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ABSTRACT: High resolution 27Al MAS NMR spectroscopy of dehydrated M-forms (M = 

Li, Na, and K) of chabazite in tandem with DFT calculations are employed to study the 

quadrupolar interaction of 27Al nuclei in dehydrated zeolites and to understand the 

corresponding high resolution 27Al MAS NMR spectra. We show that the broadening of the 

27Al NMR signal in dehydrated zeolites occurs predominantly due to the deformation of the 

local structure of AlO4
- tetrahedra caused by the binding of M+ to the zeolite framework. This 

deformation increases with the decreasing diameter of the cations from K+ to Li+. The 

influence of water in hydrated zeolites is limited only to prevent a strong coordination of the 

M+ cation to O atoms of the AlO4
- tetrahedron but there is no "averaging" effect concerning 

the local electrostatic field due to a molecular motion of water molecules. Our results show 

that the 27Al NMR parameters in dehydrated zeolites can be calculated accurately enough to 

allow the description of the local structure of AlO4
- tetrahedra in dehydrated zeolites and to 

infer the local structure of the sites accommodating the extra-framework M+ cations. 
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1. INTRODUCTION  

Zeolites are crystalline microporous alumosilicates industrially employed as catalysts and 

sorbents. Their three-dimensional frameworks are made of corner-sharing SiO4 and AlO4
- 

tetrahedra. The isomorphous substitutions of Al atoms into the silicate framework result in 

the introduction of negative charges of AlO4
- tetrahedra that are balanced by either protons or 

extra-framework cationic species (metal cations and metal-oxo cations) which correspond to 

catalytic and sorption centers. Unique properties of the cationic species together with the 

variability of microporous channel systems of zeolites are responsible for the fact that 

zeolites represent wide and very important group of heterogeneous catalysts.1 

Since the extra-framework species balance the negative charges of AlO4
- tetrahedra, their 

properties are inseparably connected with the Al siting (i.e., which different distinguishable 

framework T sites are occupied by isolated Al atoms2) and Al distribution (i.e., distribution of 

the framework Al atoms between Al-O-Si-O-Si-O-Al sequences in the rings forming cationic 

sites for divalent cations and isolated Al atoms2) in the zeolite framework. These two 

properties govern the local structures of the active sites and their positions3 in the zeolite 

channel system which are key factors affecting the catalytic performance (i.e., activity, 

selectivity, and stability) of zeolite catalysts.1 Therefore, the knowledge of the local structure 

of active sites and their locations in the zeolite channel system is essential for understanding 

the catalytic properties of zeolites and developing highly active, selective, and durable zeolite 

catalysts. 

Diffraction methods are of limited use in analyzing extra-framework cationic species in 

silicon-rich zeolites due to (i) their large unit cell, (ii) a medium or high number of 

crystallographically distinguishable framework T sites of which only some are partly 

occupied by Al atoms (i.e., Al(T)), (iii) more possible extra-framework cationic sites for 

individual Al(T),4 and (iv) low number of Al atoms in the framework (Si/Al > 8).5 Therefore, 
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the knowledge regarding the siting of cations and the local structure of cationic sites in 

silicon-rich zeolites is very limited.  

The siting of monovalent cations exchanged in zeolites of the FER (K+)6 and MFI (Li+,7 

Na+,7 K+,7 Rb+,7 Cu+8) structures was investigated by diffraction methods but a majority of 

studies dealt with heavy ions (Cs+9-11 and Tl+7, 12) not very attractive for catalysis. Similarly, 

the siting of divalent cations was studied by X-ray diffraction for the zeolite of the FER 

structure with the Si/Al ratio of 8.5 (Co2+13 and Ni2+14) and MOR15 structure. Moreover, 

diffraction experiments provide only the positions of cations in the framework but not the 

local structure of the cationic sites as the coordinates of the cations are combined with the 

averaged coordinates of the framework reflecting mainly empty cationic sites and also the 

corresponding siliceous structures (i.e., without the framework Al/Si substitutions). 

