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Abstract  
 

This thesis deals with the application of advanced methods of solid-state nuclear 

magnetic resonance (NMR) spectroscopy to determine the extra-framework positions 

of selected alkali metal cations in zeolites. 

One objective was to develop a procedure allowing to distinguish crystallographic 

positions of Li
+
 and Na

+
 cations in silicon-rich zeolites and to verify applicability of 

quantum chemical calculations for interpretation of NMR spectra. The zeolite of FER 

structure type was chosen as a model system. Based on the complex analysis of the set 

of synthetic FER zeolites using 
27

A1 NMR, 
29

Si NMR and UV-Vis spectroscopy, three 

samples with different distribution of Al in the framework were selected. Their 

dehydrated lithium- and sodium- exchanged forms were subsequently investigated by 

solid-state NMR techniques under magic angle spinning (MAS). 

A two-dimensional 
7
Li-

7
Li exchange correlation spectroscopy (EXSY) NMR 

experiment was used for the first time to distinguish non-equivalent Li
+
 

crystallographic positions in a narrow range of chemical shifts. The relative 

concentration of Li
+
 at the individual positions was subsequently determined by the 

deconvolution of the one-dimensional 
7
Li MAS NMR spectra. To distinguish broad 

quadrupolar resonances of different Na+ sites and to obtain their NMR parameters, it 

was necessary to simultaneously analyze one-dimensional 23Na MAS NMR and 

two-dimensional multi-quantum (MQ) MAS NMR spectra measured on two different 

magnetic fields (high and ultra-high field). Quantum-chemical calculations were 

employed to interpret NMR spectra. The calculated NMR parameters were in good 

agreement with the experimental values and allowed interpretation of NMR spectra. 

However, little to no difference between the calculated parameters of several sites does 

not allow unambiguous assignment of all resonances to particular extra-framework 

site. Therefore, knowledge of Al distribution in the framework is of high interest. 

Another objective was to verify the possibility of analyzing the structure of the 

cationic position indirectly by 
27

A1 MAS NMR using the influence of the cation on the 

coordination of Al in the dehydrated zeolite. For this purpose a zeolite of CHA 

structure type, which contains only one type of framework Al site was chosen. Both 

hydrated and dehydrated lithium-, sodium-, and potassium- exchanged forms of zeolite 

CHA were investigated using 
27

A1 MAS and MQMAS NMR. Significant broadening 

of 
27

Al NMR spectra of dehydrated samples was observed, depending on the ionic 

radius of the extra-framework cation. The analysis of this broadening provides 

additional structural information on the extra-framework positions of cations in 

zeolites, including K
+
, which is difficult to measure. Theoretical calculations have 

shown that enlargement is primarily caused by deformation of AlO4
-
, due to cation 

binding. 
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Abstrakt 

 

Tato práce se zabývá aplikací pokročilých metod spektroskopie nukleární magnetické 

rezonance (NMR) pevné fáze pro určení mimo-mřížkových poloh vybraných 

jednomocných kationtů alkalických kovů v zeolitech. 

Jedním z cílů bylo vytvoření postupu pro rozlišení jednotlivých krystalografických 

poloh kationtů Li
+
 a Na

+
 v zeolitech s vysokým obsahem křemíku, včetně ověření 

možnosti interpretace NMR spekter pomocí kvantově chemických výpočtů. Jako 

modelový systém byl zvolen zeolit strukturního typu FER. Na základě komplexní 

analýzy sady syntetických FER zeolitů pomocí 
27

Al NMR, 
29

Si NMR a UV-Vis 

spektroskopie byly vybrány tři vzorky s rozdílnou distribucí Al ve skeletu. Jejich 

dehydratované lithné a sodné formy byly následně zkoumány pomocí NMR technik 

pevné fáze za rotace vzorku pod magickým úhlem (MAS).  

