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Abstract 

In this thesis, nuclear magnetic resonance (NMR) spectroscopy of noble gas atoms and 
methane molecule is applied to the structure studies of solid microporous materials 
(molecular sieves). This is an indirect method, where changes to the spectral parameters 
(i.e. isotropic and anisotropic nuclear shielding tensors) of the adsorbate induced by the 
investigated environment are measured at variable temperatures and adsorbate loadings. 
The data are analyzed concentrating on lineshape fitting methods and the correlations 
with the sieve framework parameters are examined. The studies in this thesis involve 
resonance signals mostly from 129Xe and 13C nuclei. 

Molecular sieves, such as zeolites, are typically composed of oxygen, silicon, and 
aluminium. They are found in the nature, but in most cases they are manufactured 
synthetically. These materials have a wide variety of industrial applications, such as 
dehydration, odour and pollutant removal, ion exchange, water softening, etc. The size 
and shape of molecular-size intracrystallite cavities and channels vary considerably. This 
thesis focuses on aluminophosphate molecular sieves and their silicon-containing 
counterparts. 

In molecular sieve systems, the effects of intra- and intercrystallite motions and 
exchange of adsorbates on their NMR spectra is discussed. Spectroscopic methods of 
magic angle spinning and 2D exchange spectroscopy are applied with good results. A 
technique employing pulsed field gradients to reveal shielding anisotropy component of 
methane from overlapping resonances from less restricted methane is used. The effects of 
cations located in molecular sieve frameworks are studied and discussed. From the fast 
exchange effects on spectral data the intercrystallite cavity sizes are estimated. Spectral 
differences between circular and elliptical cross-sections of framework channels are also 
detected. The roles of adsorbate-wall and mutual adsorbate interactions on spectral 
characteristics are identified and discussed. 
 
Keywords: nuclear magnetic resonance spectroscopy, microporous materials, 129Xe, 13C, 
anisotropic nuclear shielding tensor 

 



 



 Acknowledgements 

This work was carried out in the Department of Physical Sciences, University of Oulu. I 
am grateful to the department and its former head Professor Emeritus Rauno Anttila and 
his successor Professor Jukka Jokisaari for placing the facilities at my disposal. I am most 
grateful to my supervisor Professor Jukka Jokisaari for introducing me to the world of 
nuclear magnetic resonance spectroscopy and molecular sieves. I would also like to thank 
the past and present members of NMR research group for many fruitful discussions, 
advice and support. 

In the past years of my studies I have had an opportunity to work at the NMR 
laboratory of the University of Oulu. I want to thank the former laboratory manager, 
Docent Petri Ingman, for sharing his expertise and experience on the field of 
experimental NMR, and most of all, sharing his patience with me. I am also grateful to 
Dr. Mika Ylihautala for sharing a great deal of his NMR and molecular sieve knowledge 
during this work. In addition, I have been privileged to be reviewed by Dr. Igor 
Moudrakovski (Ottawa) and Dr. Siegfried Stapf (Aachen) with valuable comments 
concerning my thesis. I would also like to thank Dr. Subramanian Sivasanker (Pune) and 
Dr. Chilukuri Satyanarayana (Pune) for the pleasant cooperation. 

I gratefully acknowledge the financial support from the following sources: the 
Academy of Finland, Neste Foundation, the University Pharmacy Foundation (Oulu), the 
Faculty of Science of the University of Oulu, and the Graduate School of Computational 
Chemistry and Molecular Spectroscopy (LASKEMO). 

I would also like to thank my closest colleagues in our research group during the many 
years for creating a pleasant atmosphere and sharing many interesting discussions and 
events, even beyond the scientific work: Anu, Ari, Jaakko, Jani, Juha, Juhani, Jussi, Jyrki, 
Marja, Matti, Perttu, Sami, Susanna, Teemu, and Ville-Veikko. 

Finally, I would like to express my deepest gratitude to my parents and my sister and 
her family, for their endless support and encouragement over the years. Thanks to all my 
friends for the many memorable moments outside the scientific world. Special loving 
thanks belong to Pirjo, without whom this task would most certainly have been much 
harder to accomplish. 

 

Oulu, October 2004                                                                                Tuomas Koskela 



 Abbreviations 

AEL 
Aluminophosphate eleven 

AFI 
Aluminophosphate five 

AFO 
Aluminophosphate forty-one 

ATO 
Aluminophosphate thirty-one 

AlPO4 
Aluminophosphate (molecular sieve) 

CSA 
Chemical Shift Anisotropy 

DCP-AES 
Direct Current Plasma Atomic Emission Spectrometry 

EXSY 
Exchange Spectroscopy 

FESEM 
Field Emission Scanning Electron Microscopy 

FID 
Free Induction Decay 

FIG 
Free Intercrystallite Gas 

FWHM 
Full Width of Half Maximum (i.e. linewidth) 

GIAO 
Gauge-Including Atomic Orbital 



 

GCMC 
Grand Canonical Monte Carlo 

HDPE 
High Density Polyethylene 

MAS 
Magic Angle Spinning 

MSD 
Mean Square Displacement 

NMR 
Nuclear Magnetic Resonance 

NOESY 
Nuclear Overhauser Effect Spectroscopy 

PAS 
Principal Axis System 

PFG 
Pulsed Field Gradient 

rf 
radio frequency 

SAS 
Strong Adsorption Sites 

SAPO 
Silicoaluminophosphate (molecular sieve) 

SCF 
Self-Consistent Field 

u.c. 
unit cell 
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1 Introduction 

1.1  Background 

Solid porous crystalline materials with pores irregularly spaced and broadly distributed in 
size are usually difficult to study by conventional structural elucidation methods. In many 
cases, solid-state NMR methods bring additional and unique information, although these 
methods suffer from inherently low sensitivity of NMR. This somewhat reduces the scale 
of usefulness to systems of bulk phenomena and extensive nuclear resonance effects. 

Typically composed of the three most abundant elements in the lithosphere (oxygen, 
silicon, and aluminium), microporous solid materials, such as zeolites (aluminosilicates), 
are found in the nature, but in most cases they are manufactured artificially. Modern 
zeolite science has developed roughly at the same time period as NMR: the development 
of crystalline microporous materials started in late 1940s, soon resulting to commercially 
important synthetic zeolites such as A, X, and Y [1, 2]. In the following decades, zeolites 
with various topologies and chemical compositions were prepared, with an extension of 
crystalline microporous materials of non-aluminosilicates in 1982 with the synthesis of 
first aluminophosphate molecular sieves [3, 4]. This was followed by the development of 
substituted aluminophosphates. 

In recent years, answers for a few problems in molecular sieve science have been in 
more greater demand, such as: i) Si and Al ordering in the framework, ii) factors 
determining the acidity of zeolites, iii) the position and mobility of exchangeable cations 
and their interaction with guest molecules, and iv) the mobility, diffusivity, configuration 
and reactivity of guest molecules [5]. The exact pore size of micro- and mesoporous 
structures is also very fundamental aspect of potential applications, and therefore new 
pore size determination methods are currently under intensive studies [6]. 

This thesis focuses less on the nuclear magnetic resonances recorded directly from the 
nuclei forming the basis of porous materials frameworks, but instead concentrates on 
indirect methods using probing atoms (and molecules) adsorbed into the microporous 
structures, in order to characterize intracrystallite environments. The probe atoms 
experience significant interactions in these confined empty spaces, which may vary 
considerably in their size and shape. These interactions are reflected on the NMR spectra 
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of probe atoms, in most cases with excellent details. Analyzing the data usually leads to 
information not available through other methods. 

1.2  Outline of the thesis 

This thesis starts off with a brief introduction to experimental nuclear magnetic resonance 
methods utilizing indirect probing with proper adsorbates. Microporous solids and their 
basic structure types are explained, concentrating on aluminophosphate molecular sieves 
studied in this thesis. 

Papers I and II discuss the experiments done with one particular aluminophosphate 
sieve (and its silicon-containing counterpart) using 13C-enriched methane as probing 
adsorbate. The shielding data of 13C is analysed and ab initio model calculations are made 
to enlighten the interpretation of the experimental data. An application of pulsed 
magnetic field gradients is introduced in order to extract the sieve-related information in 
demand. 

Papers III and IV deal with temperature and loading dependent 129Xe nuclear magnetic 
shielding information acquired through xenon gas adsorption in various 
aluminophosphate (and corresponding silicon-counterparts) molecular sieves. Two-
dimensional exchange spectroscopy data is studied and the contributions of material 
differences and sample compositions are discussed. 129Xe resonance data analysis 
includes first and foremost interaction effects between sieve channels and xenon. 
Furthermore, the analysis in few cases is broadened further to study adsorbate effects in 
sample as a whole, involving intercrystallite and less restricted xenon, too. Distinct 
spectral differences are discovered between different framework related characteristics of 
the sieves, such as shapes and sizes of the channel cross-sections, simultaneously with 
variable xenon loading and sample temperature. By means of lineshape fittings, the 
shielding tensors are analyzed and the correlations between the tensor components and 
the channel axis planes are compared and discussed. Addition of silicon to 
aluminophosphate frameworks is found to lead to small, but unquestionable changes in 
129Xe spectra. Intercrystallite cavity sizes are estimated through 129Xe exchange effects 
analysis. 

Few additional experiments with microporous materials studied with 2H and 129Xe 
resonances, not included in the papers I-IV, are briefly presented at the last section of the 
thesis. 
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2 NMR and indirect probing methods using adsorbates 

2.1  Nuclear magnetic shielding and chemical shift 

In an NMR experiment, the applied static magnetic field B0 is orders of magnitude larger 
than any local fields arising from the sample as a result of nuclear magnetic dipoles and 
chemical shielding. Therefore B0 remains as the quantization axis for the nuclear spins in 
the sample and many of these local fields have a negligible effect on the spin states at 
equilibrium. The spin states are significantly affected only by components of local fields 
if (i) components are parallel or antiparallel to B0 or (ii) components are precessing in the 
plane perpendicular to B0 at a frequency at or near the Larmor frequency. Components 
parallel (or antiparallel) to B0 add to (or subtract from) B0, altering the spin state energies. 
Components perpendicular to B0 precessing near the Larmor frequency result to similar 
effects as rf pulses in NMR experiment. The Hamiltonian describing the interaction 
between any local field Bloc and a nuclear spin I takes the form: 

 loc loc x x y y z z
ˆ ˆ ˆ ˆ ˆ( )loc loc locH I B I B I Bγ γ= − ⋅ = − + +I B    , (1) 

where γ is gyromagnetic ratio, which is constant for each nuclear species. The local 
magnetic field Bloc can be expressed as Bloc = Aloc J, where Aloc is a second-rank tensor, 
often referred to as the coupling tensor, which describes the nuclear spin interaction and 
its orientation dependence. The vector J is the source of Bloc at the nucleus, e.g. another 
nuclear spin in dipole-dipole coupling, or the B0 in the case of chemical shielding. 

The surrounding electrons of nucleus react to magnetic field producing a secondary 
field, which contributes to the total field felt by the nucleus, therefore having the potential 
to change the resonance frequency of the nucleus. This interaction of the secondary field 
produced by the electrons with the nucleus is the shielding interaction. The frequency 
shift caused by this interaction in an NMR spectrum is called the chemical shift. The 
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shielding interaction is composed of two components: diamagnetic and paramagnetic 
contribution. Diamagnetic currents arise from the movement of electrons along atomic or 
molecular orbitals. They are solely determined by the ground state electronic wave 
functions, strongly depending on the number of electrons. The diamagnetic contribution 
opposes the applied field, and varies as 3

i1 / r , where ri is the distance between the 
electron and the nucleus. Hence, it arises first and foremost from the core electrons, 
which means that the diamagnetic shielding is fairly constant for a given atom, regardless 
of its environment. On the other hand, the paramagnetic contribution varies considerably 
with the nuclear environment. Paramagnetic currents arise from the distortion of the 
valence electron orbital wave functions, achieved by mixing with the exited electronic 
states. This creates a field which adds to the applied field at the nucleus, creating a 
deshielding effect. The paramagnetic shielding has opposite sign than diamagnetic 
contribution. The net shielding is given by the sum of the diamagnetic and paramagnetic 
terms. 

