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Abstract 

 

The aim of the present thesis is to unravel the structure and adsorption properties of 
essential materials that have a broad range of applications from environmental science to 
technology. Studied materials are rare-earth element phosphates and resorcinarene cages. 
Using NMR spectroscopic techniques, we probed the structures and micro/nano scale 
pores of these materials. DFT computational methods were applied to interpret 
experimental results, as well as to provide molecular-level understanding of the 
investigated systems. 

Firstly, we determined the configuration of water molecules in rare-earth element 
phosphates and characterized the surface and pore structures of the samples. Rare-earth 
element phosphate samples included lanthanum, samarium, lutetium and ytterbium 
phosphates. Here, for the first time, we studied rare-earth element phosphates applying 
129Xe NMR, a technique which is highly sensitive to the chemical environment and which 
can provide detailed information on the structures of porous materials. 129Xe NMR 
analysis was complemented by 31P solid-state NMR to provide additional information on 
the local structures and the coordination of water molecules on surfaces. Complementary 
information from quantum chemical calculations enabled the identification of several 
surface structures and confirmed the experimentally observed bulk phases. Additional 
structural characterization of these materials was obtained by PXRD, TGA, LDS, FTIR 
and FESEM methods.   

Secondly, we investigated supramolecular cage molecules based on bridged 
resorcinarene macrocycles, which are new, promising and affordable potential cages for 
129Xe NMR biosensor applications. Computational modelling predicted unique chemical 
shifts of 129Xe in the cages, and chemical exchange saturation transfer and relaxation 
experiments revealed fast xenon exchange dynamics, which is favorable for biosensor 
applications. 

 
Keywords: adsorption properties, rare-earth element phosphates, Xe biosensors, bridged 
resorcinarene cages, NMR, 31P, 129Xe, DFT, CEST.
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1 Introduction  

 
Structural characterization of materials is essential for predicting their properties and 
estimating their performance. Nuclear magnetic resonance (NMR) is a pivotal technique 
to probe molecular structures with atomic resolution. This analytical, yet non-invasive tool 
provides the possibility of studying wide range of materials in gas, liquid and solid phases. 
Depending on the NMR method, chemical, structural, spatial and dynamical properties of 
the materials can be verified [1-7]. Solid-state 31P NMR, 129Xe NMR and chemical 
exchange saturation transfer (CEST) are the NMR methods that are applied in present 
thesis to study the structure and porosity of interesting topical materials. 

As common resources of rare-earth elements (REEs), rare-earth element phosphates 
(REEPO4:s) are investigated in this thesis due to their special electronic and magnetic 
properties. Contrary to their title ‘rare’, these elements are dispersed in majority of 
geological resources, which have made them one of the most important coherent group of 
elements in nature for interpreting the geological processes [8]. REEs have a vital role and 
wide range of applications, e.g., in electronics (television screens, cell phones, camera 
lenses and light emitting diodes), medical science (magnetic resonance imaging, nuclear 
medicine imaging and medical and dental lasers), and technology (lasers, radar detection 
devices and high temperature superconductors) [9], that result in dramatically growing 
demand of them (estimated annual increase 7-8%) [10]. Extraction techniques of REEs are 
based on their physicochemical properties and, therefore, fundamental research on 
characterization of REEPO4:s is crucial to enhance retention efficiency [11]. 

Verification of a new class of functionalized cages as a potential future biosensors is the 
other topical issue in this thesis. Biosensors are innovative analytical devices and their 
study is of great importance as they can be used in a wide range of applications, such as 
detection of health-related targets, environmental compounds etc. Detailed characterization 
of new molecular sensor cages and understanding of their properties can improve the 
specificity and strength of ligand-target interactions for detection of molecular targets of 
interest [12]. Xenon biosensors, with sensitive and noninvasive features of xenon, are 
popular alternative for the conventional magnetic resonance imaging (MRI) contrast agents 
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[13]. Xenon biosensors have gained attention since they potentially can be used to diagnose 
diseases in early stages [14].  

 For structural characterization of these materials, experimental chemical shift analysis 
are complemented with first principles density functional theory (DFT) calculations [15]. 
DFT is a quantum mechanical electronic structure method that has become an 
indispensable tool for exploring the electrical and magnetic properties of the materials [16].  

1.1  Outline of the thesis 

In this thesis, first the background of the applied materials, experimental and computational 
methods are introduced. Thereafter, the main results of the scientific publications are 
summarized.  

The rare-earth element phosphate and resorcinarene cages studied in this thesis work 
are introduced in Chapter 2. The basic principles of NMR spectroscopy are explained 
briefly in Chapter 3. The chapter also introduces the common pulse sequences used in 
NMR as well as basics of solid-state and 129Xe NMR spectroscopies. Complementary 
experimental methods including powder x-ray diffraction (PXRD), thermogravimetric 
analysis (TGA), laser diffraction spectroscopy (LDS), electron microscopy and infrared 
(IR) spectroscopy are shortly presented in Chapter 4. Chapter 5 contains the basics of 
quantum mechanical DFT method for NMR shielding tensor computations in bulk and 
surfaces of periodic systems. The summary of the results and conclusions of the research 
are included in Chapters 6 and 7, respectively.  
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2 Materials background 

 

2.1  Rare-earth element phosphates  

  
In periodic table, lanthanide group plus scandium and yttrium are known as rare-earth 
elements (REEs). Lanthanides contain 15 metallic elements from lanthanum to lutetium 
which are also called f-block elements. The inner 4f orbital of lanthanides is only partially 
filled, except for lanthanum and lutetium, which are diamagnetic.  Scandium, yttrium and 
all the lanthanides have similar electronic configuration in their outer shell with filled 6s 
orbital and also some of them with only one electron in 5d orbital. Therefore, REEs have 
common chemical properties due to similar electronic configuration in their valence shell 
leading to trivalent oxidation state (REE+3). Different magnetic behaviour of REEs is 
related to the occupation level of d and f subshells [17,18]. 

Rare-earth element phosphates (REEPO4:s) with unique physicochemical, e.g., catalytic 
and optical, properties are known as common resources of REEs [19]. Depending on the 
size of REE+3s, water presence in the structure and the conditions during the preparation, 
REEPO4:s are crystalized either as anhydrous monazite and xenotime (REEPO4) or as 
hydrous rhabdophane and churchite (REEPO4.nH2O) [17,20]. REE+3s are acting as hard 
bases in reactions with the phosphates and make a strong bond with hard acidic O-2 group. 
Lighter REE+3s with large ionic size form nine coordinated polyhedra REEO9 and establish 
monoclinic monazite. Heavier REE+3 form xenotime by generating eight coordinated 
polyhedra REEO8 chains. The formed polyhedra chains are linked by shared tetrahedral 
phosphate groups. The molar volume in these phases is decreasing by proceeding from 
lanthanum to lutetium (lanthanide contraction), although it shows a discontinuity at the 
point of conversion from monazite to xenotime due to the higher structural volume in the 
latter phase. In the presence of water, lighter REE+3s form rhabdophane phase, in which 
two of the REE3+ are as eight coordinated polyhedra and four of them as nine coordinated 
polyhedra with an additional oxygen from a water molecule. Hydrated REEPO4:s with 
heavier elements form churchite phase. The octahedral REE3+ in churchite is coordinated 
with six oxygens from phosphate groups and two oxygens from water molecules. As the 
excessive structural water molecules in churchite link the polyhedral chains and form 
layered structure, this phase is metastable above the ambient temperature [17]. Figure 2.1 
shows that hydrous phases, rhabdophane and churchite, are transforming to the anhydrous 
monazite and xenotime phases at higher temperatures. Rhabdophane to monazite transition 
proceeds as sequential transformations from fully hydrated rhabdophane or subhydrate to 
partially hydrated rhabdophane or hemihydrate, then to anhydrous rhabdophane and finally 
to monazite. Intermediate ion sizes of  lanthanide group, e.g., Tb3+ and Dy3+ can be retained 
in both monazite and xenotime phases regarding to the preparation conditions [17,21]. 
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Figure 2.1. Crystal structures of hydrated phases, rhabdophane and churchite 
(REEPO4.nH2O), as well as anhydrous phases, monazite and xenotime (REEPO4), in 
crystallographic coordinates abc. Churchite and rhabdophane phases are metastable and 
transform to the compact xenotime and monazite phases at higher temperatures. 

2.2  Resorcinarene cages 

Biosensors are analytical devices that carry a physiochemical detector. Xenon biosensors 
include a cage encapsulating xenon atom functionalized to bind a specific target [22]. 129Xe 
NMR and MRI is used to monitor the spatial distribution and biding of the biosensors [23]. 
Cryptophane cages are the most common cage structure used in xenon biosensors 
applications [24]. However, their synthetization needs multiple steps with a relatively low 
overall yield. Therefore, it is worth exploring properties of alternative cage molecules [24]. 
Among them, resorcinarenes are supermolecules that are synthesized with a simple 
condensation reaction between resorcinol and an aldehyde [25]. These macrocycle 
molecules can form cage structures through the Mannich condensation as potential Xe host 
candidates [26,27]. The new Xe cage candidates studied in this thesis are two piperazine-
bridged (PBR) and one aliphatically-bridged (ABR) resorcinarenes (Figure 2.2). The 
length of the carbon chains in PBR-2 is two and in PBR-3 is three. The hydroxyl groups in 
ABR structure are pointing out of the resorcinarene cups and in PBR structures are pointing 
into the resorcinarene cups. 
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Figure 2.2.  Synthetic schemes for the preparation of (a) ABR-6 as well as (b) PBR-2 (R 
= C2H5) and PBR-3 (R = C3H7) cages. 
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3 Nuclear magnetic resonance 

 
The physical observation in nuclear magnetic resonance (NMR) is a radio frequency 
electromagnetic signal radiated from the transitions between the nuclear magnetic dipole 
moment energy states. In this method, the sample is inserted in a static external magnetic 
field to polarize magnetic moments along the field. The alignment is then perturbed by 
perpendicular oscillating electromagnetic field. Once the radio frequency radiation is 
stopped, the nuclei return to their equilibrium state by emitting the adsorbed energy through 
the interaction with the surrounding environment.  

