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Introduction 

Complex structures, according definition, are constructed by combining and/or 

removing parts from simple geometrical shapes, namely cuboids, cylinders, 

prisms, spheres, etc. There are many successful attempts to synthesise organic 

and inorganic materials possessing complex structures [1-6]. Fast development 

of state of the art synthesis of complex innovative materials these days is 

undeniable. The demand of characterization at a nano- and meso-scale is per se 

important for the development of advanced synthesis routes in order to apply 

them in innovative industry. 

Moreover, many biological solids, such as bones, dentin, enamel, etc. possess 

complex inorganic architecture, particularly their structures are composed of 

nanometer-sized platelets and/or needles incorporated within organic fibrils [7-

10]. The idea to treat diseases and injuries by replacing the damaged 

bone/dentin/etc area by replacing with something similar is not new [11]. To 

date, there are many techniques developed for this reason, namely Calcium 

phosphate (CaP) bone graft substitutes, injectable CaP pastes, cements and 

moldable CaP pastes [12-16]. As well as attempts to manufacture CaP coatings 

on metallic implants to achieve better mechanical properties preserving the 

biocompatibility at the same time [17]. Moreover, 3D printing techniques were 

employed to shape artificial bone implant out of HAp powder [18, 19].  

Whereas above mentioned approaches uses CaP materials which should 

possess complex structures at the nano-scale, new synthesis routes as well as 

the characterization methods are extremely important because the 

osteoinductivity, the ability to absorb guest implant, highly depends on the 

organization of pores, surfaces and cavities in the CaP materials [20, 21]. As 

the CaP complex solids at the nano- or meso- scale have much larger surface 

area compared to the crystalline ones or the containing amorphous clustered 

phosphate phase (ACP), a powerful probe could be the analysis of the surfaces 

versus bulk material in the complex structures. The first intuitive approach for 

such analysis could be the Electron microscopy (EM) methods [22, 23]. 
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Nevertheless, obtaining the information about chemical composition is not 

possible. Other techniques, such as FTIR and NMR, might be the methods of 

choice, as they are powerful to provide information about chemical 

composition and interactions present at a molecular level [24-26].  

There are many NMR experimental methods, namely Bloch decay (BD), Cross 

Polarization (CP), Heteronuclear correlation (HETCOR), Magic Angle 

Spinning (MAS), etc and taking into the account the number of NMR active 

isotopes the possibility to employ it in the analysis of materials possessing 

complex structure is promising [26, 27 and citations therein]. Though, 

sometimes there are experimental challenges, such as long relaxation values, 

low natural abundance of the isotope of interest, large magnitude of anisotropic 

interactions. However, there are sophisticated experimental approaches which 

cope with such problems but the qualified experimenter is needed. Probably 

the most interesting approaches are these which exploit the dipolar coupling as 

it is distance dependent (~1/r3) between the interacting spins [27 and citations 

therein]. If the experimental data is processed properly, the obtained results 

might be used complimentary to the X-Ray diffraction (XRD) or neutron 

scattering (NS) data, recently, this area was named as NMR crystallography 

[27]. However, the introduction of crystallographic problems in the field of 

NMR is new and the existing methods, namely CP kinetics, REDOR, TEDOR, 

etc, is not always possible to adopt for materials possessing complex structures 

[27-29]. The reason is that basically translational order is interrupted and the 

dipolar couplings become distributed within unknown distribution profile. 

Therefore the development of NMR based methods capable of coping with 

crystallographic problems in nanostructured materials would be very welcome. 
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1.1. Goals and tasks of the work 

Regarding to the above mentioned problems and possibilities occurring 

applying NMR spectroscopy for studying complex solids, namely nano-

structured Calcium Hydroxyapatites (CaHAps), the main goal is to analyse the 

possibility to employ NMR spectroscopy methods for characterising complex 

nano-structured CaHAps possessing different morphological features. To 

achieve this, the following task are formulated: 

1. To investigate the possibility to use conventional 1H and 31P NMR 

spectroscopy methods for analysing morphological difference in 

various sol-gel derived nano-structured and containing amorphous 

clustered phosphate phase (ACP) complex CaHAps. 

2. To investigate the possibilities to employ existing Cross-Polarization 

(CP) kinetics models for studying complex materials. 

3. To complement existing CP kinetics models to describe CP kinetics 

behaviour through the whole observed dynamic range. 

4. To exploit the possibilities to distinguish the difference in 

morphological features situating within different CaHAp samples 

from CP kinetics data. 

 

1.2 Statements of the doctoral thesis 

1. 1H and 31P NMR spectroscopy is capable to discriminate differences 

in surface and bulk species in the sol-gel derived nano-structured 

complex CaHAps. 

2. Cross Polarization (CP) kinetics behaviour in the nano-structured 

CaHAps is described within the whole observed dynamic range using 

various dipolar coupling distributions, such as Gauss, Lorentz, etc, but 

fine structural effects are revealed using radial distribution approach. 

3. The angularly-averaged and purely distance-depending distribution 

profiles of coupled spins can be determined by the proper 
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mathematical treatment that has been created and that allowed to 

reduce the Fourier - Bessel (Hankel) transform to the routine Fourier 

transform. 

4. The developed CP kinetics processing models are powerful enough to 

characterise nano-structured materials in the sub nano scale.  

1.3. Scientific novelty 

1. Studied nano-structured CaHAps are unique as they were synthesised 

in Vilnius University using novel aqueous sol-gel synthesis routes and 

have never been studied by any experimental methods before. 

2. Difference of organisation of structural hydroxyl groups in the nano-

structured CaHAps derived using different complexing agents was 

shown for the first time. 

3. Developed CP kinetics models allowed to describe the CP behaviour 

within the whole observed dynamic range in the nano-structured as 

well as in the amorphous clustered materials for the first time. 

4. The angular part of the dipolar coupling interaction was averaged 

during processing the CP kinetics applying mathematical treatment 

which allowed to avoid Fourier - Bessel (Hankel) transform. 

5. It was shown that non-classical I-I*-S CP kinetics model at a certain 

circumstances converge to the classical one I-S. 

6. Morphological differences in the sol-gel derived nano-structured 

CaHAps applying novel CP kinetics processing models were revealed 

for the first time. 

7. It was shown that NMR spectroscopy might be used as a probe for 

development of target nano-structured CaHAps synthesis. 
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2. Overview 

2.1. Materials based on Calcium Phosphates  

There is big variety of calcium phosphates and the most common of them are: 

monocalcium phosphate monohydrate [Ca(H2PO4)2 ∙ H2O], dicalcium 

phosphate (Monetite) [CaHPO4], dicalcium phosphate dehydrate (Brushite) 

[CaHPO4 ∙ 2H2O], hydroxyapatite [Ca10(PO4)6(OH)2], etc [7]. These materials 

are of the big importance because they are found in biological hard tissues, 

such as, bone, enamel, dentin, etc [30]. The idea to replace the damaged tissue 

by something with close biological similarity is not new, the first idea was 

proposed in 1920 [11]. Up to now, there are numerous studies performed 

analysing possibilities to apply these compounds in innovative medicine [7 and 

references therein]. In present thesis only calcium hydroxyapatites possessing 

different morphological complex features in nano and meso scale were 

investigated. For this reason from now only hydroxyapatites will be discussed. 

Calcium Hydroxyapatite being thermodynamically the most stable form of 

calcium phosphates plays a big role in implantology, orthopedic and 

periodontal surgery [9, 31]. What is more, natural bone like tissues are formed 

mostly from biological apatite [13]. Majority of bone mineral consist of 

nanometer or micrometer scale platelets and needles together with incorporated 

collagen fibrils [32, 33]. Such nanostructured HAp and HAp nanorods were 

successfully synthesized and showed their application possibilities [34, 35]. 

There are different attempts to use HAp, such as, bulk nanostructured powders, 

injectable cements, pastes, moldable pastes [34-39]. Cements and pastes are 

easier to be operated with as long as they do no fall outside the borders of the 

repaired defect. CaHAp has often been used to study properties of 

antiresorptive agents for the prevention and treatment of bone diseases [40]. 

Although sintered CaHAp has been used as artificial bone substitute in clinics, 

bone apatite is not high crystalline HAp. Moreover, current artificial bone 

substitutes are inferior to auto-graft with respect to osteoconductivity (property 

to form new bone on the surface of materials). It has been also reported that 
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cells attachment, proliferation and differentiation behaviour is regulated on the 

crystallinity and surface morphology [4, 10, 41, 42].  

The challenges and opportunities of controlling the morphological 

characteristics of phosphate materials were also put forward [5, 6]. The 

specific chemical structural and morphological properties of CaHAp 

bioceramics are highly sensitive to the changes in chemical composition and 

processing conditions [43-46]. The solid-state synthesis of CaHAp from oxide 

or inorganic salt powders usually requires extensive mechanical mixing and 

lengthy heat treatments at high temperatures [47, 48]. These processing 

conditions do not allow facile control over micro-structure, grain size and grain 

size distribution in the resulting powders. It has been well demonstrated that 

the sol-gel process offers considerable advantages of good mixing of the 

starting materials and excellent chemical homogeneity and stoichiometry of the 

CaHAp. Several sol-gel approaches, starting from nonaqueous solutions of 

different precursors of calcium and phosphorus, have been used for the 

preparation of HAp powders [50-52]. The major limitation for their 

applications was found to be very low solubility of the calcium alkoxides in the 

organic solvents and their low reactivity which caused deviations from the 

stoichiometry of the final materials. The aqueous synthesis route of sol-gel 

preparation offers an effective and relatively simple way to produce CaHAp. 

In this dissertation there were complex nano-structured CaHAp materials 

analysed which were produced via an aqueous sol-gel synthesis route using 

different complexing agents, namely, 1,2–ethylendiaminetetraacetic acid, 

C10N2H16O8 (EDTA), ethylene glycol C2H6O2 (EG), tartaric acid C4H6O6 (TA), 

and glycerol C3H8O3 (GL). Whereas it is behind the scope of this thesis, the 

details of the synthesis will not be discussed. The precise sol-gel synthesis 

route is presented in the ref. 53. 
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2.2. Methods used to characterize innovative materials 

There are many experimental techniques used to study complex innovative 

materials, such as, hydroxyapatites possessing various morphological features. 

Namely, these methods are small angle X-ray diffraction (XRD), neutron 

scattering (NS), Fourier transform infrared spectroscopy (FTIR), Raman 

spectroscopy, scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), Optical microscopy (OM) and nuclear magnetic resonance 

spectroscopy (NMR). 

Using XRD it is possible to analyse lattice parameters [54] or crystallographic 

aspects of the nanostructures, namely the crystallinity of the system of interest 

[55]. Whereas NS is more powerful to probe hydrogen atoms, it is often used 

to analyse such problems as hydroxyl ion deficiency within HAp structures 

[56]. Moreover, NS was employed to study silicon substituted HAps, to 

explain higher bioactivity and the substitution process in the silicon-substituted 

HAps [57 - 59]. SEM, TEM and OM microscopy techniques enables to study 

the morphological features of the complex materials. Mainly SEM or TEM is a 

standard technique to show morphology and nano-structures in newly 

synthesised complex materials and composites, such as coatings or 

functionalised nano-rods [22, 23, 60, 63]. What is more, there is a successful 

attempt to reconstruct 3D structures of the CaHAps possessing complex nano-

structures [53]. Vibrational spectroscopy (FTIR and Raman) is often employed 

due to its availability across the laboratories and powerfulness to solve 

structural problems as well as provide information about chemical composition 

[24, 25, 53, 61 - 63]. Whereas other experimental techniques accept Solid State 

NMR were not used in this dissertation, hereinafter achievements in studying 

complex materials using NMR as well as experimental improvements will be 

discussed.  

The targets for Solid-State NMR analysis are the nuclei which possess spin 

quantum number greater than zero I ≥ 1/2. In the case of CaHAps , 1H, 31P, 17O 

and 43Ca could be used as a target. Unfortunately, only 1H and 31P are the 
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nuclei of a choice as they are not quadrupolar and have high gyromagnetic 

ratio, as well as their natural abundance are 99.9% and 100%, respectively. In 

order to obtain 17O and 43Ca NMR spectra isotopic enrichment and high 

magnetic fields or hybrid techniques, namely Dynamic Nuclei Polarization 

(DNP), are needed [64]. Therefore, only few studies where 43Ca was employed 

are present, nevertheless, two inequivalent calcium sites were resolved for 

CaHAp and nanocrystalline -CaHAp [64-66]. However, no application of 17O 

for studying CaHAps were found in literature, only application for apatite-type 

lanthanum silicates is present [67]. Other nuclei (1H and 31P) were widely 

employed for studying CaHAps and FAps possessing complex structures, 

namely crystalline, containing amorphous clustered phosphate phase, 

nanostructured, biological, etc CaHAps [25, 68-74]. Employing various 1H and 

31P based NMR techniques, such as BD, CP, HETCOR, Inversion recovery, etc 

Osman et.al managed to assign representative spectral lines for surface and 

bulk chemical species appearing in various HAp specimens [25]. Local 

environments in biomimetic hydroxyapatite-gelatin nano composites were 

analysed employing 1H-31P HETCOR technique, the presence of both ACP and 

nano-structured phases was proved [71]. What is more, the incorporation of 

silicon, carbonate, magnesium ions in the HAp structures and their degradation 

under physiological conditions were probed using 1H and 31P NMR techniques 

[71, 75]. Other important aspects, such as the incorporation of structural 

molecular water in the HAp structure and the pore filling peculiarities in the 

deuterated nano-structured HAp were analysed by means of 2H and 1H NMR 

[25, 77]. There is a sufficient high number of successful attempts to employ CP 

kinetics for analysing HAps [70, 72, 75, 76]. It was shown that the CP transfer 

rate constants as well as the relaxation times in the rotating frame are different 

for the amorphous clustered and the nano-crystalline HAps which enables fast 

discrimination of both species [70, 72]. Moreover, transient oscillations were 

observed in CP kinetics and fitted with the theoretical curves for nano-

crystaline, hydratated and containing incorporated magnesium ions HAps [75, 
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78, 79]. Nevertheless, rather low data point density in these studies was 

achieved which may lead to inappropriate results. 

Moreover, as the CP mechanism rely on the dipolar coupling which is distance 

dependent (~1/r3) the dipolar coupling distance distribution may be obtained 

but serious problem arises: nano-structured materials possess very complex 

structure and this leads to a very complex dipolar coupling distribution. There 

are successful attempts to obtain proximities between interacting 1/2 spins, 

namely 1H-31P, 1H-19F, 19F-29Si, 1H-13C, etc, as well as between spin 1/2 and 

quadrupolar nuclei, namely 1H-27Al, 31P-27Al using various techniques which 

employ dipolar coupling as source of information, namely CP-MAS, REDOR, 

TEDOR, PINTASEMA-MAS, etc [28, 80-89]. It is worth mentioning that Mali 

et al and Fyve et al managed to average the angular part of the dipolar coupling 

expressing powder average by Bessel functions of the first kind while others 

were recalculating proximities from pake-like patterns [86, 28]. Very nice 

coincidence between proximities obtained using above mentioned NMR based 

methods and the conventional crystallographic methods, such as XRD or ND 

were met. Nevertheless, the analysed solids we conventional powder samples 

while for the complex solids the situation is much more complicated. 

Therefore, the existing models will be reviewed and modified in order to 

process experimental data obtained for the complex nano-structured materials 

studied this work. 
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3. Methodology 

Nuclear magnetic resonance (NMR) is a physical phenomenon when an 

ensemble of nuclei absorb and reemits radiofrequency radiation. It was first 

observed in 1946 by two independent groups from Harvard (E.M. Purcell, H.G. 

Torrey, R.V. Pound) and Stanford (F. Bloch, W. Hansen, M.E. Pacard) 

Universities [96, 97]. Later on, in 1952 the leaders of both groups were 

awarded by the Nobel Prize. For the development of modern NMR methods, 

namely Fourier transform and multidimensional NMR, R.R. Ernst from ETH 

got Nobel Prize in 1991. These days NMR widespread to many fields, namely 

High Resolution, Solid State, Relaxometry, Gradient, Tomography, etc. The 

variety of objects of interest is as well very broad, ranging from small organic 

molecules to extremely large biological molecules, such as DNA, proteins, etc 

in liquid or solid state. What is more, if the crystal lattice is present in a solid, 

NMR might be used a complementary technique to XRD and ND. It is a very 

promising and developing field, often called as NMR crystallography [27].  

In a forthcoming chapter only the most important topics regarding the 

dissertation will be touched. The reasoning for such choice is that there are 

numerous literature sources available and, in the opinion of the author, there is 

no necessity to summarize them. 

 

3.1. Solid State NMR spectroscopy 

Solid state NMR is widely used in many studies analysing novel complex 

materials including nanostructured apatites [25, 71-85]. Whereas the scope of 

this work is NMR some experimental methods will be discussed more in 

details, namely wideline NMR, MAS and CP. 

From the first view wideline NMR is the simplest technique out of all solid 

state NMR techniques. The sample is fixed in the static B0 magnetic field. In 

most cases the sample is placed in a perpendicular NMR coil to the static B0 

field. Having such experimental conditions all anisotropic interactions such as 
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chemical shielding or quadrupolar are present. For the sake of simplicity let’s 

take that we are analysing non quadrupolar nuclei which are characterised by 

spin quantum number I equal to 1/2. If we have a single crystal, depending on 

the orientation in the B0 field different spectral lines will be observed. This is 

explained by the fact that nuclei are shielded not necessary in a spherical 

manner unlike in liquids where molecular tumbling averages it. Therefore 

chemical shielding becomes a tensor unit that in the principal axis coordinate 

system (PACS) can be written as: 

𝜎 = (

𝜎𝑥𝑥 0 0
0 𝜎𝑦𝑦 0

0 0 𝜎𝑧𝑧

).   (3.1.1) 

Depending on the tensor orientation in B0 the spectrum will shift (Fig. 3.1.1)  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.1. Sketch of the effect of varying the orientation of a single crystal in 

laboratory frame on the NMR spectrum of a single tensor. [27] 

 

If the sample is a powder, situation changes dramatically. Now the sample 

consist of many randomly oriented crystallites which correspond to different 
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chemical shielding. The frequency shift arising from the shielding interaction 

can be written as: 

Δ𝜔 = −𝜎𝑖𝑠𝑜𝜔0 −
𝜔0Δ𝐶𝑆

2
× ((3cos2 𝛽 − 1) − 𝜂 sin2 𝛽 cos 2𝛼), (3.1.2) 

where isotropic shielding , anisotropy, and asymmetry are introduced: 

𝜎𝑖𝑠𝑜 =
1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧), (3.1.3) 

Δ𝐶𝑆 = 𝜎𝑧𝑧 − 𝜎𝑖𝑠𝑜,  (3.1.4) 

𝜂 =
𝜎𝑥𝑥−𝜎𝑦𝑦

Δ𝐶𝑆
.  (3.1.5) 

Depending on these parameters the shape of spectral line changes (fig 3.1.2). 