The chemical shielding Hamiltonian acting on a spin I is 

 CS 0
ˆ ˆH γ= − ⋅ ⋅I σ B    . (2) 

B0 is the applied field, equivalent of Aloc, as defined above. The term σ is a second-rank 
tensor, called the (chemical) shielding tensor. In general, the electron distribution around 
a nucleus in a molecule is not spherically symmetric, and therefore the size of electron 
current, and hence the size of the shielding, will depend on the orientation of the 
molecule relative to B0 field. If it were possible to fix the molecule in one position with 
respect to the external magnetic field, only one distinct line would be observed (situation 
realized in single crystals). In reality, however, for example a microporous adsorbent 
provides a matrix in which all orientations of the sorbate molecule are possible. The 
shielding cannot be described by a single number, but instead must be described with a 
Cartesian 3 × 3 matrix: 

  
xx xy xz

yx yy yz

zx zy zz

σ σ σ
σ σ σ
σ σ σ

 
 

=  
 
 

σ    , (3) 

where x, y, and z are the axes of frame, unspecified as yet. The Bloc at a nucleus with 
shielding tensor expressed within the laboratory frame (σlab) is 

 lab
loc 0= ⋅B σ B    . (4) 

When B0 is usually applied along z axis, for instance lab
xz 0σ B  is the local shielding field in 

the x direction. The shielding tensor is composed of symmetric (σs) and antisymmetric 
(σas) parts, only which the symmetric part turns out to affect the NMR spectrum to any 
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great extent. In what follows, the symbol σ stands for the symmetric part of the shielding 
tensor. 

It is possible to choose the axis frame so that the shielding tensor is diagonal. This axis 
frame is called principal axis system (“PAS” in short). The numbers along the resulting 
diagonal are the principal values of the shielding tensor. The orientation of PAS is 
determined by the electronic structure of the molecule containing the relevant nucleus 
and is fixed with the molecule. Helpful representation of the shielding tensor can be 
pictured as an ellipsoid fixed to the molecule and centered on the nucleus in question. 
The principal axes of the ellipsoid coincide with PAS of the shielding tensor, and the 
length of each ellipsoid axis is proportional to the principal value of the associated 
principal axis of the shielding tensor. Orientation of the shielding tensor changes with the 
molecular orientation in the laboratory frame (Figure 1) and the tensor symmetry reflects 
the crystallographic site symmetry in which the nucleus is located. For instance, the 
nucleus at the site of axial symmetry has corresponding principal axis system in which 
the zPAS axis coincides with the symmetry axis and the principal values are such that 

xx yy zz
PAS PAS PASσ σ σ= ≠ . 

 

Fig. 1.  Illustration of the shielding tensor with an ellipsoid. The principal axes orientation 
and length of the ellipsoid coincide with the shielding tensor principal axes, which in turn, are 
fixed with respect to the molecule. Two different orientations in the laboratory frame are 
shown. 

The three principal values of the shielding tensor are usually represented with σ11, σ22, 
and σ33, with the order adjusted according to 11 22 33σ σ σ≤ ≤ . The physical 
phenomena behind the three principal values are often expressed instead as the isotropic 
value σiso, the anisotropy ∆σ, the span Ω, and the asymmetry η, defined in the PAS as 
follows: 

 ( )PAS PAS PAS
iso 11 22 33

1
3

σ σ σ σ= + +  (5) 

B0 B0
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 ( )33 11 22
1
2

σ σ σ σ∆ = − +  (6) 

 11 33σ σΩ = −  (7) 

 ( ) ( )11 22 33 isoη σ σ σ σ= − −  (8) 

In isotropic liquids and gases, molecules reorient rapidly on the NMR time scale, 
resulting in invariant isotropic average shielding value, σiso. The shielding anisotropy is 
most clearly observed with powder samples, such as molecular sieve samples, in which 
all molecular orientations are present. With the PAS fixed in the molecule, all the 
orientation angles are present in randomly distributed sample. Each different molecular 
orientation implies a different orientation of PAS in relation to B0, and therefore has a 
different chemical shift associated with it. The spectrum takes the form of a powder 
pattern, which is composed of overlapping resonance lines from different orientations, 
forming a broad, continuous, but not featureless lineshape. Some molecular orientations 
yield the same chemical shift, and the resultant intensity at any given frequency is 
therefore proportional to the number of molecular orientations having that particular 
chemical shift. Much larger intensity is observed at the ν ⊥  frequency than at the ν  
frequency, because there is an infinite number of molecular orientations with the 
xPASyPAS-plane oriented perpendicular with B0, but only one with zPAS parallel with B0. 
The discontinuities in the lineshapes give the principal values of the shielding tensor, thus 
they are easily read directly from the spectrum. The theoretical and example of 
experimental powder pattern lineshapes are illustrated in Fig. 2. 
 

Fig. 2.  Axially symmetric chemical shift anisotropy powder pattern arising from a sample of 
randomly oriented crystallites. (a) Theoretical model with discontinuity points (ν  and ν⊥ ) 
corresponding to different molecular orientations with respect to B0. (b) An example of an 
experimental lineshape (129Xe spectrum of xenon adsorbed in a molecular sieve). 

For less than axial symmetry, ν11, ν22, and ν33 correspond to principal values of the 
shielding tensor in a similar manner to ν  and ν ⊥ in the axial symmetry case (Fig. 3). 

B0

: molecules 
orientated 
perpendicular to B0

ν ⊥: molecules 
orientated 
parallel with B0

ν

(a) (b)

σiso
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Solely based on the powder pattern data of sample with randomly oriented crystals, it is 
not possible to tell which principal axis each value corresponds to. 
 

Fig. 3.  Chemical shift anisotropy powder pattern arising from the sample of randomly 
oriented crystallites with less than axial symmetric shielding tensor. (a) Theoretical model 
with discontinuity points ν11, ν22, and ν33. (b) An example of related experimental lineshape 
(129Xe spectrum of xenon adsorbed in a molecular sieve). 

In this thesis, chemical shift anisotropies are evaluated directly from one-dimensional 
NMR spectra of adsorbates in powder samples by observing the resulting powder 
patterns. This is possible provided that only shielding effects contribute to the powder 
pattern. Principal values of the shielding tensor are extracted from the experimental 
spectra by using computer simulated lineshape fitting procedures. As with any kind of 
analysis which relies on fitting simulated models to experimental data, one must be aware 
that there are potentially several different models which give equally good matches to 
experimental data, some of which may have no sense physically. It is possible to acquire 
additional data, i.e. use a different adsorbate, observe resonances from different 
framework nucleus, or gather intrinsic knowledge of the nature of the molecular system 
to remove such ambiguities. 

2.1.1  Magic angle spinning technique 

Sometimes it is useful and desirable to remove additional anisotropic chemical shift (and 
dipole-dipole interaction) effects from the spectrum. These interactions may be 
suppressed by artificially imitating the isotropic reorientational motion of molecules in 
liquid state. This is achieved by fast rotation about an axis tilted by the angle of 54.74° 
relative to external magnetic field B0. The suppression of the anisotropic parts of the 
interactions is due to dependence of the interaction on the angular functions. In a strong 
applied magnetic field B0 (|B0| >> |–σ⋅B0|) the only measurable quantity of the shielding 
tensor is the σzz component in the laboratory frame: 

 2 2 2
zz 1z 11 2z 22 3z 33cos cos cosσ θ σ θ σ θ σ= + +    , (9) 

(a) (b)

ν33 ν22 ν11
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where θiz’s are angles between B0 and principal axis of the shielding tensor. When 
rewriting Eq. 9 as 

 2 2 2
zz 1z 11 2z 22 3z 33

1 3cos 3cos 3cos
3

σ θ σ θ σ θ σ = + +   (10) 

the isotropic and the anisotropic parts can be separated: 

 ( )
3

2
zz iso ii iz

i = 1

1 3cos 1
3

σ σ σ θ= + −∑    . (11) 

The time averaged value of the angle dependence in Eq. 11 is given by 

 ( )( )2 2 2
iz i

13cos 1 3cos 1 3cos 1
2

θ ψ χ− = − −    , (12) 

where ψ is rotation angle against B0 and χi is the constant angle between the principal 
tensor axis and the axis of rotation, within the range of i 2π χ π≤ ≤ . Adjusting the angle 
ψ to the magic angle 

 -1/2
magic arc cos 3 54.74ψ = = °  (13) 

and applying fast spinning rate gives the time-averaged value 

 2
iz3cos 1 0θ − =    , (14) 

which leaves only the isotropic part of the shielding tensor untouched in Eq. 11. 
For magic angle spinning (MAS) experiments, the powder sample is positioned into a 

probe with gas driven turbine, supported by gas bearings. If the spinning frequency is less 
than the powder pattern linewidth, spinning sidebands appear in the spectrum [7]. In 
typical case the spinning sidebands are considered as annoying and hindering the desired 
information, but in many cases they can be used to assist in resolving the anisotropy 
information [8]. This is possible because the intensities of the spinning sidebands are 
dependent on the anisotropic parts of the nuclear spin interactions. For inhomogeneous 
spin interactions, the sidebands are sharp, and thus relatively easy to resolve with 
simulated lineshape fittings. The faster the spinning rate is, the fewer sidebands are 
detected on the spectrum. Fig. 4 shows an experimental example of MAS effects on the 
spectrum. 
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Fig. 4.  An example of spinning a powder sample at magic angle with spinning frequency less 
than the linewidth. 13C NMR spectra of 13C-enriched methane gas adsorbed in a molecular 
sieve: a spectrum with no sample spinning applied (above) and the spectrum of the sample 
spinning at frequency of 2 kHz (below). 

2.2  Exchange detection with NMR 

Chemical exchange, i.e. transfer of atoms or molecules between two or more different 
environments, is a phenomenon encountered frequently in NMR studies. Different 
environments are usually revealed in NMR experiments through distinct resonance 
frequencies, spin-spin coupling constants, or relaxation times characteristic of the regions 
between which chemical exchange takes place. In a case of a system with spins in two 
different environments, two distinct lines will be observed only if the mean life time ( lτ ) 
of the spins in their chemical surroundings is larger than the reciprocal of the separation 
between the two lines. Thus, with increasing rates of molecular exchange the lines 
broaden and merge until there is only one line determined by the weighted average of the 
Larmor frequencies for the two states. Depending on the distance between the two states 
(sites), such observations can provide information concerning the rate of interchange 
corresponding to elementary diffusion steps, or alternatively concerning longer range 
diffusion. The transition from a single peak to a doublet depends on many variables; the 
chemical shift and the relaxation rate difference in the two states, the relative 
probabilities of the two states and the exchange rate. The distance between the two lines 
without exchange must be greater than the two line widths, and this favours nuclei which 
have large chemical shifts, such as 13C and 129Xe. [9] 

The NMR spectra of adsorbed probe atoms in microporous solids vary with the nature 
of the surface, the diamagnetic ions, the paramagnetic sites, and the surface coverage. 
When the surface coverage increases, these spectra variations usually decrease. This 
behaviour implies the existence of heterogeneously distributed adsorption sites and 

50-5-10

σ (ppm)

-15-20 10 15
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exchange between them. The recorded NMR spectrum depends in general on the rate of 
molecular exchange between the different sites. Unless the measurement is done at very 
low temperatures, normally the limiting case of a fast (on NMR time scale) exchange 
between the different adsorption sites is fulfilled. The observed shift of the resonance line 
is then given by a weighted average of the different contributions. [10] 

Sites A and B, populated by NA and NB spins, respectively, are characterized by distinct 
resonance frequencies νA and νB, ∆ν = νB –νA. In the slow exchange limit, ∆ντex >> 1, 
where τex is a characteristic time constant for exchange process, two separate lines appear 
in the NMR spectrum. These lines become broader with decreasing ∆ντex, and coalesce to 
a single broad line at ∆ντex ≈ 1. With fast exchange limit, ∆ντex << 1, only a single 
exchange-averaged narrow line is observed. The dependence of resonance shift δ on NA 
and NB can be expressed for the fast exchange limit as the weighted average of the 
individual resonance δΑ and δΒ: 

 A B
A B

A B A B

N N
N N N N

δ δ δ= +
+ +

   . (15) 

For multisite systems, two-dimensional exchange spectroscopy (2D EXSY) NMR offers 
the unique feature of graphically visualizing sites in mutual exchange. With this 
technique, all sites are simultaneously explored, so that exchanges are clearly delineated. 
No selective pulses are required, permitting investigations even when the exchanging 
resonances have a low chemical shift separation. The method uses the same principles as 
one-dimensional longitudinal magnetization transfers, and therefore has consequently the 
same limitations: rate constants should be slow on the NMR timescale and fast on the 
relaxation time T1 timescale. [11] 

The EXSY experiment, pioneered by Jeener et al. [12], uses the same pulse sequence 
as the nuclear Overhauser effect spectroscopy (NOESY) [12] technique: 

 1 m 2( )
2 2 2

t t Acq tπ π π     − − − −     
     

   . (16) 

The evolution period (t1, the first dimension) serves as chemical shift labelling, in the 
sense that longitudinal magnetization after the second π /2 pulse is modulated according 
to cos(2πνAt1). Any transverse magnetization during the mixing time tm is eliminated 
either by a gradient pulse or by proper phase cycling. The last π /2 pulse enables to detect 
longitudinal magnetizations which have evolved under their specific relaxation rates and 
under cross-relaxation rates. A double Fourier transform of the signal S(t1, t2) provides 
diagonal peaks whose intensities reflect specific relaxation rates and off-diagonal cross-
peaks cross-relaxation between the two nuclei. 