Diffraction techniques cannot distinguish between Al and Si atoms and thus do not allow 

direct identification of the Al siting in zeolites. Conversely, high resolution 27Al solid state 

NMR spectroscopy and applications of multiple-quantum methods and ultra-high field 

magnets led to the recent success in determining the Al siting in the zeolites of the FER,16 

*BEA,17 TON,18 and MFI19-20 (partial determination) structures. Tetrahedral framework Al 

atoms are in this case characterized by the nuclear quadrupolar coupling product PQ around 

2.5 MHz resulting in narrow 27Al NMR signals.21-22 Conversely, the nuclear quadrupolar 

coupling product PQ of aluminum species in dehydrated zeolites range from 5 to 16 MHz 

causing a marked broadening of the corresponding NMR signals.23-25 In addition, the 

acquisition time of the corresponding 27Al MAS NMR spectra substantially increases and 

often the 27Al NMR signal becomes "NMR invisible". The 27Al MAS NMR experiments16-17, 

19-20, 26-27 on hydrated zeolites allowed only 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 
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framework Al atoms) could not have been analyzed. Only a few studies investigated 

dehydrated zeolites by 27Al MAS NMR spectroscopy, and therefore, our knowledge in this 

area is significantly limited.23-25, 28-29  

Freude and Hunger with collaborators demonstrated that it was possible to monitor Al 

atoms in dehydrated zeolites by 27Al MAS NMR spectroscopy and their results showed a 

variability of the 27Al MAS NMR spectra and line widths for faujasite and ZSM-5 structures 

exchanged with Na and H cations.23-25, 28 Thus, the 27Al NMR spectra of dehydrated zeolites 

have to contain complex and detailed information (i) regarding the Al siting in the framework 

and (ii) concerning the local structure of the sites accommodating the extra-framework 

cations 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 their width and shape. There is only a generally accepted 

hypothesis that narrow 27Al NMR resonances of framework Al atoms in hydrated zeolites are 

caused by narrowing the broad 27Al NMR resonances (due to the quadrupolar broadening) by 

averaging the electrostatic field around AlO4
- tetrahedra due to a molecular motion of water 

molecules. 

In this article, we use high resolution 27Al MAS NMR spectroscopy of dehydrated Li-, Na-, 

and K- forms of chabazite (i.e., Li-CHA, Na-CHA, and K-CHA, respectively) in tandem with 

DFT calculations (i) to investigate the quadrupolar interaction of 27Al nuclei in dehydrated 

zeolites, (ii) to understand high resolution 27Al MAS NMR spectra, and (iii) to infer the local 

structure of the sites accommodating the extra-framework M+ cations. 

 

2. EXPERIMENTAL SECTION 

2.1. Preparation of the samples. The parent CHA material (Si/Al 2.2) was prepared 

according to the procedure described in our prior study.30 Zeolite Y (Si/Al 2.7) in ammonium 
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form was used as a source material and was mixed with a solution of potassium hydroxide. 

The batch composition was 0.17Na2O:2.0K2O:Al2O3:5.4SiO2:224H2O. The synthesis took 

place in a polypropylene bottle with a screw-top lid at a temperature of 640° C for 96 h 

without agitation. After that, the product was recovered by filtration, washed repeatedly with 

deionised water, and dried at ambient temperature. XRD and SEM confirmed a high 

crystallinity and phase purity of the parent sample and 29Si and 27Al MAS NMR experiments 

verified the exclusive presence of tetrahedral Al atoms in the framework. The chemical 

composition was determined by XRF. The parent Na,K-CHA sample was ion-exchanged 

with 0.5 M NH4NO3 twice for 24 hours to obtain the NH4-form. Then the NH4-CHA zeolite 

was exchanged into the 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 ambient 

temperature for Na+ and K+. The three M-CHA samples were thoroughly washed with 

distilled water and then equilibrated on air at ambient temperature to guarantee their full 

hydration. The dehydrated M-CHA samples were obtained by in-situ dehydration at 450°C 

under the dynamic vacuum (p = 0.2 Pa) for 4 hours. 