Fig. 3.1.2. Powder pattern NMR spectral line dependency on chemical shift 

anisotropy and anisotropy parameter [29]. 

 

Chemical shift anisotropy parameters give rich information about chemical 

environment around the nuclei. What is more, they are sensitive to structural 

changes and chemical composition in the sample. Though in the presence of 

more than one overlapping spectral line the unambiguous determination of 
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chemical shift parameters is hard. Therefore more complicated experimental 

technique as Magic angle spinning (MAS) is needed. 

Nowadays MAS NMR is the most widely used solid state NMR technique. The 

goal of MAS is to reduce or to eliminate the anisotropic interactions by 

employing the symmetry feature existing in them. The experimental setup is 

rather complicated: the powdered sample is placed in a rotor which is spun 

rapidly inside the NMR coil which is tilted at 54.74 degrees along the static 

magnetic field B0. The idea of MAS is to introduce the time dependency on the 

NMR Hamiltonian. For the sake of simplicity let’s assume that the shielding 

tensor is symmetrical η=0. Then 3.1.2 formula becomes simpler: 

Δ𝜔 = −𝜎𝑖𝑠𝑜𝜔0 −
𝜔0Δ𝐶𝑆

2
× (3cos2 𝛽 − 1).   3.1.6 

The frequency shift is proportional to the isotropic and anisotropic parts. The 

anisotropic part is equal to zero when angle β is equal to 54.74 degrees. 

Therefore in order to observe only isotropic part in the spectrum the sample is 

needed to spin along B0 axis at frequencies larger than the interaction 

magnitude (fig. 3.1.3). 

 

 

 

 

 

 

 

Fig. 3.1.3. The effect of MAS on a powder pattern originating from single 

species (Δ𝐶𝑆 = 5kHz, η = 0.5), a) powder pattern, b) “slow spinning regime” 

(𝜔𝑟𝑜𝑡/2π = 500Hz), c) “fast spinning regime” (𝜔𝑟𝑜𝑡/2π = 20kHz) [28]. 
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If the sample is spun at lower frequencies compared to the magnitude of 

interaction, the isotropic line becomes modulated by a spinning frequency. It is 

possible to visualize that the magnetization vector M after being tilted from 

equilibrium is rapidly dephased and rephased after one rotor period, this is the 

reason why during “slow spinning” regime spinning sidebands are present. 

Having wideline and MAS spectra, the determination of anisotropic shielding 

parameters could be done unambiguously.  

Another widely used NMR technique is Cross polarization (CP). Theoretically 

it was proposed by S. R. Hartmann and E. L. Hahn in 1962 [90]. 

Experimentally the technique was developed by A. Pines et all and back then 

called Proton Enhanced Nuclear Induction Spectroscopy [91]. Due to improper 

abbreviation it was renamed to nowadays known CP. The main goal of this 

technique is sensitivity enhancement which is achieved by polarization transfer 

from high gyromagnetic ratio abundant spins to lower gyromagnetic ratio rare 

spins, in example from 1H or 19F to 13C or 15N. Moreover, polarization transfer 

is possible between abundant spins like 1H and 31P but in this case 

enhancement is ineffective or even the signal is weaker than those obtained 

from conventional pulse-acquire pulse sequence. Anyway, the CP between the 

abundant nuclei is very useful in physical characterization of solids materials 

because the polarization is transferred via dipolar coupling. Cross polarization 

is a coherent process which is described by the time evolution of the density 

operator under an effective Hamiltonian. For large spin systems, a description 

using thermodynamic quantities is often more appropriate and reflects the 

experimental observations better than a coherent description applied to a small 

spin system. The principle of CP is to match the nutation frequency of I and S 

spins to fulfil Hartmann-Hahn matching condition. It is not possible in the 

presence only of a static magnetic field B0. Additional B1I and B1S oscillating 

magnetic fields are needed to fulfil Hartmann-Hahn matching condition (Fig 

3.1.4). 
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Fig. 3.1.4. Representation of doubly rotating laboratory frame for CP (top), 

pulse sequence for Hartmann-Hahn Cross Polarization (bottom) [92]. 

 

The pulse sequence for Hartmann-Hahn cross polarization (Fig. 3.1.4) is quite 

simple. After a 90° pulse on the I spins the magnetization is spin locked by a 

continuous radio-frequency field that is 90° out of phase with the initial 90° 

pulse. At the same time a spin-lock field on the S spins is applied which has an 

amplitude that corresponds to the same nutation frequency as the one on the I 

spins. The so-called Hartmann-Hahn condition can be written as: 

|𝜔1𝐼| = |𝜔1𝑆|,   3.1.7 

or 

|𝛾𝐼𝐵1𝐼| = |𝛾𝑆𝐵1𝑆|    3.1.8 
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Under this condition, magnetization transfer is observed from the I spins to the 

S spins. The amount of transfer depends on the mixing time and on how well 

the Hartmann-Hahn condition is fulfilled. The optimal cross-polarization time 

τCP depends on the magnitude of the heteronuclear dipolar coupling and on the 

relaxation in the rotating frame T1ρ constants of the two spins. Typically the τCP 

times are of the order of milliseconds but have to be optimised experimentally 

for every sample. The sensitivity enhancement for a two interacting spins is 

equal to: 

𝜉 =
𝛾𝐼

𝛾𝑠
∙
1

1+𝜀
 ,    3.1.9 

𝜀 =
𝑁𝑆

𝑁𝐼
,    3.1.10 

where NS and NI correspond to the abundance of spins S and I involved in 

polarization transfer. Stejskal et al put forward the idea to couple CP and MAS 

to gain sensitivity and resolution at the same time in 1977 [93]. Despite the fact 

that MAS averages out the heteronuclear dipolar couplings to first-order 

approximation, one can combine Hartmann-Hahn polarization transfer with 

MAS. Under MAS the Hartmann-Hahn matching profile centred at |𝜔1𝐼| =

|𝜔1𝑆| now is split to more narrow sidebands separated by the spinning 

frequency ωrot . 

𝜔1,𝐼 = 𝜔1,𝑆 + 𝑛𝜔𝑟𝑜𝑡,   3.1.11 

𝑛 = 0,±1, ±2,….   3.1.12 

Now better sensitivity and resolution is achieved at the same time. Moreover, 

for routine CP-MAS experiments the pulse sequence shown in figure 3.1.4 is 

modified by sweeping the spin-lock amplitude to fulfil several Hartmann-Hahn 

matching conditions. Then Hartmann-Hahn matching optimisation is not 

needed and an experiment is set up much faster. 

Whereas the polarization transfer is transferred via the dipolar coupling the 

idea to collect polarization transfer kinetics on the contact time τCP seems 

promising because the dipolar coupling DIS is 1/r3 proportional to the distance 
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between the interacting spins. Therefore structural information might be 

extracted. There is a nice review by Kolodziejski et.al [94] where several 

mechanisms for the analysis of polarization transfer are discussed. The 

simplest model is called classical I-S model. For simplicity it assumes that the 

both participating spins I and S are equal to 1/2. Thermodynamically such 

system might be analysed as a lattice possessing huge heat capacity and two 

subsystems I and S (fig. 3.2.5). The I subsystem has much larger heat capacity 

that S. 

 

Fig. 3.1.5 Diagram of the CP thermodynamics in classical I-S model. 

 

The system is analysed in terms of the inverse temperature β and assumed that 

the magnetization of I spins is spin locked along the B1I field. During the spin 

lock the large M1I magnetization is held by a relatively weak magnetic field 

B1I. This corresponds to a large population difference between two spin levels 

or to a very low spin temperature. In other words, just before the CP contact 

the I spins subsystem has a very high inverse spin temperature 𝛽𝐼
0. At the same 

moment the magnetization of spins S is equal to zero which correspond to 

infinite temperature or zero inverse temperature 𝛽𝑆
0. The Hartmann-Hahn 

match (3.1.11) brings both subsystems to the thermal contact and the 

energy/polarization transfer may occur. When the system reaches 

thermodynamic equilibrium the spin temperature equalizes. The hot dilute S 

spins system is cooled via thermal contact with the cold abundant spins I 

reservoir. During this thermal contact both spins systems are in contact with 
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the lattice through the relaxations in the rotating frame 𝑇1𝜌
𝐼  and 𝑇1𝜌

𝑆 . The whole 

process during the contact time t is describe in the following way: 

d𝛽𝑆

d𝑡
=
(𝛽𝑆−𝛽𝐼)

𝑇𝐼𝑆
−

𝛽𝑆

𝑇1𝜌
𝑆 ,    (3.1.13) 

d𝛽𝐼

d𝑡
= −𝜖𝛼2 ∙

(𝛽𝐼−𝛽𝑆)

𝑇𝐼𝑆
−

𝛽𝐼

𝑇1𝜌
𝐼 ,  (3.1.14) 

where 𝑇𝐼𝑆is the CP time constant, 𝜖 =
𝑁𝑆

𝑁𝐼
 is the spin population ratio and 𝛼 =

𝛾𝑆𝐵1𝑆

𝛾𝑆𝐵1𝐼
 is a Hartmann-Hahn matching coefficient. After some mathematical 

operations taking to account that the 𝜖 is very small, 𝛼 is equal to 1 and that 

inverse temperatures are proportional to the respective magnetizations or peak 

intensities I(t) it is possible to express the formula describing CP kinetics: 

𝐼(𝑡) = 𝐼0
1

1−
𝑇𝐼𝑆

𝑇1𝜌
𝐼

[𝑒
−

𝑡

𝑇1𝜌
𝐼
− 𝑒

−
𝑡

𝑇𝐼𝑆].  (3.1.15) 

The above equation describes a double exponential behaviour of the CP 

kinetics curve consisting of fast rise of the intensity described by the 𝑇𝐼𝑆 time 

constant and and slow decrease which is described by the time constant 𝑇1𝜌
𝐼 . If 

the time constant 𝑇1𝜌
𝐼  is much greater than 1 the CP kinetics curve reaches the 

plateau. The time constant 𝑇𝐼𝑆 is governed from the dipolar interactions 

between I and S spins. In principle 𝑇𝐼𝑆 depends on the number of nuclei 

participating in the CP and their internuclear distances because dipolar 

interaction is proportional to 1/r3. In other words, the more I spins are 

participating in CP the more efficient it is and the faster rise is. If CP occurs 

between an isolated spin pair the dipolar oscillations are present mimicking the 

energy transfer between a coupled pendulums which was first seen by Müller 

[95]. The oscillation frequency is equal to one half of the dipolar splitting b 

and is damped due to I spins diffusion characterized by diffusion time Tdf. Such 

CP behaviour is characterized by the non-classical I-I*-S model (Fig. 3.1.6). 
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Fig. 3.1.6. Diagram of CP thermodynamics in the non-classical I-I*-S model. 

 

The asterisk denotes I spins close to the S spins. The I*-S spins may be viewed 

as an isolated spin cluster wherein the polarization is transferred in an 

oscillatory manner which is damped by the spin-diffusion contact within the 

remaining I spins. Taking this to account the equation describing non-classical 

I-I*-S model is equal: 

𝐼(𝑡) = 𝐼0𝑒
−

𝑡

𝑇1𝜌
𝐼
[1 −

1

2
𝑒
−

𝑡

𝑇𝑑𝑓 −
1

2
𝑒
−
3

2

𝑡

𝑇𝑑𝑓 ∙ cos (
𝑏𝑡

2
)]. (3.1.16) 

Assuming that the sample is a rotating powder the last term in the 3.1.16 

equation needs to be transformed. It is needed to calculate the mean value for 

all crystallites over all orientations. It was shown by the Alemany et al [96] 

that transient oscillations could be replaced by simple Gaussian decay: 

cos (
𝑏𝑖𝑡

2
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 ≅ 1 −

𝑡2

2!𝑇2
2 ≅ 𝑒

−
𝑡2

2𝑇2
2
  (3.1.17) 

where the decay 1/T2 may be considered as a root-mean-squared average of 

bi/2 properly weighted by the fraction 𝐼𝑖/∑ 𝐼𝑖𝑖  of molecules with a given 

orientation. Introducing the parameter 𝜆 describing an isolated S-In spins 

cluster and inserting the 3.1.17 relation into 3.1.16 the non-classical I-I*-S CP 

models relation where oscillations are vanished is obtained: 

𝐼(𝑡) = 𝐼0𝑒
−

𝑡

𝑇1𝜌
𝐼
[1 − 𝜆𝑒

−
𝑡

𝑇𝑑𝑓 − (1 − 𝜆)𝑒
−
3

2

𝑡

𝑇𝑑𝑓 ∙ 𝑒
−
𝑡2

2𝑇2
2
]. (3.1.18) 

The described classical I-S and both non-classical I-I*-S CP behaviours are 

shown in figure 3.1.7. 
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Fig. 3.1.7. Simulated CP behaviour curves. Left – classical I-S CP model (eq. 

3.1.15) varying time constant T1ρ. Right – a comparison between classical I-S 

(eq. 3.2.15) model (dots), the non-classical I-I*-S (eq. 3.1.16) (dash) and non-

classical I-I*- S (eq. 3.1.18) (solid line). More details in the figure. 

 

It is clearly seen from figure 3.1.17 that CP behaviour is highly sensitive to the 

time constants. This sometimes is used as a probe for studying complex 

materials. [27, 29, 99, 100]. 
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4. Experimental results 

Materials  

The studied complex innovative materials were Calcium hydroxyapatites 

Ca10(PO4)6(OH)2 (CaHAps) synthesised by the aqueous sol-gel process. They 

were prepared by prof. habil. Dr.  Aivaras Kareiva group in Vilnius University, 

Chemistry and Geosciences faculty, department of Inorganic chemistry. 

Calcium acetate monohydrate, Ca(CH3COO)2·H2O, and ammonium–hydrogen 

phosphate, (NH4)2HPO4, were selected as Ca and P sources, respectively, in 

Ca/P molar ratio 1.67. There were different complexing agents used, namely 

1,2-ethylendiaminetetraacetic acid, C10N2H16O8 (EDTA), ethylene glycol, 

C2H6O2 (EG), tartaric acid, C4H6O6 (TA), or glycerol, C3H8O3 (GL). The 

detailed synthesis route is published in the reference [53]. For simplicity the 

prepared complex materials will be further called EDTA-CaHAp, EG-CaHAp, 

TA-CaHAp and GL-CaHap respectively to the complexing agent used in the 

aqueous synthesis route. Another CaHap prepared by the same group was the 

one containing amorphous clustered phosphate phase (ACP) which will be 

named ACP-CaHAp. The synthesis route of this compound, where the 

glycerol, C3H8O3 (GL), as complexing agent was used, is found in reference 

[60]. The last nanostructured CaHAp studied in this work was the commercial 

available (further CA-CaHAp) from Sigma Aldrich, synthetic, 99.999%, from 

metal basis. The mentioned materials were characterized by scanning electron 

microscopy (SEM) and energy-dispersive X-ray analysis (EDX) using a Helios 

NanoLab 650 scanning electron microscope coupled with energy-dispersive X-

ray spectrometry system [53, 60, 111]. The corresponding XRD patterns and 

EM micrographs are shown in the appendix. Another compound which drops 

out from the mentioned above is commercial available Ammonium dihydrogen 

phosphate NH4H2PO4 (ADP) from Reachem Slovakia, 99 % purity which was 

used as a model compound. ADP is a technologically important material 

because of its unique piezoelectric, ferroelectric, dielectric, and nonlinear 

optical properties [101]. Due to the complex variety of hydrogen bonding 
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(three centered or bifurcated bonds) ADP is an interesting system for 

fundamental studies of this type of interactions in crystals [102]. The 

crystallographic structure of ADP has been well examined in numerous XRD 

and ND experiments. Namely ND is very important because it is powerful to 

determine the hydrogens positions within the lattice [103-110]. As ADP lattice 

parameters and distances between different atoms within it are well known, 

this compound was chosen as a model system in one part of the dissertation. 
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Experimental setup 

All NMR measurements were performed in Vilnius University, Physics 

faculty, department of General Physics and Spectroscopy using Bruker 

AVANCE III HD NMR spectrometer operating at resonance frequencies of 400 

and 162 MHz for 1H and 31P, respectively. Bruker Ascend 400WB 

superconducting magnet which creates magnetic field of 9.4T was used. All 

MAS (magic angle spinning) measurements were performed using Bruker 

4mm H/X CP-MAS probe-head, which is capable to spin the sample up to 15 

kHz. The MAS rate varied from 0 kHz to 10 kHz depending on the experiment 

(it is marked in figures and text). All NMR measurements were done at 298K 

temperature. The 1H spectra were measured using zgbs pulse sequence which 

supresses the background artefacts and experimental settings were following: 

64 scans, 90o pulse duration was 2.5 μs, repetition delay was 10 s. 31P Bloch 

decay (BD) spectra were performed using hpdec pulse sequence using high 

power decoupling during FID collection, 90o pulse duration was 1.8 μs, 

repetition delay was 10 s and 16 scans were accumulated. 1H–31P CP spectra 

were measured employing rectangular contact time pulse in order to fulfil only 

one Hartmann-Hahn matching condition (3.2.11), number of scans was 4/2, 

repetition delay was of 15/2 s respectively for CaHaps and ADP samples. For 

1H–31P HETCOR experiments lghetfq pulse sequence was used with 

subsequent parameters: 16 scans, 256 increments, short 500 μs contact time 

pulse and 15s of repetition delay. Before measuring CP kinetics for any 

specimen at any MAS spinning frequency the HH matching profiles were 

obtained to validate the correct radio-frequency (RF) fields for 1H and 31P 

(Figure 4.2.1) which varied depending on the sample, MAS frequency, HH 

matching condition and were 50 – 100 kHz. There were 498 contact time 

increments collected which varied from 50 μs to 10 ms for every CaHAp CP 

kinetics curve under MAS condition. For ADP CP kinetics there were 996 

contact time increments collected which varied from 50 μs to 10 ms. NMR 

spectra were processed using built in the spectrometer software Topsin 3.2. 
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Additionally the signal shapes and CP kinetic curves were processed using the 

Levenberg - Marquardt method implemented in Microcal Origin 9 and 

Mathcad 15 packages [112, 113]. 
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4.1. 1H, 31P 1D NMR results 

Firstly, the newly synthesised complex innovative CaHAp samples were 

analysed by means of XRD and EM spectroscopy [53, 60]. The XRD analysis 

have revealed that all CaHAp’s were composed of principal apatite crystalline 

phase. EDX study proved that additional calcium and phosphorous containing 

phases which are not detectable by XRD are present in the CaHAp samples 

(see the appendix). In such case NMR spectroscopy is the method of choice to 

detect and analyse nearly invisible differences at the nano/mezo scale in 

similar complex materials. 