Pro rozlišení neekvivalentních krystalografických poloh Li
+
 v úzkém rozsahu 

chemických posunů byl poprvé použit dvourozměrný 
7
Li-

7
Li výměnný korelační 

(EXSY) NMR experiment. Relativní zastoupení Li
+
 v jednotlivých polohách bylo 

následně určeno pomocí dekonvoluce jednorozměrného 
7
Li MAS NMR spektra. Pro 

rozlišení kvadrupolárně rozšířených signálů jednotlivých poloh Na
+
 bylo nutné 

souběžně analyzovat jednorozměrná 
23

Na MAS NMR a dvourozměrná vícekvantová 

(MQ) MAS NMR spektra změřená na dvou různých magnetických polích (vysokém 

a ultra-vysokém). Pro interpretaci NMR spekter byly použity kvantově-chemické 

výpočty. Vypočtené NMR parametry byly v dobrém souladu s experimentálními 

hodnotami, avšak podobnost vypočtených parametrů některých kationtových poloh 

neumožnila jejich dostatečné rozlišení bez znalosti distribuce Al ve skeletu.  

Dalším z cílů bylo ověření možnosti analýzy struktury kationtové polohy nepřímo 

pomocí 
27

Al MAS NMR s využitím vlivu kationtu na koordinaci Al v dehydratovaném 

zeolitu. K tomu byl vybrán zeolit strukturního typu CHA, který obsahuje pouze jednu 

mřížkovou polohu Al. Jeho lithná, sodná a draselná forma byla zkoumána 

v hydratovaném i dehydratovaném stavu pomocí 
27

Al MAS a MQMAS NMR 

experimentů. Bylo zjištěno znatelné rozšíření Al spekter dehydratovaných vzorků 

v závislosti na iontovém poloměru mimomřížkového kationtu. Analýza tohoto 

rozšíření přináší další strukturní informace o mimo-mřížkových polohách kationtů 

v zeolitech, a to včetně K
+
, které je obtížně měřitelné. Teoretické výpočty prokázaly, 

že příčinou rozšíření je především deformace AlO4
-
, která je způsobena navázáním 

kationtu.  

 

Keywords 
 

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

ferrierite, chabazite, heterogeneous  catalysis 
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Introduction 

Zeolites are microporous crystalline aluminosilicates, which represent an important 

group of inorganic materials in modern chemistry. Zeolite structure is formed by SiO4 

and AlO4
-
 (generally TO4) tetrahedra sharing oxygens in their corners. The 

three-dimensional framework of linked tetrahedra forms well-organized microporous 

system of channels and interconnected cavities with thousands of possible 

arrangements. Up to date, 239 framework type codes have been assigned.
1
 Zeolites 

occur as natural minerals, but are also synthetized and produced industrially. Because 

of the unique combination of the properties, such as large surface area, well organized 

micropore channel system, presence of exchangeable cationic species, high chemical 

and thermal stability, zeolites are used in a variety of applications with a global market 

of several million tones per year.
2
 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 the financial market and 

industrial impact, catalysis is the largest application of zeolites.
2
 In the case of 

catalysis mostly the synthetic zeolites 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. Solid-state nuclear magnetic resonance (ssNMR) spectroscopy represents 

one of the most powerful analytical methods for determining the structural properties 

at the atomic level. This method allows a unique view of coordinating state and 

chemical environment of individual atoms. This work deals with the applications of 

ssNMR supported by quantum chemical calculations for the analysis of 

crystallographic positions of monovalent extra-framework cations in zeolite with low 

relative concentration of aluminium in the framework.  

1 Zeolites in Heterogeneous Catalysis 

Zeolites have the ability to act as catalysts for chemical reactions taking place within 

the internal channels and cavities. The isomorphous substitution of Si
IV

 atoms by the 

Al
III

 ones introduces negative charge into the silicate framework and 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. 

Due to flexible chemical composition is possible to control the type, number and 

strength of active sites as well as the adsorption properties. Silicon-rich zeolites have 

outstanding thermal and hydrothermal stability making their regeneration easy and 

repeatable. Zeolites are frequently referred as “green catalysts”.
3
 

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 > 8) arises. ZSM-5, beta zeolite, 

MCM-22, mordenite and ferrierite are the silicon-rich zeolites with the highest 

industrial impact.
4, 5

 An important class of reactions is 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 
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crude oil cracking (fluid catalytic cracking - FCC, hydrocracking), isomerization and 

alkylation of paraffins/olefins, conversion of methanol to hydrocarbons (methanol to 

gasoline - MTG, methanol to light olefins – MTO).
4, 6-9

 

Zeolites containing transition metal ions in extra-framework positions represent group 

of redox catalysts. They found applications in the abatement of NOx from diesel 

engine exhaust gases and in nitric acid plants.
10-12

 

There are also many promising application in hydrocarbon syntheses, synthesis of fine 

chemicals,
3, 13

 biomass conversion,
14

 the conversion of methane to form more valuable 

products (such as methanol and benzene)
15

 and carbon dioxide utilization and 

abatement.
16

 

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 and in the oxidation of benzene to phenol by nitrous oxide 

(BTOP reaction).
17-19

   

These developments and related successes have only been possible by increased 

knowledge and related technological advances in the tailoring of zeolite-based 

catalysts. In the last decades 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. 