2.2. 27Al MAS NMR spectroscopy. Solid-state NMR spectra were measured at 11.7 T on a 

Bruker Avance III HD 500 WB/US NMR spectrometer with double-resonance 4 mm (for the 

hydrated samples) and 3.2 mm (for the dehydrated samples) probe heads. 27Al MAS NMR 

single pulse spectra were recorded using a single-pulse experiment with a π/6 (0.8 μs) 

excitation pulse and a 2s repetition delay at the spinning frequency of 12 kHz and 20 kHz for 

the hydrated and dehydrated samples, respectively. Dipolar decoupling was applied during 

the data acquisition. The chemical shifts were referenced to the aqueous solution of 

Al(NO3)3. A low temperature experiment with the K-CHA sample was performed at 

temperature of -80° C employing an attached external cooling unit.  
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The two-dimensional (2D) triple-quantum 27Al 3Q MAS NMR spectra of the dehydrated 

M-CHA samples were recorded using a three-pulse sequence with excitation, reconversion, 

and selective pulse lengths of 4.2, 1.5, and 43 μs respectively. The reconversion and selective 

pulses were spaced using a z-filter of 20 μs in length. The spinning frequency was 20 kHz.  

All spectra were analyzed using the DmFit software31 to identify the individual 27Al NMR 

resonances and their 27Al NMR parameters.  

3. COMPUTATIONAL MODELS AND METHODS 

3.1. Computational Models. The starting structure of the chabazite framework is 

generated from the X-ray structure of chabazite.32 All the computational models possess the 

P1 symmetry. 

3.1.1. Cationic sites. Six models featuring one Al/Si substitution in the framework of the 

chabazite structure and one M+ (M+ = Li+, Na+, and K+) cation compensating the 

corresponding negative charge of AlO4
- are employed. Three of the models, designated as 

Li+-6-ring, Na+-6-ring, and K+-6-ring, feature the Li+, Na+, and K+ cations, respectively, 

accommodated in the 6-ring while the other three, designated as Li+-8-ring, Na+-8-ring, and 

K+-8-ring, respectively, located in the 8-ring. 

3.1.2. Bare zeolite framework model. The model includes neither cations nor water 

molecules, features one Al/Si substitution, and bears a formal charge of -1.18-20, 26-27 It is 

adopted to calculate the local structure around the AlO4
- tetrahedra and to predict the 27Al 

NMR parameters in fully hydrated, cation-containing silicon-rich zeolites. The comparison 

between the results of this model and the models of the cationic sites (Section 3.1.1.) allows 

the investigation of the effect of the change of the local structure of AlO4
- (i.e., deformation) 

caused by the binding of M+ to the zeolite framework on the 27Al NMR parameters. 
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3.2. QM-Pot Method and Programs Used. The QM-Pot method employed33-34 partitions 

the whole system (S) into two parts. The inner part (I) is treated by QM, and the outer part 

(O) as well as all of the interactions between the inner and the outer layers are treated by 

parametrized Pot. The dangling bonds of the inner part are saturated by link hydrogen atoms. 

The atoms of the inner part together with the link atoms form the cluster (C). The QM-Pot 

approach is discussed in detail elsewhere.35 The calculations were performed by the QMPOT 

program34 which utilizes the Turbomole program36-40 for the QM part and the GULP 

program41-42 for the periodic potential function calculations. The hybrid DFT method, 

employing the B3LYP43-44 functional and the TZVP basis set of Ahlrichs et al.,45 was used 

for the QM calculations. Shell-model ion-pair potentials46 parametrized on DFT results for 

zeolites47 were employed as Pot. The electrostatic energy was evaluated by standard Ewald 

summation techniques for all cores and shells. A cutoff radius of 10 Å was chosen for the 

summation of short-range interactions. Our prior studies of the chabazite,27 TON,18 and 

MFI19-20, 26 structures using the QM-Pot method yielded 27Al isotropic chemical shifts which 

were in very good agreement with the corresponding experimental values. 

3.3. Optimization of Structures. Both the lattice constants and the atomic positions of the 

all-silica CHA structure were optimized by the GULP program at constant pressure. Then, 

one silicon atom was replaced by an aluminum atom compensated by M+ (no cation was 

employed for the bare zeolite framework model, see Section 3.1.2.), and the structure and the 

lattice constants were further optimized at constant pressure. The optimized structures were 

subsequently used for defining a cluster around the Al atom for our QM-Pot calculations. The 

clusters were embedded, and the structure of the entire system was optimized by QMPOT at 

constant volume. 
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3.4. Cluster Models. Clusters having the Al atoms in the center and including five 

coordination shells (Al-O-Si-O-Si-O-Hlink) and the M+ cation (no cation was employed for 

the bare zeolite framework model, see Section 3.1.2.) were used to calculate the structure of 

the cationic sites.16, 18-20, 26-27, 48 Because of the presence of silicate rings in the framework of 

CHA, the created clusters contained pairs of very close Hlink atoms. Since the close Hlink 

atoms represented the same Si atom, they were replaced by the corresponding Si(OHlink)2 

moiety. This was repeated until the cluster contained no such pairs. 