The complex CaHAp samples were analysed by means of 1H and 31P NMR 

spectroscopy methods. From the first glance all CaHAp samples except ACP-

CaHAp possessed similar spectral features. For this reason TA-CaHAp and 

ACP-CaHAp samples were used as references to determine the effect of MAS 

on the spectral linewidth and the effectiveness of MAS. The MAS technique 

fails to suppress anisotropic spin interactions fully if intensive reorientational 

dynamics is present [114, 115]. This cause the different MAS effect on the 31P 

interaction with protons in the structural hydroxyl groups and adsorbed water. 

The effect of MAS is indeed much less pronounced on the 31P NMR spectra of 

ACP-CaHAp. The signal is narrowing from  4000 Hz (static sample) to 940 

Hz (MAS, at 5 - 10 kHz spinning, Fig. 4.1.1). In the spectra of TA-CaHAp the 

observed signal narrowing is very significant – from 2540 Hz (static sample) to 

the width of 150 - 67 Hz that depends on the spinning rate (MAS, 1 - 8 kHz, 

Fig. 4.1.1). 

In the presence of reorientational motion the rotor-synchronized MAS 

linewidth (1/2) becomes dependent on the strength of anisotropic spin 

interactions, such as dipolar coupling, chemical shift anisotropy, etc (the term 

of the magnitude of the inhomogeneous anisotropic broadening (an) will be 

used hereinafter), the kinetics (represented by the rate constant k) and the 

spinning rate (MAS) [115]. 
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Fig. 4.1.1 Effect of MAS rate on the 31P NMR linewidth for ACP-CaHAp 

(upper) and nano-structured EG-CaHAp (lower). 

 

In the fast-spinning regime the linewidth 1/2 can be expressed as: 

1/2 = 
πan
2   

2𝑀𝐴𝑆(16π
2+𝑥2)2

[−16π2(e−𝑥 − 1 − 𝑥) + 𝑥2(e−𝑥 − 1 + 𝑥)],   (4.1.1)
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where x = k/MAS. In the regime close to maximal broadening (2 MAS/k  

0.55) this equation can be simplified: 

1/2 = 
𝑘πan

2   

2𝑘2+32π2MAS
2 .   (4.1.2) 

Both equations have been used analysing the effect of MAS rate on the 31P 

NMR linewidth for ACP-CaHAp and nano-structured TA-CaHAp (Fig. 4.1.2). 

Some distinguishing features have to be noted. The signal width of ACP-

CaHAp sample drops steeply down as MAS oversteps  1 kHz and becomes to 

be independent on the spinning rate up to 10 kHz (Fig. 4.1.1). This can occur 

if, k >> 4MAS (Eq 4.1.2). It means that the fast spin motion takes place in 

ACP-CaHA. The situation in the nano-structured TA-CaHAp is quite different. 

The signal width is drastically narrowed already at rather slow spinning (MAS 

 500 Hz, Fig. 4.1.1). The linewidth in the MAS range 0.5 - 8 kHz becomes 

dependent on the spinning rate (Fig. 4.1.1). This dependency has been 

processed using Eq 4.1.1 and Eq 4.1.2. However, both equations are valid in 

the fast-spinning regime, when MAS is large compared with an [115]. 

Therefore the fitting was repeated for several experimental data sets composed 

increasing the minimal value of the spinning rate (MAS)min (Fig. 4.2.2). The 

values of the magnitude of the inhomogeneous anisotropic broadening (an) as 

well as the rate constant (k) have been determined with the least errors 

processing. The identical coincidence between experimental points and 

theoretical curves (solid lines, Fig. 4.1.1) has been achieved for the data set 

that starts at (MAS)min = 2 kHz (Fig 4.1.2). Hence, the fast-spinning regime 

(MAS > an) for nano-structured TA-CaHAp is fulfilled at the spinning rates 

above  2 kHz. The rate constant k  30 000 s–1 (Fig. 4.1.2) means that the spin 

dynamics is much slower than in ACP-CaHAp. 
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Fig. 4.1.2.The magnitude of the inhomogeneous anisotropic broadening (an) 

and the rate constant (k) determined processing the experimental data sets 

composed increasing the minimal of the spinning rate (MAS)min for nano-

structured TA-CaHAp. 

 

4.1.1. 1H NMR Results 

In order to obtain results without any undesirable anisotropic line broadening 

10 kHz of MAS spinning is used in further analysis. The complexity of these 

materials lies in the manifold of the structures in nano and meso scale, namely 

in the ratio of surface and bulk species. Recently Osman et al published a study 

on the surface and bulk structures in crystalline hydroxyapatite nanoparticles 

[26]. Their proposed spectral line assignment is shown in Table 4.1.1 
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Table 4.1.1 1H and 31P NMR spectral lines assignments in nano-crystaline 

CaHAp discriminating surface species and the bulk [26]. 

  δ, ppm Assignment and (comments) 

 

 

 

  bulk 

1H 31P  

 2.90 PO4 

0.1  OHUP 

-0.13  OHDOWN 

3.1 4.8 HPO4 

+2-7 +2-6 Disordered HPO4 due to defects to 

ideal HAp structure (broad line) 

5.1  Physi/chemisorbed H2O 

 

 

 

 surface 

 

 6.3 PO4 

8-13 3-7 HxPO4 (broad line) 

-0.01  OHSURF (not fully resolved) 

1.3  H2OUP (structured) 

0.8  H2ODOWN (structured) 

1.1  Structured stacking H2O (split into 

1.3/0.8 ppm contributions at low 

water content) 

5.1  Physi/chemisorbed H2O 

 

1H NMR spectroscopy revealed that all nanostructured samples, namely 

EDTA/EG/TA/GL/CA-CaHAps possess spectra which consist of a sharp peak 

at approximately 0 ppm and much broader one at 5.1 ppm which is attributed 

to chemi/physisorbed water (Fig 4.1.3.). In TA/GL-CaHAps a shoulder at -0.75 

ppm of the OH spectral line is observed which is not resolved fully but might 

be the outcome of the defects within the HAp structure or some protonated 

bulk/surface phosphate group. It is rather complicated to separate the spectral 

line attributed to the disordered HPO4 due to defects of HAp crystal structure 

and/or the surface HxPO4 species, however these lines not necessary are 

present. Even drying the samples in the inert atmosphere to extract the 

moisture from the powders may not enable to detect these species because 

water could be trapped within the HAp structures, for example, in the pores or 

encapsulated in the cavities. There are low intensity but rather sharp peaks 

visible in the region of 0.5 – 2 ppm. 
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Fig. 4.1.3. 1H 10 kHz MAS EDTA/DCTA/EG/GL/CA-CaHAps NMR spectra. 

An expansion of spectral region of -2 – 3 ppm (Right top). More details in the 

graph.  

 

These spectral lines belong to the surface adsorbed water [26]. It is known that 

water chemical shift is highly dependent on the structure and bonding of water 

molecules, in other words, it is possible to discern monomeric, dimeric, etc. 

species [116-118]. It is possible to observe two peaks of monomeric water 

species specified as H2OUP and H2ODOWN according to the OH configuration on 

the surface of HAp structures at low water content (Table 4.1.1). Two peaks 

are visible in EDTA/EG-CaHAps while only one in TA/GL/CA-CaHAps. Such 

behaviour might be related to the different amount of water within the samples. 

To analyse this phenomenon one sample, namely CA-CaHAp was chosen as 

target. After measuring 1H MAS spectrum of the sample the rotor was opened 

and placed in the vacuum chamber (vacuum of 10-2 mbar) for 24 hours at 
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100˚C to extract the moisture. Immediately after the procedure it was closed 

with Kel-F rotor cap to prevent from moisture from air and 1H MAS spectrum 

was measured. Later on a drop of water was added with a micropipette and 

additional spectrum was measured (Fig. 4.1.4). 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.4. 1H 10 kHz MAS CA-CaHAp spectra depending on the water 

content. More details in the graph. 

 

It is clearly seen that drying in the vacuum helps to extract physi/chemisorbed 

water and surface water from the sample. What is more, at low water content 

the structural H2OUP and H2ODOWN lines split into two while in the wet sample 

only one is present. It is important to point out that after small amount of water 

was introduced the spectral line attributed to physi/chemisorbed water shifted 

to lower chemical shift values compared to wet sample. Moreover, the FWHM 

decreases 14 times from 698 Hz to 49 Hz and the peak becomes composed 

from two Lorentz shaped components (Fig. 4.1.4). The water spectral line in 

wet sample is broadened because fast exchange processes are present. Most 

probably, two components appears from the surface and the bulk water. It is 

very important and interesting to analyse the water filling phenomenon in the 
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HAp structures. Although it is not analysed more in details here but as 

mentioned in ref. 26 the process is rather sophisticated and needs to be 

investigated - this is the goal for future projects. While the spectral features in 

the nano-structured CaHAps are rather similar the ACP-CaHAp which consists 

from amorphous clustered phosphate phase possesses completely different 

spectral lines (Fig. 4.1.5 lower right). There were observed peaks at 

12.2/5.5/5.1 ppm which were assigned to surface HxPO4/ bulk disordered 

HPO4/ chemi/physisorbed water respectively. Besides that, some low intensity 

sharp peaks at a region specific for structural H2OUP and H2ODOWN were 

observed. The signal at 0.0 ppm is not seen in 1H NMR spectrum and thus it 

can be supposed that the amount of structural hydroxyl groups is practically 

negligible or they are even absent. However this can be not true. The 

molecules of adsorbed water possess much higher degree of motional freedom. 

If the adsorbed water is present in the sample in enough large amount the 1H 

peak of the structural –OH can be significantly broadened and averaged with 

water signal due to fast exchange processes. And indeed, FTIR spectroscopy 

data confirm the presence of structural –OH groups in ACP-CaHAp [119]. 

Whereas 1H spectral lines are very different between ACP-CaHAp and other 

nano-structured HAps it is complicated to compare structures between them 

quantitatively. Nevertheless, it is possible to characterise nano-structured 

CaHAps by their sharp O-H line analysis (Fig 4.1.5). In all of the nano-

structured CaHAps the OH line consists of several Lorentz shaped peaks. In 

TA/GL-CaHAps the effect is mostly pronounced (Fig 4.1.5 middle). What is 

more, there are three spectral lines, namely at 0.1/-0.13/-0.01 attributed to 

OHUP/OHDOWN/OHSURF respectively [26]. Thanks to the proper instrumental 

setting 1H MAS spectra of high data point density (50 points/ppm) were 

measured which allowed to perform Lorentz function fit unambiguously. Such 

high data point density reduces excess degrees of freedom in the non-linear 

signal contours fitting procedure targeting its flow towards the 'true' (global) 

minimum on the multi-parameter surface 2, i.e. the sum of weighted squares  
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Fig. 4.1.5. 1H 10 kHz MAS NMR spectra including theoretical fittings. More 

comments in the graphs and text.  
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of deviations of the chosen theoretical model curve from the experimental 

points. It makes possible more rigorous decision concerning the validity of the 

hypothetic models (signal shapes) and more fitting parameters can be used and 

determined unambiguously. There were three approximations performed 

consisting of single, double and triple Lorentz contours. Even approximation 

using a single Lorentz function produced a perfect fit with the correlation 

coefficient R2=0.99. However, some at the first glance not apparent systematic 

(non-random) deviations persist on the top of the OH line contours (Fig. 4.1.5). 

Only the increase of a Lorentz shaped components number to three eliminated 

these deviations. To corroborate this choice it is important to note that in Ref. 

26 was proved that OH line consists of three overlapped peaks (Table 4.1.1). 

The summarised data showing chemical shift and integral intensity value for 

OHUP, OHSURF and OHDOWN spectral lines is shown in the table 4.1.2. 

 

Table 4.1.2. Lorentz fitting parameters, more details in the text. 

 OHUP OHSURF OHDOWN   

 δ, ppm A, a.u. δ, ppm A, a.u. δ, ppm A, a.u. 
AOHSUR

F/OH 

BULK 

AOHUP

/AOHD

OWN 

ED 

TA 

0.06 

±0.02 
0.31 

-0.02 

±0.01 
0.20 

-0.15 

±0.02 
0.05 0.55 5.9 

EG 
0.09 

±0.01 
0.23 

-0.03 

±0.01 
0.25 

-0.15 

±0.02 
0.09 0.75 2.45 

TA 
0.09± 

0.01 
0.53 

-0.02 

±0.01 
0.02 

-0.13 

±0.01 
0.20 0.03 2.58 

GL 
0.09 

±0.01 
0.46 

-0.08 

±0.01 
0.17 

-0.18 

±0.01 
0.08 0.31 5.7 

CA 
0.12 

±0.01 
0.20 

-0.01 

±0.01 
0.21 

-0.12 

±0.01 
0.20 0.53 1.01 

 

It is clearly seen that the chemical shift values obtained after fitting procedure 

coincide with the ones showed in table 4.1.1 with great accuracy. Only one 

sample, namely GL-CaHAp drops out a bit. Whereas, the integral intensities of 

OHUP, OHSURF and OHDOWN lines are obtained parameters AOHSURF/OH BULK and 

AOHUP/AOHDOWN showing the organization of the OH structural groups are 
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introduced. In the CA-CaHAp the ratio of the AOHUP/AOHDOWN is equal to 1.01 

which means that there are nearly the same amount of OHUP and OHDOWN 

species and according to the fit there are twice times less of the surface species. 

In other CaHAps, namely EDTA/EG/TA-CaHAps the situation is different, by 

changing the complexing agent in the aqueous sol-gel synthesis route it is 

possible to control the amount of OHUP and OHDOWN species ratio within the 

HAp structure. What is more, the amount surface and bulk species is as well 

dependent on the complexing agent used, in other words, the nano-structural 

aspects are controlled. Certainly, this phenomenon should be investigated 

more, there should be more synthesis routes performed applying different 

complexing agents and different their ratio to create the target synthesis 

protocol for these complex innovative CaHAp based materials. 

 

4.1.2. 31P NMR Results 

Solid-state 31P NMR spectra and the signal shape analysis are often exploited 

in the studies of some closely related systems [26, 71-75]. The narrow Lorentz-

shaped peak at maximum around 3 ppm and the full widths at half maximum 

(1/2) of 109 Hz was registered in the synthetic crystalline HAp whereas that 

from mesoporous bioactive glass was Gauss-shaped and an order of magnitude 

broader (1020 Hz) [72]. A single 31P signal centered at 2.3 ppm is also 

displayed in fluoroapatite (FAp) gelatin nano-composite [74]. This signal was 

attributed to PO4
3− groups in crystalline FAp. Its 1/2 of 178 Hz is typical for 

that of pure HAp and deviates significantly from that observed in HAp-based 

nano-composite prepared by direct precipitation in solution (373 Hz). The 

broadening of the latter was explained by the presence of an amorphous 

calcium phosphate (CaP) phase located at the surfaces or at grain boundaries of 

the HA nano-platelets [74]. The signal at 2.6 ppm is dominating in 31P MAS 

NMR spectra of CaP and gel/CaP, similarly to pure HA [71]. Therefore this 

peak was also attributed to PO4
3– groups. However the signal shapes in both 

CaP and gel/CaP are asymmetric and significantly broader, demonstrating 
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structural inhomogeneities, which can include the presence of an additional 

phase different from pure crystalline HA. The linewidths were found to be 

increased from 243 to 373 Hz when gelatin was introduced into the mineral 

matrix [71]. Note for several systems it was succeeded to decompose the 

observed 31P signal into 2-3 spectral components [26, 70, 71, 74, 75]. These 

components have been attributed to bulk PO4
3– (2.5 - 3.2 ppm), surface 

unprotonated PO4
3– (4.4 - 6.0 ppm) and to protonated bulk/surface HPO4

2– 

groups (0.45 - 1.3 ppm), respectively [74, 75].  

 The studied nano-structured EDTA/EG/TA/GL/CA-CaHAps showed similar 

features as the synthetic crystalline HAp or FAp [72, 74], 31P MAS NMR 

signals were found being Voigt-shaped and the FWHM were between 56-81 

Hz, while the ACP-CaHAp signal was Gauss shaped and the FWHM was 974 

Hz similar to the HAp produced from mesoporous bioactive glass [72]. The 

Voigt profile is the convolution of Gauss (G) and Lorentz (L) functions, i.e. 