 

 
Figure 3.1. Classical representation of a collection of nuclei with spin magnetic moments. 
In the absence of an external magnetic field (𝑩0), magnetic dipole moments of nuclei are 
randomly oriented and the net magnetization is equal to zero (𝑴 = 0). By applying 
external magnetic field (𝑩0), spins tend to align in field direction and a net magnetization 
is generated (𝑀𝑧 > 0). The direction of the net magnetization can be changed by a 90˚ 
radio frequency pulse (𝑩1, 𝑀𝑥𝑦 > 0). After the pulse the nuclear system will emit the 
adsorbed energy over time and return back to the equlibrium. Recorded data in NMR is 
called free induction decay (FID). 

Figure 3.1 is an illustration of the spin magnetic moments in the absent and presence of an 
external magnetic field. The vector model (proposed by Bloch in 1946) [28] for classical 
geometric interpretation of quantum mechanical spins, is used. 

Basics of NMR and some methods relevant for this thesis are discussed in this chapter. 
More detailed description can be found from references [29-34].  
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3.1  Basics of NMR 

3.1.1  Spin 

Almost all the atoms have an isotope with non-zero nuclear spin. Spin 𝐼 is a quantum 
mechanical property describing intrinsic angular momentum. Nuclei with even number of 
both protons and neutrons have zero spin (𝐼 = 0). When the sum of the protons and 
neutrons is odd the nuclear spin is a half-integer (𝐼 =  

1

2
,

3

2
, …). For example, 1H, 13C, 31P 

and 129Xe are spin-half nuclei. If the number of both protons and nucleons is separately 
odd, the spin is an integer (𝐼 = 1, 2, 3, …). If the nucleus has a non-zero spin, it also has 
magnetic moment: 

                                                                  𝝁 = 𝛾𝑱.                                                         (3.1) 

Here, 𝛾 is the gyromagnetic ratio of the nucleus and 𝑱 is the spin angular momentum vector. 
The length of spin angular momentum vector is 

                                                       |𝑱| = 𝐽 = ħ√𝐼(𝐼 + 1),                                             (3.2)  

where ħ is the reduced Planck’s constant. 

The 𝑧 component of the spin angular momentum can have the following 2𝐼 + 1 values: 

                                             𝐽𝑧 =  ħ𝑚 = ħ(𝐼, 𝐼 − 1, 𝐼 − 2, … , −𝐼).                               (3.3) 

Therefore, the nucleus has 2𝐼 + 1 possible orientations.  

The energy of interaction between the nuclear magnetic moment 𝝁 and the external 
magnetic field 𝑩0 (so-called Zeeman interaction) is  

                                                           𝐸 = −𝝁 ∙ 𝑩0.                                                      (3.4) 

By aligning the 𝑧 axis with 𝑩0 direction, 

                                                         𝐸𝑚 = −𝛾ħ𝐵0𝑚.                                                     (3.5) 

As only transitions between adjacent energy levels are observable, the observed frequency 
is 

                                                                𝜈 =
𝛾

2𝜋
𝐵0.                                                       (3.6) 

This is equal to the Larmor precession frequency of the nucleus, i.e., the frequency at which 
the nuclear magnetic moment is precessing around the field direction (see Figure 3.2). 
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Figure 3.2. Nuclear spin and related magnetic moment precess about the external magnetic 
field (𝑩0). 

3.1.2  Chemical shift 

Besides the nuclei, electrons also respond to the applied external magnetic field. The 
electrons motion in external field will produce a small local magnetic field which usually 
opposes the external field direction and therefore the total field is 

                                                         𝑩 = 𝑩0(1 − 𝝈).                                                    (3.7) 

Here, 𝝈 is the shielding tensor which represents the change in the magnetic field of the 
nucleus. In the principal axis system (PAS), 

                                                    𝝈 =  [

𝜎11 0 0
0 𝜎22 0
0 0 𝜎33

].                                                (3.8) 

Rapid molecular motions in liquids will average out the shielding tensor to its isotropic 
value 

                                                        𝜎iso =
𝜎11+𝜎22+𝜎33

3
.                                                  (3.9) 

The resonance frequency becomes 

                                                         𝜈 =
𝛾

2𝜋
𝐵0(1 − 𝜎iso).                                            (3.10) 

The change in resonance frequency is called chemical shift. Usually, the chemical shift 𝛿 
is expressed in parts per million (ppm):       

                                                         𝛿 = 106 (𝜈−𝜈ref)

𝜈ref
.                                                  (3.11)                       

Here, 𝜈ref is the reference frequency of a standard sample. 

In solids, molecular motion may be anisotropic giving rise to the chemical shift anisotropy 
(CSA), which is reflected by the shielding anisotropy: 
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                                                       ∆𝜎 = 𝜎33 −
1

2
(𝜎11 + 𝜎22).                                     (3.12) 

Shielding asymmetry is  

                                                           𝜂CS =
𝜎22−𝜎11

𝜎33−𝜎iso
.                                                   (3.13) 

The effect of the anisotropic shielding will manifest itself in a solid-state spectrum as an 
observable CSA powder pattern arising from the orientation distribution of the molecules. 

3.1.3  Dipolar coupling 

The magnetic moment of a nucleus may interact with one or more magnetic moments of 
other nuclei through the space. This is called the direct dipole-dipole or dipolar interaction. 
The magnitude of the through space interaction is determined by dipolar coupling constant    

                                                         𝑑 = ħ (
𝜇0

4𝜋
)

1

𝑟3 𝛾𝑎𝛾𝑏.                                              (3.14) 

Here, 𝑑 is defined in rad s-1 and it depends on the gyromagnetic ratios of the two nuclei (𝛾a 
and 𝛾b) and the distance between the nuclei (𝑟). The constant factor 𝜇0 is the magnetic 
permeability. In the liquids, because of the rapid isotropic rotational motion, dipolar 
coupling splitting is averaged to zero. On the other hand, in solids this coupling may cause 
significant broadening of spectral lines. As the dipolar interaction depends on the distance 
between the nuclei even without any chemical bond, it makes it possible to collect 
information about the spatial arrangement of the nuclei. For a homonuclear pair, dipolar 
coupling splitting observed in a spectrum is (in Hz) 

                                                     𝜈D = |
3𝑑

4𝜋
(3cos2𝜃 − 1)|.                                          (3.15) 

Here, 𝜃 is the angle between the internuclear orientation vector and external magnetic field, 
𝑩0. For a heteronuclear pair, 

                                                     𝜈D = |
𝑑

2𝜋
(3cos2𝜃 − 1)|.                                          (3.16) 

In solid samples, random molecular orientation relative to the magnetic field form powder 
pattern spectrum. If the sample with random molecular orientations contains spin−

1

2
 

nuclear pairs, dipolar powder pattern arises. The spectral splitting factor ∆ for a 
homonuclear pair is equal to |3𝑑

4𝜋
| and for heteronuclear pair is equal to | 𝑑

2𝜋
| (Figure 3.3). 
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Figure 3.3. Solid-state NMR dipolar powder pattern spectrum of a sample including 
randomly oriented of dipolar coupled spin−

1

2
 nuclei. The frequency separation between 

the horns coresponding to 𝜃 = 90° is equal to ∆= |
3𝑑

4𝜋
| for a homonuclear pair and ∆= |

𝑑

2𝜋
| 

for a heteronuclear pair.  

3.1.4  Spin-spin coupling 

The interaction between nuclei mediated through electrons is known as indirect dipolar 
coupling, 𝐽-coupling or spin-spin coupling. It provides valuable information about the local 
electronic environment and the chemical bond connectivities in the molecules. Couplings 
are observed even in liquid state NMR spectra. In the PAS, 𝐽-coupling tensor has three 
non-zero components: 

                                                      𝑱 =  [

𝐽11 0 0
0 𝐽22 0
0 0 𝐽33

].                                              (3.17) 

In liquid-state NMR, only the isotropic part of the 𝐽-coupling is observed, which is 

                                                        𝐽iso =
𝐽11+𝐽22+𝐽33

3
.                                                  (3.18) 

In solid-state NMR, the isotropic 𝐽-coupling is typically small enough to be neglected. On 
the other hand, the anisotropic part of the 𝐽-coupling can appear in the solid-state NMR 
spectra as spectral broadening: 

                                                   ∆𝐽 = 𝐽33 −
1

2
(𝐽11 + 𝐽22).                                            (3.19)   

Typically, anisotropic 𝐽-coupling interactions are small in comparison to other interactions 
in solid-state, such as chemical shift anisotropy, dipolar coupling and quadrupolar 
coupling. The asymmetry parameter of 𝐽-coupling is  
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                                                            𝜂J =
𝐽11−𝐽22

𝐽33−𝐽iso
.                                                     (3.20) 

3.1.5  Single and multipulse NMR experiments 

In the simplest, single pulse NMR experiment (Figure 3.4), nuclear magnetization is rotated 
to transverse plane by a 90˚ pulse and FID signal is observed after a short delay 𝜏D required 
by electronics. However, inhomogeneous magnetic field and distributions of chemical 
shifts may dephase spin coherences rapidly. Hence, significant part of the FID signal may 
be lost before the acquisition starts.  

 

Figure 3.4. Single pulse sequence. Time 𝜏D is the delay before recording the signal. 