3.5. Calculations of 27Al NMR Parameters. Subsequent to the QM-Pot structure 

determination, the Gaussian09 program49 was employed to calculate 27Al NMR shielding 

tensors, nuclear quadrupolar coupling constants50 CQ, and asymmetry parameters50 η for the 

27Al atom by the gauge independent atomic orbital method (GIAO)51 using the B3LYP 

functional,43-44 and the pcS basis sets of Jensen:52 pcS-4 for the Al and M atoms; pcS-1 for all 

the other atoms. The EFGShield program50 was employed to extract the CQ and η values from 

the Gaussian output files. Moreover, the nuclear quadrupolar coupling product PQ, which is 

defined53 as follows: PQ=CQ(1+2/3)1/2, was calculated from the CQ and η values. These PQ 

values can be compared with those obtained from simulations of the measured 27Al MAS 

NMR spectra (Section 4.). 

3.6. Calculations of the Contributions to the Effect of M+ on the 27Al NMR 

parameters. To investigate the influence of the change of the local structure of AlO4
- caused 

by the binding of M+ to the zeolite framework without including the effect of the M+ cation, 

the 27Al NMR parameters were calculated (single point computations) for the optimized 

structures (optimized with M+) of the six models of the cationic sites with the removed M+ 

cations (the models possess a formal charge of -1). 

In addition, the optimized bare framework models with the added M+ cations located in the 

same positions as in the corresponding cationic sites were used to calculate (single point 
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computations) the effect of the M+ cations on the 27Al NMR parameters with the exclusion of 

the influence of the change of the local structure of AlO4
- (i.e., deformation) due to the 

coordination of M+ to the zeolite framework. Furthermore, these calculations of the 27Al 

NMR parameters were repeated and the M+ cations were replaced by the background 

charge54-55 of +1 located at the positions of M+. These computations allow the evaluation of 

the effect of the + charge of the M+ cation without including the other effects of the M+ 

cation. 

 

4. EXPERIMENTAL RESULTS 

Figure 1 compares the single pulse 27Al MAS NMR spectra of the hydrated as well as 

dehydrated M-CHA (M = Li, Na, and K) samples and the deconvolution of the spectra of the 

dehydrated samples.  
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Figure 1. 27Al MAS NMR spectra of the hydrated (A) and dehydrated (B) Li-CHA, Na-

CHA, and K-CHA samples.  27Al MAS NMR spectra and their simulations of the dehydrated 

Li-CHA (C; simulated using two resonances), Na-CHA (D; simulated using one resonance), 

and K-CHA (E; simulated using one resonance) samples. The asterisk (*) denotes a spinning 

side-band. 

 

The dehydration of the samples is connected with a marked broadening of the 27Al NMR 

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

charge.  
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27Al 3Q MAS NMR spectra of the dehydrated M-CHA samples were collected to 

investigate the mechanism of line broadening in dehydrated zeolites. Note that the collection 

of the 27Al MQ MAS NMR spectrum of an enormously broad signal requires the acquisition 

time of several days. Figure 2 shows the 27Al 3Q MAS NMR spectrum and its simulation of 

the dehydrated Li-CHA sample. 

 

 

Figure 2. 27Al 3Q MAS NMR spectra of the dehydrated Li-CHA sample. A) Isotropic 

shearing, B) biaxial Q-shearing, and C) isotropic shearing with simulation. The axes of the 

NMR contributions are shown as dashed lines marked as CS, QIS, and A. 

 

Besides typical isotropic shearing transformation of 27Al 3Q MAS NMR spectra, the 

biaxial Q-shearing of the 2D plot of the 27Al 3Q MAS NMR spectra was applied (Figure 2) to 

elucidate the mechanism of the 27Al NMR signal broadening. The biaxial Q-shearing 

transformation completely removes the isotropic chemical shift from the indirect dimension 
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in contrast to the isotropic shearing which minimizes the anisotropy contribution from the 

obtained 2D 27Al 3Q MAS NMR spectrum. Thus, the spectrum purely reflects the second-

order quadrupolar broadening and the quadrupole-induced shift.56-57 The results shown in 

Figure 2B thus clearly evidence that the quadrupolar effect predominate in the broadening of 

the 27Al (3Q) MAS NMR spectra of the dehydrated Li-CHA, Na-CHA, and K-CHA samples. 