V = G * L. In the NMR studies of structuring effects it can be assumed that 

the presence of various non-uniformities (short-range disorder, heterogeneities, 

etc) in nano- and mesoscopic scales enhances the Gauss contribution to the 

Voigt-shaped signals, whereas the Lorentz contribution is originated from the 

uniform spin interactions and dynamics. The corresponding spectral lines are 

showed in Fig 4.1.6. There were pulse-acquire Bloch decay (BD) and Cross-

Polarization with ramped contact time (CP) pulse sequences employed for all 

speciments. The reasoning for such choice is that by combining those two it is 

possible to separate the protonated and non-protonated phosphate groups as in 

the CP the signal is obtained via the polarization transfer from 1H nuclei. It is 

clearly seen that in all of the BD spectra of nano-structured CaHAps (Fig. 

4.1.6. black line) the spectral contour consists of a broad component and one or 

more much sharper ones. The broad component being Voigt shaped having a 

considerable Gauss function contribution shows its non-uniform origin. 

Moreover, in CP spectra it disappears or decrease significantly which means 

that it arises from an unprotonated PO4
3– group. 
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Fig. 4.1.6. 31P BD (black line) and CP (red line) spectra of 

EDTA/EG/TA/GL/CA/ACP-CaHAps together with Voigt shaped contours fit. 
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Also the chemical shift values were similar to closely related systems [74]. The 

narrow peaks originated from bulk PO4 groups in nano-structured CaHAps 

seems to be not affected much on the CP. They are found to be Voigt shaped 

with essential Lorentz contribution. Furthermore, in EDTA/EG/CA-CaHAps 

the peak consist of two components comparable in intensity while only one 

major is present in TA/GL- CaHAps. The ratio of the integral intensities of the 

corresponding peaks are 0.6/0.6/0.8 respectively to ETDA/EG/CA-CaHAps. 

Such behaviour is not clear yet but two spectral lines might be the consequence 

of different chemical environment within the HAp based nano/meso-structures. 

Rather intense peak observed in TA-CaHAp at 0.33 ppm and a shoulder 

positioning at 6-3 ppm could be attributed to tricalcium phosphate (Ca3(PO4)2, 

TCP) side phase because they are not observed in the CP spectrum (Fig 4.1.7.) 

[120]. Moreover, such side phase was observed in XRD pattern (see the 

Appendix). 

 

 

 

 . 

   

 

 

 

Fig. 4.1.7. 31P BD (left) and CP (right) magnified wing part spectra of 

EDTA/EG/TA/GL/CA-CaHAps. 

 

In the GL-CaHAp CP spectra two peaks at 4.8 ppm and 1.5 ppm are observed 

which comes from the bulk disordered HPO4 or surface HxPO4 and protonated 

HPO4
2– groups respectively [26, 75]. The same tendency but much less 

expressed is seen in TA-CaHAp. Such behaviour corroborates to 1H spectra 
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where only in TA/GL-CaHAps a peak at 0.75 ppm is observed which is not 

fully resolved (Fig. 4.1.3.), there is a big chance that peak comes from the 

protonated phosphate groups. A very broad and virtually invisible spectral line 

at 6.3 pmm which is assigned to the surface PO4 group is detected in the CA-

CaHAp though in other samples it is overlapped with a stronger ones or 

missing. Nevertheless, having such weak intensity proper implications could 

not be done. Summing up 1H and 31P NMR spectroscopy is a valuable and 

powerful tool to investigate the nano-structured materials at a molecular level. 

 

Conclusions of part 4.1 

 

 The effect of MAS rate on the 31P linewidth was studied which proved 

the optimal of 5 kHz spinning. The magnitude of the inhomogeneous 

anisotropic broadening of 1220±20Hz for nano-structured CaHAp was 

determined. 

 

 A precise 1H and 31P MAS NMR spectra analysis was performed which 

allowed to assign spectral lines for the manifolds of the possible surface 

species and the bulk in the EDTA/EG/TA/GL/CA/ACP-CaHAps. 

 

 The precise analysis of water spectral line in the CA-CaHAp showed 

NMR capability to analyse the water organisation within cavities and 

pores in the nano-structures.  

 

 The contour separation of the spectral line at 0 ppm showed the 

different organization of the manifold of the structural hydroxyl groups 

in the EDTA/EG/TA/GL/CA-CaHAps. 
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 A precise analysis of 31P CP and BD spectra allowed to resolve a side 

phase of the bulk disordered HPO4 or surface HxPO4 or protonated 

HPO4
2– groups in GL-CaHAp and TCP side phase in the TA-CaHAp. 
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4.2. Advanced methods to analyse proximities of nuclear 1H – 31P 

spins clusters. 

The idea to obtain structural information from variable contact time CP 

kinetics is not new. There are several approaches and theoretical considerations 

describing the polarization transfer. They were discussed in chapters 2.2 and 

3.1. There were variable contact time measurements prepared for all of the 

samples discussed in chapter 4.1 the results will be discussed in chapter 4.3. In 

this chapter the modification in the present CP kinetics models will be 

discussed. 

 

4.2.1. Cut – off averaging of Gaussian distribution. 

There will CP behaviour for TA-CaHap (further in this chapter nano-CaHAp) 

and ACP-CaHap analysed. The reason for such choice is nano-CaHAp 

possessed only one major spectral line in the CP spectrum and ACP-CaHAp 

contains amorphous clustered phosphate phase (Fig 4.1.6). For the samples a 

precise Hartmann-Hahn matching profiles we obtained by changing the 1H 

power for rectangular contact pulse in order fulfil only one matching condition 

(eqs 3.1.11 and 3.1.12) as the dipolar splitting is dependent on it (Fig. 4.2.1) 

[27]. As mentioned in the chapter Experimental Setup the variable 1H–31P 

contact time experiments included 498 contact time increments increased by 50 

μs which corresponds to the sampling frequency of 5104 s–1. According to the 

Nyquist's theorem this setting allows to reveal all spin interactions having the 

dipolar splitting b  25 kHz. It means that in the case of 1H–31P interaction the 

structures with the spin distances r  0.125 nm could be resolved (4.2.2). 

Having high data point density in the CP kinetics contour reduces excess 

degrees of freedom in the non-linear signal contours fitting procedure targeting 

its flow towards the 'true' (global) minimum on the multi-parameter surface 2, 

i.e. the sum of weighted squares of deviations of the chosen theoretical model 

curve from the experimental points. It makes possible more rigorous decision 
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concerning the validity of the hypothetic models (signal shapes) and more 

fitting parameters can be used and determined unambiguously.  

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 4.2.1. Hartmann-Hahn matching profile for nano-CaHAp (νMAS=4kHz). 

Open circles – integrated intensity versus 1H contact pulse power (lower scale) 

and nutation frequency 𝜈 = 1 4𝜏90
⁄ (upper scale). Numbers n indicate matching 

conditions. 



The CP kinetics in ACP-CaHAp (Figure 4.2.2 upper) looks very similar to 

that observed in polycrystalline brushite and some other related systems [94]. 

This curve consists of three characteristic parts – fast rise, slow rise and decay. 

The CP kinetics observed in the nano-structured CaHAp exhibit the damped 

oscillation of intensity in the short contact time range (Figure 4.2.2 lower). As 

the oscillations of CP intensity have been observed for the first time in 1H -13C 

CP experiments on single crystals [95, 121]. There was deduced that the 

frequency of oscillation depends on the orientation of the crystal in the external 

magnetic field and it is equal to one-half of the dipolar splitting (b). Later on, 

such oscillations have been found for many other systems, including powders, 
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bilayers and other complex structured solids [94 and references therein]. The 

oscillatory CP kinetics for an isolated pair of spins 1/2 can described by the 

equation 3.2.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.2. 1H -31P CP MAS kinetics (integrated central 31P signal intensities vs. 

variable contact time) in ACP-CaHAp (upper) and in nano-CaHAp (lower). 

The fitting for ACP-CaHAp was carried out using eq 3.1.18 (red line) and the 

classical I-S model of CP dynamics between two abundant nuclei eq 3.1.15 

(green line). The fitting for nano-structured CaHAp was carried out using eq 

3.1.16 (blue line) and eq 3.1.18 (red line). The obtained fitting parameters are 

presented in Table 4.2.1. More comments in the text. 
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The obtained CP kinetics profiles were analysed by the methods described in 

the section 3.1., namely the classical I–S CP model (eq. 3.2.15) and the non-

classical I-I*-S ones having the oscillating term (eq. 3.2.16) and the T2 averaged 

model (eq. 3.2.18). 

 

Table 4.2.1. Fit data for CP MAS-kinetics in ACP-CaHAp and nano-CaHAp 

(Figure 4.2.2). 

Hydroxyapatite containing amorphous phosphate phase (ACP-CaHAp) 

Model: non-classical I-I*-S, eq 3.1.18, R2 = 

0.9997 

Model: classical I-S, modified eq 3.1.15*, 

R2 = 0.993 

Parameter Value Standard error Parameter Value Standard 

error 

I0, a.u. 2.092∙1011 2.67∙108 I0, a.u. 2.26∙1011 -- 

 0.698 0.003 Tis, s 7.84∙10-4 1.212∙10-5 

Tdif, s 0.00102 6.83∙10-6 T1
I, s 0.0089 1.499∙10-4 

T1, s 0.01075 2.162∙10-5 T1
S, s  -- 

T2, s 2.38∙10-4 1.98∙10-6 2 0.22986 0.00605 

I00, a.u. 6.238∙109 1.083∙109 

Nano-structured hydroxyapatite (nano-CaHAp) 

Model: non-classical I-I*-S, eq 3.1.18, R2 = 

0.940 

Model: non-classical I-I*-S, eq 3.1.16 R2 = 

0.950 

Parameter Value Standard error Parameter Value Standard 

error 

I0, a.u. 2.333∙1011 -- I0, a.u. 1.249∙1010 -- 

 0.952 2.06∙10-4  0.402 0.007 

Tdif, s 0.884 0.02877 Tdif, s 0.001 1.94717∙10-5 

T2, s 2.099∙10-4 3.553∙10-6 b, Hz 1365.648 16.79 

T1, s  -- T1, s  -- 

*) modified eq 3.1.15 including Hartmann-Hahn matching coefficient and spin population factor 

according to ref 94. 
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The obtained fitting parameters for ACP/nano-CaHAps are summarised in 

table 4.2.1. The eqs 3.1.16 and 3.1.18 describe the kinetics of CP in the frame 

of so called non-classical I-I*-S model, where the asterisk denotes protons in 

close neighbourhood to S spins (31P in the present case) [94]. The I*-S spin 

pairs or clusters exchange polarization in an oscillatory manner. The 

oscillations are damped by the subsequent spin-diffusion. This model has been 

proposed in addition to the more popular classical I-S model, where it is 

assumed that spin-diffusion is fast enough to force spins to behave as a system 

at a uniform inverse spin temperature [94, 122]. Comparing both models it is 

seen that I-I*-S model is appropriate when the heteronuclear I*-S spin 

interactions are strong compared with homonuclear I-I ones. In the case of 

weak I-S and moderate or strong I-I couplings the CP kinetics is better 

described using the classical I-S model [94]. Eq 3.1.18 was successfully 

applied processing the CP kinetic curves of various complex systems. A nice 

fit to experimental points sampled over a wide range contact time (up to  20 

ms) was achieved in many cases [94, 122]. Also for ACP-CaHAp eq 3.1.18 

perfectly (R2 = 0.9997) fits to the experimental points of CP kinetics over the 

whole contact time range up to 10 ms (Fig. 4.2.2.). In addition, this 

experimental curve was tried to fit using the classical I-S model (eq 3.1.15) of 

CP dynamics between two abundant nuclei. A nice coincidence with 

experiment (R2 = 0.993) and quite realistic values of the fit parameters have 

been obtained using this model as well (see Table 4.2.1). However some 

systematic (non-random) deviations are noticeable in the middle part of curve, 

i.e. at slow rise (1 - 3 ms), and in the decay part at 8 - 10 ms (Figure 4.2.2) 

despite more fitting parameters were included. This systematic discrepancies 

were possible to be revealed only thanks to the high experimental point 

density. Hence it can be concluded that I-I*-S model is more preferable to 

describe the CP kinetics in ACP-CaHAp. 

The oscillation of intensity is well expressed in the CP kinetic curve of the 

nano-CaHAp (Figure 4.2.2). Unfortunately, it was not succeeded to describe 

the observed kinetics by eq 3.1.16 or 3.1.18 over the whole contact time range. 
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The initial part of the curve up to  5 ms can be more or less approached by eq 

3.1.16 reproducing the oscillation. The fit value b = 1366 ± 17 Hz (see Table 

4.1.1) is close to those determined for some synthetic hydroxyapatites doped 

with carbonate and magnesium ions [75]. Nevertheless, the curve does not 

reach plateau at the contact time above  5 ms. Such behaviour differs from the 

kinetics observed there. The discrepancy between experimental and calculated 

(eq 3.2.16) values diverges getting into the range of longer contact times 

(Figure 4.2.2). Though the situation looks opposite trying to fit the data using 

eq 3.1.18. The good fit was achieved over the whole range of contact time, but 

the oscillation was lost. This occurs as the averaging by summing over a broad 

spectrum of b values (eq 3.1.17) yields destructive interference that blurs the 

oscillation pattern. It is undeniable that the new treatment of CP kinetics is 

required which would be an intermediate to the existing I-I*-S models 

described by relations 3.1.16 and 3.1.18 in order to describe the CP kinetics in 

the nano-structured systems over a wide dynamic (contact time) range. 

This can be done noticing that the summing of the weighted cosine values 

(eq 3.1.17) can considered as discrete cos-Fourier transform of function I(b/2) 

from b- to t-domain: 

∑ 𝐼(
𝑏𝑖
2
) cos(

2𝜋𝑏𝑖𝑡

2
)𝑖

∑ 𝐼(
𝑏𝑖 
2
)𝑖

→
1

𝐴
∑ 𝐼 (

𝑏𝑖

2
) cos (2𝜋

𝑏𝑖

2
𝑡)∞

𝑖 =
1

𝐴
ReFT̂ {𝐼 (

𝑏

2
)}, (4.2.1) 

where A = ∑ 𝐼(𝑏𝑖 /2)𝑖   is the normalizing factor. The summing can be formally 

extended to infinity prolonging I(b/2) by the proper zero-filing. 

The 31P NMR signal being perfectly Gauss- or Voigt-shaped with essential 

Gauss contribution clarifies why the 3.1.18 relation so perfectly describes the 

experimental points sampled over very wide range of contact time though the 

averaging described by equation 3.1.17 has been derived in the short time limit 

[96]. As the Fourier transform of Gauss function produces the Gauss function, 

the relation (eq 3.1.18) and thus the eq 3.1.18 must be valid in the cases of 

Gauss-shaped I(b/2) without any limitation in time. To support this, 31P 

wideline spectra were measured of the corresponding samples (Fig. 4.2.3). 
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Fig. 4.2.3. 31P BD wideline spectra acquired for ACP-CaHAp (left) and nano-

CaHap (right), black dots – experimental points, red line – Gauss fit. Fitting 

parameters shown in the graphs. 

 

Strictly speaking a powder pattern should be observed (Fig. 3.1.2) but it seems 

either the CSA is small or the broadening is determined by the dipole-dipole 

interaction in much greater magnitude. Therefore, a Gauss function fit was 

performed for both contours. If the signal shape is mainly determined by the 

dipole-dipole interactions, the full widths at half maximum (FWHM) obtained 

by fitting of 31P signal shape by Gauss function and T2 (Table 4.2.1) that 

follows from the processing of CP kinetic curve using the averaged I-I*-S CP 

kinetics model should obey the relation FWHMT2= 0.375 (the case of exact 

Gauss functions). These parameter were found to be 4155 Hz/2577Hz and 

8.810–5 s/ 1.410–4 s for ACP-CaHAp and nano-CaHAp respectively. Namely, 

FWHMT2  0.36 was found to be almost the same for both samples. 

Due to spatial structural discontinuities in nano-structured materials the dipole 

coupling distribution I(b/2) can be rather complex. Its shape cannot be known 

at the beginning. To determine I(b/2) correctly the Gauss decay (eq 3.1.17) in 

eq 3.1.18 was replaced by Fourier image (eq 4.2.1) and an inverse Fourier 

transform from t- to b-domain performed: 

𝐼(𝑏/2) ~ |FT̂−1
1−𝑓1−𝐼(𝑡)/(𝐼0𝑓3)

(1−)𝑓2
|,  (4.2.2) 
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Equation
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Reduced 
Chi-Sqr
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13

Adj. R-Sq 0.99602
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D
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A 9.40653 2.066E9

sigma 1094.44 2.20518

FWHM 2577.21 5.19281

Height 3.42883 690870.8



60 
 

where f1 = exp(–t/Tdif), f2 = exp(–1.5t/Tdif) and f3 = exp(–t/T1). In order to apply 

such trick the values of I0, , Tdif and T1 have to be known. At the first 

approach the necessary parameters can be taken from the set of fit parameters 

obtained using T2 averaged I-I*-S model (Table 4.2.1). This equation describes 

the CP kinetics over the whole range of contact time, only the oscillations are 

blurred (Figure 4.2.2). By using this fit the most accurate parameters of the 

relation 4.2.2 are obtained. Later these values can be refined. 

The experimental data of ACP/nano-CaHAp was processed using the above 

described method (Fig. 4.2.4). A distinct difference between I(b) of both 

samples is that the for the nano-CaHAp a pake-like patern having pakes 

centered at  ±1.5 kHz is observed, whereas the monotonic Gauss shaped 

decay is observed for ACP-CaHAp. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.4. Dipole-dipole coupling distribution I(b) in ACP-CaHAp –blue dots 

and nano-CaHAp – red dots. 

 

The most convenient choice is to approximate the top part of the broad band is 

the Gauss function G(bi) = exp(–(bi – b0)2/2w2) with the adjustable parameters 

b0 and w. However its 'long tails' have to be cut off at the certain b values (Fig 

4.2.5). For this purpose the parameter bcut-off was introduced. It is easy to 
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realize that bcut-off value is characteristic for each nano-structured system and 

must be also optimized during the CP kinetic curve fitting: 

𝐼(𝑡) = 𝐼0𝑒
−𝑡/𝑇1𝜌 [1 − 𝑒

−
𝑡

𝑇𝑑𝑖𝑓 − (1 − )𝑒
−

3𝑡

2𝑇𝑑𝑖𝑓
∑ 𝐺(𝑏𝑖) cos(2𝜋𝑏𝑖𝑡/2)
∆𝑏cut−off
𝑖

∑ 𝐺(𝑏𝑖)
∆𝑏cut−off
𝑖

]. 