The only difference between NOESY and EXSY is that in EXSY, during the mixing 
time tm, the phenomenon responsible for transfer of z magnetization between spins is 
chemical exchange, not cross-relaxation. A 2D EXSY spectrum may have cross-peaks 
showing between which sites exchange takes place. During tm, magnetization transfers 
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between sites i and all other sites j take place. After the last 90° observing pulse a nucleus 
initially precessing with frequency νi has given probability Λij of precessing with 
frequency jν during time t2. Therefore, the time-domain signal will contain terms of the 
form j 2i 1 iv ti te eν . Double-Fourier transform results in two types of peaks along the 
frequency axes Ω1 and Ω2: cross-peaks at Ω1 = νi and Ω2 = jν , connecting exchanging 
sites i and j, and diagonal peaks at Ω1 = Ω2 = νi for nuclei which have remained in a site i 
after the mixing period. This leads to 2D EXSY spectrum showing an approximate 
graphic display of the exchange matrix, providing an understandable picture of the 
exchange pathways. Intensities Iij and Iji of the cross-peaks should be symmetrical about 
the diagonal. Attention should be paid, however, to the possibility that cross-peaks 
between sites i and k may result from two successive exchanges i ⇔ j and j ⇔ k, without 
being indicative of any real exchange between sites i and k. This is called an indirect 
transfer, which can be only evidenced by fully analyzing the intensities or by repeating 
the EXSY experiment for a series of mixing times tm. In the NMR experiments, the 
mixing time is constant and is chosen close to the average exchange lifetime, usually a 
few tenths of a second. Finally, it should also be stressed that any phenomenon which 
contributes to longitudinal magnetization transfer during the mixing time (cross-
relaxation, quadrupolar relaxation, fast chemical reaction) will modify the intensity of 
cross-peaks, thus interfering with chemical exchange. [11] 

2.3  Adsorbates and indirect structure research 

The development of high-resolution solid-state NMR techniques, such as MAS, has given 
a powerful structural tool to monitor all elemental components of solid molecular sieve 
frameworks. 27Al, 31P, 17O, and in particularly 29Si nuclei have been observed (usually 
with MAS) and they have provided many new insights into the structure and chemistry of 
microporous materials. Spectral lines originating from crystallographically inequivalent 
atoms can be resolved and related to structural parameters. With 100% natural 
abundance, and with chemical shift range of ~450 ppm, 27Al is in principle very 
favourable nucleus for NMR studies. However, 27Al is a quadrupole nucleus, usually with 
large interactions broadening and shifting the resonance lines. The difficulties involved in 
the detection and quantification of 27Al in solids have hindered NMR studies of 
aluminophosphate molecular sieves, which are one of the main subjects of this thesis. 
Studied with 27Al NMR, the spectra show large quadrupolar effects, combined with 
strong interactions with water and other adsorbates. [13] 

The measurement of zeolitic acidity can be done with high-resolution 1H MAS NMR. 
The typical difficulties involved in 1H work in the solid state are the strong dipolar 
interactions and the narrow range of 1H chemical shifts, consequently leading to only a 
limited number of lines to be resolved. 

Besides observing the resonances directly from the microporous solid framework, 
indirect structure research using adsorbed molecules or atoms often yields to additional, 
and in many cases, more useful information. These adsorbates are often referred to as 
“spy atoms” or “probe molecules”. For example, 15N NMR work on molecules sorbed on 
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zeolites has shown the usefulness of the technique for the zeolitic acidity and other 
surface phenomena studies [10, 13, 14]. 

In recent years, xenon-129 isotope (spin ½) has become the most common choice for 
probing microporous materials with NMR. This is due to the fact that the shielding of 
xenon is very sensitive to its environment [15-17]. The central idea of the pioneers [18] 
of the studies of porous solids with proper adsorbate was to find a molecule or atom that 
was both nonreactive and particularly sensitive to its environment, and 129Xe fulfils these 
requirements. While adsorbed into sieve material, a xenon atom experiences changes in 
its nuclear shielding tensor due to both Xe-Xe and Xe-molecular sieve channel wall 
interactions. These changes can be detected through NMR spectroscopy. During the last 
two decades 129Xe and its probing capabilities have been a very active research subject, 
consequently yielding a vast amount of publications and review articles [19-28]. 

The resonance frequency of 129Xe is about 10% higher than that of 13C at the same 
magnetic field strength. This makes it possible to detect 129Xe resonance using a 
spectrometer probe designed for 13C detection with a slight change of the circuit tuning, 
instead of additional probehead. The NMR sensitivity of the 129Xe detection with respect 
to 1H and 13C is 5.60×10-3 and 31.8, respectively. Therefore 129Xe is more convenient to 
observe than 13C, neglecting the relaxation time differences. Pure xenon has an extremely 
long spin-relaxation time T1, which is fortunately shortened by interaction with 
paramagnetic species and also when adsorbed within porous structures of molecular size. 
The typical range of 129Xe T1 is in the range of few milliseconds to few seconds, when 
xenon is adsorbed in microporous solids. The development of xenon optical polarization 
technique increases the detection sensitivity by a factor up to 103 [29-31]. 

In molecular sieves the chemical shift experienced by the adsorbate depends on the 
framework structure, sample temperature, and loading (the amount of adsorbate enclosed 
inside the framework system). In many cases adsorbate explores its various possible sites 
so quickly that only one averaged shift is measured. With 129Xe, it has been assumed that 
in the absence of highly polarizable cations the various contributions to the average 
chemical shift δ can be decomposed into additive terms: 

 ref s Xe Xe( ) ( , ) ( , )i T i T iδ δ δ δ ρ= + +    , (17) 

where δref  is the shift of the reference signal, T is the temperature, i denotes the molecular 
sieve type, and ρXe  is the pore density of Xe. The effect of the sieve structure is codified 
in the quantity δs, which is usually assumed invariant with loading but nonetheless is a 
function of structure and temperature. The Xe loading contribution to chemical shift is 
usually assumed (and often found) to be linear at low loadings, so it is expressed by the 
term δXeρXe. On the other hand, at high loadings, the shift typically shows an increasing 
slope with loading [32]. The chemical shift of adsorbed xenon is usually expressed in a 
slightly different fashion, as formulated by Fraissard and his co-workers [33-35]. The 
observed shift is a sum of several terms corresponding to the various perturbations 
experienced by xenon as follows: 

 ref s Xe SAS E Mδ δ δ δ δ δ δ= + + + + +    . (18) 
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δSAS arises from strong adsorption sites (SAS) in the void space, interacting with xenon 
much more strongly than the channel walls, leading to increased time xenon is spending 
on these SAS, particularly at low xenon concentration. When the SAS are more or less 
charged (containing for example paramagnetic cations), the shift is changed, and the shift 
difference expresses the effect of the electrical field (δE), and the effect due to magnetic 
field created by cations (δM), if existing. 

In this thesis, methane molecule is chosen to the role of an alternative probe molecule, 
mainly due to its resemblance to xenon in its size, probing similar cavity sizes. The 13C 
shielding tensor of free methane is also spherically symmetric. Methane must be carbon-
13 enriched (13CH4 ) as the natural abundance of 13C is only 1.1% and the more abundant 
12C possesses a zero spin having thus no use in NMR spectroscopy. 
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3 Microporous materials: molecular sieves 

Solid porous materials are conventionally divided into three categories according to their 
pore diameter: microporous materials with pores smaller than 20 Å, mesoporous 
materials with 20-500 Å pores, and macroporous material with pore diameter larger than 
500 Å. Molecular sieves are a large class of microporous open-framework solids, 
including aluminosilicates (zeolites), crystalline equivalents of aluminium phosphates 
(“aluminophosphate molecular sieves” in short) and related materials of diverse 
structures. 

Zeolites are built from corner-sharing -4
4SiO  and -5

4AlO  tetrahedra and 
aluminophosphate molecular sieves (designated as AlPO4) are built from alternating 

4-
4AlO  and 4-

4PO  tetrahedra forming repetitive framework systems containing 
intracrystalline cavities and channels of molecular dimensions [10, 36-38]. A requirement 
known as the Löwenstein rule [39] forbids Al-O-Al linkages in zeolite frameworks. The 
zeolite framework contains negative charges, created by the aluminium atoms, and 
balanced by cations located in the channels. Silicoaluminophosphate molecular sieves 
(SAPO in short) also contain cations, neutralizing the negative lattice charges created by 
silicon present in the framework. The location and the size of the cations can affect and 
fine-tune catalytic activity, hydrothermal stability, and sorptive properties [40]. Cation 
measurement, however, requires careful and usually protracted analyses of accurate 
single-crystal or powder diffraction simulation data [41]. 

The molecular sieve channel systems, which may be one-, two- or three-dimensional, 
may occupy more than 50% of the crystal volume, and are normally filled with water. 
Before the structure studies or utilizing the molecular sieve properties, water is removed 
at high temperature and vacuum conditions. Molecular sieves posses large internal 
surface area and because of the openings (channel endings, open cavities and cages) they 
are capable of adsorbing organic and inorganic substances within their framework 
structure. When water is removed, other adsorbate species such as ammonia, 
hydrocarbons, alcohols, noble gases, and many others may be accommodated in the 
intracrystallite space. Depending on pore diameter and adsorbate dimensions, this process 
is often highly selective. Therefore the separation of the mixture components is often 
called “molecular sieving”. Molecular sieves, especially zeolites like ZSM-5 [42], have 
numerous industrial applications, such as dehydration, odour and pollutant removal, soil 
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fertilizing, refrigeration, ion exchange, catalysis, and as ingredients of detergents (water 
softening). [13] 

In this thesis, the main part of the studies involves aluminophosphate and 
corresponding silicon-containing silicoaluminophosphate molecular sieves sharing the 
same basic framework structure: typically straight channels with circular or elliptical 
channel cross-sections. AlPO4-5 [3, 4, 43], SAPO-5 [44], AlPO4-31 [3, 45], and SAPO-31 
[44] all have circular channel cross-sections (with diameters of 7.3 Å and 5.4 Å for 
AlPO4/SAPO-5 and AlPO4/SAPO-31, respectively), while AlPO4-11 [3, 46], SAPO-11 
[44], AlPO4-41 [47], and SAPO-41 [44] all have elliptical channels (cross-sections 
diameters of 6.5×4.0 Å and 7.0×4.3 Å for AlPO4/SAPO-11 and AlPO4/SAPO-41, 
respectively). Both silicon-free and silicon-containing aluminophosphate sieves can be 
referred with common framework type code: for 5-series sieves (AlPO4/SAPO-5) this is 
AFI (abbreviated from “aluminophosphate five”), AEL for 11-series, ATO for 31-series, 
and AFO for 41-series [36]. Illustrations of the basic frameworks are presented in Fig. 5. 
 

Fig. 5.  Computer graphics illustrations of the basic framework structures of different 
aluminophosphate molecular sieves. A projection along the channel axis (wireframe model on 
the left) and the framework slightly tilted (ball-stick model on the right). The framework type 
codes are (a) AFI, (b) AEL, (c) ATO, and (d) AFO. (The pictures are generated using a Java 
applet on the “Database of Zeolite Structures” website [36, 48].) 

In practice, a large number of aluminophosphate framework structures form a bigger 
crystallite, which in many cases congregate into a slightly bigger crystallite lump, with 
the lump size on the order of a few micrometers. The as-synthesised material is calcinated 

(b)(a)

(c)

(d)
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before proceeding to actual NMR sample making process. Calcination is a procedure 
upon which the ion exchangers and the structure-directing organic macrotemplate agents 
are removed by heating (gradually increasing temperature up to 870 K) leaving highly 
porous microstuctures with a determined shape. The calcined material is highly 
crystalline very fine powder, usually with pure white or slightly greyish colour. 
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4 Aluminophosphate molecular sieve studies 

4.1  Experimental methods 

The calcined molecular sieve powder is introduced into a glass tube or cell. The type of 
the container is chosen by the experimental needs: thick-walled glass (tube diameter 10 
mm) is needed for samples with high equilibrium pressure inside the sample tube (“high-
pressure samples”). Custom-made glass cells (diameter 8 mm) were used for wide 
spectrum frequency coverage probes with high power preamplifiers. Typical thin-walled 
5 mm diameter tubes are applicable with low-pressure samples. The smallest glass cell is 
needed for magic angle spinning (MAS) experiments, which also require the greatest 
demand for overall sample precision. When exposed on air, molecular sieves usually 
adsorb small amounts of water, which is removed by connecting the sample tube to a 
vacuum line and then heating the sample gradually to 670 K and keeping it there at least 
14 hours. After that the adsorbant (usually xenon or 13CH4 gas) is transferred into the 
sample tube. The sample region is then immersed into liquid nitrogen bath, which 
condensates the adsorbate and momentarily decreases the gas pressure. This helps the 
sealing of the tube with a flame, which can alternatively be done with a J. Young valve 
system [49]. 