1.1 Analysis of Extra-framework Cations in 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.
20

 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
21

 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.
22

, synchrotron diffraction was used to characterize Cs
+
 in ZSM-5. 

Mentzen
23

 analyzed H-, Li-, Na-, K-, Rb-, and Tl-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
24

 and 4 cationic 

sites in dehydrated zeolite Ni-FER with the Si/Al 8,5 by powder XRD.
25

 Seff
26

 

characterized Cs
+
 sites in single crystal of ZSM-5 using synchrotron diffraction. 

Dědeček et al.
27, 28

 analyzed Co
2+

 siting in hydrated and dehydrated Si-rich zeolites by 
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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.
29

 

Important method for characterization of cations and adsorbed molecules in zeolites 

reveals solid-state NMR spectroscopy. 

2 Solid-state NMR Spectroscopy 

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. 
11

B, 
17

O, 
27

Al, 
29

Si, 
31

P, 
51

V, 
67

Zn, and 
71

Ga isotopes are accessible for NMR spectroscopy and contribute to the framework of 

zeolites in a broad manner. 
1
H, 

7
Li, 

23
Na, and 

133
Cs isotopes are interesting for the 

characterization of surface OH groups and extra-framework species, such as extra-

framework cations.
30

 

2.1 Application of ssNMR for Investigation of Extra-Framework Cations 

in Zeolites 

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 I > 1/2 (
6
Li: spin I = 1; 

7
Li: spin I = 3/2; 

23
Na: spin I = 3/2), only the quadrupolar 

interaction of 
23

Na nuclei causes a dominating line broadening effect.
30

 

2.1.1 Lithium ssNMR 

Lithium exchanged zeolites represent promising material for CO2 capture. Thanks to 

its small diameter it is promising probe for Al siting in zeolites.  

Both the lithium nuclides 
6
Li and 

7
Li are useable for NMR spectroscopy. In the most 

cases of the investigation of lithium-exchanged zeolites by solid-state NMR 

spectroscopy, the spin I = 3/2 
7
Li nucleus is studied, since it has a significantly higher 

natural abundance in comparison with the spin I = 3/2 
6
Li nucleus (

6
Li: 7.42%, 

7
Li: 92.58%) and favorable receptivity. In some cases 

6
Li spectra can be useful. 

Because of the weak quadrupole moment of 
7
Li nuclei (Q = -4.01 x 10

-30
 m

2
), the 

7
Li 

MAS NMR spectra of lithium cations in hydrated as well as dehydrated zeolites 

consist of narrow isotropic lines.
30

  

However, individual resonances of lithium are in the small range of chemical shift, 

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.  
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2.1.2 Sodium ssNMR 

Due to the large quadrupole moment of 
23

Na nuclei (Q = 10.4 x 10
-30

m
2
)

31
, the MAS 

NMR spectra of sodium cations in dehydrated zeolites are dominated by broad 

quadrupolar patterns. The overlap of the 
23

Na MAS NMR signals of sodium cations 

located on crystallographically non-equivalent extra-framework positions makes the 

separation and assignment of the corresponding signals difficult and requires field-

dependent experiments
32, 33

 or application of MQMAS techniques
20, 34-36

. Utilizing the 

above-mentioned experimental techniques, the quadrupole coupling constant CQ, the 

asymmetry parameter ηQ, and the isotropic chemical shift δ can be obtained.
30

  

2.1.3 Aluminium ssNMR 

The 
27

Al MAS NMR experiments on hydrated zeolites allowed a determination of the 

siting of Al atoms in the T sites
37

 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 
27

Al MAS NMR 

spectroscopy and therefore our knowledge in this area is significantly limited.
38, 39

 

Freude et al. demonstrated that it was possible to monitor Al atoms in dehydrated 

zeolites by 
27

Al MAS NMR spectroscopy and his results showed a variability of the 
27

Al MAS NMR spectra and line widths for faujasite and ZSM-5 structures exchanged 

with Na and H cations.
38-41

 Thus, the 
27

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. 