(4.2.3) 

This relation can be considered as an intermediate one to equations 3.1.16 and 

3.1.18: asymptotically if G(b) (b – b0) it becomes 3.1.16 and one becomes 

eq 3.1.18, if G(b) is pure Gauss function. 

 

 

 

 

 

 

 

 

 

Fig. 4.2.5. Cut-off averaging of dipole-dipole coupling distribution in nano-

CaHAp. Red dots – experiment, green line – theoretical Gauss function. More 

comments in the text. 

 

The fitting of CP kinetics in the nano-structured CaHAp using cut-off 

averaging Gauss distribution approach with the whole set of parameters has 

been carried out (Fig 4.2.6). This fitting refines the values of the parameters 

that initially were taken from the set obtained using averaged Gaussian 

distribution for dipole-dipole coupling (Eq 3.1.18), which, unfortunately, does 

not reproduce the oscillation part in the CP kinetics. Much better fit and more 
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realistic vales of the used parameters have been obtained. For example, the 

spin-diffusion time constant Tdif = 0.88 s (eq 3.1.18) (Table 4.2.1) drops to 7.6 

ms. This value gets into the same time scale deduced for the related 

nanocrystalline HAps [75, 79]. Moreover, the infinitely long T1 came out even 

without the presence of plateau in the kinetics curve.  
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u
.


CP
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Fig. 4.2.6. 1H–31P CP MAS kinetics in the nano-CaHAp. The fitting was 

carried out using the complete set of parameters and 4.2.3 equation. The fit 

parameters values are: bcut-off = 2050 Hz, b0 = 1185 Hz, w = 1115 Hz, I0 = 

1.51010,  = 0.348, Tdif = 7.6 ms, T1. The value of R2 = 0.989 was 

achieved. 

 

The  value has been changed also significantly. According to ref. 94, the 

parameter  = 1/(n+1) for rigid structures, where n is the number of protons in 

the spin cluster interacting with 31P nucleus in the HAp structure. Using the 

refined value of  = 0.348 the number of protons can be evaluated n = 1.87, 

which is lower than that would follow from the general formula 

(Ca10(PO4)6(OH)2). This can be caused by the discussed above different MAS 

effect on the 31P interaction with protons in the structural hydroxyls and 

adsorbed water.  
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The  value was determined using the b-averaged CP kinetics (eq 4.2.3). The 

major contribution in the averaging comes from I(b) at b0 = 1185 Hz within 

bcut-off = 2050 Hz (Figure 4.2.6). This part of I(b) is mainly contributed from 

incompletely averaged dipolar couplings, i.e. from 31P interactions with more 

mobile protons. 

The MAS technique fails to suppress anisotropic spin interactions fully if 

intensive reorientational dynamics is present [115]. The interactions of 31P 

spins with the protons in structural hydroxyl groups, i.e. more tightly bonded to 

phosphorus, are essentially averaged by MAS. It contributes the increase of the 

peak in the distribution I(b) at b = 0. The molecules of adsorbed water possess 

much higher degree of motional freedom. In the presence of reorientational 

motion the MAS line shape and width become dependent on the spin 

interaction strength, the time scale of the motion and the spinning rate [115]. 

This effect was noticed and mentioned in chapter 4.1 discussing about the 

optimal MAS rate. Hence, despite the  value was optimized, it is still likely 

that  can be considered only as a certain qualitative (not quantitative) 

parameter that can be useful comparing the cluster composition in series of 

related systems. 

The obtained dipole coupling distribution (Figure 4.2.5) can be used deducing 

some structural aspects of the studied systems. If the dipolar coupling constants 

are known the inter-nuclear distances can be calculated from the oscillations 

frequencies: 

𝑏 =
μ0

4π

𝛾𝐼𝛾𝑆ℏ

𝑟3

(1−3cos2 𝜃)

2
= 𝐷IS

(1−3 cos2𝜃)

2
, (4.2.4) 

where 𝜇0 is the magnetic constant, 𝛾𝐼 , 𝛾𝑆 corresponding magnetogyric ratios, r 

internuclear distance at the orientation 𝜃 in the magnetic field. In the case of 

isolated spin pairs the magnitude of the coupling constant is directly deduced 

from the Pake-like pattern obtained by Fourier transform of the oscillatory 

polarization transfer [80]. For a powder sample under MAS the dipolar 

coupling (4.2.4) becomes dependant on the HH matching condition [80,123]: 

 𝑏0 =
𝐷IS

2
(1 − 3 cos2 𝜃)

(3𝑐𝑜𝑠2𝛽−1)

2
→ 0, 
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𝑏± 1 =
𝐷IS

2√2
sin 2𝛽exp (±𝑖𝛾),                 (4.2.5) 

𝑏± 2 =
𝐷IS

4
sin2𝛽 exp(±𝑖2𝛾), 

where indexes below b shows sideband matching condition (present case 

n=±2),  and γ are the polar angles of r vector respect to MAS rotor-fixed 

coordinate system with z axis along the spinning axis. The maximum splitting 

that corresponds to  = /2 is the half of the splitting between the intense 

singularities in a Pake pattern [80]. In presence of nano-structuring effects the 

Pake-like pattern is partially blurred due to disorder in the internuclear 

distances. The complex-shaped contour I(b) which was found for nano-CaHAp 

(Figs. 4.2.4 and 4.2.5) can be considered as the envelope of the superposition 

of Pake singularities from the pairs of spins having different internuclear 

distances. The obtained dipole coupling distribution allows to determine the 

characteristic size profile of the spin clusters in ACP-CaHAp and in nano-

CaHAp (Fig 4.2.7). For this experimental dataset an equation 4.2.5 which 

corresponds to the second matching condition was used. 
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Fig. 4.2.7. Spatial distribution of protons surround 31P nuclei in ACP-CaHAp 

(blue) and nano-CaHAp (red – obtained using the first approach parameter 

values, green – using the refined values). The characteristic size of 31P–(1H)n 

spin nano-cluster is denoted as . 
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The characteristic size of 31P–(1H)n spin nano-cluster being within  = 

0.30.5 nm has been determined for the nano-CaHAp. It should be noted that 

the size profile is not crucially influenced by the refinement of the parameters 

I0, , Tdif and T1 (Fig 4.2.7). It is also rather interesting that the initial slope of 

CP dynamics in biomimetic hydroxyapatite - gelatin nanocomposites was well 

described using the average 31P–1H distance of 0.53 nm (concerning that two 

protons are  0.4 nm apart and four other are at  0.6 nm) [124]. 
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4.2.2. Radial distribution approach 

In chapter 4.2.1 an approach which employs of cut-off averaging Gaussian spin 

coupling distribution in order to describe CP dynamics in the whole measured 

range for nano-CaHAp (Fig 4.2.6) was introduced. The reasoning for such 

choice was rather logic, the lineshapes in 31P NMR spectra were found being in 

many cases Gauss- or Voigt-shaped with substantial Gauss contribution. 

Though the question if only the cut-off Gaussian dipolar coupling profile 

approximation is eligible for such HAp systems is still open. For this reason 

two samples, namely ACP-CaHAp and CA-HAp (further in this chapter nano-

CaHAp) will be discussed more in details. There will be shown other possible 

distribution profiles for describing dipolar coupling. Moreover, the effect of 

spin diffusion will be analysed. 

The CP kinetics in the ACP/nano-CaHaps were measured using the same 

experimental settings used in Chapter 4.2.1 and described in chapter 

Experimental setup. The corresponding CP kinetics are shown in figure 4.2.8. 

In order to apply different dipolar coupling distribution profiles equation 3.1.18 

needs to be modified: 

𝐼(𝑡) = 𝐼0𝑒
−𝑡/𝑇1𝜌 [1 − 𝑒

−
𝑡

𝑇𝑑𝑖𝑓 − (1 − )𝑒
−

3𝑡

2𝑇𝑑𝑖𝑓 ∑ 𝑃(𝑏𝑖/2) cos(2𝜋𝑏𝑖𝑡/2)𝑖 ]. 

(4.2.6) 

Spin coupling distribution profile P(b/2) is introduced. The averaging 

of cos(2𝜋𝑏𝑖𝑡/2)is performed by summing its values weighted by the fraction 

of spin pairs with a set of special parameters that corresponds to the oscillation 

frequency bi/2. Its shape for disordered solids is complex. P(b/2) can be 

considered as the envelope of the superposition of Pake singularities from the 

spin pairs having different internuclear distances (Fig 4.2.8). Actually, similar 

spin pairs Pake singularities superposition is clearly seen in the previous 

chapter (Fig. 4.2.4) where cut-off averaging Gauss distribution was utilized for 

P(b/2). Hence, now the Gauss (G  exp(–(bi – b0)2/2w2)), Lorentz (L  w/((bi – 
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b0)2+w2) and Radial (R  4 𝜋g(r)r2dr)functions were used for describing spin 

coupling distribution profile, as well as T2 averaging model (3.1.18). The shape 

of P(b/2) is in generally unknown. Moreover, it is different at various length 

scales. However the blurring of CP signal oscillations due to the increase of 

structural disorder and spin-diffusion rate can be demonstrated roughly taking 

P(b/2) to be Gauss function G  exp(–(bi – b0)2/2w2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.8. 1H -31P CP kinetics (integrated signal intensity vs. variable contact 

time) in the sample containing nano-CaHAp (upper left – static, upper right – 

MAS 9kHz) and ACP-CaHAp (lower left). The fitting was carried out using 

Eq 4.2.6 taking P(bi/2) to be Gauss, Lorentz and Radial functions and using T2-

averaging (Eq 3.1.8). The fit parameters are given in Table 4.2.2. More 

comments in text. Dipolar splitting and spin coupling distribution profile for 

disordered solids – lower right. 
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This choice can be supported by the fact that the 31P NMR signals were found 

being in many cases Gauss as mentioned before. The width parameter (w) 

reflects the extent of the overall spin coupling distribution and the relaxation 

rates. The results of simulation are shown in figure 4.2.9. 

 

Fig. 4.2.9. The oscillation blurring in CP kinetics upon increase of structural 

disorder (w) and spin-diffusion rate (Tdif). The averaged intensity I(t) (Eq 4.2.6) 

is shown by bold line in each graphs. The spin coupling distribution profile 

P(b/2) was modelled by Gauss function centered at b0 = 1800 Hz and T1   

in all cases. 

 

The observed evolution of I(t) upon changing Tdif and w means 

that the information about the dynamic features (spin diffusion and relaxation) 

as well as about the structural organization can be obtained by the proper 

processing of the experimental CP kinetic curves. To corroborate this in 



69 
 

chapter 4.2.1 the Tdif was found being 7.6 ms and longer lasting oscillations 

(Fig 4.2.6) was observed compared to figure 4.2.8. This hints that such drastic 

change in the spin diffusion time could be a sensitive probe for studying 

complex innovative materials as the nano-structured HAps analysing the 

manifold of the structural hydroxyl group communication between phosphate 

groups via CP transfer. 

 The experimental kinetic curves (Fig 4.2.8) were processed 

applying equations 4.2.6 and 3.1.18. The spin coupling distribution profile 

P(b/2) that is necessary for equation 4.2.6 was modelled by various simple 

functions. Beside Gauss (G(b)  exp(– (b/w)^2)) and Lorentz (L(b)  1/(1 + 

(b/w)^2)) profiles the radial distribution function approach was probed in 

addition. It is based on some ideas of atomic distribution functions developed 

to describe disordered (polycrystalline and amorphous) systems [125]. Namely, 

the atomic radial distribution function g(r) contains several sharp peaks close 

to r = 0 that correspond to the first- and the second coordination shells (Fig 

4.2.10). The number of atoms in the spherical shell having the radius r and the 

thickness dr is proportional to 4g(r)r2dr. In order to apply it constructing the 

spin coupling distribution profile the number of atoms have to be considered as 

the number of spins I concentrated in the sphere shell surround the spin S, i.e. 

NI(r)  4g(r)r2dr. The profile P(b) is then proportional to NI, expressed as the 

function of the dipolar splitting b. According to equation 4.2.4 is known that b 

 1/r3. On the other hand g(r)  1, if r  . Hence, asymptotically NI(r)  r2. 

Then the shape of spin coupling distribution P(b) can be approximated by the 

radial distribution R(b)  b– 2/3 that should work well in the far range, i.e. at low 

b values (Fig. 4.2.10). 

The perfect global fit (the fit over the all experimental points) was achieved in 

all cases (R2  0.993 – 1 and √2̅̅ ̅/Imax  0.3 – 1.6 %, see Table 4.2.2), 

independently on the spin coupling distribution profile was used. 
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Fig. 4.2.10.Radial distribution function approach. The optimal step for discrete 

treatment h and the spin coupling extent (from bSC to bmax) were determined in 

each cases adjusting them during the curve fitting routine (see Table 4.2.2). 

 

However, no one of the used profiles can reproduces the CP kinetics in the 

range of short contact time 0  2 ms (Fig. 4.2.8). It means the information 

concerning the short range order structures (over 1st and 2nd coordination 

shells, Fig 4.2.10) is lost if any of G, L and R profiles as well as the overall T2 

averaging (3.1.18) are applied. This becomes particularly obvious in the case 

of the radial distribution function R(b)  b– 2/3 that was derived taking g(r)  1, 

r  . The steepness of G, L and R are similar at b  0, i.e. moving to the far 

range. Therefore it was not surprising that for each studied systems the values 
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of 'bulk' parameters (I0, , Tdif and T1) that were determined by the global 

fitting, are practically the same (Table 4.2.2). 

 

Table 4.2.2. The fit parameters of CP kinetic curves presented in Figure 4.2.8. 

nano-CaHAp 

 static sample MAS, 9 kHz 

P(b)  

 

G L R T2averag G L R 

I0, a.u. 1.000  0.003 (1.07  0.01)∙1010 

 0.30 0.39 0.39 0.33 0.60 0.60 0.61 

Tdif, ms 2.6 2.2 2.2 2.5 2.2 2.2 2.1 

T1, s   

b0, Hz 0 320   800 885  

w, Hz 1920 1290   850 590  

T2, ms    0.24    

bmax, Hz   3500    2200 

bSC, Hz   330    740 

R2 0.998 0.994 0.998 0.998 0.994 0.995 0.993 

√2̅̅ ̅/Imax, % 
0.7 1.4 0.7 0.8 1.6 1.5 1.8 

ACP-CaHAp 

 static sample MAS, 5 kHz 

P(b)  

 

G L R T2averag G L T2averag 

I0, a.u. (8.47  0.03)∙1011 (2.07  0.02)∙1011 

 0.64 0.65 0.69 0.69 0.73 0.75 0.70 

Tdif, ms 1.4 1.4 1.3 1.4 0.9 0.9 1.0 

T1, s 0.015 0.011 

b0, Hz 0 0   0 0  

w, Hz 4600 2500   2500 1400  

T2, ms    0.12   0.34 

bmax, Hz   7600     

bSC, Hz   470     

R2 0.999 0.999 0.999 0.999 1 1 1 

√2̅̅ ̅/Imax, % 
0.5 0.6 0.7 0.7 0.3 0.3 0.3 

 

 The challenge to recover the lost information pushes to the idea 

which was applied in previous chapter (chapter 4.2.1). Where the 

reconstruction of a ‘true’ P(b/2)is performed by the inverse Fourier transform 
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from t- to b- domain. The relation 4.2.2 is modified to implicate spin coupling 

distribution profile: 

𝑃(𝑏/2) ~ |FT̂−1
1−𝑓1−𝐼(𝑡)/(𝐼0𝑓2)

(1−)𝑓1
3/2 |,  (4.2.7) 

where, however, two dynamic factors of spin-diffusion f1 = exp(–t/Tdif) and 

spin-lattice relaxation in the rotating frame f2 = exp(–t/T1) as well as the 

parameter  that characterizes the cluster structure have to be known. Those 

quantities describe the CP kinetics over the long contact time. The values of I0, 

, Tdif and T1 were taken as the averages over the set of profiles (G, L, R) for 

each curves (Table 4.2.2) and used in the actions of Eq 4.2.7. The profile 

P(b/2) obtained in this way can be considered as a goal. The final results of this 

processing of experimental data including the recalculation of P(b/2) from b-

variable to internuclear distances (r) are presented in Figure 4.2.11. There are 

seen essential differences between spatial distributions of protons surround 31P 

nuclei in the studied nano- and amorph-CaHAs in the short range. 

 The spatial distribution profiles consist of 3 maxima at 0.24 - 0.27 

nm, 0.30 - 0.34 nm and at ca 0.5 nm. The differences are seen in their relative 

heights and in the resolution of the peaks. Particularly interesting is the clear 

presence of the peak at 0.24 - 0.27 nm in nano-CaHAp under static condition 

(Fig. 4.2.11). The distances of 0.21 - 0.25 nm are typical for P–O–H structures 

that are found in some related systems, as calcium phosphate gelatin nano-

composites, sol-gel derived SnO2 nano-particles capped by phosphonic acids, 

potassium- and ammonium dihydrogen phosphates (KDP and ADP) [103, 124, 

126, ]. In CaHAp the protons are not part of the phosphate group, and thus 

such short P...H contacts should not be met. In pure crystalline CaHAp each P 

atom has two protons distanced at 0.385 nm, further two at 0.42 nm, while 

others are 0.6 nm or more away [127]. Nevertheless some observations using 

FTIR and NMR techniques suggest or even confirm the presence of hydrogen 

phosphate units in the nano-structured samples. It is a hard task because the 

manifestation of hydrogen phosphate groups are often hidden under other 
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spectral features. E.g. the FTIR band of HPO4
2– at ca 540 cm–1 is strongly 

overlapped by the intensive modes of PO4
3– in the regular apatitic environment 

[75]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.11. The spin coupling distribution profiles P(b/2) (nano-CaHAp – top, 

ACP-CaHAp - bottom), spatial distributions of protons surround 31P nuclei 

(nano-CaHAp – top, ACP-CaHAp – bottom) and the MAS effect (more 

comments in the graph and text). In the cases of CP MAS, DIS were rescaled 

(see comment in text). 