The first batch of AlPO4-11 and SAPO-11 molecular sieves samples, made by 
Laboratoire de Materiaux Mineraux (Mulhouse, France) and UOP (Tarrytown, New York, 
USA), respectively, were verified with elementary analysis by DCP-AES (Direct Current 
Plasma Atomic Emission Spectrometry) method. The results of the analyses are shown in 
Table 1. As expected, AlPO4-11 material does not contain silicon, and the calcination 
process slightly changes the elements concentrations of SAPO-11. Si/Al ratio of 
calcinated SAPO-11 is 0.061. 
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Table 1. The results of the elementary analysis of AlPO4-11 and SAPO-11 samples by 
DCP-AES method. 

Sample Al [mg/g] P [mg/g] Si [mg/g] C [%] H [%] N [%] 
SAPO-11, 
non-calcined 

424 261 15,4 < 0,5 < 0,5 < 0,5 

SAPO-11, 
calcined 

424 258 15,8 < 0,5 < 0,5 < 0,5 

AlPO4-11, 
non-calcined 

350 480 < 0,1 < 0,5 1,3 < 0,5 

 
For current thesis, xenon adsorption isotherms were determined for several AlPO4 and 
SAPO molecular sieve materials (synthesised in Pune, India; see Paper IV). The classical 
xenon adsorption isotherm curve can be expressed as [20] 

 log (log )n f P=    , (19) 

where n is the number of Xe atoms adsorbed per gram of solid, f is the slope, and P is the 
equilibrium pressure. In typical case, the curve has a high slope at low pressures, then a 
monotonic decrease as the pressure increases, finally saturating at very high pressures. In 
our isotherm studies, xenon is best adsorbed in AEL framework materials, while AFI 
materials show the lowest adsorption capabilities. The current experimental configuration 
does now allow pressures high enough to reach the fully saturated state. 
 

Fig. 6.  Xenon adsorption isotherms at 293 K for various aluminophosphate molecular sieves: 
AlPO4-5 ( ), SAPO-5 (▲), AlPO4-11 ( ), SAPO-11 (●), AlPO4-31 (◊), SAPO-31 ( ), AlPO4-
41 (), and SAPO-41 (■). 
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For studies to paper II, both sieve materials and their crystallite dimensions were 
examined in non-calcined form with the aid of field emission scanning electron 
microscopy (FESEM) pictures. An example of these pictures is shown in following 
sections. 

In a few cases with high-pressure samples the spectrum baseline is non-linear and 
slightly obscured, making the lineshape fitting procedures somewhat difficult. These 
baseline anomalies were eliminated by using a spin-echo pulse sequence (90°-τ-180°-τ-
Acq. [50]), in some cases combined with manual baseline compensation. 

Sample temperatures were controlled with spectrometer temperature unit, and were 
allowed to stabilize for variable length of times, depending on the size of the temperature 
step. In typical case the stabilization times were around half an hour, but ten minutes at 
minimum. 

With 129Xe measurements, the shielding values are reported relative to external 
reference of 129Xe resonance from a bulk xenon gas sample (internal pressure around 5 
atm) at 300 K, extrapolated to zero Xe pressure utilizing a known relation [16]. 

The lineshape fittings are executed using the WIN-FIT program [51] for Windows 
operating system on PC. Depending on the complexity of the experimental spectrum and 
the number of free parameters (usually between 2-8), the convergence of the fitted model 
is reached usually with less than 100 iterations utilizing Simplex-algorithm, and typically 
using less than one minute of processor time. 

4.2  13C nuclear magnetic shielding in 13CH4 adsorbed in SAPO-11 
and AlPO4-11 molecular sieves at variable temperatures 

4.2.1  Studies of SAPO-11 cation effects: comparing experimental 
shielding data and computer simulations 

In paper I of the present thesis, carbon-13 enriched methane (13CH4) was adsorbed into 
SAPO-11 molecular sieve (AEL framework). Static (non-spinning sample) 13C and 
proton decoupled 13C-{1H} spectra and corresponding MAS spectra were measured at 
variable temperatures. SAPO-11 has a capacity of four cavities per unit cell (u.c.) capable 
of adsorbing a methane molecule. In current case, methane loading varied in the static 
sample from 0.4 molecules/u.c. at 400 K to 0.7 molecules/u.c. at 300 K and in the MAS 
sample 2.4 molecules/u.c. at near 300 K. 

The 13C-{1H} spectra of 13CH4 at variable temperatures are shown in Fig. 7(a). The 
observed lineshape is clearly a superposition of two overlapping spectral components: a 
powder pattern due to methane in the sieve channels, experiencing anisotropic and 
asymmetric 13C shielding tensor (see Fig. 7(b)), and a second one arising from free 
intercrystallite gas (from now on abbreviated as FIG), possessing a Lorentzian lineshape. 
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The lineshape fitting analyses produce the diagonal elements of the 13C shielding tensors. 
The isotropic average values (σiso) are about 4 ppm more deshielded than in free methane 
and the shielding anisotropies (∆σ) are between –10 to –20 ppm, depending on the 
temperature. The lineshape fitting is illustrated in Fig. 8(a). The corresponding adsorbed 
gas shielding tensor elements in principal axis system, σ11, σ22, and σ33, at variable 
temperatures are shown in Fig. 8(b). 
 

Fig. 7.  (a) Proton decoupled 13C NMR spectra of 13C-enriched methane gas adsorbed in 
SAPO-11 molecular sieve at variable temperatures. (b) Shielding anisotropy values at 
variable temperatures for the powder pattern due to methane in the sieve channels. 

 

200-20-40-60-80-100-120

306 K

σ (ppm)

313 K

323 K

333 K

343 K

353 K

363 K

373 K

383 K

393 K

300 320 340 360 380 400

-20

-18

-16

-14

-12

-10

Temperature (K)

∆σ
(p

pm
)

(a) (b)



33 

Fig. 8.  (a) Lineshape fitting example: 1H decoupled 13C spectrum of 13CH4 in SAPO-11 
molecular sieve at 313 K. The spectra displayed are the following (from the top): 
experimental, simulated FIG signal, simulated chemical shift anisotropy (CSA) powder 
pattern from adsorbed gas, the last two signals combined, and the difference of the 
experimental and combined spectra. (b) 13C shielding tensor elements, σ11 (■), σ22 (●), and σ33 
(▲), at variable temperatures, derived from the adsorbed gas CSA powder pattern lineshape 
fittings. 

Fig. 9 compares the experimental and the simulated 13C spectra at 300 K, with and 
without proton coupling. In the latter case, both overlapping spectral components have 
quintet fine structure (see Fig. 9(a)) due to the C-H spin-spin coupling of ≈ 125 Hz [52]. 
Proton coupling does not bring any additional information about the subject under study, 
and it slightly hinders the desired anisotropy information and therefore it is considered a 
minor nuisance in lineshape fittings. To remove this, a proton decoupling is usually 
performed during the experiments. Fig. 9 (below) and Fig. 3 in paper I clearly show the 
advantage of proton decoupling: spectral components arising from different adsorbate 
surroundings are more easily interpreted. The anisotropic contributions are eliminated in 
MAS experiments, revealing quintet structure also in the adsorbed methane resonance 
pattern (Fig.3(a) in paper I), which can be removed with 1H decoupling as well (Fig.3(b) 
in paper I). Also a slightly deshielded (< 0.3 ppm from free methane) signal is observed, 
caused by the non-adsorbed methane experiencing effects of exchange with the outer 
surface of the sieve crystallites. Similar behaviour can be seen with another sample (see 
Fig. 10) with increased loading, producing an increased adsorbed gas signal. Towards 
higher temperatures, the exchange signal between adsorbed gas and FIG signals becomes 
more pronounced and more intense, indicating increasing exchange rates and decreasing 
loading inside the sieve channels. 
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Fig. 9.  13C NMR spectra of 13C-enriched methane gas adsorbed in SAPO-11 molecular sieve 
at 300 K. (a) 1H coupled and (b) 1H decoupled spectra. The spectra displayed are the 
following (from the top): experimental, simulated (combined CSA and FIG components) and 
the difference of the above two spectra. 

 

Fig. 10. Proton decoupled 13C MAS spectra of 13CH4 in SAPO-11 molecular sieve at variable 
temperatures. MAS rotation frequency is 1000 Hz. 

The anisotropic 13C shielding tensor deformations of adsorbed methane in SAPO-11 may 
be caused by two interrelated factors: deformation of the molecular geometry, i.e. the 
reduction of the symmetry of the nuclear framework, or alternatively because of the 
charge-compensating cations in SAPO-11, which may affect through the polarization of 
the electron cloud. In case the cations are the cause, information on the location and 
distribution of cations may be obtained using NMR. This hypothesis was investigated by 
performing also ab initio model calculations of the 13C shielding tensor in methane placed 
in the field of a point charge, approximating for protons in SAPO-11 [53]. On the other 
hand, the contribution of the channel walls (including dynamical site exchange) is 
inseparable from the one due to the cations in such restricted geometries as in AEL 
framework. 

Self-consistent field (SCF) gauge-including atomic orbital (GIAO) method was used 
in performing simulations for 13CH4 symmetry reductions. First, the molecule geometry 
was distorted by (a) changing the HCH angles and (b) changing the length of one of the 
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CH bonds from the equilibrium value. Secondly, methane was placed in the electrostatic 
field of a point charge of qH = +0.168e. This is illustrated with a diagram in Fig. 11. 
 

Fig. 11.  A diagram representing point charge (+0.168e) locations in relation to adsorbed 
methane molecule used in the 13C shielding tensor simulations. 

Variation of both chemical shift (δ = σgas–σadsorbed) and ∆σ caused by the point charge is 
around 5 ppm within the relevant distance range. A mere geometric distortion is found to 
require unrealistically large distortions to produce effects of observed magnitude. 
Comparing the simulations to experimental data, ∆σ contribution from the point charge 
has the observed negative sign, though the effect is smaller. 

4.2.2  Exchange effects and shielding anisotropy with AlPO4-11 
molecular sieve 

In order to gain deeper insight to the effect of cations, the NMR spectra of 13CH4 
adsorbed in AlPO4-11 - containing no silicon, and consequently no cations - is compared 
to previous SAPO-11 spectra data. Apart from the adsorbate loading level effects, 
differences in the spectra may be caused, even be dominated, by the effects of cations in 
SAPO-11. 13C-{1H} spectra of methane in AlPO4-11 differ from those found in SAPO-11. 
The spectra consist of two distinct components, one from the adsorbed gas and one from 
FIG. The former lineshape suggests, incorrectly, that no shielding anisotropy is present 
(see Fig. 12). By recording a 13C-{1H} spectrum while the sample is rotating at the magic 
angle (MAS technique), three separate spectral components can be distinguished (see Fig. 
13). The proof for that 13C nuclei have an anisotropic shielding is the dramatic sharpening 
of the leftmost resonance in Fig. 12 under MAS conditions. 
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Fig. 12.  Proton decoupled static (i.e. non-spinning sample) 13C spectra of 13CH4 in AlPO4-11 
molecular sieve. 

 

Fig. 13.  Proton decoupled 13C MAS spectra of 13CH4 adsorbed in AlPO4-11 at variable 
temperatures. Spinning frequency is 2000 Hz. Same sample as in Fig. 12 was used. 

The three different spectral components revealed with MAS experiments can be 
explained by the distribution of methane gas in four different reservoirs. Within 
infinitesimally small time slice, methane molecules in the sample tube may appear in two 
very different surroundings: either they are in contact with the sieve material (adsorbed) 
or remain outside the sieve channels in free gaseous state, not connected with the 
microporous material. Consequently methane experiences very different shieldings in 
these surroundings. When the time slice is in the NMR time scale, that is greater than 
about 0.1 ms, exchange between the molecules in the different surroundings usually 
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begin to arise. Small part of the nonadsorbed gas is in the upper section of the sample, 
relatively far from the sieve material, thus hindering the exchange possibility with the 
adsorbed gas considerably in the NMR time scale. The signal near 0 ppm in Fig. 13 arises 
from this free gas reservoir. The rest of the nonadsorbed molecules are located in between 
the crystallites, most of them probably adsorbed on the outer surfaces of the sieve 
crystallites. The molecules in this reservoir are able to exchange with those inside the 
channels, but close to the crystallite surface. Because of exchange, methane experiences 
an average 13C shielding, which is affected by exchange rate. If the exchange rate is fast 
enough that a single methane molecule is able to explore at least two different 
surroundings within a time slice needed to record a single NMR scan, observed resonance 
signal is a lifetime weighted average of shieldings in the explored surroundings. This 
averaged resonance is observed as the central component in Fig. 13. The slow self-
diffusion of the adsorbed molecules located in the inner region of the crystallites prevents 
exchange with nonadsorbed molecules on the NMR time scale. The signal from this 
reservoir corresponds to the leftmost signal in Fig. 13. 