2.2 Interpretation of ssNMR Spectra  

Simulations of site arrangements using ab-initio quantum chemistry methods followed 

by predictions of NMR parameters of the involved atoms represent an essential part of 

the interpretation of ssNMR spectra as there is not an empirical method of the 

interpretation of the NMR results at an atomic level. 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.
42, 43

 

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 Aim of Study 

The aim of this study is to employ techniques of solid-state NMR spectroscopy for 

analysis of crystallographic positions of monovalent cations in zeolites with focus on 

following objectives: 

 

 Development of methods and methodology to increase the resolution of NMR 

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

 

 Verification of reliability of quantum chemical calculation of NMR parameters 

of non-relativistic nuclei of monovalent cations in cationic sites in zeolites. 

 

 Analysis of siting and coordination of Li
+
 and Na

+
 ions in zeolite of selected 

structure. 

 

 Application of monovalent cations monitored by NMR as supplementary 

method for the analysis of Al siting in silicon-rich zeolites. 
 

 To test possibility and develop methods and methodology for indirect 

characterization of siting of monovalent cations including “NMR invisible” in 

zeolites via analysis of local arrangement of framework Al atoms in dehydrated 

zeolites. 

 

4 Materials and Methods 

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 different zeolites of FER structure were analyzed. Complex 

multi-spectroscopic approach using 
29

Si NMR and UV-Vis spectroscopy and 
27

A1 

MQMAS NMR interpreted by periodic DFT allowed determination of aluminium 

siting in the FER framework.
37

 Three of them containing mostly isolated Al atom were 

used for further analysis of extra-framework sites. 

To elucidate an effect of cation on 
27

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 on reasonable timescale. 

4.1 Samples Preparation 

The parent FER/20 (FER/A in Ref.
37

) sample with Si/Al of 20 was purchased from 

Unipetrol, a.s., Czech Republic. The parent FER/27 sample (Si/Al 30, FER/B in 

Ref.
37

) was synthetized using pure silica (Cab–O–Sil M5), sodium and aluminum 
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sulfate and NaOH. Pyridine served as the structure directing agent. The parent FER/30 

sample (Si/Al 30, FER/C in Ref.
37

) was purchased from Zeolyst International, Inc. 

The parent CHA sample with Si/Al of 2.4  was prepared according to the procedure 

described in Ref.
44

 

The parent samples were ion-exchanged with 0.5 M NH4NO3 twice for 24 hours to 

obtain the NH4-forms. Then the NH4-forms of parent zeolites were ion-exchanged into 

the M-FER (M = Li, Na)  and M-CHA (M = Li, Na, and K)  forms by repeated (3× 24 

hours) M
+
 ion-exchange using 0.5 M 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.  

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 ZrO2 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
-1 

Pa for 3 hours with a heating ramp of 3°C min
-1

. 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. 

4.2 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 Heyrovský 

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 B0 = 11.7 T (ν0(
1
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 or 3.2 double 

resonance probe heads. Samples packed in the ZrO2 rotors with 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 (ν0(
1
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. 
7
Li ssNMR spectra were acquired at Larmor frequency ν0(

7
Li) = 194.37 MHz using 

either a 4 mm or a 3.2 mm double-resonance MAS probe-heads at spinning 

frequencies of νrot = 12 kHz and νrot = 20 kHz, respectively. The two-dimensional 

single quantum 
7
Li-

7
Li exchange correlation (EXSY) NMR spectra were recorded 

using the optimized NOESY-type three-pulse sequence. The quantitative 
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one-dimensional 
7
Li MAS NMR spectra were acquired using the optimized single 

pulse excitation with an optional proton decoupling. The 
7
Li chemical shift was 

referenced externally to 1M solution of LiCl by the signal of solid LiCl at δiso = -1.04 

ppm. 
23

Na ssNMR experiments were carried out at two different external magnetic fields at 

Larmor frequencies ν0(
23

Na) = 132,3 MHz and ν0(
23

Na) = 238,1 MHz using a 3.2 mm 

and 4 mm double-resonance MAS probes, respectively. The quantitative 

one-dimensional 
23

Na MAS NMR spectra were collected using optimized single pulse 

excitation with optional high-power proton decoupling. The two-dimensional 
23

Na 

MQMAS NMR spectra were recorded using optimized z-filtered three-pulse sequence. 