In the spin-echo pulse sequence (Figure 3.5), the coherences are refocused by applying an 
additional 180˚ pulse after time 𝜏. Therefore, after the second 𝜏 delay, the phases caused 
by external or internal inhomogeneities are refocused and an echo is observed. The echo 
signal is recorded after the second 𝜏 time, as the net magnetization is maximum. The time 
duration between the applied 90˚ pulse and the echo is called echo time (2𝜏). The spin-
echo experiment refocuses the phases caused by magnetic field inhomogeneities, chemical 
shifts and heteronuclear 𝐽-couplings. The experiment can be used for the determination of  
𝑇2 relaxation times [29,31,35], and also to enable observation of spectra (free of baseline 
distortions) from rapidly decaying signals, that can be difficult to observe with a single 
pulse sequence due to the delay needed after the pulse. 

 

 

Figure 3.5. Spin-echo pulse sequence. 
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In solids and viscous liquids, in addition to the field inhomogeneities, the anisotropic 
dipolar interactions are another origin of the rapid dephasing of spin coherences. In the 
solid-echo pulse sequence (Figure 3.6), the second 90˚ pulse refocuses the effect of 
homonuclear dipolar and quadrupolar couplings. The time 𝜏 between pulses should be 
smaller than the inverse of dipolar coupling constants [36,37].   

 

 

Figure 3.6. Solid-echo pulse sequence. 

3.1.6  Chemical exchange saturation transfer 

Chemical exchange saturation transfer (CEST) is a method that relies on the chemical 
exchange phenomena for studying low populated sites. In order to benefit from this 
method, in the case of two sites, the target nuclei should be involved in a chemical exchange 
process with the exchange rate slower than the frequency difference of the two sites [38]. 
A typical CEST pulse sequence (Figure 3.7) begins with a long, continuous wave (CW) 
saturation pulse. If the CW pulse frequency matches with the frequency of the low 
populated site, corresponding magnetization saturates. If there is exchange between the 
low and high populated sites, then the magnetization of the latter site is decreased as well. 
The more magnetization passes through the low populated site during the CW pulse, the 
bigger decrease in the bulk magnetization. Therefore, CEST may lead to significantly 
enhanced (indirect) detection of the low populated site. Full CEST spectrum (also called Z 
spectrum) is measured by repeating the CEST experiment as a function of CW pulse offset 
and plotting the bulk signal intensity [38,39]. 
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Figure 3.7. CEST pulse sequence. 

3.2  Solid-state NMR 

Solid-state NMR techniques provide possibilities for characterizing chemical structures of 
both crystalline and amorphous solid materials. The most obvious difference between 
liquid and solid materials is in the molecular degree of freedom [40]. In solid materials, 
molecular tumbling motions are not happening in short enough timescale to average out 
the orientation-dependent (anisotropic) interactions. Therefore, anisotropic interactions 
like dipolar coupling become significant in solid-state NMR and generate broad spectra. 
The spectral resolution can be enhanced by so-called magic angle spinning (MAS) 
technique. Furthermore, sensitivity of solid-state NMR can be improved significantly by 
cross polarization technique. This section covers the basic principles of the magic angle 
spinning and cross polarization techniques [29,34].           

3.2.1  Magic angle spinning 

The anisotropic interactions between nuclei lead to a very broad solid-state NMR spectrum 
that provides little information about the sample. To eliminate anisotropic broadening, 
artificial motion is generated by spinning the powder sample at a magic angle (𝜃 = 54.74˚) 
with respect to the external magnetic field direction (𝑩0). Due to the spinning, the 
orientational factor of the anisotropic interactions (3cos2𝜃 − 1) in Eqs. (3.15) and (3.16) 
averages to zero. The spinning rate needs to be greater than the anisotropic coupling to 
average the anisotropic interactions and generate isotropic lineshapes.  

3.2.2  Cross polarization 

Cross polarization (CP) was developed to study nuclei with low gyromagnetic ratio (𝛾l) 
and long relaxation time. In this technique, the higher polarization from abundant nuclei 
with high gyromagnetic ratio (𝛾h), e.g., 1H and 19F, is transferred to dilute nuclei, e.g., 13C, 
31P, to increase the signal. Furthermore, abundant nuclei with shorter relaxation time allow 
faster repetition of the sequence and therefore higher signal to noise ratio in a specific 
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period of time. After placing the sample in the external magnetic field, a 90˚ pulse is applied 
on nucleus with higher 𝛾. Next a spin-lock pulse in the y axis direction is exploited at the 
same time on both nuclei (Figure 3.8). The spin-lock pulse length is called the contact time 
(𝜏C). The 𝐵1 fields of the spin-lock pulses are adjusted so that the precession frequencies 
of the two nuclei become equal in the rotation frame of frequency:  

                                                             𝛾l𝐵l = 𝛾h𝐵h.                                                    (3.21) 

This is known as Hartmann-Hahn condition and it allows efficient polarization transfer 
from the high to low gyromagnetic ratio nucleus. The polarization transfers from nucleus 
with higher gyromagnetic ratio to the nucleus with lower gyromagnetic ratio. Finally, 
signal of nucleus l decoupled from nucleus ℎ is observed.  

 

 

Figure 3.8. Cross polarization pulse sequence. 

3.3  129Xe NMR 

The most important properties of porous materials include porosity, pores size, pore 
morphology and surface chemistry. Xenon atom can be used as an external NMR probe of 
porous materials [41,42]. 129Xe is an NMR active spin−

1

2
 isotope with relatively high 

natural abundance (26%). Large, polarizable electron cloud of 129Xe makes its chemical 
shift very sensitive to its local environment. High sensitivity combined with accessible 
Larmor frequency (10% higher than 13C) has made this nucleus useful for NMR studies 
[43]. By employing optical pumping techniques, the sensitivity of 129Xe can be enhanced 
up to several orders of magnitudes, opening opportunities even for medical and biomedical 
investigations [44,45].  

The dependence of xenon chemical shift on the different surroundings and interactions 
can be written as [46]                                               
                                            𝛿 = 𝛿0 + 𝛿Xe + 𝛿S + 𝛿SAS + 𝛿E + 𝛿M.                             (3.22)                                                        
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Here, 𝛿0 is the chemical shift of free gas at zero pressure and it is calculated from variable 
pressure xenon chemical shift measurements extrapolated to zero. All other terms are 
temperature dependent. Chemical shift of xenon in gas phase (𝛿Xe) is induced by the xenon-
xenon interactions (∆Xe−Xe) which depend on the xenon gas pressure (xenon gas density, 
𝜌Xe): 

                                                            𝛿Xe = ∆Xe−Xe𝜌Xe.                                                                   (3.23) 

Xenon-surface interactions is considered with chemical shift 𝛿S. 𝛿SAS term carries the 
chemical shift contribution of the strongly adsorbing surface sites and may cause a large 
chemical shift if xenon stays on the surface for longer time. If there are no strong adsorption 
surface sites in the sample, 𝛿SAS is zero. 𝛿E and 𝛿M are additional shifts arising from induced 
electric fields by charges (like ions) and paramagnetic sites, respectively.  

During the NMR experiment, xenon can exchange between gas phase and different 
adsorption sites in the sample. Therefore, chemical shift of xenon is an average of the 
chemical shifts in gas phase and adsorption sites. This can be formulated as below by 
assuming the existence of one single site of adsorption on the sample surface and assuming 
the absence of the SAS and electric and paramagnetic sites [47,48]: 

 
                                                         𝛿 = 𝑋G𝛿G + 𝑋S𝛿S.                                                                         (3.24) 

Observed xenon chemical shift is related to the xenon population on gas phase and 
adsorbed sites (𝑋G and 𝑋S) and their corresponding chemical shifts (𝛿G and 𝛿S). At low 
xenon pressure, xenon chemical shift at gas phase (𝛿G) is set at zero. Xenon ratio on the 
adsorbed site (𝑋S) is related to the number of xenon atoms in gas state and the adsorbed 
sites (𝑛G and 𝑛S):  

                                                               𝑋S =
𝑛S

𝑛S+𝑛G
.                                                    (3.25) 

Number of the adsorbed xenon atoms is specified by the Henry’s law: 

                                                               𝑛S = 𝐾𝑝𝑆.                                                      (3.26) 

Here, 𝐾 is the Henry’s constant, 𝑝 is the pressure of the xenon and 𝑆 is the specific surface 
area of the pores. As it is assumed that the gaseous xenon has low pressure, the number of 
xenon atoms in gas state is determined by ideal gas law 

                                                              𝑛GR𝑇 = 𝑝𝑉,                                                    (3.27) 

where R is the gas constant, 𝑇 is the temperature and 𝑉 is the free volume inside pores. By 
substituting the adsorbed xenon population with above-mentioned definitions for 𝑛S and 
𝑛G in Eq. (3.25), chemical shift becomes 

                                                              𝛿 =
𝛿S

(1+
𝑉

𝑆𝐾𝑅𝑇
)
.                                                  (3.28) 

The volume to surface ratio (𝑉

𝑆
) of the pores depends on pore size and geometry: 
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                                                                    𝑉
𝑆

=
𝐷

𝜂
.                                                        (3.29) 

Here, 𝐷 is the pore diameter and 𝜂 is the pore geometry factor. For a cylindrical pore, 𝜂 = 
4; for a spherical pore, 𝜂 = 2.8; and for slit-like pore (space between two parallel planes of 
material), 𝜂 = 2. The Henry’s constant (𝐾) depends on the temperature: 

                                                       𝐾 = K0 exp (
𝑄

R𝑇
) √𝑇⁄ ,                                             (3.30) 

where K0 is the pre-exponential factor and 𝑄 is the effective heat of xenon adsorption on 
the pores. By substituting Eqs. (3.29) and (3.30) into (3.28), the following empirical 
formula is obtained [43,47] 

                                                 1

𝛿
=  

1

𝛿S
+

𝐷

𝜂RK0 exp(𝑄 R𝑇⁄ )√𝑇𝛿S
.                                       (3.31)    
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4 Other experimental methods 

 

4.1  Powder x-ray diffraction   

The powder x-ray diffraction (PXRD) is used for structural characterization of powder and 
microcrystalline materials. The powder diffractometer generates high frequency 
electromagnetic wave (x-ray) which interacts with the sample. The x-ray wave is either  
reflected by the surface or diffracted into many specific directions by atomic arrangement 
in the crystal structure. The waves will interfere constructively if the path-length difference 
is equal to the integer multiples of the wavelength, following the Bragg’s law  

                                                             𝑛𝜆 = 2𝑑sin𝜃.                                                    (4.1)                          

Here, 𝜆 is the wavelength, 𝑑 is the distance between atomic layers in the crystal and 𝜃 is 
the angle of the wave incident with respect to the surface of the atomic layers. In this study, 
the x-ray diffraction is used as a complementary technique to solid-state NMR 
measurements. Referenced PXRD patterns listed in the database are employed by using 
Rietveld analysis, which also reports whether the studied sample is a single phase or a 
multi-component system [49]. 