Both the single pulse 27Al MAS NMR and isotropically sheared 27Al 3Q MAS NMR 

spectra of all the dehydrated samples were simultaneously fitted in the DmFit software using 

the "Czjzek simple" model to obtain the 27Al NMR parameters. This function takes into 

account a Gaussian distribution of both of the isotropic chemical shifts and the distribution of 

quadrupolar couplings.58 The spectra of the dehydrated Na-CHA and K-CHA samples were 

simulated using one resonance (Figures 1D – 1E) while two resonances (Figure 1C) were 

required for the dehydrated Li-CHA sample. The values of the 27Al isotropic chemical shift 

and the nuclear quadrupolar coupling product PQ
53 from the spectra simulations are shown in 

Table 1. 

 

Table 1. Values of the 27Al Isotropic Chemical Shift iso in ppm and the Nuclear 

Quadrupolar Coupling Product PQ in MHz from Simulations of the 27Al MAS NMR 

Spectra of the Dehydrated and Hydrated M-CHA samples 

 

 iso PQ 

dehydrated Li-CHA 62a  5.3 

dehydrated Li-CHA 57b  7.3 

dehydrated Na-CHA 61 4.2 

dehydrated K-CHA 60 2.9 

hydrated Li-CHA 60.0 2.4 

hydrated Na-CHA 59.5 1.8 

hydrated K-CHA 59.5 1.8 

hydrated K-CHA at 190 K 59.7 2.1 
aResonance I. bResonance II. 
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The effect of low temperature on the 27Al MAS NMR spectrum of chabazite is revealed in 

Figure 3 which compares the 27Al MAS NMR spectra of the hydrated K-CHA sample 

measured at -80° C and at RT.  
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Figure 3. The effect of low temperature on the 27Al MAS NMR spectrum of K-CHA. The 

spectrum recorded at -80° C () and at RT (- - -). 

 

The decrease of the temperature is followed by only a negligible broadening of the spectrum, 

see also Table 1 which shows the 27Al NMR parameters of the spectra. 

 

5. COMPUTATIONAL RESULTS 

Our 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 6- and 8-

rings), see Figure 4. 
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Figure 4. Optimized structures (M–O distances in Å) of the cationic sites of Li+, Na+, and K+ 

accommodated in the 6- and 8-rings and the relative energies for each M+ in kcal/mol. Silicon 

atoms are in gray, oxygen atoms in red, aluminum atoms in yellow. 

 

Our computational results show that all three M+ cations are coordinated to two O atoms of 

AlO4
- tetrahedra 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 2 reveals the 27Al NMR shielding values, the CQ, η, and PQ values for the Al atom. 

The 27Al NMR parameters were also computed for the Al atom of the optimized bare zeolite 

framework model (Table 2). 
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Table 2. Relative Energies in kcal/mol of the M+ Sites and the 27Al NMR Parameters 

(Shielding in ppm, CQ in MHz, η (dimensionless), and PQ in MHz) Calculated for the 