The 
23

Na chemical shifts were referenced externally to 1M solution of NaCl by using 

the signal of solid NaCl at 7.2 ppm. 

The quantitative 
27

Al MAS NMR spectra were recorded using optimized single pulse 

excitation at the rotation frequency of 12 kHz and 20 kHz for the hydrated and 

dehydrated samples, respectively. The two-dimensional triple-quantum 
27

Al 3Q MAS 

NMR spectra of the dehydrated M-CHA samples were recorded using optimized 

z-filtered three-pulse sequence. The 
27

Al chemical shifts were referenced to 1M 

solution of Al(NO3)3 by using signal of solid Al(NO3)3 at 0.0 ppm as an external 

reference. 

Analytical simulations of NMR spectra were performed using dmfit
45

 program. This 

software 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 obtain 

NMR parameters of individual resonances. 

5 Results and Discussion 

5.1 Lithium ssNMR of Li-FER samples 

To investigate lithium environment, three dehydrated Li-FER samples were studied by 
7
Li MAS NMR spectroscopy. One-dimensional lineshapes (see Figure 1) contain close 

overlapping resonances in a narrow range of chemical shifts with negligible 

quadrupolar broadening. To identify individual resonances high resolution 
7
Li-

7
Li 

homonuclear correlation MAS NMR spectroscopy was implemented. By careful 

analysis of cross sections of 2D correlation spectra (see Figure 2) six lithium 

resonances were found in Li-FER samples. These were used in models to fit 
7
Li MAS 

NMR spectra (see Figure 1) to obtain quantitative distribution of Li
+
. The 

7
Li chemical 

shifts of individual lithium resonances and corresponding relative concentration of Li
+
 

ions in crystallographically non-equivalent extra-framework positions in Li-FER 

samples are summarized in Table 1. 
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Table 1 - 
7
Li chemical shift (δ) and relative intensity (I) of individual Li

+
 resonances in dehydrated 

Li-FER samples 

sample 

7
Li

 
NMR

 
resonance

 

R1 R2 R3 R4 R5 R6 

δ/ppm I/% δ/ppm I/% δ/ppm I/% δ/ppm I/% δ/ppm I/% δ/ppm I/% 

Li-FER/20   -0.23 40   -0.80 50 -1.07 10   

Li-FER/27 0.17 5 -0.20 15   -0.80 60 -1.05 20   

Li-FER/30 0.12 5   -0.55 72 -0.85 20   -1.50 3 

 

 

 

 

 
Figure 1 - Experimental and modeled 

7
Li MAS NMR spectra of Li-FER samples 
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Figure 2 - 
7
Li-

7
Li homonuclear correlation spectra of Li-FER samples together with skyline 

projections, selected cross sections, and marked positions of lithium resonances R1-R6 
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For interpretation of 
7
Li MAS NMR spectra quantum-chemistry computations were 

employed. Theoretical computations were made by group of Dr. Štěpán Sklenák (see 

Ref.
46

 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 calculated values of lithium chemical shifts and 

the relative energies of are listed in Table 2. 

 

Table 2 - Calculated 
7
Li chemical shifts (δcalc) and relative energies (E) of six optimized low energy 

Li
+
 sites 

Li
+
 site 

δcalc 

ppm 
E 

kcal/mol 

T1A  0.32 0.0 

T1B -0.34 0.9 

T2A -0.86 0.0 

T2B -0.45 0.2 

T3 -0.78 0.0 

T4 -0.71 0.0 

 

 

The experimental 
7
Li chemical shifts of lithium resonances are compared with the 

calculated values in Figure 4. The pattern of the experimental and calculated 
7
Li 

chemical shifts shows significant similarities, thus, we were able to assign lithium 

structures to individual resonances (see Figure 4). An assignment of such close 

resonances has to be performed very carefully but still resonances T3 and T4 cannot be 

distinguished. 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 in Ref.
37

 

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.
37

) 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 4 compares the relative concentration of Al atoms (in %) corresponding to the T 

sites obtained from (i) the corresponding Li
+
 siting analyzed using 

7
Li MAS NMR and 

(ii) 
27

Al MAS NMR experiments. 