4.2  Thermogravimetric analysis  

Thermogravimetric analysis (TGA) uses temperature as an experimental variable to 
measure the weight loss (%) of the sample as the temperature is changed with a constant 
rate. As the temperature increases, desorption, decomposition, oxidation, phase changes 
etc. take place and the weight of the sample decreases. The resulting weight-temperature 
profiles are called thermograms. For each specific process, a step in the weight loss is 
usually observed in the thermograms, therefore TGA makes it possible to observe any 
thermal effect on the materials [50].  

 In our studies TGA was performed to evaluate the amount of adsorbed water and 
structural transitions in the samples. Adsorbed water evaporation studies have been also 
done for similar materials such as zeolites [51]. In TGA curve of zeolite type samples, 
smooth and continuous weight loss (%) happens throughout the temperature range of 30 to 
1000 ℃. The points in which the weight loss is sudden imply the structural changes in the 
sample [51]. 
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4.3  Laser diffraction spectroscopy 

Powder surface area is related to the particle size distribution that is affected by primary 
particles and agglomerates. In this work, particle size measurements are performed by laser 
diffraction spectroscopy (LDS) technique. In this technique, a laser beam is passing 
through the sample and the light intensity is recorded as a function of the scattering angle. 
Based on angular scattering information of the sample, LDS can determine wide range of 
particle sizes, from 20 nm to 4000 μm [52]. Depending on the optical properties of the solid 
phase and particle size distribution, different optical models are used to compute the 
diameters of particles. For larger particles (with diameter larger than few micrometers), 
Fraunhofer optical model is used and for finer particles, Mie scattering theory is applied. 
The Fraunhofer optical model does not need refractive index of the solid as an input. 
Sample preparation for this method requires a dispersant media as a non-reactive liquid 
carrier to dissolve or swell the studied material. Furthermore, additional mechanical energy 
such ultrasonic treatment is used to break up the large agglomerates [53].  

4.4  Electron microscopy  

Electron microscopy uses an accelerated beam of electrons as illumination source to create 
high magnification and resolution images for surface morphology and structure 
characterization. High resolving power of the electron microscopes is due to the very short 
wavelength of the energetic electrons in comparison to the visible light. To generate a beam 
of electrons, a filament is heated with high voltage and then the heated filament emits the 
electrons by thermionic or field emission. The accelerated electrons are focused with 
electromagnet lenses under a high vacuum [54]. The focused stream of electrons interacts 
with the surface of the sample, producing signal from this interaction in the form of an 
image of the sample. Transmission electron spectroscopy (TEM) and scanning electron 
microscopy (SEM) are two types of electron microscopy that are used to detect the emitted 
beams from the sample. In SEM, lower acceleration voltage is used in comparison to TEM 
and also a conductive layer is needed to coat the sample to avoid overcharging with 
electrons. To improve the energy of beams in SEM technique, field emission gun can be 
used as electron emitters for accurate structural characterization of the materials. This 
development in SEM microscopes generates the field emission scanning electron 
microscopy (FESEM) [55].  

4.5  Infrared spectroscopy  

Infrared (IR) spectroscopy is used for identification of the functional groups of chemical 
compounds. In this method, the sample is exposed to IR radiation. The recorded spectrum 
demonstrates the absorbed, reflected and transmitted radiations by the sample 
corresponding to the natural vibrations of chemical bonds in the sample. Depending on the 
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type of the atoms and chemical bonds, IR spectrum appears in specific regions which are 
known as molecular fingerprints. Only asymmetric chemical bonds with permanent dipole 
moment, e.g., PO, OH, are detectable in IR spectroscopy. Vibrational transitions are 
conventionally spread in three regions: 14,000–4000 cm−1 (near-IR), 4000–400 cm−1 (mid-
IR) and 400–10 cm−1 (far-IR). The rotational transitions have low energy that can be 
detected in far-IR transitions. Vibrations that result in bond-angle changes are called 
bending vibrational modes and the vibrations along the chemical bond causing the bond-
length changes are known as stretching vibrational modes. The stretching vibrational mode 
is modelled as a harmonic oscillator 

                                                𝜈 = (
1

2𝜋𝑐
) √

𝑘(𝑚1+𝑚2)

𝑚1𝑚2
 .                                                   (4.2) 

Stretching vibration frequency 𝜈 depends on the atom masses 𝑚1 and 𝑚2 and force 
constant 𝑘, and 𝑐 is the speed of the light. In this model, chemical bond is approximated as 
a spring that holds two mass points together. To increase optical throughput and sensitivity 
of IR spectroscopy, a beam splitter (as interferometer) is employed and Fourier-transform 
infrared (FTIR) spectroscopy is introduced. This nondestructive method does not need any 
external calibration and performs over a broad spectrum [56,57]. 
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5 Computation of nuclear magnetic shielding tensors in 
periodic systems 

 

NMR properties of nuclei of molecules or solid-state materials can be predicted in terms 
of the quantum mechanics. In quantum mechanics, the stationary state n of a system is 
described by a wave function and a corresponding energy state is given by Schrödinger 
equation [58]  

                                                            𝐻𝜓𝑛 = 𝐸𝑛𝜓𝑛.                                                    (5.1) 

The Hamiltonian operator (𝐻) is a sum of the kinetic and the potential energy operators, 
and 𝐸𝑛 is the total energy of the state 𝑛 with a wave function 𝜓𝑛. 

To solve the complicated Schrödinger equation for many-body systems with electron-
electron and electron-nucleus interactions, numerical approach utilizing modern computers 
is necessary.  In first principles calculation of many-body problem, behavior of nuclei is 
treated separately from the electrons due to the relatively large mass of nuclei. This is 
known as Born-Oppenheimer approximation [59]. In this approximation, nuclei are 
regarded as classical point-like particles with fixed positions and electronic wave functions 
are treated fully quantum mechanically by Schrödinger equation, depended on the nuclear 
position [60]. 

5.1  Density functional theory   

The simplest form of wavefunction of many-electron systems is Slater determinant [61]. 
Pauli exclusion principle states that two electrons, due to their fermion character, will not 
occupy the same quantum state simultaneously [62]. This is fulfilled by Slater determinant, 
which always gives an antisymmetric product of one-particle wavefunctions. In Hartree-
Fock (HF) method, wavefunction is a single Slater determinant and the potential 
experienced by an electron is composed of averaged Coulomb interactions of other N-1 
electrons, so called Hartree potential, and nuclei. In the HF approach the mean-field 
approximation lacks the correlation energy caused by the instantaneous repulsion among 
the electrons.  

Density functional theory (DFT) uses the electron density instead of many-electron 
wavefunctions. In this approach, ground state energy is defined as a functional of the 
electron density function. In Kohn-Sham (KS) DFT, the density at 𝒓 coordinate of many-
electron system is defined as a sum over N occupied non-interacting single-electron 
functions, so called Kohn-Sham (KS) orbitals 𝜓𝑛(𝒓):  

                                                  𝜌(𝒓) = ∑ 𝜓𝑛
∗ (𝒓)𝜓𝑛(𝒓)𝑁

𝑛=1 .                                           (5.2)  
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The ground state energy of the electron system with electron density 𝜌(𝒓) is 

                         𝐸[𝜌(𝒓)] =  𝐸K[𝜌(𝒓)] + 𝐸H[𝜌(𝒓)] + 𝐸N[𝜌(𝒓)] + 𝐸xc[𝜌(𝒓)].            (5.3) 

It is determined by the kinetic energy (𝐸K) of all electrons; Hartree energy (𝐸H) including 
the Coulomb interactions between electrons; Coulomb attraction energy (𝐸N) between 
nuclei and electrons; as well as exchange and correlation energy (𝐸xc) in real interacting 
system of many electrons. 

Generally, the exact form of 𝐸xc is unknown but there are several different levels of 
approximative forms that define the accuracy of DFT method. One of the simplest 
expressions is the local density approximation (LDA) that relates 𝐸xc to the electron density 
at each point in space. More advanced approach is generalized-gradient approximation 
(GGA), which also considers the gradient of the electron density at each point in addition 
to the electron density itself [63]  

                                      𝐸xc
GGA[𝜌(𝒓)] = ∫ 𝜖xc

GGA (𝜌(𝒓), ∇𝜌(𝒓))d3𝑟.                                (5.4) 

Here, 𝜖xc
GGA is exchange-correlation energy per volume element. In solid material studies, 

GGA functional formulated by Perdew, Becke and Ernzerhof (PBE) is often used to correct 
the band gaps as well as binding and dissociation energy predictions [64].  