Computational Modelsa 

 optimized cationic site 

 with M+- removed M+- 

cation model E shielding CQ η PQ shielding CQ η PQ 

Li+-8-ring 2.4 505.2 9.3 0.28 9.4 505.8 6.8 0.22 6.9 

Li+-6-ring 0.0 509.4 9.5 0.77 10.4 509.5 7.2 0.74 7.8 

Na+-8-ring 1.9 505.8 5.9 0.58 6.2 506.7 4.0 0.86 4.5 

Na+-6-ring 0.0 508.9 7.5 0.98 8.6 509.5 5.6 0.98 6.4 

K+-8-ring 0.0 507.5 4.0 0.73 4.3 507.9 3.0 0.95 3.4 

K+-6-ring 3.7 508.9 6.2 0.91 7.0 509.2 4.7 0.85 5.2 

 bare framework 

 with M+ M+ replaced by chargeb 

 shielding CQ η PQ shielding CQ η PQ 

Li+-8-ring 506.0 1.8 0.99 2.1 510.2 3.0 0.91 3.4 

Li+-6-ring 507.5 4.7 0.81 5.2 510.0 3.2 0.71 3.5 

Na+-8-ring 507.2 2.0 0.75 2.2 510.2 3.0 0.92 3.4 

Na+-6-ring 508.1 4.4 0.88 4.9 510.0 3.1 0.70 3.3 

K+-8-ring 508.8 2.3 0.78 2.5 510.2 3.0 0.89 3.4 

K+-6-ring 508.7 4.0 0.94 4.6 510.1 3.0 0.68 3.2 
aThe NMR parameters calculated for the bare framework model (Section 3.1.2.): shielding = 510.2 ppm, CQ = 

3.5 MHz, η = 0.83, Pq = 3.9 MHz. bBackground charge at the positions of M+. 

 

The two distinct cationic sites differed in the 27Al NMR shielding by 4 ppm for Li+, 3 ppm 

for Na+, and 1 ppm for K+. The nuclear quadrupolar coupling constants CQ of the 27Al atom 

were the largest for the smallest cation Li+ while they were smaller for the two larger cations. 

For Na+ and K+, the CQ values differed for the 8-ring (smaller) and 6-ring (larger) sites while 

the values were almost the same for the two Li+ sites. The asymmetry parameters η were 

systematically smaller for the 8-ring sites. The calculations of the NMR parameters for the 

optimized cationic sites with the removed M+ cations (without any reoptimization of the 

structure) yielded the CQ values which were smaller by ca 2.4, 1.9, and 1.3 MHz for Li+, Na+, 

and K+ cations, respectively. The values of η parameters are mainly only slightly changed. 

The CQ parameters computed for the optimized bare framework model with the added M+ 

cations located in the same positions as in the corresponding cationic sites were significantly 

lower than those calculated for the optimized cationic sites (including M+) by 7.5, 3.9, and 
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1.7 MHz. for Li+, Na+, and K+ located in the 8-ring and by 4.8, 3.1, and 2.2 MHz for Li+, Na+, 

and K+ occupying the 6-ring. It should be noted that the calculated CQ values for all the three 

M+ cations present in the 8-ring were smaller than the corresponding value computed for the 

bare framework model without any cation (Table 2). In addition, when the M+ cations were 

replaced by the background charge of +1 located at the positions of M+, the calculated CQ 

parameters were very uniform (3.0 – 3.2 MHz) for all the three cations and both cationic sites 

(Table 2). These CQ values were very close to that calculated for the bare framework model 

without any cation (Table 2). 

 

6. DISCUSSION  

6.1. Broadening of 27Al NMR signal of the dehydrated cationic forms of chabazite. 

Figure 1 shows the well known enormous broadening of the 27Al NMR resonances for the 

dehydrated samples. The 27Al 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.32 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 (i) a significant 

role of the cation interaction with the zeolite framework in the broadening of the 27Al 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 27Al NMR resonances in hydrated zeolites. If the motion of water 
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molecules was responsible for the narrow 27Al NMR resonances in the hydrated zeolites then 

the broadening upon dehydration would depend on the cationic form. 

6.1.1. Hydrated M-CHA samples. The X-ray diffraction experiment for chabazite32 showed 

one crystallographically distinguishable T site which can be occupied by Al atoms. 

Conversely, our combined 27Al (3Q) MAS NMR and DFT study27 allowed the identification 

of three Al(T) sites (i.e., Al/Si framework substitutions cause that one distinguishable 

framework T1 site splits into three subsets of the T1 site) with very close 27Al isotropic 

chemical shifts (difference of 0.8 ppm) in the hydrated SSZ-13 zeolite (Si/Al 38) of the 

chabazite structure. Therefore, even if the splitting of the 27Al NMR signal observed for the 

silicon-rich SSZ-13 zeolite occurs also for the aluminum-rich chabazite, we assume that these 

very close 27Al NMR resonances would overlap with the broadening of 27Al NMR resonances 

originating from the variability of middle-range and long-range orderings of the zeolite 

framework due to isomorphous substitutions of Al into the zeolite framework.59 The observed 

27Al NMR signal therefore represents a Gaussian envelope of a number of close 27Al NMR 

resonances. Thus, within the accuracy acceptable for this study, the 27Al NMR signal of the 

hydrated M-CHA samples can be simulated using one resonance. 