 

In NMR spectra, i.e. 1H signal at  11 ppm is very broad and 31P at ca 0.45 - 

1.3 ppm, look like to be the shoulders of the strong central dominant peaks 

from the bulk [26, 69, 74, 75]. Hence, in all these cases HPO4
2– signal/band to 

be resolved it requires rather precise band separation procedures with a priory 

knowing that this band is present indeed. More clearly the presence of HPO4
2– 

can be extracted from 2D HETCOR experiments [69]. Also note the possible 

presence 31P–1H spin pairs with the closest distance 0.22 - 0.25 nm in calcium 

phosphate gelatin nano-composites has been deduced from the simulation of 
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CP kinetics [124]. The P–O–H structural motifs with P...H distances of 0.2 - 

0.25 nm are present mainly on the surface layer that is not seen in XRD 

because of its disordered nature [69]. Therefore the fact that the peak at 0.24 - 

0.27 nm is clearly resolved in the spatial distribution profile of the nano-

CaHAp sample and hardly noticeable in the case of ACP-CaHAp (Fig. 4.2.11) 

is easily understood taking into account the differences in surface organization 

in nano-structured and amorphous materials. Contrary to this, in the 1H MAS 

spectrum of ACP-CaHAp a peak attributed to surface HxPO4 was resolved (Fig 

4.1.5) while it was not observed for nano-CaHAp. Probably this happened 

because of the lack of the structural OH groups which enabled the peak to be 

noticeable. Nevertheless, as mentioned before the peak at 0.24 - 0.27 nm under 

MAS condition is noticeable in the ACP-CaHAp. 

These two differently structured systems are interesting to compare according 

to the remote P...H contacts. It is seen that the relative amount of the remote 

P...H contacts (r(31P–1H)  0.5 nm) in ACP-CaHAp is much higher than in 

nano-CaHAp (Fig 4.2.11). Both materials were already compared respect to 

the presence of structural manifolds of hydroxyl groups by mean of 1H NMR 

in chapter 4.1. It was deduced that the amount of structural –OH groups in 

nano-CaHAp is significantly higher than that from adsorbed water and vice-

verse in ACP-CaHAp. The 1H and 31P spin-lattice T1 and spin-spin relaxation 

T2 time measurements have revealed that the fast spin motion with the 

correlation time  = 6.910–6 s at  300 K takes place in ACP-CaHAp [119]. 

The effect of MAS rate on the 31P signal shape supports that the correlation 

time of this motion gets into the time scale of microseconds or even 

nanoseconds. Such fast dynamics can be attributed to the rotational diffusion of 

water molecules. The spin dynamics in nano-structured CaHAp is much slower 

(  3.310–5 s) [119]. Without discussing the true origin of these protons 

(adsorbed water [77]/ deviation of the H atom of the –OH ions with sequent 

displacements of corresponding oxygen atoms that lead to the appearance of 

distances typical for H-bonds [54]) and correlating all these data with the 
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profiles presented in Fig. 4.2.11 it can be stated that the remote protons are 

certainly involved in the H-bond network.  

More comments concerning the MAS effect on the obtained spin distribution 

profiles are necessary. If the spin diffusion processes are slow enough the 

assumption of isolated 31P–1H spin pairs becomes more realistic [128]. The CP 

kinetics should exhibit then more pronounced oscillations of intensity (Fig. 

4.2.9). The dominant dipolar coupling can be then revealed and the P...H 

distance values can be extracted either performing Fourier transform of the 

magnetization curves [80, 84, 128] or from CP kinetic curves by a single 

cosine treatment (Eq 3.1.16) [75, 126]. It means no reducing of the far range 

order effects through the developed treatment, i.e. applying Eq 4.2.7, is 

necessary. However for the studied nano-CaHAp the value of Tdif is practically 

not changing getting from the static regime to MAS, whereas for ACP-CaHAp 

it even slightly decreases (Table 4.2.2). On the other hand it is known that 

MAS technique fails to suppress anisotropic spin interactions fully, if intensive 

reorientational dynamics is present [115]. The MAS line width becomes 

dependent on the spin interaction strength, the time scale of the motion and the 

spinning rate [115, 119]. Thus, certain dipolar interactions are decimated 

which is reflected in the changes of NMR signal widths and in the spatial 

distribution of interacting spins (Fig. 4.2.11.). It follows that 31P interactions 

with the protons on the surface layers (the peak at 0.24 - 0.27 nm) or with 

remote protons (r(31P–1H)  0.5 nm) are affected by MAS most dramatically. 

Moreover, the decimation of spin interactions upon MAS is pronounced also 

on the structural parameter . Its change from   0.35 (static sample) to 0.6 

(MAS, see Table 4.2.2), that means that the effective number of interacting 

spins in the 31P–(1H)n spin cluster in nano-CaHAp changes when MAS is 

applied. 

The weak point of the above treatment has to be recognized. Namely, it starts 

from the expression (eq 3.1.16) that is valid for one particular orientation of the 

dipolar tensor with respect to the external magnetic field (eq 4.2.4). The 
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averaging in eq 4.2.6 using P(b/2) covers the b-distribution over the distances 

as well as over the orientations. This can mask or distort the true distribution of 

the internuclear distances alone. On the other hand, the peaks in the fine 

structure of P(b/2), if it is succeeded to resolve experimentally (Fig. 4.2.11), 

correspond to the edges of Pake-like doublets, that is, they are valid for one 

particular orientation (θi, as it is shown in 4.2.8 right bottom ). Purely distance-

depending distribution P(D) can be determined by removing the angular 

effects. Such treatment can be carried out starting from the expressions for CP 

kinetics derived for a powdered sample [28, 86] However, a rather complicated 

mathematical problem appears in this case; instead of routine Fourier transform 

determining P(b/2) (eq 4.2.7), the distribution P(D) is extracted processing CP 

kinetic data either by applying nontrivial Hankel transform or solving the 

equation of convolution that gets into the class of so-called ill-posed problems. 

The elimination of the angular effects will be discussed in chapter 4.2.4. 

 

4.2.3 CP beating effect 

Another observed but not yet explained effect in this nano-CaHAp sample is 

the CP kinetics beating (4.2.12). According to classical mechanics, if two 

harmonic signals interfere which differ in frequency much less than initial 

frequency, beatings are observed. Under sufficient high MAS rate (>5 kHz) 

beatings appear in the CP kinetics profile (4.2.12). It is important to note that 

in chapter 4.1 it was shown that there are no significant line narrowing above 5 

kHz of MAS, in other words the dipolar coupling is fully averaged out. The 

reasoning for beating effect is still not clear, therefore experimental systematic 

errors that may coherently interfere have to be taken into account, namely RF 

inhomogeneity of the NMR coil or the decoupling pulse sequences used during 

the FID observation. The RF inhomogeneity in the NMR coil is always present 

at some extent. Nevertheless, it was proved that rather high RF inhomogeneity 

in the NMR coil has little impact to observed spectral parameters though the 

use of samples that are space-restricted within MAS rotor to the homogeneous 
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region of the coil is highly advantageous [136]. For this reason a reduced 

volume sample was prepared, the sample was placed in the centre of the MAS 

rotor, where RF field is the most homogeneous. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.12. CP beating effect in the reduced volume nano-CaHap sample. 

Black line – 4 kHz MAS, nHH=-1; blue line – 9kHz MAS nHH=-1, Grey line – 

Simulation. More details in the text. 

 

After this improvement the observed beatings were even more pronounced. 

Moreover, a decoupling sequences where investigated as target for the cause, 

namely CW and Spinal64 which showed absolutely no impact to the beating 

effect. Therefore there were a simulation performed which showed that the 

beating carrier frequency is at the order of 104 Hz and the difference in both 

frequencies is 625 Hz. It is hard to assess carrier frequency exactly due to a 

present noise level. If we recalculate from frequency to distance domain (from 

b to r) using methods described before, value of ~ 0.12 nm is obtained which is 

similar to P–H bond length ~ 0.14 nm which was determined for phosphite 

anion [129]. Nevertheless, the presence of phoshite anions, which could cause 

CP beating cannot be proved. What is more, the complementary analysis of 

FTIR spectra did not rigorously confirm the presence of phosphite anion 

because the band of CO2 traces from the air is usually present at the same 

wavenumbers. Another reasoning could be the accomplishment of quasi-
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equilibrium (this term will be used in the forthcoming chapters, therefore no 

explanation will be given here regarding it). Sakellariou et al showed that the 

system is driven to the periodic state which is synchronised to the rotation after 

transient oscillations are damped in ferrocene and alanine samples [134]. The 

evaluated beating carrier frequency being at the order of 104 Hz seems 

comparable to 5-9 kHz of MAS spinning, so the periodic oscillation, after the 

dipolar oscillation is damped due to spin diffusion, might be possible. 

Moreover it was theoretically calculated that beatings may appear in six-spin 

system applying Lee-Goldburg CP pulse sequence for α-alanine [135]. As the 

nano-CaHAp system is not an isolated system consisting of two spins, beatings 

may be very plausible. It is important to note, that this is only an initial 

hypothesis. Therefore this phenomenon should be investigated more in details 

employing precise theoretical approach. This is a stimulating topic and 

certainly will be analysed in a near future. 
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4.2.4. Angular averaging 

The elimination of the angular effects for the dipolar tensor is important 

without a doubt. For this reason a much more simple system was chosen, 

namely ammonium dihydrogen phosphate (NH4H2PO4) which was extensively 

investigated by means of XRD and ND. Therefore a numerous literature 

sources are available describing crystal structure and proximities between 

various atoms in the crystal structure (Fig 4.2.13) [101-110]. The spin-lattice 

relaxation time T1 of 1H nuclei in ADP is much smaller compared to CaHAps 

therefore a CP kinetics profile containing more data points to perform non 

trivial processing unambiguously is obtained within more acceptable period of 

time [119, 137]. Similarly as before, 1H-31P CP kinetics measurements were 

performed. 

 

Fig. 4.2.13. Crystal unit cell of ADP and the essential internuclear distances 

between P and H atoms according to the neutron diffraction data [108]. 

 

The CP kinetics observed in powdered ADP exhibit the blurred oscillation of 

intensity in the short- and moderate contact time range (Fig 4.2.14) similar to 

previously studied systems (chapter 4.2.1/2). Firstly, equation 3.1.16 is 

modified [28, 86 and refs cited therein]: 
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𝐼(𝑡) = 𝐼0 {
1

2
[𝑒
−

𝑡

𝑇1𝜌 − 𝑒−𝑘1𝑡𝑔(𝑡)] + (
〈𝑆〉𝑞𝑒

𝜔0𝐼
−
1

2
) [𝑒

−
𝑡

𝑇1𝜌 − 𝑒−𝑘2𝑡]}, (4.2.8) 

  

where 0I is the Larmor frequency of I spins, 〈𝑆〉𝑞𝑒 is the quasi-equilibrium 

polarization of S spin inside the extended spin-system S–IN that can be 

expressed by: 

〈𝑆〉𝑞𝑒 =
𝑁

𝑁+1
𝜔0𝐼  ,   (4.2.9) 

and the function g(t) describes the oscillatory behaviour of polarization 

averaged over a set of : 

𝑔(𝑡) =
1

2
∫ cos(2π𝑏𝑡/2) sin(𝜃) 𝑑𝜃
π

0
.  (4.2.10) 

In the case of S–IN systems containing non-equidistant pairs of interacting 

spins the oscillatory term in the CP intensity behaviour: 

𝐼𝑜𝑠𝑐(𝑡) = cos (
2𝜋𝑏𝑡

2
) =

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
∑ 𝑃(𝑏𝑖/2) cos(2𝜋𝑏𝑖𝑡/2)𝑖 , (4.2.11) 

has to be averaged not only over the angular distribution (Eq4.2.10) but as well 

as additionally over the set of internuclear distances. Both operations could be 

carried out in one step if the spin coupling distribution profiles P(b/2) were 

known. Assuming that at the long contact time and long-distances P(b/2) and 

its Fourier image can be approached by the Gauss functions (Eq 3.1.17), the 

function g(t) in Eq 4.2.8 can be simply replaced by the Gauss decay Iosc(t) = 

exp(–t2/2T2
2). Processing experimental data instead of the quasi-equilibrium 

polarization of S spin it is more convenient to use the spin number N (Eq 4.2.9) 

that contains the information on the relative size of the spin-system. All these 

simplify Eq 4.2.8 essentially:  

𝐼(𝑡) = 𝐼0/2 {[𝑒
−

𝑡

𝑇1𝜌 − 𝑒−𝑘1𝑡𝑒
−
𝑡2

2𝑇2
2
] + (

𝑁−1

𝑁+1
) [𝑒

−
𝑡

𝑇1𝜌 − 𝑒−𝑘2𝑡]}, (4.2.12) 

making it simply to apply in the processing of experimental data (Fig 4.2.14). 

The perfect global fit (the fit using all experimental points over 0  10 ms) was 

achieved getting the nice values of the correlation coefficient R2  0.990 and 

the standard least-square deviation √2̅̅ ̅/I0  1.2 %. Note, in order better to 
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reproduce the long-time behaviour the rate constants k1 and k2 were treated as 

independent quantities [28, 86]. 
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Fig. 4.2.14. 1H -31P CP MAS kinetics (integrated 31P signal intensities versus 

variable contact time) in powdered ADP (7 kHz MAS, Hartmann-Hahn 

matching for n = – 1, room temperature). The fit parameter values in Eq 4.2.12 

are: I0 = (3.181  0.006) 109 a. u.; k1 = 539  7 s–1, (N – 1)/(N + 1) = 0.362  

0.002; T2 = (7.65  0.05) 10–5 s; T1  ; k1 = 3k2/2 was kept fixed (more 

comments in text). 

 

However, it had no sense in the present case. The perfect fit over the whole 

time range was obtained using the fixed ratio k1/k2 = 3/2 as it is sequent from 

the definition of the isotropic spin-diffusion superoperator [95]. Moreover, the 

fitting allowing to vary k1 and k2 independently led to the nonsensical situation 

- the values of these parameters were determined with the margins of error up 

to  100 %, without any significant improvement in R2 and 2 values. This 

means either the experimental data set was not ample to reveal the deviations 

from the isotropic model (despite each kinetic curve contained  1000 points) 

or the isotropic spin-diffusion model is indeed adequate for the studied system. 

Despite the perfect global fit, the run of CP transfer cannot be reproduced in 

the short contact time range, namely, within 0  2 ms (see the insert in Fig 

4.2.14). This means the information about the short range order structure 
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details is lost, similarly as in chapters 4.2.1 and 4.2.2, if Gauss decay function 

(3.1.17) is applied.  

In previous chapters the internuclear distances in the nano-CaHAps were 

obtained by the reverse processing the CP kinetics. The oscillatory term was 

extracted from the CP kinetics cleaning out the incoherent contributions. The 

shape of P(b/2) was determined by performing an inverse Fourier transform of 

the oscillatory term from t- to b-domain. However it was carried out only for 

the 'edges' of Pake-like doublets. The purely distance-depending distribution 

P(D) can be determined by removing incoherent far-range order contributions 

and carrying out the angular averaging. 

The Eq 4.2.12 was applied at the starting point to process the experimental 

CP MAS kinetics. Taking into account the above remark that k1/k2 = 3/2, then 

Iosc(t) can be expressed as: 

𝐼𝑜𝑠𝑐(𝑡) =
𝑓2

𝑓1
+
𝑁−1

𝑁+1
(
𝑓2

𝑓1
− 𝑓1

−1/3
) −

𝐼(𝑡)

𝐼0∙𝑓1
. (4.2.13) 

In order to be able to apply this equation two factors of spin-diffusion f1 = 

exp(–k1t) and spin-lattice relaxation in the rotating frame f2 = exp(–t/T1) as 

well as the parameter N that characterizes the relative cluster size have to be 

known. Similarly as in the previous approaches (Chapters 4.2.1 and 4.2.2) the 

values of I0, k1, N and T1 were taken as they were determined processing the 

experimental data using Eq 4.2.12 (Figure 4.2.14). The extracted Iosc(t) is 

shown in the Figure 4.2.15. 

In the next steps the purely angular averaging (Eq 4.2.10) has to be extended 

including the averaging over the distances (r). Since the internuclear distance 

are directly related to the dipolar coupling constant (D) (Eq 4.2.4) the purely 

distance-depending distribution P(D) is introduced for this purpose. Then the 

complete averaging can be written as 

𝐼𝑜𝑠𝑐(𝑡) = ∫ 𝑃(𝐷)
∞

0
∫ cos(2π𝑏𝑡/2) sin(𝜃) d𝜃d𝐷
π

0
. (4.2.14) 
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Fig. 4.2.15. CP oscillatory term extracted using relation 4.2.13 with the fit 

parameter values given in the caption of Figure 4.2.14. The 'noisy' part of the 

curve with noise level that exceeds the experimental margin of error of CP 

intensity was smoothed applying the zero-filling. 

 

The angular averaging part in Eq 4.2.14 can be expressed in terms of series of 

Bessel functions of the first kind Jk(x). These expressions depend on which one 

of the Hartmann – Hahn sideband matching conditions (II – IS = n MAS) is 

fulfilled [28, 89, 130]. The equation describing g(t) at n =  1 matching, i.e. the 

condition fulfilled in the present work, is written: 

𝑔±1(𝐷, 𝑡) = 𝐽0 (
π𝐷𝑡

√2
) + 2∑ [

1

(1−4(2𝑘)2)
]∞

𝑘=1 𝐽2𝑘 (
π𝐷𝑡

√2
) (4.2.15) 

and then: 

𝐼𝑜𝑠𝑐(𝑡) = ∫ 𝑃(𝐷)
∞

0
𝑔±1(𝐷, 𝑡)d𝐷.  (4.2.16) 

 

Any successful attempt to construct a proper replica for the exact series 

g1(D, t), i.e. the kernel function in the integral equation (Eq 4.2.16), would be 

extremely welcome. It would let to avoid certain mathematical difficulties, like 

the solution of so-called 'ill-posed' Fredholm equation [89]. Searching for such 

replica the truncation of Eq 4.2.15 restricting the series by the first member 

J0(x) only seems to be quite acceptable (Figure 4.2.16). The statistical 
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evaluation of deviations from the exact series provides the values R2 = 0.997, 

2 = 0.015 over the whole x range 0 - 100 a. u. This is comparable with the 

experimental precision of CP intensities and can be understood due to very 

steep suppression ( 1/(2k)2) of the contributions from J2k(x) of higher order. 