NMR parameters calculations are highly sensitive to the lattice parameters [65]. 
Therefore, neglected van der Waals forces in local LDA and semi-local GGA functionals 
[66] are considered by applying an extra energy term for London dispersion correction, so-
called DFT-D2 method [67] 

                                 𝐸disp = − ∑ ∑ 𝑠𝑛𝑛=6,8,10,…
𝐶𝑛

AB

𝑅AB
𝑛AB 𝑓damp(𝑅AB),                              (5.5) 

where the sum runs over AB atom pairs with 𝑅AB intermolecular distances and 𝐶𝑛
AB 

dispersion coefficients. The scaling factors 𝑠𝑛 depend on the DFT functional and damping 
function 𝑓damp is correction for repulsion in small 𝑅AB  [68].   

In DFT methods, a bulk system can be modelled by periodic repetition of a computing 
unit or super cell in real and reciprocal space [69]. Bloch’s function allows to specify form 
of the wave functions for electronic structure characterization in a continuous system 
through Bloch’s theorem [69] 

                                                𝜓𝑛,𝒌(𝒓) = 𝑢𝑛,𝒌(𝒓) exp(i𝒌 ∙ 𝒓).                                       (5.6) 

Here, 𝑢𝑛,𝒌(𝒓) is a set of basis functions with the periodicity of the cell with 𝒌 crystal wave 
vector within first Brillouin zone. In the following discussion, pseudopotential plane waves 
(PW) are chosen as periodic basis wave functions of each single electron in periodic 
modelling [69] 

                                       𝜓𝑛,𝒌(𝒓) = ∑ 𝑢𝑛,𝒌𝑮 (𝑮)𝑒𝑥𝑝(𝑖(𝒌 + 𝑮) ∙ 𝒓),                              (5.7) 

where, 𝑢𝑛,𝒌 functions are expansion coefficients and 𝑮 are reciprocal lattice wavevectors. 
For finite number of electrons described by the 𝜓𝑛,𝒌 wavefunctions, there is infinite number 
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of 𝒌 wavevectors within the periodic cell. By sampling the Bloch functions (𝜓𝑛,𝒌) on the 
discrete mesh of 𝒌 wavevectors close together, the calculation can be done at a finite 
number of 𝒌-points. Number of 𝑮 wavevectors set on a grid should cover the reciprocal 
space. The planewave basis functions are independent of atomic positions and are restricted 
to the sphere defined in reciprocal space. The number of utilized planewaves are restricted 
by using cut-off for kinetic energy [69,70] 

                                                             𝐸𝑐 ≤
ħ2(𝒌+𝑮)2

2𝑚
,                                                    (5.8) 

where 𝑚 is the mass of electron. In condensed materials studies only valence electrons are 
the subject of interest and, therefore, atomic nuclei and core electrons’ potential are 
replaced with a fixed effective potential called pseudopotential (Figure 5.1). For different 
valence electronic structure, corresponding pseudopotential needs to be defined. To 
perform the calculations with smaller number of planewaves and lower values of 𝐸𝑐, 
Ultrasoft pseudopotentials are introduced. This approximation generates results with the 
same accuracy than norm-conserving  pseudopotentials [71].  

 

 

Figure 5.1. An illustration for pseudo wave function (𝜓Ps) and pseudopotential (𝑉Ps) 
comparison with full-electron wave function (𝜓) and its corresponding potential (𝑉) below 
𝑟c cut-off distance from the nucleus.  

Numerically efficient pseudopotential approach is needed for calculation of NMR 
parameters in solids in DFT formalism [72]. NMR spectral parameters depend on nuclear 
hyperfine interactions due to inner-shell, so-called core and semi-core, electrons in the 
close vicinity of the nucleus that is not described explicitly when valence pseudopotentials 
are used. The projector augmented wave (PAW) [73] method reconstructs the all-electron 
structure in core region by a linear transformation of pseudo-wave functions.  
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Shielding tensor 𝝈𝑘 is second-order property, i.e., it is related to the second derivative 
of the total energy with respect to the magnetic moment 𝝁𝑘 of the nucleus and external 
magnetic field 𝑩0  [74,75]  

                                                   𝜎𝑘,𝑖𝑗 = 𝛿𝑖𝑗 +
𝜕2𝐸(𝝁𝑘,𝑩0)

𝜕𝜇𝑘,𝑖𝜕𝐵0,𝑗
.                                               (5.9) 

Here, 𝑖 and 𝑗 are Cartesian coordinates and 𝛿𝑖𝑗 is Kronecker delta. The shielding tensor of 
a nucleus depends on the induced magnetic field [30] around nucleus due to the external 
magnetic field. In order to maintain translational invariance of the nuclear shielding for the 
choice of the external magnetic field gauge origin, a field dependent transformation 
operator is introduced resulting a method known as gauge included projector-augmented 
wave (GIPAW) [76,77]. 

 Nuclear electrostatic potential in heavy elements, such as transition metals, is strong 
enough to give core electrons velocities of significant fraction of speed of light [78]. This 
causes so-called scalar-relativistic (SR) effects due to relativistic mass increase of electron 
[79]. Interaction among the electron orbital motion and electron spins is referred as 
relativistic spin-orbit (SO) effect [80]. Zeroth-order regular approximation (ZORA)  for 
NMR shielding tensors is expressed in three contributions: 

                                                   𝝈𝑘 = 𝝈𝑘
d + 𝝈𝑘

p
+ 𝝈𝑘

SO,                                           (5.10) 

where 𝝈𝑘
d and 𝝈𝑘

p are respectively the diamagnetic and paramagnetic contributions, that 
include the SR effects [81]. The SO contribution to the NMR shielding tensor is represented 
by 𝝈𝑘

SO term. In this thesis, the DFT CASTEP code used in NMR shielding tensor 
computations for the studied periodic systems lacks SO contribution [82]. In 31P NMR 
calculations of the subject materials, the neglected term may only affect the scale but not 
the assignment of phosphorus nuclei chemical shifts since these nuclei are not directly 
bonded to heavy elements [83]. The SO interactions are larger for heavy xenon nuclei, 
hence, 129Xe NMR calculations with only SR effects causes slight underestimation in the 
chemical shifts [84].   

5.2  Surface modelling 

Modeling NMR properties on surfaces is particularly important since many experimental 
spectral features are related to the microscopic details of the materials' surface. To cleave 
a bulk material and create corresponding surface model, orientation of the plane needs to 
be defined by Miller index {ℎ𝑘𝑙}. As is shown in Figure 5.2, in three-dimensional periodic 
code the surface of solid is modelled by a slab model of chosen Miller plane composed of 
few atomic layers cut from the bulk. To prevent interactions between periodic images of 
the surface, it is necessary to create large vacuum gap between the layers [1,4]. In Figure 
5.2, two water molecules are placed on a surface of a unit cell. However, in the Xe NMR 
studies, xenon atom is placed on the surface of supercell of 2×2 unit cells wide, in order to 
avoid the interaction between the periodic images of the  Xe atoms. The lowest slab layer 
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is fixed to the bulk geometry to resemble its properties and surface layer(s) are optimized 
in order to include the changes in geometry due to interactions with adsorbed atoms and 
molecules, like water and Xe in the current studies. 

 

                                 

                   

Figure 5.2. Examples of slab models for LaPO4 monazite surfaces with {010} and {100} 
Miller indices with two water molecules. (Blue: La atoms, purple: P atoms and red: O 
atoms).  
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6 Results 

6.1  Rare-earth element phosphates (Papers I & II) 

Lanthanum (La), samarium (Sm), lutetium (Lu) and ytterbium (Yb) were selected based 
on their ion sizes and diamagnetic and paramagnetic nature. La and Sm are considered as 
light REEs while La is diamagnetic and Sm is paramagnetic. Diamagnetic Lu and 
paramagnetic Yb are classified as heavier REEs. REE phosphates were synthesized 
through the wet chemistry in a homogeneous acidic solution [85,86]. Prepared samples 
were treated at 80 ℃ for 1 hour. For partial water removal, part of the REE phosphates 
samples were treated at 200 ℃ for 1-2 days. Treating the sample at temperatures higher 
than 800 ℃ yields pure xenotime phase [85]. Thus, for 31P NMR peak assignment 
completion, part of the Lu phosphate sample was also treated at 850 ℃ for 10 hours. In 
this discussion, the REEPO4 samples are labeled with the element symbol and treatment 
temperature, e.g., La phosphate treated at 80 ℃ is labeled as La (80).  

To study the local structures of the REEPO4 samples, solid-state 31P NMR experiments 
were performed, using both single pulse and CP methods at ambient temperature. The CP 
method was used to estimate the intermolecular distances between phosphorus and 
hydrogen nuclei (of water molecules). The 31P NMR experiments in La, Lu and Sm samples 
were done with 7 kHz MAS spinning rate. Because of the slow spinning frequency of MAS, 
it was impossible to match the spinning with the required short echo times. Thus, the 
paramagnetic Yb samples were investigated by static solid-echo and spin-echo 
experiments. The adsorption properties of these samples were studied by variable 
temperature 129Xe NMR experiments. The samples contained approximately 0.3 g of 
studied REEPO4 and 4 atm of 129Xe isotope-enriched (91%) Xe gas in 5 mm tubes. 

