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ABBREVIATIONS

Amino acids:

Ala — alanine;

Arg — arginine;

Asn — asparagine;
Cys — cysteine;

GIn — glutamine;
Glu — glutamic acid;
Gly — glycine;

His — histidine;

lle — isoleucine;

Phe — phenylalanine;
Pro — proline;

Ser — serine;

Thr — threonine;
Tyr —tyrosing;

Val — valine;

ACP — amorphous clustered phosphate phase (CaHA);
ADP — ammonium dihydrogen phosphate;

CaHA — calcium hydroxyapatite;

CaP — calcium phosphate;

CP — cross-polarization;

CSA — chemical shift anisotropy;

DD - direct dipolar (coupling);

DFT — density functional theory;

FT — Fourier transform;

FTIR — Fourier transformed infrared (spectroscopy);
FWHM — full width at half maximum;

GFG — Glycine-Phenylalanine-Glycine (tripeptide);
GGG - Glycine-Glycine-Glycine (tripeptide);

GPG — Glycine-Proline-Glycine (tripeptide)
HETCOR - heteronuclear correlation (spectroscopy);
HH — Hartmann-Hahn;

LAB - laboratory (frame);

MAS — magic angle spinning;

NMR - nuclear magnetic resonance;

PAS — principal axis system (frame);



pHEMA — poly-(hydroxyethyl methacrylate);

pVPA — poly-(vinyl phosphonic acid);

RAFT — reversible addition-fragmentation chain-transfer;
REDOR - rotational-echo double-resonance (NMR)

RF — radio-frequency;

RTIL — room temperature ionic liquids;

SAXS - shallow angle X-ray spectroscopy;

SEM - scanning electron microscopy;

TEM — transmission electron microscopy;

XRD - X-ray diffraction (spectroscopy);
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1. INTRODUCTION

Material research can be considered as one of the most important aspects
of the functional material development. Functional materials exhibit vast
distribution of applications: some of the best known applications are found in
medicine, pharmacy, chemical engineering, nanotechnology, etct™.
Generally, functional materials can be characterised as any material which
possess native properties and functions of their own and these intrinsic
properties only can be only accessed with the help of characterization tools.
The rapid advance in modern synthesis and chemical engineering demands
constant improvement of various characterization techniques and hence the
significant part of these methods is crystallography.

Crystallography, in essence, investigates structure of matter which leads to
emanating physical and chemical properties®. Typically, structure in solids is
determined by crystal packing, order and atomic distances. Diffraction based
techniques where ultra-short wavelengths are achieved with electrons or
neutrons are far the most convenient tools®’. However, method like electron
microscopy have fundamental restrictions thus these methods are not
universal. Restrictions are typically met in absence of structural long-range
order (amorphous, porous media) or due to a small cross-section of events
regarding light elements like hydrogen®®. Moreover, if the composition of
material is at the interest, spectroscopic techniques take the major advantage'®-
12 and even some of them, like infrared spectroscopy are sensitive to the
organisation and packing as well*®**14 This means that by coupling several
tools together one can consistently comprehend the overall structure and
properties in a material.

Nuclear magnetic resonance (NMR) is possibly one of the most versatile
spectroscopic methods. It can investigate any state of matter and can be used
to determine both composition and structure. Namely, structural analysis in
NMR is related to dipolar coupling of two spins which is inversely
proportional to distance between them. Heteronuclear correlation, magic
angle spinning, recoupling and cross-polarization (CP) techniques are the
frontier experiments that are based on this interaction®®®. However,
especially in solid-state, NMR unmistakably faces some obstacles that require
usage of advanced experiments as well as user experience. Despite of that, the
correct experimental approaches grants with complementary crystallographic
information that led to a field now frequently called NMR
crystallography”®17. The correct way of using CP as a crystallographic tool
is the precise processing of the kinetics that contain complex dynamical
features.



Many challenges can be met searching for the correct analytical description
concerning in the vast diversity of structures. As gquantum mechanical
calculations cannot be done for a large number of particles, some basic CP
models were proposed in the seventh decade to set the basic foundation to
understand the complex nature of cross-polarization®®*°, Unfortunately, these
models are only good approximations for few types of structures and cannot
be ubiquitous. Plenty of incorrectly performed variable contact time CP
experiments are present which in many cases leads to doubtful conclusions?.
Thus, the insightful characterization of cross-polarization in numerous
structures would result in better comprehension and to improved modelling.
Finally, advanced processing routines would allow to uncover more hidden
variables in materials fulfilling the constant demand of complementary
techniques in material research.

1.1 Goals and tasks of the work

To cope with previously mentioned challenges regarding different solid-
state media, the goal of this work has been set — to develop the best approaches
of CP processing through exploration of different functional materials. The
originating tasks to achieve this goal are the following:

1. Toemploy one-dimensional *H and *'P NMR techniques to characterize
complex structure of calcium hydroxyapatite.

2. To apply cross-polarization method and its dynamical models for the
same study.

3. To compare the accuracy of cross-polarization modelling with well
exploited crystallography techniques.

4. To translate methodology to other spin systems met in organic
materials.

5. To find appropriate CP models for the whole dynamical range as well
as throughout a large set of structures.

1.2 Statements of the doctoral thesis

1. Composition and structural organisation in complex materials can be
attained with the use of *H and 3P NMR coupled with magic angle
spinning.