The MAS spectra shown in Fig. 13 reveal also that all the three spectral components 
change dramatically with temperature. While the temperature increases, the intensity of 
the leftmost signal from the adsorbed gas decreases and the rightmost free gas signal 
increases. This behaviour reveals changes in the numbers of molecules in corresponding 
reservoirs, pa(dsorbed) and pf(ree), respectively. The chemical shift in molecules undergoing 
fast exchange under kinetic equilibrium balance is δex = paδa + pfδf. This is verified by the 
temperature dependent chemical shift evolution of the central exchange component. The 
peak moves towards the free gas component with increasing temperature, as expected. 
The chemical shift values of the exchange component correlate in a satisfactory manner 
with intensity weighted mean values of free and adsorbed gas shift values (see Fig. 14). 
This confirms the existence of fast exchange between corresponding reservoirs. 
 

Fig. 14.  13C MAS spectra of 13CH4 in AlPO4-11 sample: correlation between the intensity 
weighted mean values of free and adsorbed gas chemical shifts (◊ with dotted line) and 
observed central exchange component shift values (■ with solid line) at variable 
temperatures. The lines are to guide the eye. 

0.5

-1.0

-1.5

-2.0

-2.5

-3.0

-3.5

-4.0

-4.5

-5.0

210 260 310 360

σ
(p

pm
)

Temperature (K)



38 

4.2.2.1  Extracting anisotropy information from the overlapping shielding 
data 

One of the main reasons for the study of 13CH4 adsorbed in AlPO4-11 was to determine 
the 13C shielding anisotropy and compare it to 13CH4 in SAPO-11. In a static sample, the 
CSA lineshape is hidden underneath the exchange component, and by spinning the 
sample at the magic angle (~1000-2000 Hz) the CSA information is lost. This led to 
experiments with slow MAS (≤ 200 Hz), hoping to reveal shielding anisotropy through 
CSA spinning sidebands. The anisotropy values yielded by the fittings are between –8 
and –3 ppm, but the asymmetry parameter cannot be determined unambiguously, because 
a large part of the spinning sidebands is still hidden under the exchange line (see Fig. 15). 
 

Fig. 15.  Proton decoupled 13C MAS spectra of 13CH4 in AlPO4-11 sample at various spinning 
frequencies at two temperatures. 

The best results for determining 13C shielding anisotropy are achieved by utilizing spin-
echo pulsed field gradient (PFG) measurements. The evolving of the transverse nuclear 
magnetization is observed under the influence of magnetic field gradient pulses (π/2 - 
gradient - π - detected echo) [54]. Spin-echo signal intensity is affected by spin-spin 
relaxation and the mean square displacement (MSD) of the molecules in the direction of 
the applied gradient. The self-diffusion coefficients usually differ by several orders of 
magnitude for adsorbed and free gas, leading to substantial differences in the MSD 
values. Therefore it is possible to find a gradient value which attenuates free and 
exchanging gas much more effectively than the adsorbed gas [9, 55], hopefully making 
the lineshape fitting more unequivocal, revealing the true shielding anisotropy. 

A new AlPO4-11 13CH4 sample was made for gradient experiment requirements, with 
the equilibrium pressure – and therefore the loading – matching the previous MAS 
sample as closely as possible. Fig. 16(a) presents 13C-{1H} spectra with variable gradient 
intensities. Upon increasing the gradient intensity, the exchanging gas signal intensity 
decreases whereas the signal intensity of adsorbed gas remains the same (Fig. 16(b)). 
Because the free gas reservoir is outside the detection coil, there is no corresponding 
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signal in the spectra. The ratio R of intensities with and without sine-shaped gradient 
pulses obeys equation [56] 

 2 2 2 2ln (4 ) /G GR DG t tγ π= − ∆ −    . (20) 

Here, γ is the 13C gyromagnetic ratio, D the self-diffusion coefficient of methane, G the 
gradient intensity, tG the duration of the gradient pulse, and  the time between the two 
gradient pulses. Applying Eq. 20 to fit the exchanging gas intensity ratio results in self-
diffusion coefficient of (5.5 ± 0.2)×10-6 m2s-1 at 298 K, which is comparable to the values 
in similar systems [57]. The signal intensities of the adsorbed gas can be described by a 
horizontal line, indicating that the self-diffusion is very slow. In comparison, the self-
diffusion coefficients in molecular sieves are typically below 10-9 m2/s, while in SAPO-
11 methane undergoes very slow single-file self-diffusion motion with coefficient of 
9×10-13 m2/s [55]. 
 

Fig. 16.  (a) Proton decoupled 13C spin-echo spectra of 13CH4 adsorbed in AlPO4-11 at 
variable gradient intensities (T = 298 K). Gradient intensity increases from top (0 T/m) to 
bottom (0.37 T/m). (b) NMR signal intensity of the spectral components originating from 
exchanging (▲) and adsorbed (∇) gas as function of the gradient intensity (squared). 
Exchange component fitting was done using Eq. 20 with parameters D = 5.5 × 10-6 m2s-1, tG = 
1 ms, and  = 2.15 ms. 

While the exchange component exists and overlaps the adsorbed gas component even in 
the case with the most intense gradients available in our experimental setup, the most 
appropriate lineshape fitting parameters are obtained when the exchange component is as 
small as possible. This happens with the gradient intensity of 0.37 T/m, as demonstrated 
in Fig. 16. With decreasing gradient intensity, the exchange component increases, 
resulting to decreasing adsorbed gas component lineshape fitting unambiguity. Therefore 
the adsorbed gas component lineshape fittings were executed (Fig. 17) using the above 
situation as a parameter set basis. At 298 K and the loading level of 0.8±0.1 molecules 
per unit cell, the 13C ∆σc = –5.4 ppm and asymmetry parameter η = 0.7. The ∆σc value is 
within the limits obtained form low spinning frequency MAS experiments. A much larger 
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value (~20 ppm) for SAPO-11 was obtained in paper I. Charge-compensating cations in 
SAPO-11 are the most probable reason for the observed shielding anisotropy differences. 
 

Fig. 17.  Proton decoupled 13C spin-echo spectrum of 13CH4 adsorbed in AlPO4-11 at 298 K 
with the gradient intensity of 0.37 T/m. The spectra displayed are: (a) experimental spectrum, 
(b) simulated spectrum combined from (c) the adsorbed gas and (d) the exchanging gas 
components, and (e) the difference of the two topmost spectra. 

Some insight can be gained by comparing 13C data with the published 129Xe data in 
AlPO4-11 and SAPO-11. The wall contributions to δXe and ∆σXe in AlPO4-11 are +114.4 
and –31.1 ppm, respectively, in the low-loading limit [22]. 13C shows 25 times smaller 
chemical shift, but on the other hand, in SAPO-11, a large ∆σC is observed (–10 to –20 
ppm), on the same order of magnitude as that of 129Xe. Either the effect of charges in 
SAPO-11 is relatively large for the shielding anisotropy but not for the chemical shift, or 
the sensitivity of ∆σC to the anisotropic environment is enhanced by an unknown 
mechanism as compared with the corresponding ∆σXe. 

4.3  129Xe nuclear magnetic shielding data and (silico-) 
aluminophosphate molecular sieves 

4.3.1  Variable temperature experiments with AlPO4-11 and SAPO-11 

In the paper III, xenon gas is introduced into the same two molecular sieves as with 
methane adsorbate in the first two papers: AlPO4-11 and analogous silicon-containing 
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SAPO-11. One AlPO4-11 sample and two SAPO-11 samples with different amounts of 
xenon gas sealed into the sample tube (described as low and high pressure samples) were 
made. The temperature-dependent nuclear shielding and the role of crystallite surface 
adsorption in Xe exchange is studied by means of 129Xe shielding data. The average 
interaction of Xe with the cations is attractive as proved by the xenon adsorption 
isotherms in AlPO4-11 and SAPO-11 (see Fig. 6) [19]. The loading dependence of 129Xe 
shielding anisotropy in AlPO4-11 has been explained with the existence of different types 
of xenon adsorption sites experiencing rapid exchange [22]. This model has been 
supported further by a computer simulation, in which AlPO4-11 was modelled as a fully 
dynamic framework [58]. 

In SAPO-11, only the CSA pattern of adsorbed gas is observed at low temperatures 
(see Fig. 18). At higher temperatures, an additional resonance from FIG is detected at 
around 0 ppm. Also a small third resonance is located near the CSA pattern in both 
samples at various temperatures. The chemical shift of the signal is independent of 
temperature, and therefore it is unlikely that the resonance arises from the exchange 
between Xe adsorbed in the channels and free Xe. The more probable reason is that the 
material contains a small amount of cavities with dimensions slightly larger that those of 
the channels. These cavities could be due to an imperfect crystallinity or due to the 
formation of crystal lumps as shown by the FESEM picture (Fig. 19). 
 

Fig. 18.  129Xe NMR spectra of xenon gas in SAPO-11 sample at variable temperatures: (a) 
low-pressure sample and (b) high-pressure sample (recorded with spin-echo sequence). 
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Fig. 19.  FESEM picture of SAPO-11 molecular sieve powder: crystallites forming larger 
lumps. 

The lineshape fittings for the SAPO-11 CSA pattern reveal the shielding tensor 
component values (in PAS) having temperature behaviour that can be divided into two 
separate linear sections (see Fig. 2 in paper III). σ22, σ33, and σiso show stronger 
temperature dependence at temperatures above ~293 K (see Table 2). The effect of 
temperature on the xenon shielding may be divided into direct and indirect effects. The 
direct temperature effect arises from the changes in the statistical weights of the different 
locations of the adsorbate. When temperature is increased, the less probable high-
potential energy intracrystallite locations occur more frequently, and Xe atoms are able to 
get closer to each other. The indirect effect arises from the fact that the channel loading 
also changes with temperature. Increasing the number of Xe atoms in the channels makes 
mutual interactions of two or more Xe atoms more frequent and thereby changes the 
average shielding. Most probably the 129Xe shielding contribution arising from the Xe-Xe 
interactions is directly proportional to the xenon loading, as is the case with AlPO4-11 
[22]. Therefore the linear variation of 129Xe shielding indicates a linear change in the 
channel loading. Relative intensity variation of free and adsorbed gas signals with 
temperature supports this. According to estimates done using integrated areas of adsorbed 
and nonadsorbed spectral components and known amounts of xenon and sieve material, 
the loading varies from 30% to 40% (100% loading corresponds to 4 atoms/unit cell 
[22]). If the crystallinity of SAPO-11 is less than 100%, the estimates are too small. 
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Table 2.  Linear least-squares fittings (σii = a + bT) of 129Xe average shielding tensor 
elements at two temperature ranges and two sample pressures: slope parameter b in 
SAPO-11 fittings. 

  b (ppm/K)  
  Low temperature High temperature 
σ22    
 Low pressure 0.117±0.014 0.267±0.010 
 High pressure 0.15* 0.43±0.02 
σ33    
 Low pressure 0.08±0.03 0.30±0.02 
 High pressure 0.09* 0.49±0.04 
σiso    
 Low pressure 0.06±0.02 0.188±0.007 
 High pressure 0.08* 0.289±0.006 

* No error given because of small number of data points. 

As shown by the absence of FIG signal and relative spectral component intensity 
analysis, the amount of adsorbed xenon atoms is practically constant at lower 
temperatures. Consequently, the only reason for the shielding change must arise from the 
direct temperature effect: at decreasing temperatures xenon atoms spend more time in the 
potential energy minima locations created by the channel walls and local adsorption sites, 
thus sampling the intracrystallite space less uniformly. The stabilized loading is verified 
indirectly in the σ22, σ33, and σiso linear fit slope parameters, showing 2-4 times smaller 
dependence on temperature (see Table 2) at lower temperatures. In high-pressure SAPO-
11 sample, irritating baseline distortions were mostly eliminated by spin-echo technique. 
The reduced temperature dependence of shielding at low temperatures is almost the same 
as with the low-pressure sample, although more data points could be necessary to 
strengthen the analysis in the high-pressure spectra series. The lack of FIG signal in 225 
K does not necessarily mean the absence of free intercrystallite atoms, because the spin-
echo amplitudes may be strongly affected by the relaxation during the spin-echo 
sequence, diverting the FIG signal completely. However, based on the known amount of 
xenon sealed in the sample tube, a loading of 90% is achieved, indicating in favour that 
all the xenon is adsorbed, but not fully occupying the unit cells. 

Comparing the slope parameters b for SAPO-11 samples at upper temperature range, 
when the shielding tensor components are becoming less deshielded and the loading is 
decreasing with increasing temperature, the 129Xe shielding shows a smaller temperature 
dependence with the low-pressure sample. The direct temperature dependence is similar 
for both SAPO-11 samples, as seen with the b values at low temperatures in Table 2. With 
the shielding closely related to loading, the slope difference between the two samples 
most probably arises from the difference of the loading behaviour with changing 
temperature. With low-pressure sample, the loading changes with slower pace and 
therefore the Xe-Xe interactions happen less frequently, affecting the shielding less as a 
function of temperature than with high-pressure sample. 