The agreement between the results obtained by 
7
Li and 

27
Al MAS NMR is very good 

and confirms the assignment of the experimental 
7
Li NMR resonances to the Li

+
 sites 

related to Al in the individual T sites. It opens possibility to use Li as an additional 

probe of Al siting and shows importance and usefulness of multinuclear NMR 

approach. 
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Figure 3 - Experimental 

7
Li chemical shifts of Li

+
 resonances and their intensities in the spectra of the 

dehydrated Li-FER samples, 
7
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 ( ▌), Li-FER/27 ( ▌), and 

Li-FER/30 ( ▌); Li
+
 balancing Al in the T1 ( ▌), T2 ( ▌), T3 ( ▌), and T4( ▌) sites 

 

 
Figure 4 - Relative concentration of Al atoms (in %) corresponding to the distinguishable framework 

T sites obtained from (i) the corresponding Li
+
 siting analyzed using 

7
Li MAS NMRand (ii) 

27
Al MAS 

NMR
37
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5.2 Sodium ssNMR of Na-FER samples 

23
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 (500 Hz) and 21.1 T 

(900 Hz), respectively (see spectra of Na-FER/30 in Figure 5). 

 

 
Figure 5 - Experimental and modeled 

23
Na MAS and MQMAS NMR spectra of Na-FER/30 sample 

recorded at B0 = 11.7 T (500 Hz) and B0 = 21.1 T (900Hz) 
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23
Na NMR experiments at 11.7 T did not allow complete analysis of Na

+
 environment 

in our samples because some resonances found in 
23

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. In contrast 

to 
23

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. By careful simultaneous modeling of MAS and MQMAS 

spectra recorded at 11.7 T and 21.1 T (i.e. analysis of 4 spectra at once for each 

sample), 4-6 resonances were found in Na-FER samples and their NMR parameters 

were extracted. An example of the best fit of Na-FER/30 sample is shown in Figure 5. 

Experimental values of chemical shift and quadrupolar coupling constant of Na
+
 

resonances taken from model of 
23

Na MAS NMR spectra recorded at 21.1 T are 

summarized in Table 3 and displayed graphically in Figure 6. 

 

Table 3 - 
23

Na chemical shift (δNa), quadrupolar constant (CQ) and relative intensity (I) of individual 

Na
+
 resonances of Na-FER samples 

sample res. δNa/ppm CQ/MHz I/% Na
+ 

site 

Na-FER/20 I 0.0 4.7 15 T2-/T4-6MR 

 IIa -15.6 2.1 31 T3-8MR2 

 IIb -19.2 2.0 15 T4-8MR 

 III -22.5 3.6 39 T1-/T2-8MR1 

Na-FER/27 I -1.0 4.4 10 T2-/T4-6MR 

 IIa -15.5 2.2 53 T3-8MR2 

 IIb -19.0 2.1 11 T4-8MR 

 III -22.0 3.6 26 T1-/T2-8MR1 

Na-FER/30 I 2.0 4.7 13 T2-/T4-6MR 

 IIa -14.2 2.0 16 T1-8MR2 

 IIb -17.5 1.0 7 T3-8MR 

 IIc -18.0 2.3 18 T4-8MR 

 IId -20.0 1.3 8 T1-ALPH 

 III -22.5 3.4 38 T1-/T2-8MR1 

 

 

As in the case of Li
+
, empirical interpretation of Na

+
 resonances is not possible. 

Theoretical computations were made by the group of Dr. Štěpán Sklenák. Calculated 

NMR parameters, i.e. chemical shift and quadrupolar coupling constant, of nine low 

energy sites of Na
+
 compensating negative charge of Al in different T sites are 

displayed graphically in Figure 6 and compared with experimental values. Three 

possible low energy Na
+
 sites were found for Al in T1 site, two for T2(Al), as same as 

for T3(Al) and T4(Al). Calculated values of 
23

Na chemical shift between 0.7 ppm and 
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-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. 

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. 