2. Macroscopic parameters of cross-polarization dynamics can by fitted
using generic CP models whereas fine features of structure can be
extracted by processing initial coherent part of CP kinetics.
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. Inclusion of angularly averaged dipolar coupling using reduced
Fourier-Bessel transform lead to purely distance-depending dipolar
coupling distribution.

. Cross-polarization in weakly and strongly coupled system possess
significant differences and thus it must be assessed in modelling.

. Thermal equilibration driven by the spin diffusion in abundant spin sub-
system strongly affects the cross-polarization dynamics between
remote spin pairs.

1.3 Scientific novelty of the work

. Assumptions made in this work allowed to bypass the explicit Fourier—
Bessel transform which allowed to include angular averaging of dipolar
coupling to retrieve purely distant-depending distribution of interacting
spins.

. Developed models of CP kinetics were able to analytically describe
behaviour within the whole observed dynamic range in the large variety
of structures.

. The increase of spin diffusion rate with the proton density in a large set
of amino acids was observed for the first time.

. Incorporation of apodization during processing significantly enhanced
the signal-to-noise ratio of dipolar coupling spectra which revealed
coupling constant of weakly coupled systems.

. Additional assumptions regarding spin diffusion in the abundant spin
bath served with perfect non-linear fitting of cross-polarization kinetics
of remote spins which provided with a new way to probe fractal
dimensions of structures.

1.4 Contribution of the author

The synthesis of calcium hydroxyapatites, polymer hydrogel as well as
SEM and XRD measurements where done in the Chemistry department of
Vilnius University. The syntheses of tripeptides were performed in Technical
University of Darmstadt. An included FTIR spectra were collected by
colleagues in Institute of Chemical Physics at Vilnius University. All DFT
calculation present in the work and in corresponding publications are done by
dr. Kestutis Aidas. All of the NMR experimental work was done by the author
with initial supervision of dr. Vytautas Klimavicius. Processing, analysis,
mathematical derivations were done both independently and with a close
partnership between supervisors and the author. All preparations for
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publications have been the result of fluent teamwork between co-authors. The
author underlines that the present work partially overlaps with the dissertation
of dr. V. Klimaviéius as the ideas were those shared within the whole group.
However, this dissertation can be considered as the analytical extension of the
previous work towards new solids.
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2. OVERVIEW
2.1 Functional materials
211 Calcium hydroxyapatite

Calcium phosphate compounds is among the most used functional
materials in modern medicine?. Calcium phosphate (CaP) is the common
name of a family of minerals containing calcium cations (Ca2*) together with
orthophosphate (POs*"), metaphosphate (POs’), or pyrophosphate (P.04"")
anions, and sometimes hydrogen (H*) or hydroxide (OH") ions. Calcium
phosphates with a Ca/P atomic ratio between 1.5 and 1.67 are called apatites
(e.g., hydroxyapatite or fluorapatite)??. Calcium hydroxyapatites can form
bioactive glasses that exhibit high bioactivity and biocompatibility?®. Several
ceramic materials have been clinically applied as well. Among them, ZrO; and
Al,O3 exhibit high mechanical strength and good biocompatibility but, like
metals, belong to bioinert materials.

Calcium phosphates in mineral form are found in the hard tissue like bone,
dentin, enamel. The mineralized tissues of the human body have long been of
great scientific interest, not just because of their biological importance, but
because mimicking their mechanical properties in synthetic materials could
potentially provide advanced functional materials which combine, as bone
tissue does, excellent strength, flexibility, resistivity, and other desirable
macroscopic features?,

The specific structural and morphological properties of CaHASs are highly
sensitive to the changes in chemical composition and processing conditions-
2’ Due to the nanocrystalline nature, various diffraction techniques have not
yet given much information on the fine structural details related to apatite
nanocrystals. That is because assemblies of nanoparticles give only broad
diffraction patterns, similar to ones from an amorphous material?. However,
solid-state NMR could be effective and complementary solution to this
problem as it is not limited by the long-range order.

2.1.2  Ammonium dihydrogen phosphate

Ammonium dihydrogen phosphate (commonly designated as ADP) is
completely different phosphate than CaHA. It is, however, technologically
important material because of its unique piezoelectric, ferroelectric, dielectric,
and nonlinear optical properties®. The ADP crystal is widely used in electro-
optical modulators and acousto-optical devices®. Because of the complex
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variety of hydrogen bonding (three centred or bifurcated bonds) ADP is an
interesting system for fundamental studies of this type of interactions in
crystals®t. The crystallographic structure of ADP has been well examined in
numerous X-ray (XRD) and neutron diffraction (ND) experiments®?%,
Nevertheless, characterization of proton network is a serious challenge even
for these well exploited techniques. Furthermore, the spatial contact to light
atoms like hydrogen can be only detected in single crystals using ND method.
Thus, the possibility to offer another crystallographic tool like NMR is the
main drive why ADP was chosen as a model system for the present study in
the first place.