6.1.2. Dehydrated M-CHA samples. Simulations of the single pulse 27Al MAS NMR 

spectra of the dehydrated M-CHA zeolites (Figures 1C – 1E) reveal one 27Al NMR resonance 

for Na+ and K+ while two 27Al NMR resonances for Li+ that are subsequently confirmed by 

our 27Al 3Q MAS NMR experiments (Figure 2). Two main cationic sites occupied by Na+ in 

dehydrated Na-CHA60 were reported. A possibility that two distinct M+ sites corresponding 

to the same Al(T) atom could be occupied concurrently was shown by 7Li MAS NMR 

experiments combined with DFT experiments.4 The presence of two types of 27Al atoms with 

significantly different NMR parameters which moreover depend on the cation type can be 
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therefore attributed to the effect of two occupied cationic sites corresponding to the same 

Al(T). 

Tables 1 and 2 show that the measured and calculated, respectively, 27Al 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 (ii) the 27Al NMR 

parameters. The agreement reveals that the significant increase of the quadrupolar interaction, 

which is the most remarkable feature of the 27Al MAS NMR spectra of dehydrated zeolites, 

of the 27Al 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 27Al (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 

framework59 and having majority of 6- and 8-rings occupied by extra-framework M+ cations. 

The effect of the binding of M+ to the zeolite framework upon dehydration on the 27Al 

NMR parameters is composed of two contributions (Sections 3.6. and 5.): (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 

(Sections 3.6. and 5.) 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 27Al NMR parameters for the optimized cationic sites with the 

removed M+ cations (Table 2) reveal that the main factor responsible for the enormous 
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broadening of the 27Al 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, 

respectively, than those calculated with the presence of the M+ cations (Table 2 and Figure 

5). 

 

Figure 5. 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). 

 

Conversely, the influence of M+
, without considering the deformation of the local structure 

of AlO4
- due to the binding of M+ to the zeolite framework, is significantly smaller. The 

calculated PQ 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 
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(Table 2 and Figure 5). They are close to the PQ value computed for the bare zeolite 

framework model with no cation (i.e., 3.9 MHz, see Table 2). 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 AlO4
- can both increase as well as decrease, depending on the M+ position with respect to 

AlO4
-, the values of the PQ parameter of the 27Al atom of the AlO4

- 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 2) 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 27AlO4
- tetrahedron shield the 27Al 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. 

Although this study deals with the Al-rich Li-, Na-, and K- forms of chabazite, its results 

can be generalized to other zeolites and cations. With the exception of Li+, cationic sites in 

zeolites (including pentasil ones) are generally formed by 6- and 8-rings. Therefore, the 

deformation of the local structure of AlO4
- due to the binding of M+ to the zeolite framework 

should be similar for other zeolites. The mechanism of the broadening of the 27Al NMR 

signal due to the strong coordination should be similar for all cations. However, the 

correlation between the cation size and the nuclear quadrupolar coupling product PQ is less 

clear. The extrapolation of the effect of the cation size on the broadening of the 27Al NMR 
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signal cannot be made as the increase of the deformation of the AlO4
- tetrahedra by the 

coordination of extra-large cations to 8-rings cannot be excluded and requires further study. 

6.2. Effect of water on the 27Al NMR signal of the cationic forms of chabazite. Our 27Al 

MAS NMR experiments on the three dehydrated samples show that the broadening of the 

27Al NMR resonances depends on the type of the cation (Figure 1). This result suggests a 

limited or negligible role of water molecules in narrowing the 27Al NMR resonances of the 

hydrated samples. To further investigate the role of the motion of water molecules on the 27Al 

NMR parameters, 27Al MAS NMR spectrum of the hydrated K-CHA sample was measured 

at -80° C. Figure 3 compares this spectrum with that observed at RT. There is only a tiny 

broadening of the spectrum recorded at -80° C (the PQ value increased from 1.8 to 2.1 MHz, 

see Table 1) indicating that averaging the local field in the hydrated zeolites by water motion 

is not responsible for the weak quadrupolar interaction and the narrow 27Al MAS spectra of 

the hydrated samples. 