The temperature range for AlPO4-11 129Xe resonance measurements was chosen larger 
than usually because of even more interesting findings than what was encountered with 
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SAPO-11 samples. Fig. 20(a) displays 129Xe spin-echo recordings at the temperature 
range of 165-355 K. Interestingly the CSA pattern from Xe inside the channels disappears 
at temperatures below ~200 K while the FIG signal increases with temperature. The 
loading should not decrease with decreasing temperature and therefore the explanation 
for the disappearing CSA pattern must be the decrease of the spin-spin relaxation time 
(T2) of adsorbed 129Xe with temperature, causing the signal vanishing in spin-echo 
experiment. At low temperature Xe atoms are more localized and consequently dipolar 
interactions may enhance the spin-spin relaxation rate. Likewise with SAPO-11, also with 
AlPO4-11 the shielding tensor component behaviour separates into two linearly varying 
sections: stronger temperature dependence above ~295 K, and an even more dramatic 
drop in the temperature dependence than with SAPO-11 below ~295 K. The variation of 
loading dominates the shielding at high temperatures, whereas at low temperatures only 
the direct temperature effect is present. Because the spectra show considerable signals 
arising from atoms not adsorbed in the channels, the reason for constant loading below 
295 K must be the saturation of the channels with Xe atoms (i.e. 100% loading). This 
hypothesis is strengthened by estimating the loading by utilizing the relation between 
129Xe shielding tensor elements and channel loading at room temperature developed by 
Ripmeester and Ratcliffe [22], giving a relatively high loading estimate of 90%. 
 

Fig. 20.  129Xe spectra of xenon gas in the AlPO4-11 sample at variable temperatures: (a) spin-
echo spectra and (b) conventional spectra (with 90°-FID pulse sequence). 

4.3.1.1  Effects of surface adsorption and fast exchange 

In addition, between the two signals mentioned in the section above, a relatively intensive 
and temperature dependent group of resonances is seen (Fig. 20(a)), which is observed 
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more clearly in the conventional 129Xe spectra at the temperature range of 220-380 K 
(Fig. 20(b)). Each signal within the group has a slightly different temperature 
dependence, but all shift towards 0 ppm with increasing temperature. This implies that 
the signals arise from fastly exchanging Xe atoms between FIG reservoir and atoms 
adsorbed either within channels or on the external crystallite surfaces. With exchange 
engaging atoms inside the channels it is difficult to explain why the different average 
signals shift differently towards lower temperatures. On the other hand, exchange 
involving surface Xe atoms should not show strong temperature dependence, as long as 
the Xe-surface interaction depends only on the volume-to-surface area ratio of the 
intercrystallite void spaces. This situation changes if the surfaces are capable of 
physisorbing Xe atoms. Physisorption is enhanced at low temperatures, thus increasing 
the lifetime of adsorbates on the surface. The effect of surface adsorption on the 129Xe (or 
any other adsorbate) shielding can be estimated with a simple model, in which Xe atoms 
are residing in a cavity formed by the molecular sieve crystallites. The potential energy of 
the Xe atoms close to crystallite surfaces (Us(urface)) is lower than of those atoms located 
relatively far from surfaces (Uf(ree)). Us is the average value within a short distance from 
the crystallite surface, and Uf is basically the same as for free gas. These energies define 
the distribution of Xe atoms between the two states, and the probabilities to find an atom 
in either state can be evaluated if the free volume (Vf) and the volume close to the surface 
(Vs) are known. The latter depends on the surface area and the thickness of the adsorption 
layer. A kinetic balance has to exist between adsorbed and non-adsorbed atoms, thus 
making it possible to evaluate the average nuclear shielding for exchanging atoms 
utilizing the acquired probabilities for both states. Hence the observed nuclear shielding 
of rapidly exchanging xenon is 

 p pex s s f fσ σ σ= +    , (21) 

where σs and σf refer to corresponding shielding for each state, and ps and pf to the 
probabilities to find a Xe atom on the surface and in the free volume, respectively. The 
complete equation for the nuclear shielding of exchanging atoms is (see also Appendix I) 
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where ∆U = Uf – Us. Aspects of this model are similar to those for micropores of 
increasing size developed by others [21, 59, 60]. 

Three separate resonance peaks can be distinguished from the group of exchange 
signals in Fig. 20(b). Each group has different temperature dependent shielding values, 
although peaks I and II are very close to each other. The data are fitted using Eq. 22, 
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defining ∆U and σs as common parameters while σf is fixed to 0 ppm for all exchange 
signals. The only free parameter specified for each exchange fit is the ratio of free and 
surface volumes, Vf /Vs, arising from the different intercrystallite cavity sizes formed 
within the sample. The shielding behaviour is reproduced very well with the present 
model for all the exchange signals (Fig. 21). The value of adsorption energy ∆U, ~10 
kJ/mol, is on the same order of magnitude as estimated for gases on solid surfaces (0.3-3 
kJ/mol [61]). The large σs value (–254±22 ppm) arouses suspicion, being larger than the 
value found for xenon adsorbed in the channels of AlPO4-11, and being closer to the 
shielding value for xenon in liquid state [62]. The σs value seems also to be very sensitive 
to initial common fitting parameters, especially the fixed value of σf may affect σs value 
considerably. Releasing σf as a free parameter and its effect on σs value estimations is 
discussed in following chapters (with paper IV). 
 

Fig. 21.  Non-linear fittings (see Eq. 22) of the shielding values of exchange signals in 129Xe 
spectra of xenon in AlPO4-11 molecular sieve at variable temperatures: the effect of 
crystallite surface on non-adsorbed gas signals. Roman numerals refer to different resonance 
patterns described in Fig. 20(b). 

The fittings gave the different Vf /Vs ratios, from which the sizes of the different 
intercrystallite cavities are determined. The cavities are assumed to be spherical and the 
thickness of the adsorbate layer is ~5 Å, corresponding to one layer of Xe atoms. The 
smallest cavities (corresponding to signals I and II in Fig. 20(b)) have diameters of ~1 
µm, while the larger cavities (corresponding to signal III) have diameters of ~6 µm. The 
crystallites, sized around 5 µm (estimated from the FESEM pictures), may well form 
smaller cavities in tightly packed sample regions, whereas larger cavities arise from more 
loosely packed regions. 

The exchange phenomena concerning different physical xenon environments was 
explored in more detail using 2D EXSY. 129Xe 2D EXSY spectra at two temperatures are 
displayed in Fig. 22. Signals on the diagonal axis (from higher-right to lower-left corner) 
correspond to FIG (near 0 ppm) and adsorbed gas, with the possibility of small 
resonances resulting from fast exchange in between. At higher temperature (Fig. 22(a)) 
the FIG resonances form a broad signal around 0 ppm. From this broad pattern a small 
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signal stands out with slightly greater deshielding, corresponding to the smallest 
intercrystallite cavities (see signals I and II in Fig. 20 and Fig. 21 at temperatures near 
355 K). This signal becomes more distinctive at lower temperatures, when the probability 
to find Xe atom on the crystallite surface increases (see Eq. (21) and Fig. 22(b)). At these 
conditions also the signal pattern around 0 ppm broadens to wider shielding coverage due 
to a shift of the xenon signal arising from the medium-sized intercrystallite cavities 
(resonance pattern III in Figs. 20 and 21). 
 

Fig. 22.  129Xe 2D EXSY spectra of xenon gas in AlPO4-11 molecular sieve sample: (a) T = 355 
K and (b) 280 K. The mixing time is 100 ms. The projections of columns in both F1 and F2 
dimensions are displayed alongside the contour plot axes. 

The off-diagonal correlation peaks are found at both temperatures, verifying mutual 
xenon exchange between intercrystallite cavities within the mixing time of 100 ms. The 
exchange peaks are most well-defined for exchange between the smallest and the largest 
cavities. The corresponding exchange for medium-sized cavities is revealed by the 
broadening of the 0 ppm pattern to the off-diagonal directions, rather than detected as 
separate exchange peaks. The exchange is expected, as the free gas phase self-diffusion 
(5.7×10-6 m2/s at 1 bar pressure [63]) is fast enough to allow Xe atoms to travel 
considerably larger distances than the intercrystallite cavity sizes (up to distance of 700 
µm within the time of 100 ms). Additional correlation peaks are observed at 355 K, 
revealing exchange between the gas adsorbed in the sieve channels and located in the 
intercrystallite void spaces (Fig. 22(a)). This proves that the Xe atoms adsorbed at the 
ends of the channels are able to exchange with the non-adsorbed atoms. Furthermore, the 
correlation is slightly emphasized to the less deshielded part of the adsorbed gas signal, 
probably reflecting the shielding differences between the atoms adsorbed into inner parts 
of sieve channels and the ones located at the ends of the channels. The missing cross-
correlation peak between xenon in the adsorbed state and in the smallest cavities is 
probably buried to the noise. The correlation signal has only a fraction of the intensity 
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from what is originally a relatively weak signal in the 1D spectrum projection, and its 
intensity is distributed over the whole frequency range of the adsorbed gas signal. 

The exchange signals described above in AlPO4-11 cannot be found in SAPO-11 
sample, which is somewhat unexpected. This may be explained by (i) better sample 
quality (higher crystallinity and fewer channel blockages), (ii) the absence of small 
intercrystallite cavities due to fewer or differently formed crystallite lumps, or (iii) the 
crystallite surface does not adsorb xenon as effectively as in AlPO4-11, even if the 
channels do [19]. 

4.3.2  Variable loading and temperature experiments with AlPO4/SAPO-
5, -11, -31, and -41 molecular sieves 

Wider range of different aluminophosphate molecular sieves is studied with 129Xe NMR 
in paper IV. The series was chosen on the basis of covering many different properties of 
aluminophosphate sieves, such as circular and elliptical channel cross-sections, channel 
framework dimensions, surface areas, and Si/Al ratio. The chosen sieve materials are 
AlPO4-5, -11, -31, and -41 (structure codes AFI, AEL, ATO, and AFO, respectively). Also 
included in the studies are their silicon-containing counterparts, SAPO-5, -11, -31, and -
41. Two samples are made of each material, with varying amount of xenon gas sealed 
into the sample tube, thus altering the equilibrium pressure. The different samples are 
referred to as “low-pressure” and “high-pressure”, accordingly. The aim of the different 
equilibrium pressures is to achieve two very different loading levels, as close as possible 
to “zero”- and “full-loadings”. The actual Xe atom amount inside the channel adsorption 
cells is not known, and has to be approximated indirectly by the spectral data. In addition, 
the NMR spectra of the samples are recorded at variable temperatures, which adds more 
difficulties to loading level approximations, but on the other hand enhances the 
information concerning the adsorbent dynamics and exchange effects. Xenon diffusion 
mode, whether it is one-dimensional single-file, transitional, or unconstrained 
unidirectional diffusion, is expected to affect the observed spectrum considerably. 
According to previous studies [55, 64-69], Xe in AFI materials experiences transitional 
diffusion, while in ATO, AEL, and AFO materials the diffusion mode is one-dimensional 
single-file. 

4.3.2.1  Molecular sieves with circular channel cross-section (AFI and 
ATO frameworks) 

AFI and ATO sieves possess rather large circular channel cross-section diameter, as 
compared to single xenon atom diameter. Due to non-existing directional dependence of 
the shielding on the cross-sectional plane, the expected 129Xe shielding tensor should be 
axially symmetric, which is confirmed by the recorded spectra (Fig. 23). Indeed, 
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practically in all the cases the shielding tensor is axially symmetrical with negative 
anisotropy. The xenon loading is at its highest at the lowest temperature, which does not 
necessarily mean the saturated loading, but most likely considerable part of the sealed 
xenon is located in the channels. The absence of gas phase signals around 0 ppm supports 
this. With increasing temperature the loading slightly decreases, and at the same time the 
Xe mobility increases. Together these non-constant parameters make it difficult to reveal 
the net thermal effect on actual loading levels and Xe-Xe interaction amounts. 
 

Fig. 23.  129Xe NMR spectra of low-pressure xenon gas in AFI and ATO framework molecular 
sieves at variable temperatures: A) AlPO4-5, B) SAPO-5, C) AlPO4-31, and D) SAPO-31. The 
dotted line represents σs [28] and the small circles σiso values. 

Loading and temperature dependent shielding tensor components obtained from 129Xe 
lineshape fittings are compared to the limiting case models derived by Jameson and de 
Dios [70]. By comparing AFI shielding tensor data to limiting cases of zero and full-
loaded medium bore pipe, σ11 is oriented perpendicularly to the channel wall and along 
the cross-sectional plane (σ ⊥ ). The σ22 component is oriented tangential to the channel 
wall (σt) and the most deshielded component σ33 corresponds to the component along the 
channel axis (σ ). 