The Eq 4.2.16 can be then rewritten: 

𝐼𝑜𝑠𝑐(𝑡) = ∫ 𝑃(𝐷)
∞

0
𝐽0 (

π𝐷𝑡

√2
) 𝑑𝐷~∫

𝑃(𝐷)

𝐷

∞

0
𝐽0 (

π𝐷𝑡

√2
)𝐷d𝐷. (4.2.17) 

This means that the functions Iosc(t) and P(D)/D are now related by Fourier - 

Bessel (Hankel) transform [131]. Hence, P(D) can be determined from Iosc(t) 

carrying out the inverse operation: 

𝑃(𝐷) = ~𝐷 ∫ 𝐼𝑜𝑠𝑐(𝑡)
∞

0
𝐽0 (

π𝐷𝑡

√2
) 𝑡d𝑡. (4.2.18) 

Moreover, it is also known that the Bessel function Jn(x) at x   has the 

following asymptotic form [130]: 

𝐽𝑛(𝑥)~√
2

π𝑥
 cos (𝑥 −

𝑛π

2
−
π

4
).  (4.2.19) 

Indeed, the function in this form emulates the track of the exact Bessel series 

(Eq4.2.15) at the larger x values rather satisfactorily with R2 = 0.973 and 2 = 

0.04, respectively. Significant deviations start to appear at x  1, i.e. at Dt  1 

(Figure 4.2.16). Thus, J0(x) can be replaced by its asymptotic form, however, 

with some limitations for very short contact time range and weak dipolar 

couplings. Such replacement of J0(x) simplifies Eq 4.2.19 crucially: 

𝑃(𝐷) = ~𝐷 ∫ 𝐼𝑜𝑠𝑐(𝑡)
∞

0

cos(
π𝐷𝑡

√2
−
π

4
)

√
π𝐷𝑡

√2

𝑡d𝑡,  (4.2.20) 

that means that the goal distribution (purely distance-depending) P(D) can be 

obtained by routine Fourier transform of 𝐼𝑜𝑠𝑐(𝑡) ∙ √𝑡 from t- to D-domain with 

the proper rescaling: 

𝑃 (
𝐷/√2

2
) = ~√𝐷 ∫ [𝐼𝑜𝑠𝑐(𝑡) ∙ √𝑡]

∞

0
cos (2π

𝐷/√2

2
𝑡) d𝑡. (4.2.21) 
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Fig. 4.2.16. Constructing the replica for the exact Bessel series (Eq4.2.15). 

 

As mentioned before (eq 4.2.5), in the presence of MAS the dipolar coupling 

constant D has to be rescaled depending on the Hartmann-Hahn matching 

condition, namely in this case n =  1 it has to be multiplied by √2 . The 

results of this processing of experimental CP MAS kinetics (Figure 4.2.14) 

including the recalculation of P(D) from D-variable to internuclear distances 

(r) using eq 4.2.4 are presented in Figure 4.2.17. The spatial distribution 

profiles consist of 3 maxima at 0.234 - 0.239 nm, 0.357 - 0.376 nm and at 

0.476 - 0507 nm, depending on MAS rate and the method of processing. The 

distance values are given in Table 4.2.3 and compared with the available 

conventional crystallographic data. 
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Fig. 4.2.17. Spatial distributions of protons surrounding 31P nuclei in the 

powdered ADP at 7 and 10 kHz MAS. Besides the results of the complete 

averaging over the distances and angles (r and θ) obtained applying Eq. 4.2.21, 

the distributions obtained carrying out only the r-averaging with the fixed 
|(1 − 3 cos2 𝜃) 2⁄ |→ 1 value as well as the simplified treatment applying 

Fourier transform directly on the kinetic curve with non-reduced incoherent 

contributions from the remote protons are presented for comparison. 

 

The distances of  0.21 - 0.25 nm which typical for P–O–H structures were 

determined in previous chapter as well. Similar distances were determined for 

other systems, namely gelatin nano-composites, aluminophosphates, sol-gel 

derived SnO2 nano-particles capped by phosphonic acids , etc [84, 86, 124, 

126]. The shortest P...H distance in P–O–H can be considered to be determined 

most precisely for the following reasons: i) this peak is well-resolved (Fig 

4.2.17); ii) it corresponds to the strongest dipolar 31P–1H coupling (D  4000 

Hz) and thus the limitation for the replica use Dt  1 (Fig. 4.2.16) is certainly 

fulfilled. 
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Table 4.2.3. Maxima positions (nm) of the spatial distribution of protons 

surround 31P nuclei in powdered ADP and comparison with ND and XRD data. 

Method Peak 1 Peak 2 Peak 3 

7 kHz MAS 

r-averaging 

0.239 0.376 0.507 

10 kHz MAS 

r-averaging 

0.237 0.376 0.507 

7 kHz MAS 

Complete 

averaging 

0.234 0.364 0.476 

10 kHz MAS 

Complete 

averaging 

0.236 0.357 0.479 

Neutron 

diffraction 

[108-110],  

see Figure 4.213 

0.219 - 0.222 0.330 - 0.344 0.429 -0.444 

X-ray diffraction 

[103-107] 

0.235 - 0.244 

0.218 and 0.220* 

0.329 - 0.335 0.430-0.441 

*- predicted by the calculation using the extended electrostatic valence rule. 

The hydrogen-atom positions were calculated for the least electrostatic energy 

in the local environments [104] 

 

The shortest 31P–1H distances determined by NMR using CP MAS kinetics 

get between ND and XRD values (peak 1, Table 4.2.3), whereas those for more 

remote protons are slightly larger. The differences in the relative peak heights 

and in the resolution are clearly seen comparing the spatial distributions in 

Figure 4.2.17. It can be stated that the angular averaging leads to better 

resolution of the peak 2 that corresponds to P...H contacts with two protons in 

NH4
– anion (Fig. 4.2.13). Also the values of the distances between phosphorus 

and other two remote protons are slightly improved (peak 3, Table 4.2.3). 
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4.2.5 Noise effects 

 

Nevertheless high amount of variables in theoretical model described in 

chapter 4.2.4 is reason for doubts in its validity. The computing routine applied 

is based on the Levenberg-Marquardt algorithm, which is the most widely used 

algorithm in nonlinear least squares fitting. It is implemented in many 

packages, e.g., Microcal Origin and Mathcad. The main problem which is met 

working with the nonlinear fitting arises trying to ensure its convergence 

towards the “true” (global) minimum on the multi-parameter surface χ2, i.e., 

the sum of weighted squares of deviations of the chosen theoretical model 

curve from the experimental points. Several or even a forest of local “false” 

minima can be present on χ2 surface depending on complexity of the model, 

precision, and completeness of the experimental data set. The path of the flow 

χ2 → min depends on the choice of the initial (zero-order) parameter set. 

Starting with some non-properly chosen parameters the procedure can 

converge towards “false” local minima (Fig.4.2.18). 

 

Fig. 4.2.18. Non-linear multi-parameter fitting: the problem of flow towards 

the “true” (global) minimum. More comments in the text. 
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The acquired experience in the fitting of CP kinetic curves allows to give some 

criteria and recommendations to recognize the false minima and searching for 

the proper zero-order parameter set. The false minimum can be easily 

recognized by following: (i) apparent systematic (non-random) deviations (see 

“red curve” in Fig. 4.2.18); (ii) relatively low values of R2; (iii) the values of 

some adjusted parameters are beyond their physical sense (e.g., T2 < 0). In 

order to find the right path towards the global minimum for the first iteration it 

is recommended to keep fixed some parameters that can be a priori 

approximately evaluated from other experimental data. For instance, the spin-

spin relaxation time T2 can be determined from the full width at half maximum 

(FWHM) of 31P signal for the static sample using the “uncertainty” relation 

FWHM∙T2 = 0.375 that is valid for the “true” Gauss functions. Another 

parameter in Eq 4.2.12 – I0 can be roughly taken as 0.7-0.9 of maximal I(t) 

value and exp(−t/T1ρ) = 1 can be set. Keeping these values fixed the remaining 

parameters are refined during the first iteration and then taken as zero-order set 

in the next run. If the correct minimization path is found then all parameters 

can be varied getting the stable flow to the same minimum without any 

constraints. In order to study the effect of random errors on the stability of flow 

and on the values of adjusted parameters the CP kinetic curve (Fig. 4.2.14) was 

artificially disturbed adding the noise of various levels (Fig 4.2.19) with the 

sequent repeat of all steps of processing (4.2.20). 

 

 

 

 

 

 

 

Fig. 4.2.19. Effect of random noise on the CP kinetics.  
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It is clearly seen (Fig 4.2.20) that the most sensitive parameters to the noise 

level are k1, and p1 = (N − 1)/(N + 1). The effect of noise on the spatial 

distribution of protons surrounding 31P nuclei P(r) is of particular interest. It 

can be concluded that the random errors can affect P(r) at longer distances (r > 

0.3 nm) significantly if the noise level exceeds 5% whereas the position of the 

first peak remains to be quite stable. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.20. Effect on the precision of adjusted parameters (left): I0, k1, p1 = (N 

−1)/(N +1), T2 (Eq.4.2.12) (the relative error (%) means the standard error put 

out by the computing routine divided by the value of the corresponding 

parameter obtained processing dataset without added noise); and on the spatial 

distribution of protons surrounding 31P nuclei (right). 

  

Resuming, the high experimental data point density on CP kinetic curves 

makes the minimization procedure quite stable with respect to the random 

errors. This large data set reduces the excess degrees of freedom in the non-

linear fitting procedure targeting its flow towards the global minimum on the 

multi-parameter surface χ2. It makes possible more rigorous decision 

concerning the validity of the hypothetic models and more fitting parameters 

can be used and determined unambiguously. 

  

0 2 4 6 8 10

0

2

4

6

 

 

I
0

T
2

p
1

re
la

ti
v
e 

er
ro

r 
%

random noise %

k
1

0.2 0.4 0.6

 P
(r

),
 a

.u
.

 

 

'non-disturbed'

+2 %

+5 %

+10 %

r(
31

P-
1
H), nm

Added noise level:



91 
 

4.2.6. Non-Classical CP transfer model’s convergence to the classical 

one. 

 

To choose an appropriate CP transfer model is not an easy task and in most 

cases it cannot be chosen unambiguously [94]. As it was shown in chapter 

4.2.1, even if the CP kinetics looks typical for the classical I-S transfer model, 

the non-classical I-I*-S describes the experimental observations in the whole 

dynamic range better (without non-random deviations) (Fig.4.2.2). It seems 

that the more complicated model should be used in all cases. Therefore, the 

possibility of the convergence of the non-classical model to the classical one 

should be analysed. In other words, the conditions when the non-classical 

model describes the CP behaviour correctly should be pointed out. 

In order to do it, the starting point is the equation 4.2.12 which was used to 

analyse the ADP CP behaviour in chapter 4.2.4. It can be rewritten in a 

following way: 

𝐼(𝑡) =
𝐼0

2
𝑒
−

𝑡

𝑇1𝜌
𝑁

𝑁+1
{1 −

𝑁−1

2𝑁
𝑒−(𝑘2−1/𝑇1𝜌)𝑡 −

𝑁+1

2𝑁
𝑒−(𝑘1−1/𝑇1𝜌)𝑡𝑒

−
𝑡2

2𝑇2
2
}. 

 (4.2.22) 

In the case when k1, k2  1/T1 and after renormalizing I0 I0N/(N+1) the 

relation 4.2.22 converts to Eq. 3.1.18, i.e. to the most often used equation of I–

I*–S model. If the quasi-equilibrium polarization of S spin inside the spin-

system S–IN is realized, in other words the equation 4.2.9 is valid, the 

parameter  is then related to the spin cluster size N: 

 

 = 
𝑁−1

2𝑁
 .   (4.2.23) 

 

Previously this parameter was equal  = 1/(N+1) that was stated maybe more 

intuitively [79, 94]. It becomes obvious that  cannot overstep   1/2 if the 

quasi-equilibrium polarization transfer is present. It provides an additional 

constraint on the processing of CP kinetic curves. Namely, the results of the 
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non-linear curve fitting of the model and experimental data set have to be 

rejected, revised or some assumptions should be taken into account, if the 

minimization routine leads to   1/2. In this case the possible physical reasons 

why the spin quasi-equilibrium was not reached should be carefully analysed. 

 The Eq. 4.2.12 has the advantage not only because it elucidates the 

physical sense of the parameter , but also because it provides the way to 

follow the convergence between non-classical and classical spin coupling 

models without any a priori discrimination, which of those should be valid for 

the system under study. It is quite logical to suppose that at the infinite 

enlargement of the spin cluster size the non-classical I–I*–S model has to 

convert to the classical I–S one. And indeed, in this case N   the 

requirement for the high dilution of spin S among spins I is certainly fulfilled, 

i.e. NS/NI  0. Furthermore, if the I–S heteronuclear coupling is sufficiently 

reduced by high spin mobility, the CP kinetics should obey the classical I–S 

model (eq 3.1.15). In order to follow this conversion eq. 4.2.12 is rewritten 

inserting N  . Then it turns to: 

 

𝐼(𝑡) = 𝐼0 {𝑒
−

𝑡

𝑇1𝜌 −
1

2
(𝑒

−(𝑘1𝑡+
𝑡2

2𝑇2
2)
+ 𝑒−𝑘2𝑡)}.  (4.2.24) 

 

The principal question that arises during the non-linear curve fitting is - 

whether the expression in the internal brackets (...) could be recognized by the 

computing as the sum of two exponents, or such behaviour is merged to a 

single exponential decay: 

1

2
(𝑒

−(𝑘1𝑡+
𝑡2

2𝑇2
2)
+ 𝑒−𝑘2𝑡)  →  𝑒−𝑎𝑘2𝑡 ,  (4.2.25) 

where a is the adjustable parameter introduced for rescaling the 'true' spin 

diffusion rate k2 = 1/Tdif . The answer certainly depends on the experimental 

precision as well as on the parameters k2, k1 = 3k2/2 and T2. This might be 
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checked by taking the set of some 'realistic' k2 and T2. The results are presented 

in Fig. 4.2.21. The perfect fit (R2 = 0.997  0.999) the was obtained in the case 

of 'narrow' as well as 'broad' b-spectrum, i.e. short- and long T2, varying only 

one parameter – the rescaling factor a (Fig. 4.2.21). This means that at the 

present CP transfer regime, which is determined by k2 and T2 values, the two- 

and single exponential decay functions (Eq. 4.2.25) are indistinguishable even 

when relatively huge data sets of very high precision (computer generated 

curves with no random noise, 128 points per curve) are processed. Thus it can 

be stated that for the large spin clusters at the present conditions the 'classical' 

and 'non-classical' regimes are practically undistinguishable. The eqs 3.1.15 

and 4.2.24 become more or less equivalent. What is more, the CP rate 

constants 1/TIS and 1/Tdif used in those equations are bridged by the relation: 

 

1

𝑇IS
 → 𝑎 𝑘2  =  

𝑎

𝑇𝑑𝑖𝑓
     (4.2.26) 
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Fig. 4.2.21. The imitation of two exponential terms in Eq. 4.2.25 (computer 

generated points shown by open circles) by the single exponent with the 

rescaled spin diffusion rate ak2 (solid lines). The different T2 values correspond 

to 'broad' and 'narrow' distributions of the dipolar splitting. The adjusted a 

values are within 1.2 - 1.5.  
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It is worth pointing out that the calculated parameter a for the ACP-CaHAp 

analysed in the chapter 4.2.1 using relation 4.2.26 and parameters TIS and Tdif 

obtained there is equal to 1.3 which coincide with above mentioned values. 

Moreover, the validity of the suggested model in the novel complex 

composites consisting of the amorphous silicas, namely SBA-15 and MCM-41, 

and the room temperature ionic liquid (RTIL) 1-butyl-3-methyl-imidazolium 

tetrafluoroborate [bmim][BF4] was proven [133]. 

 

Conclusions of part 4.2 

 

 High data point density measurements carried out for the ACP/nano-

CaHAps and ADP allowed to resolve spin clusters structures within 

internuclear distances r  0.125 nm. 

 

 An apparent difference in the CP kinetics profiles for the nano-

structured and the containing the amorphous clustered phosphate phase 

CaHAps have been revealed. 

 

 The advanced processing of CP MAS data has been developed 

introducing the variable cut-off Gaussian distribution of the dipolar 

coupling. The characteristic size of 31P–(1H)n spin cluster being within 

0.30.5 nm has been determined for nano-structured CaHAp. 

 

 The far range order effects have been reduced by introducing radial 

distribution of interacting spins in the processing the CP kinetics  

 

 The short 31P–1H contact peak at 0.24 - 0.27 nm resolved in the spatial 

distribution profile of the nano-CaHAp sample is hardly noticeable in 
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the case of ACP-CaHAp which reflects the differences in surface 

organization in the nano-structured and amorphous materials. 

 

 The spin diffusion process in nano/ACP-CaHaps are practically 

unaffected by MAS (9 kHz). The MAS decimates 31P interactions with 

the protons on the surface layers and with the remote protons ( 0.5 nm) 

that are plausibly involved in the H-bond network and thus are highly 

mobile. 

 

 CP beating effect was experimentally observed for the first time. 

Hypothesis of the accomplished quasi-equilibrium polarization which 

leads the beating of the signal intensity was proposed.  

 

 The advanced CP MAS kinetic processing which is based on the 

reducing the incoherent far range order spin couplings and extracting 

the CP oscillatory term and sequent mathematical treatment has been 

introduced. The proper replica has been found that allowed to reduce the 

Fourier - Bessel (Hankel) transform calculating the angularly-averaged 

and purely distance-depending spin distribution to the routine Fourier 

transform. 