The observed PQ values for the three hydrated M-CHA samples (2.4 MHz (Li+), 1.8 MHz 

(Na+), 1.8 MHz (K+), Table 1) are close to those calculated for the 27Al atom using the bare 

framework model with no cation (3.9 MHz, Table 2). This agreement suggests that the 

electric field gradient at the framework 27Al atom nucleus is given by the charge and the 

geometrical arrangements of the four O atoms of the AlO4
- tetrahedron. The AlO4

- 

tetrahedron of the bare framework model with no cation is highly symmetric, and therefore, 

the electric field gradient at the framework 27Al atom nucleus is small resulting in a low PQ 

value and a narrow and symmetric 27Al NMR signal. 

Several studies showed that cations in hydrated zeolites were solvated and located in the 

zeolite channels.15, 32, 61-63 Therefore, the local structures of the AlO4
- tetrahedra correspond to 

that of the bare framework model. This is the reason why, in contrast to other solid materials, 

framework Al atoms in hydrated zeolites exhibit narrow and Gaussian-like signals.21, 64-65 The 
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essential role of water molecules in hydrated zeolite is to prevent a strong coordination of the 

cations to the framework oxygens. The cations in hydrated zeolites can be only weakly 

coordinated to oxygen atoms of AlO4- tetrahedra, but they are mobile and they cannot deform 

the local structure of AlO4
- tetrahedra. This result also explains why the bare framework 

model with neither extra-framework cations nor water molecules can be used for realistic 

predictions of the isotropic chemical shifts of 27Al atoms in individual framework T sites 

allowing the analysis of the Al siting in silicon-rich zeolites.4, 16-20, 27 The extra-framework 

cations are coordinated to the framework oxygen atoms when the zeolites are dehydrated. 

The local structure and the partial charges of the atoms of the AlO4
- tetrahedra are changed, 

the symmetry of AlO4
- tetrahedron is perturbed, and a significant broadening of the 27Al 

signal occurs. This is also followed by the change of the signal shape from Gaussian-like to 

that typical for the quadrupolar broadening.  

6.3. Local structure of extra-framework cationic sites in the vicinity of individual 

framework Al atoms and the siting of Al atoms in the framework T sites. Our results 

reveal that 27Al MAS NMR spectroscopy of dehydrated zeolites in tandem with DFT 

calculations can provide information regarding the local structures of cationic site as well as 

concerning the siting of Al atoms in the framework T sites and the local structure of AlO4
- 

tetrahedra. In addition, this combined experimental and theoretical approach can yield data 

concerning the local structure of cationic sites of cations that are NMR "invisible", as, for 

example, K+ ions. Na-forms of dehydrated zeolites are suggested to be the most promising 

for analysis of the Al siting because Na+ cations in contrast to Li+ exhibit a lower number of 

possible cationic sites with respect to one Al(T) atom. Moreover, Na+ cations in opposition to 

larger cations affect the local structure of AlO4
- tetrahedra more significantly, and therefore, 

the 27Al NMR parameters should be more specific for the individual Al(T) sites as well as the 

types of the cationic sites. However, 27Al MAS NMR of dehydrated zeolites can be applied 
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for this purpose only for zeolites with a lower number of framework T sites due to the 

complexity of the 27Al NMR spectra of dehydrated zeolites. 

 

7. CONCLUSION 

Al atoms in frameworks of hydrated zeolites exhibit a tetrahedral coordination that results 

in an extremely low quadrupolar broadening of the 27Al NMR resonances. Extra-framework 

cations balancing the negative charge of framework AlO4
- 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 

AlO4
- and SiO4 tetrahedra followed by their significant deformation leading to a perturbation 

of the symmetry of AlO4
- tetrahedron, and therefore, significant broadening of the 27Al NMR 

signal. The effect of the cation binding consists of two contributions: (i) the deformation of 

the local structure of AlO4
- 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 

structure of AlO4
-. Our results show that the former is responsible for the broadening of the 

27Al 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 a strong 

coordination of the M+ cation to O atoms of the AlO4
- 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 27Al NMR parameters in dehydrated zeolites can be calculated 

accurately enough to permit the description of the local structure of AlO4
- tetrahedra in 

dehydrated zeolites. Moreover, the 27Al NMR parameters can provide information regarding 

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