In SAPO-5 sieves, the analysis of the 129Xe resonances from adsorbed low-pressure 
xenon gas reveals underneath the expected powder pattern unexpected and additional 
Gaussian-like signal (Fig. 24) with the shielding values close to the isotropic average 
values of the powder pattern. The signal is most pronounced at low temperatures, with 
decreasing intensity towards higher temperatures, eventually disappearing above ~310 K. 
It seems that a considerable part of adsorbed xenon forms fairly long-living Xe clusters, 
in which Xe experiences near-isotropic shielding due to neighbouring Xe atoms. With 
increasing temperature the clustering reduces and signal is buried under the stronger 
intensity of the powder pattern. 
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Fig. 24.  Example of 129Xe lineshape fittings on low-pressure SAPO-5 molecular sieve spectra. 
Comparing the iterated fitting models and experimental spectrum at 220 K. 

Temperature dependence of the shielding tensor in more narrow ATO framework sieves is 
different from all the other sieves: 129Xe becomes slightly more deshielded with 
increasing temperature. This behaviour corresponds to narrow-bore pipe models at zero 
loading and variable temperatures [70]. By comparing the models and the tensor 
components from the lineshape fittings, the results are similar to AFI case: σ11 and σ22 lie 
in the cross-sectional plane of the channel, each becoming more deshielded with rising 
temperature. σ33 corresponds to tensor component along the channel axis. The small 
temperature effect on cross-sectional components, not predicted by the model, is probably 
due to ATO pore diameter being slightly larger than Xe diameter. Therefore the minimum 
energy position is not necessarily at the center of the pipe. 

129Xe shielding tensor anisotropy and span values for low-pressure samples are 
slightly greater for silicon-containing aluminophosphates than silicon-free sieves 
(differences are around 5–6 ppm for ATI samples and slightly less for ATO samples). 
These differences arise from the Brönsted acid sites located on the SAPO-5 and SAPO-31 
frameworks [44, 71, 72] and their relatively weak interaction with 129Xe. This is verified 
by simulating xenon shielding in the electrostatic field of a point charge and comparing 
the results with the experimental values. GIAO SCF calculations are done (see paper I) 
on a Xe atom placed in the field of the same point charge as 13C shielding simulations. 
Chemical shift contribution is found to be quite modest (+4.1 ppm) at the close Xe-proton 
distance of 1.8 Å. Corresponding anisotropy effect is +5.9 ppm, which agrees with the 
previous observations that a more anisotropic signal is obtained in the presence of cations 
[19]. Compared with the 13CH4 calculations, ∆σXe is of similar size but opposite sign, as 
observed experimentally. 

The varying tensor component differences between ATI and ATO materials may be 
attributed to relative Al and P amounts and surface areas, as compared in Table 3. Larger 
surface area of AFI channels can lead to increased wall contact time of Xe atoms, which 
is reflected in larger shielding differences between cation-included and cation-free sieves. 
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Table 3. Relative properties of SAPO/AlPO-5 and SAPO/AlPO-31 molecular sieves: 
sample compositions of Al and P, and surface areas. 

AlSAPO-5 / AlAlPO-5 0.943 
AlSAPO-31 / AlAlPO-31 0.892 
PSAPO-5 / PAlPO-5 0.892 
PSAPO-31 / PAlPO-31 0.917 
SAPO-5 surface area / AlPO-5 surface area 1.02 
SAPO-31 surface area / AlPO-31 surface area 0.97 

 
The 129Xe shielding values arising from the interactions between Xe and the inner surface 
of the different porous materials (σs) are estimated in the literature by means of mean free 
paths [28]. Depending only on the xenon-surface interactions, on the dimensions of the 
cavities or channels, and on the ease of xenon diffusion, these values also require that the 
material does not contain any additional electrical charges. Charge-compensating cations 
on silicoaluminophosphates can be considered as charges in question, and this does not 
qualify for the required condition. On the other hand, SAPO-5 and SAPO-11 are reported 
to have identical σs values with their silicon-free counterparts [28, page 139], regardless 
of inclusion of cations. On top of this, for larger pores, the σs value is a complicated 
function of sorption energy, void space, and temperature [21, 59]. Therefore the σs 
estimations are expected to reflect the true void space only for relatively small pores. 

With increasing temperature, the isotropic average values of the shielding tensors in 
AFI samples are moving towards σs. While the wall interactions remain the dominating 
cause for the observed shielding, the less relevant mutual Xe-Xe interactions have 
slightly more effect at higher loadings (at lower temperatures), and this is observed in 
slightly more deshielded values at lower temperatures. At the same experimental 
conditions, the σiso values for ATO samples are very close to the ATO σs value. This can 
be interpreted as Xe-wall interaction being practically the sole reason for observed 
shielding at lower temperatures. When the temperature rises, xenon mobility inside the 
ATO channels increases to such a level that Xe-Xe interactions become perceivable 
(shielding decreases). Therefore it can be concluded that AFI and ATO samples seem to 
have fundamentally different Xe-Xe interaction behaviour in varying temperature 
conditions. As far as shielding anisotropy is concerned, at low xenon pressure, smaller 
channel cross-section of ATO samples results in notably larger ∆σ values than with AFI 
samples. This relates to smaller channel cross-section of ATO materials. 

Unlike the low-pressure AFI samples, the high-pressure samples reveal symmetrical 
lineshapes with no detectable anisotropy. The lack of shielding anisotropy may be due to 
transitional, or even unrestricted, diffusion modes of xenon instead of single-file diffusion 
inside the rather large channels. This allows the Xe atoms pass each other and experience 
isotropic-like shielding with mutual Xe-Xe interactions not only along the channel axis, 
but also on the cross-sectional plane. It is possible to measure a pseudo-isotropical signal 
at specific loadings, when the Xe-Xe interactions balance the Xe-walls interactions [73]. 
On the other hand, the required specific channel loadings in AFI high-pressure samples 
most probably do not remain constant, which is reflected in the reducing intensity of 
adsorbed signal and increasing intensity of FIG signal towards higher temperatures. The 
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exchange rates between adsorbed Xe and FIG should be unrealistically high to produce 
the observed vague lineshapes [26, 74, 75]. 

The increased amount of xenon amount sealed inside the sample tube does not usually 
result in symmetrical 129Xe lineshapes. Similarly to the low-pressure counterpart, the 
high-pressure ATO samples have clearly asymmetric powder patterns (axially symmetric 
at most temperatures) from adsorbed gas (see Fig. 4(B) and Fig. 5 in paper IV). Only the 
sign of the shielding anisotropy is reversed because of the dominating Xe-Xe collision 
interactions with dramatically increased xenon amount inside the channels. For the low-
pressure sample, the observed shielding arises mainly from the Xe-wall interactions. No 
transitional diffusion effects in the form of isotropic shielding are observed. Comparisons 
with the limiting case models [70] results to σ11 corresponding to σ , while σ22 and σ33 
lie on the cross-sectional plane of the channel. Interestingly σ11 shares essentially the 
same values as σ33 in low-pressure sample, and therefore being independent of the xenon 
amount, the chosen association of tensor axis along the channel is correct and results 
from the Xe-wall interactions. 

High-pressure AlPO4-31 sample spectra display two strongly temperature dependent 
peaks between –85 and –5 ppm (see Fig. 5 in paper IV), in a similar fashion as with 
AlPO4-11 high-pressure sample, discussed in section 4.3.1.1 previously. Alike, these 
resonances are explained in a satisfactory manner by the effect of adsorption on external 
crystallite surface using Eq. (22). Differing from the AlPO4-11 analysis, σf is not fixed to 
0 ppm, but defined as a free parameter, resulting to σf values of around –2 ppm. From the 
different Vf /Vs ratios, approximations for two main intercrystallite cavity size categories 
are determined to be 2.9 ± 0.9 µm and 0.9 ± 0.3 µm. No similar exchange signals are 
detected with SAPO-31 sample, which is anticipated from previous AEL data. 

4.3.2.2  Molecular sieves with elliptical channel cross-section (AEL and 
AFO frameworks) 

As mentioned in Section 3, AEL (AlPO4/SAPO-11) and AFO (AlPO4/SAPO-41) 
frameworks consist of elliptical channel cross-sections. For low-pressure samples, the 
shielding tensor is axially symmetric with positive anisotropy, as compared to negative 
anisotropy with circular channel shapes. Also the anisotropy values are larger for 
elliptical channels. AEL sample has the largest value, which is probably related to the fact 
that the AEL framework has the shortest axis of channel cross-sections. Furthermore, 
comparing the span (Ω) values (including the ones with circular channels), there is a 
correlation between Ω and the shortest cross-section axis: the shorter the axis, the greater 
the span (Fig. 25). For larger cavity sizes (large micropores, meso- and macropores), the 
span value should converge to zero. 
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Fig. 25.  Variations of the 129Xe shielding tensor span values as a function of the shortest 
cross-section axis of low-pressure AlPO4-5, -11, -31, and -41 (■) and SAPO-5, -11, -31, and -41 
(○) molecular sieves at temperature range 220-360 K. Only the smallest and the highest span 
values are displayed. Dotted lines are to guide the eye. 

Isotropic shielding values in AEL samples are very close to σs value (–120 ppm [28]). 
This implies that Xe-Xe interactions have rather small - if any - contribution to observed 
shielding, which is quite typical for very low-pressure samples. The shielding is mainly 
affected by the Xe-wall interactions, which is seen on slightly more deshielded values (< 
10 ppm) of SAPO-11 sample due to framework cations. Shielding tensor components 
correspond closest to the limiting case of “medium-bore channel with elliptical cross-
section near the zero-loading” [70], the correct order being σ11 → σ ⊥ , σ22 → σt , and σ33 
→ σ . This order is valid also for ATO low-pressure samples. The temperature 
dependence of the tensor components stays within experimental error, proving Xe loading 
invariant over the temperature range on these low-pressure samples. With the addition of 
silicon - and cations - in SAPO-11 and SAPO-41 samples, σiso values are more 
deshielded - about 3-9 and 4-7 ppm, respectively. Unlike with low-pressure SAPO-5, 
these findings can only partially be explained with the model based on the effect of point 
charge (see paper I) and therefore require more detailed research. 

Jameson [76] has found, that if the longest axis of the elliptical nanochannel cross-
section is defined with a, the shortest axis with b, and the channel direction with c, at 
near-zero occupancy, the relative order for the averaged principal shielding tensor 
components for Xe-channel wall interactions is b a cσ σ σ> > . Exactly opposite 
order is found for mutual Xe-Xe interactions, i.e. c a bσ σ σ> > , and the relative 
order is maintained for varying xenon loadings, as long as the Xe diffusion remains 
single-file. In this case σc (=σ ) component is closest to the free Xe shielding and is 
practically independent of loading. These findings are in line with our experimental data 
from low-pressure AEL and ATO samples. Required near-zero loading level is verified 
for AlPO4-11 sample by examining the correlations between the shielding tensor 
components, GCMC simulations (see Fig. 10 in Ref. [76]), and variable loading 
experiments by Ripmeester and Ratcliffe [22]. 

The basic trend for shielding tensor components with AEL and AFO high-pressure 
samples is that σ22 and σ33 increase with temperature, while σ11 remains practically 
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invariant. Also with σ22 and σ33 components the temperature dependence decreases below 
a certain temperature, usually < 300 K. Towards lower temperatures the amount of 
adsorbed xenon and its residence time at adsorption sites increase. While loading 
increases, the average Xe-Xe distance ( Xe Xer − ) decreases. This causes Xe-Xe interactions 
to increase significantly due to 1/ 6

Xe Xer − dependence of the van der Waals forces, and 
results in axially symmetric shielding tensor with positive anisotropy [70, 77]. However, 
Xe-wall van der Waals interactions remain dominant at lower loading levels at higher 
temperatures, leading again to axially symmetric shielding tensor, but now with negative 
anisotropy, as seen in Fig. 26. In AFO samples the tensor component behaviour is similar 
to AEL samples, excluding 10-25 ppm less deshielded values, possibly due to shortest 
cross-section value being larger in AFO framework. Addition of silicon and charge-
compensating cations to AlPO4-11 and AlPO4-41 materials deshield 129Xe nuclei 
additionally by about 10 ppm for SAPO-11 and SAPO-41 materials. 
 

Fig. 26.  129Xe spectra of high-pressure xenon gas in AFO framework sample (AlPO4-41) at 
variable temperatures. The dotted line represents σs (–108 ppm) and the small circles σiso 
values. 

