameter Pq from

spectra simulation are shown in Table 5.

Table 5. *’Al chemical shift (), quadrupolar coupling product (Py) and relative intensity (1) of individual Al
resonances of CHA samples

sample resonance o/ppm Py/MHz 1%
Li-CHA(deh) I 62.0 53 35
I 57.0 7.3 65

Na-CHA(deh) I 61.3 4.2 100
K-CHA(deh) I 60.1 2.9 100
Li-CHA I 60.0 24 100
Na-CHA I 59.5 1.8 100
K-CHA I 59.5 1.8 100
K-CHA(190K) I 59.7 2.1 100

The effect of low temperature on the *’Al MAS NMR spectrum of chabazite is revealed in
Figure 48 which compares the *’Al MAS NMR spectra of the hydrated K-CHA sample
measured at RT and -80° C. The decrease of the temperature is followed by only a negligible

broadening of spectrum, see Table 5 which shows the Al NMR parameters of the spectra.

90 80 70 60 50 40 30 20 10 0 -10
Op PPM

Figure 48. The effect of low temperature on the ’ Al MAS NMR spectrum of K-CHA sample. Spectrum
recorded at 190 K (solid blue) and at 303 K (dashed)
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Figure 46 shows the enormous broadening of the *’Al NMR resonances for the dehydrated
samples. The 2’Al MAS NMR spectra of the dehydrated M-CHA (M = Li, Na, and K) zeolites
significantly differ in their width depending on the cation balancing the negative charge of the
AlQy tetrahedra although there is only one crystallographically distinguishable framework T
site which could be occupied by Al atoms. The largest broadening (i.e., the largest Pq values
of 5.3 and 7.3 MHz) is observed for the smallest cation Li~ while the smallest broadening
(i.e., the smallest Py value of 2.9 MHz) for the largest cation K'. The broadening for the
Na-CHA sample (i.e., the Pqg value of 4.2 MHz) is in between those for the Li-CHA and
K-CHA materials. These results indicate (i) a significant role of the cation interaction with the
zeolite framework in the broadening of the *’Al MAS NMR signal upon dehydration of the
M-CHA samples, (ii) a limited or negligible role of the motion of water molecules in zeolite
channels causing "averaging" the local electrostatic field and thus narrowing the Al NMR

resonances in hydrated zeolites.

6.3.2 Elucidation of effect of extra-framework kation on >’A1 NMR spectrum

Calculations of the six models of the cationic sites yielded the optimized structures and the
corresponding relative energies of the two cationic sites (M" accommodated in six-membered

and eight-membered rings), see Figure 49.
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Figure 49. Optimized structures (M—O distances in A) of the cationic sites of Li", Na', and K" accommodated in
6-, and 8-rings and the relative energies for each M in kcal/mol. Silicon atoms are in gray, oxygen atoms in red,
aluminium atoms in yellow’

Our computational results show that all three M cations are coordinated to two O atoms of
AlQy4 tetrahedron for both the sites. In addition, there is additional coordination to O atoms of
SiO4: one for Li'-6-ring and Na'-8-ring; two for Na'-6-ring, K'-6-ring, and K'-8-ring. The
smaller Li" and Na" cations accommodated in the 6-ring are calculated to be more stable by 2

kcal/mol while the largest K* cation prefers the 8-ring by 4 kcal/mol.

Table 6 reveals the 2’Al NMR shielding values, the Cq, 1, and Pq values for the Al atom. The
*’Al NMR parameters were also computed for the Al atom of the optimized bare zeolite

framework model (Table 6).
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Table 6. Relative energies in kcal/mol of the M sites and the 2’ Al NMR parameters (shielding in ppm, Cq
in MHz, ) (dimensionless), and Pq in MHz) Calculated for the Computational Models®

optimized cationic site

with M™ removed M~
cationmodel ~ AE  shielding  Cq n Py shielding ~ Cq n Py"
Li-8MR 2.4 505.2 93 0.28 9.4 505.8 6.8 022 6.9
Li-6MR 0.0 509.4 9.5 0.77 10.4 509.5 7.2  0.74 7.8
Na'-8MR 1.9 505.8 59 0.58 6.2 506.7 40 0.86 4.5
Na'-6MR 0.0 508.9 7.5 098 8.6 509.5 56 098 6.4
K'-8MR 0.0 507.5 40 0.73 4.3 507.9 3.0 095 34
K"-6MR 3.7 508.9 6.2 0091 7.0 509.2 47  0.85 5.2
bare framework