 
Figure 6 - 

23
Na chemical shift and quadrupolar product of individual resonances of Na-FER samples 

compared with calculated values of low-energy Na
+
 sites 

 

5.3 Structure of cationic sites in dehydrated CHA as seen by 
27

Al ssNMR 

The single pulse 
27

Al MAS NMR spectra of the dehydrated as well as hydrated 

M-CHA (M = Li, Na, and K) samples are compared in Figure 7. The dehydration of 

the samples is connected with a marked broadening of the 
27

Al NMR signal. 

Moreover, this broadening depends on the cation balancing the framework negative 

charge. Two-dimensional 
27

Al MQMAS 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. 

PQ

(MHz)

23Na chemical shift (ppm)

Na-FER/20

Na-FER/27

Na-FER/30

Calculations

T 1
 –
αT 1

–
8

m
r2

T 1
–

8
m

r1

T 2
–

6
m

r

T 2
 –

8
m

r1

T 3
 –
α

T 3
–

8
m

r2

T 4
 –

8
m

r

T 4
 –

6
m

r

5 0 -5 -10 -15 -20 -25
0

1

2

3

4

5

6

7

 

 



 20 

 
Figure 7 - 

27
Al MAS NMR spectra of hydrated (left) and dehydrated (right) Li-, Na- and K-CHA  

 

Both the single pulse 
27

Al MAS and isotropically sheared 
27

Al 3Q MAS spectra of all 

the dehydrated samples were simultaneously fitted in the dmfit software using "Czjzek 

simple" model to obtain the 
27

Al NMR parameters. 
27

Al MAS and MQMAS NMR 

spectra of dehydrated Li-chabazite together with simulations are shown in Figure 8. 

 

 

 
Figure 8 - 

27
Al MAS (left) and MQMAS (right) NMR spectra of dehydrated Li-, Na- and K-CHA 

together with simulations 

 

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 
27

Al isotropic chemical shift and the nuclear quadrupolar coupling 

parameter PQ from spectra simulation are shown in Table 4. 
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Table 4 - 
27

Al chemical shift (δ), quadrupolar coupling product (PQ) and relative intensity (I) of 

individual aluminium resonances of CHA samples 

sample resonance δ/ppm PQ/MHz I/% 

Li-CHA(deh) I 62.0 5.3 30 

 II 57.0 7.3 60 

Na-CHA(deh) I 61.3 4.2 100 

K-CHA(deh) I 60.1 2.9 100 

Li-CHA I 60.0 2.4 100 

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 

 

Figure 7 shows well known enormous broadening of the 
27

Al NMR resonances for the 

dehydrated samples. The 
27

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 AlO4
-
 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 PQ 

value of 2.9 MHz) for the largest cation K
+
. The broadening for the Na-CHA sample 

(i.e., the PQ value of 4.2 MHz) is in between those for the Li-CHA and K-CHA 

materials. These results indicate a significant role of the cation interaction with the 

zeolite framework in the broadening of the 
27

Al MAS NMR signal upon dehydration 

of the M-CHA samples. 

To elucidate effect of extra-framework cation on 
27

Al 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) were made by Dr. Sklenák’s group. The 

effect of the binding of M
+
 to the zeolite framework upon dehydration on the 

27
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 AlO4
-
 

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 M
+ 

cation 

without including the other effects of the M
+ 

cation. 

Comparison of experimental values of quadrupolar product with theoretical 

calculations (see Figure 9) show that the broadening of the 
27

Al NMR signals is caused 

mostly by deformation of AlO4
-
 due to the coordination of M

+
 to the zeolite 

framework.  
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Figure 9 - 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) 

 

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 
7
Li-

7
Li correlation EXSY NMR experiment was successfully implemented. 

Quantitative distribution was subsequently determined by deconvolution of one-

dimensional 
7
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. 
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To obtain NMR parameters of broad and overlapping sodium signals in dehydrated 

Na-FER samples, simultaneous analytical simulation of the 
23

Na MAS and 
23

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 23Na 

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 calculation can be utilized for predicting of cations NMR 

inactive or difficult to measure (e.g. Cu
+
). 

To test possibility of indirect characterization of siting of monovalent cations, 
27

Al 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 
27

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 
27

Al MAS NMR spectrum of dehydrated CHA by Al resonance with 

magnitude of quadrupolar interaction of about 3 MHz. 
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