Loading levels for high-pressure samples are estimated by comparing the tensor 
components of AlPO4-11 to GCMC simulations by Jameson (Fig. 8 in Ref. [76]) and to 
experimental 129Xe lineshapes at variable loadings by Ripmeester and Ratcliffe [22]. The 
relative loading (1 corresponds to “saturated full loading”) is estimated to be between 0.9 
and 1.0 at 220-280 K, and gradually decreasing at temperatures above 300 K towards 
about 0.5 at 360 K. For SAPO-11, AlPO4-41, and SAPO-41, the decrease begins at lower 
temperatures, at around 235 K, 230 K, and below 220 K, respectively. 
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5 Additional experiments with noble gases and microporous 
materials 

5.1  129Xe resonance signals of xenon adsorbed in a zeolite mixture 

129Xe resonances of adsorbed xenon in the sample tube containing a mixture of 4A (NaA) 
[78], 5A [79] and 13X [80] zeolites was measured at temperature range 298-373 K. The 
nominal pore sizes are 4 Å, 5 Å, and 10 Å, respectively. The framework type codes for 
4A and 5A are LTA (extra-framework cations in 5A cause the pore size difference) and 
FAU for 13X (faujasite) [36]. Type 4A zeolite is typically used in regenerable drying 
systems to remove water vapour or contaminants and in petroleum refining. Type 5A 
zeolite is widely used in petrochemistry, hydrocarbon processing, and air separation. Type 
13X zeolite is used for general gas drying, air plant feed purification and liquid 
hydrocarbon and natural gas sweetening. 

Although the pore size of 4A is smaller than the van der Waals diameter of xenon, 4A 
can adsorb Xe atom, even at low pressure. Nevertheless, the kinetics of adsorption can be 
extremely slow, and this often yields to no distinct resonance line in the spectrum [81]. 
This is seen in Fig. 27, where the narrower line located between –107 and –84 ppm arises 
from 13X zeolite and slightly broader line between –137 and –113 ppm arises from 5A 
zeolite. The identification of the lines are verified by observing 129Xe signal from sample 
containing only one zeolite (5A or 13X). Both lines become more shielded with 
increasing temperature. Small FIG line is seen at around 0 ppm, with increasing intensity 
towards higher temperatures as more xenon is released from the pores. Due to two 
distinct spectrum lines from adsorbed gas, fast exchange between the different pore 
systems is non-existing in NMR time scale. This is verified also with a 2D EXSY 
experiment. 
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Fig. 27.  129Xe NMR spectra of xenon gas adsorbed in a zeolite mixture (4A, 5A and 13X) at 
variable temperatures. 

5.2  Abscents™ powder and 129Xe NMR 

“Abscents™” is a commercial name for hydrophobic odour remover powder, made by 
UOP and is a mixture of LZ-10 [82] and ZSM-5 [42, 83] zeolites. It has been developed 
for a variety of personal care, industrial, medical and consumer products. LZ-10 is a 
proprietary material, modified from Y zeolite by Union Carbide, Linde Division. Zeolite 
Y (“Linde Y”) has a faujasite type of framework and contains circular channels with 12-
ring channel diameter of 7.4 Å [36]. ZSM-5 has MFI framework type code, and 10-ring 
channels with diameter around 5.5 Å [36]. Natural abundance xenon gas was adsorbed in 
Abscents™ and 129Xe resonance spectra were recorded at three sample temperatures (Fig. 
28). As expected from the different zeolite pore diameters, the spectra contain two 
different broad lines, from Xe adsorbed in LZ-10 zeolite at around –100 ppm and in 
ZSM-5 zeolite at around –155 ppm. 2D EXSY spectra are recorded at 300 K with two 
different mixing times, 15 ms and 50 ms (Fig. 29). Regardless of different mixing times, 
the off-diagonal peaks are distinct and well defined in both spectra, indicating the 
exchange is very brisk even at relatively low mixing time of 15 ms. 

When 129Xe signal is recorded from xenon adsorbed in a sample containing HDPE 
polymer and 0.3% of Abscents™ (to remove unwanted odours extracted from polymer 
material when used with aqueduct systems), the spectra does not contain discrete signals 
form Abscents™, only signals from xenon adsorbed in HDPE material and from free 
xenon. This shows that the zeolite cavities and channels are most probably filled with 
carbonyl compounds from HDPE, thus blocking xenon to adsorb into the channels. 
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Fig. 28.  129Xe NMR spectra of xenon gas adsorbed in Abscents™ powder at three sample 
temperatures. 

 

Fig. 29.  129Xe 2D EXSY spectra of xenon gas in Abscents™ powder at 300 K. Applied mixing 
times are (a) 15 ms and (b) 50 ms. 

5.3  Observations of quadrupole nucleus adsorbed in microporous 
materials: 2H resonances 

When the nucleus under consideration has an electric quadrupole moment (spins with 
quantum number I > 1/2), the possible anisotropy of the local electric field created by the 
chemical surroundings of the nucleus may lead to an interaction energy that acts in 
addition to the magnetic dipole interaction. Possible adsorbate candidates that may give 
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information on electric field gradients inside of cavities of microporous materials are 
quadrupolar nuclei such as deuterium 2H (spin 1), 21Ne (spin 3/2), 83Kr (spin 9/2), and 
131Xe (spin 3/2). 

5.3.1  2H resonance from 12CD4 adsorbed in AEL framework materials 

Deuterium (2H or D) enriched methane (12CD4) was adsorbed in AlPO4-11 and SAPO-
11 molecular sieves and the 2H resonance was recorded at temperature ranges of 300-430 
K for AlPO4-11 and 155-383 K for SAPO-11. The reason that deuterium resonance was 
chosen was to have as small quadrupole moment as possible, in order to observe possibly 
very large electric field gradients located inside the frameworks, potentially enhanced by 
cations in SAPO-11. The smaller the quadrupole moment, the smaller the observed line 
splitting and other spectroscopic effects, resulting to more narrower spectrum lines with 
better signal-to-noise ratio. For instance, the quadrupole moment of 131Xe is about 43 
times larger than that of deuterium. 

The observed lineshapes are rather featureless and quite broad. The linewidths 
decrease dramatically with increasing temperature (Fig. 30). At the same time the 
shielding increases slightly. The FWHM changes may be caused by the increasing 
relaxation rate due to stronger quadrupolar interactions at lower temperatures, when the 
methane molecule mobility is diminished. The 2H linewidth is broadened by 40-70 Hz 
with SAPO-11 cations, which reveals the methane molecules spending significantly long 
time connected to channel walls (near cation sites) in NMR time scale. 
 

Fig. 30.  12CD4 gas adsorbed in AlPO4-11 (○) and SAPO-11 (■) molecular sieve: full width of 
half maximum (FWHM) of 2H spectra lines at variable temperatures. 
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6 Conclusions 
13C NMR spectra of 13CH4 in SAPO-11 reveal an anisotropic and asymmetric nuclear 
shielding tensor. Computer simulations show that a geometric distortion of the nuclear 
framework of 13CH4 is not the sole cause of the shielding tensor observations. 
Interactions with the charge-compensating cations (protons) are, in addition to those with 
the channel walls, likely to contribute to the observed reduction of symmetry. MAS 
experiments unveil the underlying shielding anisotropy of 13C in AlPO4-11, but 
simultaneously lead to difficulties in numerical value estimation. To help this, a technique 
employing pulsed field gradients with spin-echo measurements is used to extract the 
effect of molecular sieve on the shielding of 13C from overlapping resonances of less 
restricted methane. With this method, we were able to reveal the 13C shielding anisotropy 
of adsorbed methane in AlPO4-11. As compared to SAPO-11, 13C ∆σc value of 13CH4 is 
significantly smaller in AlPO4-11, which unlike SAPO-11 does not have charge-
compensating cations in the sieve framework. This observation supports the conclusion 
that the cations play an important role for ∆σc values in SAPO-11, and most likely in 
aluminophosphate molecular sieves in general. Besides the shielding anisotropy, the 
MAS experiments expose temperature dependent exchange between different 13CH4 gas 
“reservoirs”, located in free intercrystallite space and in adsorbed state at the ends of the 
sieve channels, close to the crystallite surfaces. 

The effect of temperature on the 129Xe nuclear shielding of adsorbed xenon in AlPO4-
11 and SAPO-11 molecular sieves is found to be much smaller when the loading of the 
sieve channels is not changing. This direct effect of temperature is a consequence of 
changes in the Xe-channel and mutual Xe-Xe interactions. In most cases the condition of 
saturated channel loading is not fulfilled, thus the 129Xe shielding is showing stronger 
temperature dependence. The extra contribution to the nuclear shielding arises from the 
change in the number of Xe-Xe interactions with the loading. The temperature 
dependences for both materials are quite similar, as revealed by the similar linear fitting 
slopes at higher temperature range. This means that a small amount of charge-
compensating cations contained in the framework of SAPO-11 does not significantly 
affect the intracrystallite Xe-Xe interactions. 

Besides the sieve channel or cage framework structure and shape, the adsorbate 
loading, and the equilibrium adsorbate pressure, other factors may have an influence on 
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the total spectrum of the NMR-active adsorbate. These include (i) crystallite structure and 
formation, (ii) surface adsorption strength, (iii) channel blockings, and in the case of 
strong surface adsorption, (iv) packing of the sample material. If the sample contains 
small, tightly packed crystallites, the interaction of free intercrystallite adsorbate may 
produce additional resonance signals, particularly when the physisorption occurs on the 
external surface of crystallites. In our studies, the only adsorbate producing 
aforementioned signals has been xenon, with 129Xe resonance experiments. 

Variable temperature 129Xe spectra of adsorbed xenon reveal apparent differences 
between AFI, AEL, ATO, and AFO molecular sieve framework types with both circular 
and elliptical channel cross-sections and two distinctively different Xe gas amounts. The 
sign of the shielding anisotropy is different for samples with circular and elliptical 
channels with low xenon amount. Shielding tensors are usually axially symmetric, even 
in rather large channels with circular cross-section shape. The experimental results are 
analyzed utilizing lineshape fittings, resulting in individual tensor components, which are 
compared to the limiting cases of 129Xe lineshapes, simulated by Jameson and de Dios 
[70]. The tensor components are then identified and associated relative to channel 
directions: onto cross-sectional plane or along the channel axis. In SAPO-5 sample with 
low Xe amount, the lineshape fittings reveal an additional component because adsorbed 
Xe atoms are experiencing isotropic-like shielding due to Xe clustering. No shielding 
anisotropy is found with AlPO4/SAPO-5 samples with high Xe amount, probably due to 
non-single-file diffusion mode, leading to isotropic-like shielding of Xe nucleus. 129Xe 
nuclear shielding is slightly more deshielded and more anisotropic in circular channel 
SAPO samples than corresponding AlPO samples. Again, this is attributed to the effect of 
charge-compensating cations located in the SAPO frameworks. Isotropic average 
shielding values are compared to estimated shielding values arising from interactions 
between xenon and channel walls with good results. As expected for materials with 
elliptical channels and high xenon amount, the shielding anisotropy undergo a change of 
sign with increasing temperature, due to domination of either Xe-Xe or Xe-wall 
interactions. 

For all low-pressure samples (of materials with both circular and elliptical channels), a 
correlation is observed between the span values and the smallest channel cross-section 
axis length: the shorter the axis, the greater the span. 129Xe NMR span analysis seems to 
be a method to approximately determine the length of the shortest cross-section axis of a 
microporous channel. 

The sizes of intercrystallite cavities of AlPO4-11 and AlPO4-31 are estimated by 
analysing the chemical shifts of two strongly temperature dependent peaks, located 
between free and adsorbed gas signals. The chemical shift dynamics are explained with 
the effect of external crystallite surface adsorption and exchange with free intercrystallite 
xenon. The intercrystallite cavity sizes are estimated to be around 1-6 µm. 
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 Appendix I: The effect of molecular sieve crystallite 
surfaces on free intercrystallite adsorbate (129Xe) resonance 

signals 

Assume that the molecular sieve crystallites form a cavity with volume V and surface 
area A, enclosing amount of N particles (adsorbates). The potential energy of the 
adsorbates near the surface (distance ≤ r) is Us and further away (distance > r) is Uf. In 
equilibrium, the adsorbate density on the surface is given by 
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where Vs = Ar and Vf = V – Ar. Correspondingly, the adsorbate density in the free space is 
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Probability to find an adsorbate on the surface is then 
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and in the free space 
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In other words, the probability to find an adsorbate on the surface or in the free space 
depends on the potential energy difference ∆U = Uf –Us between the surface and the free 
space, ratio between the free volume and the surface volume (Vf /Vs) and temperature. 

The nuclear shielding experienced by the adsorbate on the crystallite surface differs 
considerably from the shielding in the free space. If the isotropic shieldings on the 
surface and in the free space are σs and σf, respectively, the average shielding under the 
fast exchange situation is 

( )
( ) ( )

exp
1

1 exp 1 exp

f

f f f
f f

s
s s s

s s

VU

kT V
p p

V VU

kT V kT V

U
σ σ σ σ σ

∆
−

= + = +
∆

+ − + −
∆

 . (28) 

Parameters ∆U, T, σf, and σs are invariable in entire sample space, unlike intercrystallite 
cavity sizes, which may vary considerably in a real sample, thus varying the Vf /Vs ratio. 
This leads to observed averaged resonance frequencies with varying temperature 
dependence. 

When σf is set to 0 ppm, the final equation used in the fittings is then 
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