with M" M’ replaced by charge”
shielding  C, n P, shielding  Cq, n Py"
Li-8MR 506.0 1.8 0.99 2.1 510.2 3.0 0091 34
Li-6MR 507.5 47  0.81 5.2 510.0 32  0.71 35
Na’-8MR 507.2 20 0.75 2.2 510.2 3.0 092 34
Na'-6MR 508.1 44  0.88 4.9 510.0 3.1 0.70 33
K™-8MR 508.8 2.3 0.78 2.5 510.2 3.0 0.89 34
K™-6MR 508.7 40 094 4.6 510.1 3.0 0.68 3.2

“The NMR parameters calculated for the bare framework model: shielding = 510.2 ppm, Cq = 3.5 MHz,
n=0.83, Pq = 3.9 MHz. ” Background charge at the positions of M".

Table 5 and Table 6 show that the measured and calculated, respectively, ’Al NMR
parameters of the three dehydrated zeolites are in good agreement indicating that both the
computational model and the theoretical approach provide realistic results regarding (i) the
structure of the cationic sites including the local structure of the AlO4 tetrahedra and (i1) the
*’Al NMR parameters. The agreement reveals that the significant increase of the quadrupolar
interaction, which is the most remarkable feature of the ’Al MAS NMR spectra of
dehydrated zeolites, of the >’ Al NMR resonances in the dehydrated zeolites occurs due to the
strong coordination of the extra-framework M cation in the vicinity of the framework Al
atom. Note that the calculations were performed for the silicon-rich chabazite SSZ-13 with
one isolated Al atom per unit cell (Si/Al 35) while the *’Al (3Q) MAS NMR spectra were
recorded for the aluminum-rich material (Si/Al 2.2) containing many Al-O-Si-O-Al sequences
in the zeolite framework and having majority of 6- and 8-rings occupied by extra-framework

+ .
M cations.
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Figure 50. The calculated Pq, values for (i) the Li’-8-ring, Li"-6-ring, Na'-8-ring, Na'-6-ring, K'-8-ring, and
K'-6-ring models (black bars), (ii) the six models with the removed M" (green bars), (iii) the bare framework
model with the added M cations (red bars), and (iv) the bare framework model with the added + background

charges (blue bars)”

The effect of the binding of M to the zeolite framework upon dehydration on the *’Al NMR
parameters is composed of two contributions: (i) the change of the local structure of AlO4
(i.e., deformation) caused by the binding of M" to the zeolite framework without including the
effect of the M" cation; (ii) the effect of the M" cation with the exclusion of the influence of
the change of the local structure of AlO, due to the coordination of M" to the zeolite
framework. The latter could be further investigated employing the background (point) +
charge instead of the M cation. These calculations permit the evaluation of the effect of the +

charge of the cation M" without including the other effects of the cation M.

The calculations of the *’Al NMR parameters for the optimized cationic sites with the
removed M" cations (Table 6) reveal that the main factor responsible for the enormous
broadening of the Al NMR resonances of the dehydrated samples is the deformation of the
local structure of AlO4™ due to the binding of M to the zeolite framework. The calculated Pq

values were only slightly smaller by ca 2.6, 2.0, and 1.4 MHz for Li", Na", and K" cations,
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respectively, than those calculated with the presence of the M cations (Table 6 and Figure

50).

Conversely, the influence of M, without considering the deformation of the local structure of
AlO,4 due to the binding of M™ to the zeolite framework, is significantly smaller. The
calculated P values for the optimized bare framework model with the added M" cations
located in the same positions as in the corresponding cationic sites are significantly smaller
(Table 6 and Figure 50). They are close to the Py value computed for the bare zeolite
framework model with no cation. The Pq values calculated for M" accommodated in the 6-
ring are slightly larger than 3.9 MHz while those computed for M" located in the 8-ring are
slightly smaller. This indicates that the effect of the M cation on the Pq parameters with the
exclusion of the influence of the deformation of the local structure of A1Q4 can both increase
as well as decrease, depending on the M position with respect to AlOy4, the values of the Pq
parameter of the *’Al atom of the AlOy™ tetrahedron which is compensated by the M" cation.
In addition, our calculations employing the background charge of +1 located at the positions
of M" reveal a negligible effect of the + charge as the calculated Pq parameters for all the six
models (Table 6) are very close to the Pq calculated for the bare framework model without
any cation. Our results indicate that the four O atoms of the *’AlO,” tetrahedron shield the
?"Al atom and thus minimize the effect of the charge of the cation balancing the negative
charge of AlO4". The quadrupolar interaction decreases with the increasing diameter of the
monovalent cation balancing the Al atom as the local deformation of the cationic site in the

zeolite is less pronounced when accommodating a larger cation.