For the experimental 31P NMR spectra assignment, NMR shielding tensors of the 
diamagnetic systems (La and Lu) were computed by using DFT method at SR-ZORA level 
of theory in NMR CASTEP code [87]. In computations, the crystal structures of the La 
phosphate (monazite [88], rhabdophane [89]) and La phosphate (churchite [90], xenotime 
[91]) were optimized by relaxing both atomic positions and lattice parameters. The 
geometry optimizations as well as GIPAW [92] calculations of the 31P and 129Xe NMR 
shielding tensors were carried out with PBE functional [15] and Grimme’s D2 dispersion 
correction [93] using planewaves and ultrasoft pseudopotentials [76,77] with 630 eV 
kinetic energy cut-off.  The k-point sampling distance of the Brillouin zone was set to less 
than 0.03 Å-1 in each lattice directions. The surfaces with different Miller indexes were 
modelled as slabs of three unit cells thick that were cut from the optimized bulk structures. 
In each of them, a vacuum layer of 20 Å was used between the slabs in the c lattice 
direction. In the geometry optimizations of slab models bottom unit layer was fixed to the 
bulk geometry. For 129Xe NMR shielding calculations, two instead of three unit cell slab 
models were used in order to save computing resources. This was found to be appropriate 
as most of the structural changes happen in the hydrated top layer. Prior to the DFT 
optimization of the Xe position together with the hydrated top layer, the pre-optimization 



 

34 

 

was done with DFTB module of AMS package [94] at the GFN1-xTB semi-empirical level 
[95,96]. 

In PXRD analysis, La samples were detected as a mixture of the hydrous rhabdophane 
(~30%) and anhydrous monazite (~70%) phase whereas Sm samples only showed pure 
hydrous rhabdophane phase. The reason for monazite phase formation in La samples at 
lower temperatures is likely the mechanical stress caused by the overnight stirring [97]. 
Pure anhydrous xenotime phase was observed in both Lu and Yb samples.   

In TGA analysis (Figure 6.1), both La (80) and Sm (80) samples showed two clear steps 
of water loss as structural transformation from subhydrate to hemihydrate and then to 
anhydrous rhabdophane [89]. The third less visible step around 400 ℃ in La (80) sample 
might be attributed to the hydroxyl groups evaporation from the surface [98,99]. The 
continuous weigh loss of La (80) and Sm (80) samples in the TGA graph is related to the 
surface and bulk water molecules between the voids of the grains. The TGA graphs in Lu 
(80) and Yb (80) samples only showed a continuous decrease which matched with PXRD 
analysis as them being in pure xenotime phase.  
  

 

Figure 6.1. TGA and dTGA graphs of REEPO4 samples (treated at 80 ℃) are shown with 
solid and dashed lines, respectively. 

The 31P NMR spectra decompositions for the following discussion are presented in 
Figures S6-S13 and Tables S1-S7 in Supplementary Information of Paper I. The single 
pulse 31P NMR experiments of the La (80) sample resulted in a spectrum with four peaks 
at -5.8, -4.8, -3.6 and -1.4 ppm (Figure 6.2). The peaks at -4.8 and -3.6 ppm had the highest 
intensities. The peak at -4.8 ppm was assigned as the phosphorous nuclei in bulk monazite 
as it did not gain any intensity in CP experiments. Based on the PXRD results, 30% of the 
La samples were formed in rhabdophane phase. Therefore, the experimental peak at -3.6 
ppm with the second highest intensity was assigned as the phosphorus in the rhabdophane 
structure. Computed 31P shielding constant in monazite LaPO4 was set to the experimental 
bulk monazite chemical shift (-4.8 ppm). The experimental 31P NMR chemical shifts were 
observed in fast molecular dynamics between the structural water molecules in the 
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rhabdophane channels. Therefore, the computed phosphorous chemical shifts in 
subhydrate rhabdophane (with two sites) were averaged to -1.7 ppm (RSH) and in 
hemihydrate rhabdophane (with three sites) were averaged to -2.4 ppm (RHH). The NMR 
spectra features of the La (200) sample were very similar to the La (80) sample, other than 
slight differences in intensities and shifts. This was interpreted as the La sample phase 
transformation to higher monazite (~6% increase compared to La (80)) and also 
hemihydrate rhabdophane by treating the sample at 200 ℃. The higher intensity of the CP 
peaks in the La (200) sample was manifested as lower rate of water molecules exchange 
on the surface, due to the partially water molecule removal in the channels. The peaks at -
1.4 ppm and -5.8 ppm with minor intensities were interpreted to arise from the phosphorous 
on the surface. 

 

Figure 6.2. 31P NMR experimental spectra and computed chemical shift in diamagnetic 
samples; (a) La (80), (b) Lu (80), (c) La (200), (d) Lu (200), (e) La (Comp.) and (f) Lu 
(Comp.). Coloured lines and black lines refer to the direct excitation and CP, respectively. 
In La (80 and 200), assigned phosphorus sites are surface phosphorus (SLP and SHP), bulk 
monazite (M) and bulk rhabdophane (R). In Lu (80 and 200) samples, 31P NMR analysis 
showed the bulk xenotime (X) and three xenotime surface sites (XSHP, XSMP, XSLP). Based 
on polarisation transfer efficiency in CP, peaks had ‘high’, ‘medium’ and ‘low 
polarization'. In (e) and (f), the computational spectra of subhydrate (RSH), hemihydrate 
(RHH) rhabdophane, monazite (M), xenotime (X) and churchite (C) structures are 
displayed. 

The surface peak at -5.8 ppm (SHP) gained higher polarization enhancement (CP vs. direct 
excitation, Tables S1 and S2 in Supplementary Information of Paper I) compared to the 
peak at -1.4 ppm (SLP). This observation revealed that in SHP, phosphorous were, on 
average, closer to the hydrogen nuclei, either due to the shorter distance or/and slower 
exchange of the water molecules. The NMR shielding tensor computations of phosphorous 
on monazite surfaces assigned the experimental peak at -1.4 ppm as the most common 
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surface with {010} Miller index and the peak at -5.8 ppm as the less common surfaces with 
{110}, {121} and {011} Miller indexes [100] .  

The 31P NMR peaks in Lu (80 and 200) samples appeared at -20, -15, -9.5, -5.8, -1.6 
and +2.5 ppm chemicals shifts. The peaks with the lowest intensities (less than 1%) at -15 
and -20 ppm (Figure S10 in Supplementary Information of Paper I) likely originated from 
cyclic or long chain polyphosphates [85]. The peak with the largest intensity at -5.8 ppm 
was assigned as the bulk xenotime phase (Figure 6.2). This peak gained 23% intensity in 
the CP experiments. This information along the FTIR spectra of Lu (80 and 200) reported 
the water molecules existence in pure anhydrous xenotime phase of these samples. 
Therefore, Lu sample treated at 850 ℃ was also studied with 31P NMR experiments. The 
resulted spectrum included only a single broad peak at -5.8 ppm (Figure 6 in Paper I) which 
confirmed the earlier assignment of the pure xenotime. By matching the computed 
shielding tensor of 31P in xenotime LuPO4 to the experimental bulk xenotime peak, the 
computed shielding tensor of churchite LuPO4 appeared at +9.6 ppm. Water molecule 
removal studies in hydrated churchite phase showed that less structural water causes even 
larger 31P chemical shift. No experimental peaks were observed in this range, confirming 
the absence of the churchite phase. The peaks at -9.5, -1.6 and +2.5 ppm gained relatively 
high intensities in the CP experiments which means that they arose from 31P nuclei in closer 
vicinity to the water molecules than the bulk xenotime. Based on the level of polarization 
transfer efficiency (Tables S3 and S4 in Supplementary Information of Paper I), these 
surface peaks were assigned as XSHP (high: -9.5 ppm), XSMP (medium: -1.6 ppm) and XSLP 
(low: +2.5 ppm). The NMR computations of the common surfaces of xenotime LuPO4 
showed that the XSMP peak belonged to the most common surface with {100} Miller index. 
The XSLP and XSHP peaks were related to the less common surfaces of xenotime with {110} 
and {101} Miller indexes [101], respectively. 

The 31P spectra of paramagnetic Sm and Yb samples are not as well resolved (Figures 
S12, S13 and S15 in Supplementary Information of Paper I). The electron-nucleus 
hyperfine interactions with unpaired electrons [102] in these samples affected the chemical 
shifts, couplings and line widths. The Sm samples with pure rhabdophane phase showed 
three peaks at 25, 15 and 4 ppm. The peak with the highest intensity at 15 ppm arose from 
the bulk rhabdophane while the two other peaks are assigned to arise from the surface. 
Similar to the La samples, peaks in the Sm (200) sample gained higher polarization 
enhancement in comparison to the Sm (80) sample (CP vs. direct excitation, Tables S6 and 
S7 in Supplementary Information of Paper I). The CP experiments enhancement 
comparison between Sm and La samples indicated reverse order of  chemical shifts in the 
Sm samples. In the Sm sample, the most deshielded peak (25 ppm) gained the highest 
polarization while in La sample the highest polarization were observed in the most shielded 
peak (-5.8 ppm). The recorded spectra in the Yb samples were highly affected by the 
magnetic susceptibility and fast paramagnetic relaxation [102,103] and showed a very 
broad linewidth (about 500 kHz). The NMR spectra of Yb samples presented in 
asymmetric shape which might be a powder pattern, since the measurements were done 
with static solid-echo and spin-echo pulse sequences. Furthermore, the bulk and the surface 
peaks overlapping might be another reason for the asymmetric shaped peak in Yb samples.   
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The FESEM images showed that La and Sm nanocrystals had cylindrical shape and Lu 
and Yb nanocrystals had spherical shape. La nanocrystals had length and width of 120 and 
25 nm and Sm nanocrystals had length and width of 250 and 30 nm (Figure 1 in Paper II). 
The average diameters of spherical Lu and Yb nanocrystals were 90 and 80 nm, 
respectively. The overall sizes of the crystal aggregates of these samples were determined 
by LDS method to be between 3.6 and 8.7 μm, being smallest for Sm sample and largest 
for La sample. 