 

 The added noise level in the CP kinetics for powdered ADP has little 

impact to the 1H-31P spin coupling distribution profile which confirms 

that the applied processing route is reliable method to obtain structural 

information in the complex solids. 

 

 A tight convergence of 'classical' and 'non-classical' spin coupling 

models has been deduced. Its validity was proved for the ACP-CaHAp. 

However, the non-classical model seems to be more preferable because 
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it directly provides the information on the spin diffusion rate that is 

originated from the exact microscopic quantum mechanical model. 
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4.3. An impact of complexing agent to structural aspects of complex 

CaHAp materials 

 

The advanced methods developed for characterising the spin cluster 

composition (chapters 4.2.1 – 4.2.6) is a powerful tool to distinguish the 

structural difference in a very similar compounds at the first glance. Therefore 

the same specimens discussed in the chapter 4.1, namely EDTA/EG/TA/GL-

CaHAps were analysed. It was chosen to apply the processing protocol 

described in the chapters 4.2.2/4. The reasoning for such choice is that the 

‘radial distribution’ approach together with angular averaging is powerful to 

distinguish surface and bulk species as well as reduce far range incoherent 

effects in the nano-structures. The ratio of the surface and the bulk species as 

well as the relaxation in the rotating frame T1ρ, spin diffusion Tdif or spin 

cluster composition λ could be a sensitive probe describing structural 

differences within various nano-structures. Similarly as in the chapters 

4.1.1/4.1.2 the obtained parameters will compared with the ones obtained for 

the commercially available stoichiometric CA-CaHAp. 

The observed CP-kinetic curve for the CA-CaHAp was similar to discussed in 

chapter 4.2.2 (Fig 4.3.1). Firstly, it was processed using theoretical models 

discussed in chapters 4.2.4 (eq 4.2.12) and 4.2.6 (eqs 4.2.22 and 4.2.23) 

employing T2 averaging approach. The obtained fitting parameters are shown 

in Table 4.3.1. It is important to note that the adjusted R2 = 0.98 was calculated 

in all cases which seems very logical as these models are not capable to mimic 

transient oscillations. All fitting parameters, namely Tdf, T2 were calculated to 

be similar. Even the introduction of parameter λ did not lead to improper 

values. It was calculated to be equal to 0.47 which corresponds to the N = 

14.71 of interacting spins while using eq 4.2.12 the corresponding parameter 

was calculated 14.77. Such apparent coincidence is very welcome as it shows 

that the quasi-equilibrium with the lattice was met in the CA-CaHAp CP 

kinetics. 
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Fig. 4.3.1. 1H-31P CP kinetics in CA-CaHAp together with theoretical fittings: 

Green line – eqs 4.2.22 and 4.2.23, Cyan line- eq 4.2.12, Red line - eqs 4.2.22 

and 4.2.23 using radial distribution instead of T2 averaging approach. Obtained 

fitting parameters are shown in Table 4.3.1. More comments in the text. 

 

The introduction of the radial distribution allowed to describe the 1H-31P CP 

behaviour almost ideal achieving parameter R2 = 0.99. Nevertheless, this leads 

the parameter λ to become larger than 1/2, namely 0.61. According to the 

arguments given in the chapter 4.2.6 parameter λ could not overstep 1/2 if the 

quasi-equilibrium is met. Most probably in CA-CaHAp system quasi-

equilibrium is just or nearly met, therefore parameter λ is around 1/2 using all 

theoretical approaches. What is more, the maximum dipolar frequency was 

calculated to be bmax = 2124 Hz and the minimum bsc = 694 Hz in the dipolar 

coupling profile (Table 4.3.1). The calculated spatial distribution using angular 

averaging (chapter 4.2.4) of protons surround 31P nuclei is shown in Figure 

4.3.3.  
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Table 4.3.1. 1H – 31P CP kinetics fitting parameters for CaHAps derived using 

various complexing agents as well as for Ca-CaHAp and different dipolar 

coupling profile approximation approaches.  

 

The dominant peak at 0.43 nm together with minor peaks at 0.3 and 0.33 nm is 

clearly seen in the spatial distribution of protons surround 31P nuclei. 

Moreover, the processing using radial distribution approach clearly allows to 

reduce far incoherent effects in the spatial distribution between 1H and 31P 

nuclei (Fig 4.3.3). 

The CP behaviour in the CaHAps obtained using various complexing agents 

showed similar features as obtained for CA-CaHAp, namely fast rise and 

transient oscillations which were damped due to spin diffusion. The 

corresponding 1H – 31P CP kinetics of EDTA/EG/TA/GL-CaHAps under 5 

kHz MAS condition are shown in figure 4.3.2. The CP behaviour seems rather 

similar for all nano-structured CaHAps only the oscilations in EDTA/EG-

CaHAps are more pronounced.  

T2 averaging, nHH = -1, νMAS=5 kHz 

Sample I0, a.u. T1ρ, s Tdf, ms T2, ms λ N 

EDTA-CaHAp 7.48∙109 ∞ 4.99 0.25 0.80 – 

EG-CaHAp 1.23∙1010 ∞ 12.59 0.33 0.76 – 

TA-CaHAp 1.70∙1010 ∞ 7.14 0.32 0.85 – 

GL-CaHAp 2.04∙1010 ∞ 11.52 0.45 0.76 – 

CA-CaHAp 1.10∙1010 ∞ 3.22 0.29 0.466 – 

CA-CaHAp 5.879∙109 ∞ 3.22 0.29 – 14.77 

Radial distribution approach , nHH = -1, νMAS=5 kHz 

Sample I0, a.u. T1ρ, s Tdf, ms λ bmax, Hz bsc, Hz ni 

EDTA-CaHAp 7.20∙109 ∞ 4.27 0.84 1893 1022 30 

EG-CaHAp 9.47∙109 ∞ 6.44 0.77 1664 694 30 

TA-CaHAp 1.56∙1010 ∞ 5.57 0.89 1844 831 30 

GL-CaHAp 1.85∙1010 ∞ 6.42 0.78 1722 191 30 

CA-CaHAp 1.07∙1010 ∞ 2.14 0.61 2124 694 30 
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Fig. 4.3.2. 1H-31P CP kinetics in EDTA/EG/TA/GL-CaHAps together with 

theoretical fittings: Green line – eqs 4.2.22 and 4.2.23, Red line - eqs 4.2.22 

and 4.2.23 using radial distribution instead of T2 averaging approach. Obtained 

fitting parameters are shown in Table 4.3.1. More comments in the text. 

 

The CP kinetics curves were processed using eqs 4.2.22 and 4.2.23 similarly as 

for CA-CaHAp. The parameters R2 were obtained in the margins of 0.975-0.99 

which show nice coincidence between the theoretical fitting and experiment. It 

is worth mentioning that the fitting results are rather provoking, namely in all 

of the samples parameter λ is between 0.76 and 0.85 which means that the 

quasi-equilibrium is not met. Comparing this observation with the results 

presented in chapter 4.1, where additional spectral lines appeared in 1H and 31P 

spectra of the corresponding CaHAps obtained during the aqueous sol gel 
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synthesis route, the idea comes to a mind that the lattice is slightly disrupted in 

these novel complex CaHAps. Such defects might be the reasoning for such 

behaviour. To corroborate this, there are similar values of λ calculated for 

similar understoichiometric HAp systems [75, 79]. Futhermore, the proton spin 

diffusion time constant Tdif vary within the CaHAps depending on the 

complexing agent used in the aqueous sol-gel synthesis route. In EDTA-

CaHAp spin diffusion is the fastest and the time constant Tdif is more than two 

times smaller (4.99 ms) compared to EG-CaHAp and GL-CaHAp (12.59 ms 

and 11.52 ms respectively) whereas value obtained TA-CaHap (7.14 ms) is in 

the middle (table 4.3.1). Comparing these results to CA-CaHAp spin diffusion 

time Tdif (3.22 ms) appears that the CA-CaHAp lattice in the nanostructures is 

more proton-rich compared any other sol-gel derived CaHAp studied here [68]. 

The highest proton-deficit is seen in EG/GL-CaHAps. It is an exciting finding 

as it may be used as a probe to investigate minor differences and defects in the 

nano-structures. The parameters T2 describing spin coupling distribution 

profiles width were calculated rather similar and varied between 0.25 and 0.33 

for all the CaHAps except for GL-CaHAp which was equal to 0.45. Comparing 

this to the 31P CP and BD spectra (Fig. 4.1.7) it is possible to address larger T2 

value to the present spectral line assigned to the disordered HPO4.  

The approximation using Radial distribution approach allowed to meet perfect 

fits (R2 = 0.99 – 0.999) with the experiment for all of the sol-gel derived nano-

structured CaHAps. The spin diffusion time Tdif for all CaHAps was calculated 

smaller compared to the one obtained using T2 averaging approach. Though, 

the tendency was the same – it is 2-3 times smaller compared to the derived for 

CA-CaHAp which clearly proves that the lattice in the sol-gel derived CaHAps 

is less proton rich than in the stoichiometric nano-structured CA-CaHAp. The 

parameter λ is more or less independent on the chosen approach. The 

calculated spatial distributions of protons surround 31P nuclei for all analysed 

nano-structured complex CaHAps are shown in Figure 4.3.3.  
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Fig. 4.3.3 Spatial distributions of protons surrounding 31P nuclei in the 

EDTA/EG/TA/GL/CA-CaHAps at 5 kHz MAS. Spatial distributions were 

obtained using T2 averaging (balck line) and Radial distribution (red line) 

approaches as well as averaging over angles. Relative intensity was normalized 

respectively to the most intense point. For comparison, all spatial distributions 

using radial distribution approach are shown in the lowest right graph. More 

details and comments in the graph and text. 

 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.2

0.4

0.6

0.8

1.0

 

 

EDTA-CaHAp

 T
2
 averaging

 Radial

I,
 a

.u
.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 

 

EG-CaHAp

 T
2
 averaged

 Radial

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.2

0.4

0.6

0.8

1.0

 

 

TA-CaHAp

 T
2

 Radial

I,
 a

.u
.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 

 

GL-CaHAp

 T
2
 averaged

 Radial

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0

0.2

0.4

0.6

0.8

1.0

 

 

CA-CaHAp

 T
2
 averaged

 Radial

I,
 a

.u
.

r1
H-

31
P
, nm

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 

 

 

 EDTA-CaHAp

 EG-CaHAp

 TA-CaHAp

 GL-CaHAp

 CA-CaHAp

r1
H-

31
P
, nm



103 
 

They were calculated using dipolar coupling distribution P(b/2) extracted from 

the experimental data applying formalism described in chapter 4.2.4, rescaling 

the dipolar coupling D respectively to the Hartmann-Hahn matching condition 

(present case nHH = -1) and using T2 averaging or Radial distribution 

approaches. It is clearly seen in figure 4.3.3 that the far range incoherent 

effects (> 0.5 nm) are better reduced using radial distribution approach. This 

observation nicely shows the benefit of using this approach. The spatial 

distribution profiles consist of 2 well resolved maxima at 0.39 nm, 0.44-0.49 

nm. The differences are seen in their relative heights and in the resolution of 

the peaks. In pure crystalline CaHAp each P atom has two protons distanced at 

0.385 nm, further two at 0.42 nm, while others are 0.6 nm or more away [127]. 

Particularly interesting is the presence of rather minor peaks at 0.3 - 0.33 nm. 

As discussed in chapter 4.2.2, distances of 0.21 – 0.25 nm are observed for P–

O–H structural units from the surfaces layers and therefore extremely hardly 

seen applying various other experimental techniques, namely FTIR and NMR 

[71, 75]. The fact that the peaks for nano-structured CaHAps are observed in 

the spatial distribution profiles at 0.3 - 0.33 nm might be explained by the 

presence of defects within the HAp structure or they may arise from surface 

species. The spatial distributions correlate with FTIR spectroscopy data, 

namely the assigned surface O-H stretching vibration of the P-O-H groups in 

nano-structured CaHAps [53, 132]. Comparing all distance distribution profiles 

(fig 4.3.3 right lowest graph), it is possible to state that the tartaric acid used as 

complexing agent (TA-CaHAp) allows to produce nano-structured CaHAp 

which is the most similar with the commercially available CA-CaHAp 

according to their manifolds of the proximities between protons and 31P nuclei 

in the nano-structures. Other two CaHAps, namely EDTA-CaHAp and EG-

CaHap possess broader spatial distribution with better resolved peaks at 0.39 

nm and 0.44-0.49 nm. The spatial distribution of the sample derived using 

glycerol as complexing agent (GL-CaHAP) drops out from the whole series of 

data (Fig 4.3.3) exhibiting certain peculiarities. What is more, in chapter 4.1 it 

was shown that the GL-CaHAp under CP conditions shows the appearance of 
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an unexpected peaks which were there assigned to the bulk disordered HPO4 or 

surface HxPO4 and protonated HPO4
2– groups. This observation is though 

provoking that the present sample is heterogenic. Moreover, 1H-31P HETCOR 

data shows two correlating spectral lines in GL-CaHAp 2D spectrum while 

only one is present for other nano-structured CaHAps (Fig. 4.3.4). 

Fig. 4.3.4. A comparison between 1H-31P HETCOR spectra obtained for TA-

CaHAp (right) and GL-CaHAp (left). 

 

Note that the additional spectral line appearing for the GL-CaHAp specimen 

was not resolved in 1H data as it was overlapped with much more intense line 

situating at 0ppm. As this peak is highlighted in HETCOR data it reveals that 

there are much shorter P…H contacts in the sample, most probably, from the 

protonated phosphate groups. It is a nice finding concerning fine details in the 

sample as the XRD data did not show any deviations from other CaHap 

specimens (see the Appendix). Also it was shown that the spatial 3D surface 

reconstruction of SEM micrographs of CaHAp samples synthesized by 

glycerate route was not possible. The unique CaHAp surface details of this 

specimen might be directly connected with sample heterogeneity. It was then 
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explained that the probability of formation of amorphous phosphate phase in 

the end product is higher [53]. This proposition rather agrees with the observed 

spatial distribution of protons surround 31P nuclei in GL-CaHAp sample (Fig 

4.3.3) as it seems that the sharp peaks are situated on the plateau, or in other 

words, on Gauss function shaped distribution, observed for the ACP-CaHap 

(Fig 4.2.7).  

Summing up, it seems that the developed advanced processing routes for the 

CP kinetic data is a powerful tool to analyse nano-structured complex 

innovative materials. It allows to distinguish fine structural aspects concerning 

internuclear proximities between interacting spins in the novel compounds 

varying only in their morphological features at the nano- and meso-scales.  

 

Conclusions of part 4.3 

 The 1H-31P CP behaviour was described over the whole dynamic range 

for sol-gel derived EDTA/EG/TA/GL-CaHAps using non classical I-I*-

S CP kinetics model applying radial distribution approach. 

 

 The obtained fitting parameters allows to deduce that: i) quasi-

equilibrium polarization is not accomplished for sol-gel derived 

EDTA/EG/TA/GL-CaHAps; ii) the crystal lattice in the sol gel derived 

EDTA/EG/TA/GL-CaHAps appears to have deficit of protons 

compared to the stoichiometric nano-structured CA-CaHAp. 

 

 Minor structural differences in the nano-structured CaHAps, namely 

EDTA/EG/TA/GL/CA-CaHAps were indicated by the spatial 

distribution of protons surround 31P nuclei. 

 

 The higher level of the amorphous phosphate phase in the end CaHAp 

product using glycerate as a complexing agent in the sol-gel route was 

proven by the spatial distribution of protons surround 31P nuclei.  
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Conclusions of the dissertation 

 

1. 1H and 31P MAS NMR spectroscopy is a powerful experimental 

technique to analyse surface and bulk chemical species in the nano-

structured sol-gel derived CaHAps as well as in the containing 

amorphous clustered phosphate phase (ACP) CaHAps. A precise 

analysis of the 1H MAS NMR spectral contours allows to investigate the 

fine details of the structural organization of hydroxyl groups. 

 

2. The existing CP kinetics models, namely the classical I-S and the non-

classical I-I*-S, are not capable to describe CP behaviour in the nano-

structured CaHAps over the whole dynamic range. The I-I*-S CP 

kinetics model complemented by introducing the cut-off averaging 

Gaussian distribution allows to describe the CP behaviour over the 

whole dynamic range and to determine the characteristic 1H–31P spin 

cluster size (0.3-0.5 nm). 

 

3. The introduction of the radial distribution function for characterising 

spin coupling profile allows to reduce far range order incoherent effects 

and to resolve short contacts between 1H and 31P nuclei (0.24-0.27 nm) 

appearing from the surface species in the nano-structured CaHAp. It 

was shown that 9 kHz of MAS has a little impact to the spin diffusion 

process. 

 

4. The advanced CP kinetic data processing routine was developed: the 

proper replica has been found that allowed to reduce the Fourier - 

Bessel (Hankel) transform calculating the angularly-averaged and 

purely distance-depending spin distribution profile to the routine Fourier 

transform. 
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5. The convergence of the non-classical I-I*-S CP behaviour model to the 

classical I-S one was deduced. This clarifies the CP behaviour in the 

ACP-CaHAp: the classical I-S model describes the behaviour over the 

whole dynamic range, however the non-classical model seems to be 

more preferable because it directly provides the information on the spin 

diffusion rate that is originated from the exact microscopic quantum 

mechanical model. 

 

6. The introduced CP kinetic data processing routine is powerful enough to 

distinguish the minor structural differences in the complex nano-

structured CaHAps derived via aqueous sol-gel route using different 

complexing agents. 
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Appendix 
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Fig. AI. XRD patterns of CA/GL/EG/TA/EDTA-CaHAps. Impurity phases: 

Ca3(PO4) - *, CaO - ●. 
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Fig. AII. XRD patterns of ACP-CaHAp depending on the sintering time at 

650˚C. 
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Fig AIII. SEM micrographs of EDTA/TA/EG/GL/CA/ACP-CaHAps. See the 

scale in the figure. 
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