6.3.3 Summary

Al atoms in frameworks of hydrated zeolites exhibit a tetrahedral coordination that results in
an extremely low quadrupolar broadening of the ’Al NMR resonances. Extra-framework
cations balancing the negative charge of framework AlO, tetrahedra are solvated, mobile, and
do not significantly perturb the structure of the AlO4 tetrahedra in hydrated zeolites. A
dehydration of zeolites results in a coordination of extra-framework cations to O atoms of the
AlOy4 and SiOy4 tetrahedra followed by their significant deformation leading to a perturbation
of the symmetry of AlOy™ tetrahedron, and therefore, significant broadening of the *’Al NMR
signal. The effect of the cation binding consists of two contributions: (i) the deformation of
the local structure of AlO, due to the binding of M to the zeolite framework and (ii) the

effect of the M" cation with the exclusion of the influence of the deformation of the local
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structure of AlO4". Our results show that the former is responsible for the broadening of the
>’ Al NMR signals. The quadrupolar interaction decreases with the increasing diameter of the
monovalent cation balancing the AlO4 tetrahedron as the deformation is less pronounced for

larger cations.

The influence of water in hydrated zeolites is limited only to the prevention of strong
coordination of the M cation to O atoms of the AlQ, tetrahedra but there is no "averaging"
effect concerning the local electrostatic field due to a molecular motion of water molecules.
Our results show that the ’Al NMR parameters in dehydrated zeolites can be calculated
accurately enough to permit the description of the local structure of AlO, tetrahedra in
dehydrated zeolites. Moreover, the ’Al NMR parameters can provide information regarding

the cation siting in extra-framework positions and the local structure of cationic sites.
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7 Conclusions

Presented work demonstrates application of solid-state NMR spectroscopy supported by
quantum chemical calculations for analysis of extra-framework sites in zeolites. Quantitative
distribution of lithium and sodium cations in crystallographically non-equivalent sites in
dehydrated Na- and Li-FER zeolites was determined by combination of advanced techniques
of ssNMR. To distinguish crystallographically non-equivalent lithium sites in a narrow range
of chemical shifts, a two-dimensional 'Li-’Li correlation EXSY NMR experiment was
successfully implemented. Quantitative distribution was subsequently determined by
deconvolution of one-dimensional 'Li MAS NMR spectra. Periodic DFT calculations allowed
interpretation of most of the individual lithium resonances. It was found that Li" balancing Al
in one T site can occupy two different crystallographic positions. On the other hand,
assignment of close resonances has to be performed very carefully but still resonances T3 and
T4 cannot be distinguished. Sound agreement between results of Li" and Al siting opens

possibility to use Li" as an additional probe of Al siting.

To obtain NMR parameters of broad and overlapping sodium signals in dehydrated Na-FER
samples, simultaneous analytical simulation of the »Na MAS and *Na MQMAS NMR
spectra measured on two different magnetic fields (high and ultra-high) had to be performed.
Theoretical calculations revealed that NMR parameters of sodium cations balancing Al in
different T sites while located in the same ring are similar. Thus, Na" is not a suitable probe of
Al siting in the case of ferrierite, yet ’Na ssNMR can provide information about location of

sodium in different rings.

It was shown, that both lithium and sodium ssNMR provide useful information about
distribution of extra-framework cations. On the other hand, various cationic sites in silicon-
rich zeolites have the same chemical environment, so the difference between NMR interaction
tensors is only due to the subtle changes of bond lengths and angles. Therefore, some
positions would not have been distinguished without analysis of Al siting in the framework. It
demonstrates importance of multinuclear approach and thorough analysis of both Al and

cation siting for characterization of zeolite catalyst.

Reliability of quantum chemical calculations in predicting structure of extra-framework sites
in zeolites has been verified. Calculated NMR parameters are in good agreement with

experimental values and allow interpretation of NMR spectra. We suppose that theoretical
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calculation can be utilized for predicting of cations NMR inactive or difficult to measure

(e.g. Cu’, Fe3+).