129Xe spectrum of the La (80) sample included two peaks around 0 and 40 ppm at 295 
K (Figure 6.3). The former was interpreted to arise from free-like Xe in between of the 
particles of the samples. On the other hand, the signal at 40 ppm was assigned as adsorbed 
xenon in nanometer-size pores (mesoporous region [47]) in between cylindrical 
nanocrystals. The adsorbed Xe chemical shift increased with decreasing temperatures and 
reached 170 ppm at 180 K. This is due to enhanced Xe adsorption into the mesopore walls 
which simultaneously diminishes free-like Xe population. Based on the TGA analysis, the 
amount of water molecules in La (80) was relatively low (0.69 mole per mole of La (80)) 
with only 2% weight loss by 80 to 200 ℃ treatment. Hence La (200) sample Xe spectra 
showed similar features as La (80) sample.  

 

Figure 6.3. 129Xe NMR spectra measurement of xenon in the REEPO4 samples at 180, 240 
and 295 K. Spectra on the right shows the extended chemical shift scale for the 
paramagnetic Yb samples. 

The Lu samples particle size (7.3 μm) was smaller than the La sample (8.7 μm). The 
smaller particle size in Lu sample caused faster Xe exchange between the mesopores and 
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free-like gas which resulted in a single broad peak at higher temperatures. The spectrum of 
the Lu (80) sample included a single peak around 10 ppm at 295 K (Figure 6.3). The 
chemical shift of this peak was about 170 ppm at 180 K. A second narrower peak appeared 
at higher chemical shifts below 240 K and its chemical shift was 210 ppm at 180 K. The 
relatively high water content in the Lu (80) sample (1.14 mole per mole of Lu (80)) in 
comparison to the La (80) sample hindered the access of Xe to the mesopores in the former 
one. As the population of accessible mesopores is less in Lu (80) sample, the second signal 
of the adsorbed hydrophobic Xe into the mesopores in between the spherical nanocrystal 
of this sample only appeared at lower temperatures. In contrast, the Lu (200) sample only 
showed a single, broad peak, predominantly from mesopores. At the lowest temperature 
(180 K), the chemical shift of Xe was almost equal in both Lu (80) and Lu (200) samples, 
which revealed that the mesopore structures and adsorption interaction properties did not 
change by treating the sample at 200 C.  

The Xe spectra in the Sm samples included a single broad peak as a consequence of 
small particle sizes (3.6 m) as well as the paramagnetic nature of the sample. The chemical 
shift of this peak increased from 35 to 205 ppm by decreasing temperature from 295 to 180 
K. The TGA analysis of the Sm reported 4% weight loss in this sample by heating it from 
80 to 200 C. Increased chemical shift of the similar featured signal in Sm (200) manifested 
the mesopores accessibility enhancement due to the water evaporation.  

The 129Xe chemical shift and line widths of the Yb samples were significantly larger 
than the other samples. At 295 K, the chemical shift and the width of the peak in Yb (80) 
sample were about -350 ppm and 500 kHz. The magnetic moment of unpaired electron is 
[104] 

                                                𝜇 = 𝑔𝐽√𝐽(𝐽 + 1)𝜇B,                                                 (6.1) 

where 𝐽 is the total angular momentum, 𝑔𝐽 is the Landé g-factor of the ion and 𝜇B is the 
Bohr magneton. The Yb3+ ions in the 4𝑓13 configuration (the spin, orbital and total angular 
momentum quantum numbers S = 1/2, L = 3 and J = 7/2) has five times larger magnitude 
of magnetic moment compared to the Sm3+ ions in the 4𝑓5 configuration (S = 5/2, L = 5 
and J = 5/2). The larger magnetic moment of Yb3+ ion causes, in addition to the bigger 
chemical shift, also rapid relaxation leading to larger “blind spheres” [105] around this 
lanthanide ion. In comparison to the other samples, the Yb (80) sample had the highest 
water content (1.58 mole per mole of Yb (80)). Similar to the Lu and Sm samples, heating 
the sample up to 200 C increased the accessibility of the mesopores in Yb (200) and 
resulted in 80-100 ppm larger chemical shift than the Yb (80) sample. The free Xe site was 
not resolved in the spectra of the Yb samples owing to the relatively small particle sizes 
(4.9 m). 

Based on Terskikh model (Eq. 6.2) [47], the observation of the chemical shift increasing 
with decreasing temperature arises from a relative increase in the population of adsorbed 
Xe on the surface site. The Terskikh model parameters obtained from the least squares 
fitting to the data for the adsorbed xenon in all the REEPO4 samples, Q (effective heat of 
adsorption) and 𝐷 (mean pore diameter), are reported in Table 6.1. 
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                                              𝛿 =
𝛿s

1+
𝐷

𝜂𝑅√𝑇𝐾0exp(𝑄 𝑅𝑇⁄ )

.                                                  (6.2)                                                   

 
Table 6.1. Parameters of REEPO4 samples derived from the fits of Eq. 6.2 with the 
experimentally observed 129Xe chemical shifts.  

REE δS (ppm) D/ɳRK0  D (nm)** Q (kJ/mol) 
La (80) 268±6 6300±200 73±3 9.83±0.11 
La (200) 265±2 6770±80 78.8±0.9 10.13±0.04 
Lu1

 (80)* 340±40 400000±100000 4300±1200 15.3±0.7 
Lu2 (80)* 360±40 11000±3000 120±30 10.3±0.7 
Lu (200) 241±5 1020±120 11.8±1.4 9.2±0.3 
Sm (80) 480±40 12300±500 143±6 9.7±0.3 
Sm (200) 413±15 5000±200 58±2 9.02±0.14 
Yb (80) 550±30 537±15 6.3±0.2 6.1±0.3 
Yb (200) 483±5 550±40 6.4±0.4 8.3±0.2 

* Lu (80) had two mesopore signals in its spectrum, Lu1 refers to the lower chemical shift 
signal and Lu2 refers to the higher chemical shift signal.  
** D is calculated by assuming that ɳ = 4 (cylindrical pore geometry) and K0 = 3.47·10-13 
m mol K-1/2 J-1 [106]. 

According to the fits, the chemical shift of the adsorbed Xe on the surface of the 
mesopores of the La (80), La (200) and Lu (200) samples were almost equal (~250 ppm), 
regardless of their different phase structures. However, two Xe peaks appeared in the Lu 
(80) sample with remarkably higher chemical shift (~350 ppm). This might be a 
consequence of either the water molecules coordination on the surface of the mesopores or 
the artefacts in the assumption of the Terskikh model due to the restricted accessibility of 
the mesopores in Lu (80) sample. Both Sm and Yb samples showed significantly higher S 

(>400 ppm), most probably due to their paramagnetic nature. The chemical shift of the 
nuclei close to paramagnetic ions are inversely dependent on the temperature [105,107], 
which is not considered in the Terskikh model (Eq. 6.2). Therefore, the modified Terskikh 
model for paramagnetic materials was introduced: 

                                              𝛿 =
𝛿S

O+
𝐴

𝑇

1+
𝐷

𝜂𝑅√𝑇𝐾0exp(𝑄 𝑅𝑇⁄ )

,                                                  (6.3) 

where 𝛿S
O is the orbital shift. The inverse temperature dependency due to the hyperfine 

interaction is associated with the constant 𝐴. The hyperfine interactions rely on the extent 
of spin delocalization and the detailed dynamic of Xe in the paramagnetic systems [107]. 
The fitting parameters of the paramagnetic samples based on the Eq. 6.3 are shown in Table 
6.2. In the modified Terskikh model, the 𝛿S

O values were fixed to be equal to the δS of the 
diamagnetic counterparts in the Table 6.1. The changing from the original to the modified 
Terskikh model led to more accurate fits, indicating the importance of using the more 
relevant model for the paramagnetic samples. The higher value of parameter 𝐴 in Yb (200) 
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compared to the Sm (200) yet reflects the stronger paramagnetic interactions in the former 
one.  

Table 6.2. Parameters of paramagnetic samples derived from the fits to modified Terskikh 
model (Eq. 6.3) with experimental 129Xe chemical shifts. 

REE 𝛿S
O (ppm)* D/ɳRK0 D (nm) Q (kJ/mol) A (ppm K) 

Sm (200) 265±2 3500±200 40±3 8.7±0.2 22000±3000 
Yb (200) 241±5 500±50 5.7±0.6 9.6±0.3 36400±500 

* The orbital shift 𝛿S
O was fixed to the value of δS of the diamagnetic sample with similar 

phase reported in Table 6.1, i.e., δS of La (200) for Sm (200) and δS of Lu (200) for Yb 
(200). 

In the following discussion, the data of Table 6.2 are used as the final results for 
paramagnetic samples. The mean pore sizes (𝐷) in the La and Sm samples are remarkably 
larger than in the Lu and Yb samples. The 𝐷 values agreed with the average widths of 
cylindrical La and Sm nanocrystals observed in FESEM images. This implies that most 
likely Xe probed the cavities between crystals and crystal bundles. On the contrary, Xe 
detected smaller size mesopores in Lu and Yb samples in comparison to the FESEM 
analysis. The heats of absorption (𝑄) were quite similar for all the samples treated at 200 
℃. 

The 129Xe NMR computations on the surface of the diamagnetic systems showed the 
adequacy of our experimental analysis. The calculated 129Xe chemical shift on the most 
common Miller plane for the LaPO4 monazite, {010} [100] was about 115 ppm higher than 
the δS in La (200) sample. The difference might result from the modelling only pure 
monazite phase, since reported phase for La (200) was a mix of rhabdophane and monazite. 
It should be also mentioned that in computations, Xe was modelled only on one local 
minimum-energy configuration and close to the vicinity of neighboring atoms, although 
Xe probes various other local energy minima on the surfaces in the experiments. 
Furthermore, the higher computed chemical shift might be simply related to the 
overestimation in pure DFT functionals [108,109].  

The most common Miller planes of LuPO4 xenotime in descending order are {100}, 
{110} and {101-Y} [101]. The average value of 129Xe chemical shift on these surfaces was 
close to the S value of Lu (200). The optimization of the 129Xe on the surfaces of the 
xenotime LuPO4 revealed that there are not so many close atoms in Xe surrounding since 
Xe lies on top of the water molecules of the first layer.   

6.2  Resorcinarene cages (Paper III)  

The new class of potential biosensor cages formed by bridged resorcinarene macrocycles 
were studied with 129Xe CEST NMR combined with first principles calculations. The new 
candidates in this study are one aliphatically-bridged resorcinarene (ABR-6) and two 
piperazine-bridged resorcinarenes with two and three carbon chains (PBR-2 and PBR-3, 
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respectively).  In the computational modeling, the ABR and PBR structures were optimized 
with xenon atom embedded in the cages (Figure 1  in Paper III). In the optimization the 
effect of the methanol solvent which was used in the experiments was also considered. The 
optimal guest/host volume ratio for encapsulation is 0.55±0.9 [110]. The volume of the 
cage cavity of the optimized ABR-6 was 52 Å3 which is relativity small in comparison to 
the van der Waals volume of Xe (42 Å3). The computed guest/host volume ratio in ABR-
6 was 0.81 and was larger than optimal ratio of xenon encapsulation. The PBR-2 and -3 
cages have larger cavities and the overall cavity volume in these samples was 163 Å3. There 
are two binding sites in the hourglass shaped PBR cavities and the volume of binding site 
was 81 Å3. Hence the guest/host volume ratio was 0.52 which is in the optimal range for 
Xe encapsulation. The energy of Xe atom entering or exiting ABR/PBR cages was lower 
through the sides than through the ends by a factor of about three. 

The chemical shift of Xe inside of the cages was computed with DFT method, including 
both SR and SO relativistic effects. The temperature dependence of xenon motion inside 
the cages was averaged with Monte-Carlo over the potential energy. The chemical shift of 
Xe on the surface was calculated at SR level. Due to smaller volume of binding sites in 
PBR-3 cage, calculated chemical shift of a single xenon atom inside of the PBR-3 cages 
was higher than typical shift of xenon inside cryptophane cages. Calculated chemical shift 
of xenon at 300 K was 109 ppm with respect to low pressure Xe gas. Simulations predicted 
observation of two bound xenon signals inside of the PBR-3 cages. By placing two Xe 
atoms in the cage, the computed chemical shift of Xe appeared at 154 ppm. The increased 
chemical shift was due to Xe-Xe interactions and slightly changed average location in the 
cages. The predicted 129Xe chemical shift in ABR-6 cage with thermally averaged DFT 
calculations was 345 ppm. This shift is outside of common 129Xe resonance range.  

Xenon NMR spectra of thermally polarized 129Xe at 300 K of all three cages included 
only a single narrow peak at 142 ppm (Figure 6.4). This signal originated from Xe in 
methanol solvent. However, thermally polarized 129Xe CEST spectra included additional 
peaks, revealing that some cages encapsulate xenon. The bound Xe signals became visible 
due to sensitivity enhancement (3-4 orders of magnitude) in the CEST experiment. The 
CEST spectra of the ABR-6 sample measured at room temperature (Figure 6.4a) includes 
a signal of encapsulated Xe at 340 ppm, being in excellent agreement with computational 
prediction.  

The CEST spectra of PBR-3 sample had strong asymmetric broadening towards lower 
chemical shifts, which indicates xenon encapsulation (Figure 6.4b). The weak spectral 
broadening at higher chemical shifts may be an indication of two xenon atoms 
encapsulation in the hourglass shape cage. Therefore, three-site exchange model (instead 
of two-site) was used in CEST spectra simulations. 
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Figure 6.4. 129Xe NMR studies in (a) ABR-6 as well as (b) PBR-2 and PBR-3 samples. 
Direct and CEST spectra of xenon are peaks up and peaks down, respectively. Dotted lines 
show the simulated direct and CEST spectra. In simulations, two and three site exchange 
models are used, where S and C represent the solvent and cage, respectively.  The PBR-3 
cages may be filled with one (C1) and two (C2) Xe atoms.  

CEST simulations showed that the chemical shift of Xe in PBR-3 cage was close to the 
shift predicted by the DFT calculations. The chemical shift of double loaded (two Xe 
atoms) was higher, but in qualitative agreement (in right direction) with the DFT 
prediction. Probably both simple droplet model as well as entailing approximations by 
semi-empirical theory in the MD simulations caused an underestimation in the chemical 
shift of 129Xe due to double occupation in the cage. The populations of the cage sites (C1, 
C2) in PBR-3 sample were 10 times smaller than in the ABR-6 sample, even though the 
concentration of PBR-3 cages was 2 times higher. Only about 3% of cages were occupied 
by xenon. The Xe binding constant in PBR-3 cage is low, about 30 times smaller than in 
ABR-6 cage.  

Xenon CEST spectrum of PBR-2 cage only included a symmetric solvent resonance, 
with no sign of encapsulated Xe signal. Therefore, CEST experiments implied that the 
PBR-2 cage did not encapsulate Xe even though it has a very similar structure to PBR-3. 
The reason of this behavior might be that PBR-2 trapped alcoholic solvent molecules inside 
of the cages which inhibited Xe encapsulation. 129Xe T1 relaxation times in PBR-2 and 
PBR-3 samples were long and almost equal, even though cages in PBR-2 did not 
encapsulate xenon. This is logical since the exchange rate (~10 kHz) is much lower than 
Larmor frequency (~166 MHz). 129Xe T2 relaxation time in PBR-2 was much longer than 
in ABR-6 and PBR-3 samples. Since T2 is sensitive to the exchange, longer T2 relaxation 
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is an additional confirmation that PBR-2 did not encapsulate Xe. The strong CEST 
response revealed extraordinarily high Xe exchange rates inside the resorcinarene cages 
and in consequence their importance for biosensor applications. 
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7 Conclusions 

 

 

This thesis focused on characterization of porous and surface structures as well as 
adsorption phenomena in topical materials using experimental and computational 31P and 
129Xe NMR. The characterization may have significant impact on the scientific and 
technological applications of the materials.  

Paper I and II concentrated on the surface structure studies of series of rare-earth 
element phosphates (REEPO4:s). Sample preparation in aqueous environment led to the 
compounds having both structural (rhabdophane) and surface water (rhabdophane, 
monazite and xenotime).  As hydrated minerals are found in the nature, it is important to 
distinguish signals arising from the bulk and the surface. The synthesized samples were 
treated at two temperatures, 80 and 200 C. By applying 31P NMR and static calculations, 
we were able to identify three distinct surfaces for the xenotime LuPO4 (X{100}, X{110}, 
X{101}), two surfaces for the rhabdophane SmPO4 and at least one surface for the 
monazite LaPO4 (M{010}). For the first time, the 31P chemical shift in hydrous churchite 
LuPO4.1.2H2O, was predicted. This work demonstrated that 31P NMR combined with the 
computations is highly efficient to recognize the sites with varying number of water 
molecules and preferential crystal surfaces for adsorption. For the first time, we used 129Xe 
NMR to study the structure of the REEPO4 samples. Xenon chemical shift showed high 
sensitivity to both pore sizes and water content of the samples. Higher level of surface 
water in samples treated at 80 C restricted the mesopores accessibility for hydrophobic 
Xe. By partial water molecule removal in the REEPO4 samples treated at 200C, we were 
able to determine the average sizes of mesopores explored by Xe gas. The La sample with 
predominant monazite phase showed the largest (79 nm) mesopores size and Yb sample 
with xenotime phase had the smallest (6 nm). Regardless of the same xenotime phase in 
Lu and Yb samples, the pore sizes in Lu sample were smaller by the factor of two. With 
129Xe NMR we were able to identify mesopores that were not visible in FESEM images. 
The heats of adsorption in the REEPO4 samples were quite similar ranging from 8.7 to 10.1 
kJ/mol. Surface chemistry and local properties analysis with 31P NMR presented rigorous 
characterization of REEPO4 samples which is unreachable by traditional crystallographic 
methods. Complementary assessment of the surface adsorption and porous spaces of these 
materials with 129Xe NMR indicated the importance and sensitivity of the NMR techniques 
in characterization of the adsorption processes in the REEPO4 materials in the molecular 
level. The information provided by the versatile studies of the REEPO4 samples can be 
used for developing the extraction processes of these materials. 

Paper III  introduced a new class of cages for xenon-based biosensors based on aliphatic 
carbon chains or piperazine bridged resorcinarenes. Thermally averaged first principle 
DFT calculations anticipated remarkably high chemical shift of 129Xe in aliphatically-
bridged resorcinarene ABR-6 cages outside of the typical Xe resonance. In addition, DFT 
computations predicted the 129Xe chemical shift of single and double xenon encapsulated 
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in piperazine-bridged resorcinarenes (PBR) cages to be higher than 110 ppm. Experimental 
thermally polarized 129Xe CEST spectra confirmed Xe encapsulation in ABR-6 and PBR-
3 cages, and the observed 129Xe chemical shifts of bound xenon were in excellent 
agreement with the DFT predictions. The relatively low binding constant of Xe is expected 
to improve by synthesizing water-soluble bridged resorcinarene cages. In this work, 
dynamical modeling of 129Xe NMR chemical shift in bridged resorcinarene cages, 
combined with extended experimental methods, affirmed the potential of bridged 
resorcinarenes as new affordable candidates for biosensors application.   
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