To test possibility of indirect characterization of siting of monovalent cations, A1 MAS and
MQMAS NMR spectra of hydrated and dehydrated Li-, Na- and K-CHA samples were
recorded. Upon dehydration of the samples, marked broadening of 2’Al MAS NMR spectra
was observed. Broadening caused by quadrupolar interaction increased with decreasing ionic
radius. Sound agreement between experiment and calculations revealed that observed
quadrupolar broadening is rather due to the deformation of AlO4 tetrahedron by coordination
of cation, than due to the effect of positive charge of the cation. Moreover, NMR invisible
potassium cation can be identified in *’Al MAS NMR spectrum of dehydrated CHA by Al

resonance with magnitude of quadrupolar interaction of about 3 MHz.
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Appendix A: Na-FER Computational Models and Methods

Structural Models

Five models, possessing the P1 symmetry, featuring one Al/Si substitution in the framework
T1a,™ T1b,M T2, T3, and T4 sites!"! and one Na' cation compensating the corresponding
negative charge of AlO4 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 Na' ions coordinated to two oxygen
atoms of one AlQy tetrahedron (with the Na-Oy; distances of some 2.4 A) for each of the five

models were used as the starting structures.

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.

Molecular Dynamics

Molecular dynamics (MD) simulations were performed as implemented in the QUICKSTEP
program,'® a part of the CP2K suite of software.”] Born-Oppenheimer MD simulations of
3000 - 8000 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. The
duration of the MD simulation depended on the number of steps needed to equilibrate the
calculated system. When the calculated systems were equilibrated, the structures of ten
distinct "snapshots” were collected from each molecular dynamics simulation and optimized.
The most stable structures of all distinct Na' sites for all five models (i.e., Al in all the five

framework T sites) were used for subsequent NMR computations.

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.
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Calculations of *Na NMR Shielding

Clusters of seven coordination shells around the Al atom (Al-O-Si-O-Si-O-Si-O-Hjiyk) and the
Na' ion were extracted from the optimized structures. Due to the presence of silicate rings in
the framework of ferrierite, the created seven-shell clusters contained pairs of very close Hiink
atoms. Since the close Hj,x atoms represented the same Si atom, they were replaced by the
corresponding Si(OHjink), moiety. This was repeated until the cluster contained no such pairs.
The »Na NMR shielding values were calculated by the gauge independent atomic orbital
method (GIAO)!"! using Gaussian09,™® 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 calculated
»Na NMR shielding values were converted to *’Na chemical shifts using the calculated
shielding of 568.6 ppm for Na'(H,0)s (**Na chemical shift is 0.00 ppm by definition).""! The
geometry of Na'(H,0)s was optimized at B3LYP/cc-pVQZ and subsequently the *Na NMR
shielding of 568.6 ppm was obtained at B3LYP/pcS-4 for the Na atom and pcS-1 for the O

and H atoms.

References

[1] J. Dedecek, M. J. Lucero, C. Li, F. Gao, P. Klein, M. Urbanova, Z. Tvaruzkova, P.
Sazama, S. Sklenak, Journal of Physical Chemistry C 2011, 115, 11056-11064.

[2] http://www.iza-structure.org/databases, Space group: Immm; Cell parameters: a =
19.018 4, b =14.303 4, ¢ = 7.541 4.

[3] The CP2K developers group, http://cp2k.org/.

[4] (a) A. D. Becke, Physical Review A 1988, 38, 3098-3100; (b) C. T. Lee, W. T. Yang,
R. G. Parr, Physical Review B 1988, 37, 785-7809.

[5] aC. Hartwigsen, S. Goedecker, J. Hutter, Physical Review B 1998, 58, 3641-3662; bM.
Krack, Theoretical Chemistry Accounts 2005, 114, 145-152.

[6] J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing, J. Hutter,
Computer Physics Communications 2005, 167, 103-128.

[7] K. Wolinski, J. F. Hinton, P. Pulay, Journal of the American Chemical Society 1990,
112,8251-8260.

[8] M. J. Frisch, et al., Gaussian 09, Revision C.01, Gaussian, Inc., Wallingford CT, 2011.

[9] A. D. Becke, Journal of Chemical Physics 1993, 98, 5648-5652.

[10] F.Jensen, Journal of Chemical Theory and Computation 2008, 4, 719-727.

[11] J. Mahler, L. Persson, Inorganic Chemistry 2012, 51, 425-438.

109