2.1.3 Proteinogenic amino acids

Amino acids make up a family of the simplest chemical compounds.
Amino acids that are naturally incorporated into proteins are called
proteinogenic amino acids. Generally, there are twenty-two proteinogenic
amino acids. The question why exactly this number of amino acids have been
selected during evolution is being tackled even in the present day. Based on
computer simulations the 20 standard amino acids represent a largely global
optimum, when their relevant physico-chemical properties were compared
with those of a computationally generated compound library containing 1913
alternative amino acids®*%. In principle, all amino acids can be incorporated
into (possibly synthetic) peptides or proteins unless special chemical
substructures prevent this®,

Amino acids display remarkable metabolic and regulatory versatility. They
serve as essential precursors for the synthesis of a variety of molecules with
enormous importance, and also regulate key metabolic pathways and
processes that are vital to the health, development, reproduction, and
homeostasis of organisms®. Probably the most common amino acids in
organisms — glycine and alanine have their own key features.

Glycine (Gly) is the simplest amino acid and only non-chiral one
(excluding dehydrogenated acids). Due to the extremely short side chain it is
less appropriate for helices of peptides but is well suited for turns and for
example, is essential constituent of the collagen helix. Besides being
incorporated into proteins, glycine is also an inhibitory neurotransmitter in the
central nervous system?°37, Whilst glycine is, moreover, involved in oxygen
production in biological systems, alanine (Ala) regulates net glucose
production®®, In addition to these functions, glycine and alanine can be
considered as the main building blocks in proteins.
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In this work attention will be focused on Gly and Ala, but other results of
different proteinogenic amino acids will be present as well. Due to a quite
simple structure, proteinogenic amino acids are well studied but like ADP first
can serve as a good model system for further insights on spin dynamics acting
in organic solids. These insights, especially regarding different chemical
groups could reveal the link of behaviour with the function.

214 Peptides

Peptides are composite molecules of amino acids. Normally being
oligomers or polymers, they can consist of only two or three amino acids as
well. Such peptides are called bi- or tri-peptides, respectively. Peptides stand
out for their chemical diversity, low impact on the environment, and ability to
convey biological “messages” in sequences as short as three amino acids®.
Many neurotransmitters, neuromodulators and hormones are peptides which
interact with receptors and effect biological processes and thus playing an
important role in the living organisms*4,

Another interesting feature of some peptides is the ability to self-assemble.
This way they have a potential to be drug carriers in a variety of stable
nanostructures, such as rods, tubes, nano-vesicles etc*?*®, Moreover, their
applications can be also extended to tissue engineering, biomimicry, cancer
cell detection, and even vaccine adjuvants to stimulate the immune
response‘”' refs therein

However, there are several restrictions regarding these applications.
Studies have shown that bioactive peptides often display poor bioavailability
and can be easily degraded by peptidases®#4. Furthermore, peptides yield high
flexibility which decrease binding affinity, for example, of the drug for its
receptor. Thus, solutions to control rigidity require a set of tools to tackle these
features. Rigidity or freedom of motion is an element in NMR spectroscopy
that is known to have a clear connection with motional averaging effects.
Therefore, the reason why a few tripeptides were tested in this work was to
observe a well-resolved effect of mobility throughout the molecular structure
which then defines the ordering of these compounds.

2.15 Polymer hydrogels

Polymer hydrogels yield many potential mechanical and chemical
properties which led to progresses in drug delivery, cancer treatment,
biotechnology and even orthopaedics when coupled with the use of CaHA.
Nanohydrogels are considered as prospective members of smart polymers.
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The main property of these compounds is to absorb water and/or other
biological fluids more than their weights, while remaining insoluble*'. In
general, polymer hydrogels are made of cross-linked polymer networks
having many hydrogen-bonding partners which allows them to be swollen
with water.

Furthermore, the possibility to form self-assembled and supramolecular
morphologies makes organic polymers a desirable building blocks for the
design of water based gels*®*°. However, the present interest demanded the
development of a number of controlled polymerization techniques, in
particular those based on radical chemistry such as reversible addition-
fragmentation chain-transfer (RAFT) polymerization®®%!, In this work this
technique was using to synthesize a polymer based on methacrylate group.
The methacrylate group is commonly used due to its ease of a “grafting
through” synthesis, commercial availability, and reactivity®>. Moreover,
materials based on amphiphilic block copolymers generally exhibit a unique
behaviour stemming from hybrid properties like biocompatibility and
elasticity. As these polymers are water insoluble, large amounts of water can
be adsorbed into a matrix with an equilibrium water content being almost half
of weight. Such polymers as polymeric gels, thin films and solid materials are
applied in regenerative medicine and other emerging technologies®: e therein,

It is not a surprise that polymers usually have freedom of motion as well
as they can assemble in various of ways. Hence, parameters like orientational
order, rigidity may be used to describe polymer systems. For example, it has
been observed that rigidity is of paramount importance since molecular
mobility affects the crystal arrangement and packing, hence affects the overall
organization®. Similar as for peptides, one of the arguments why polymer
hydrogel was investigated is the expected higher mobility in soft material
compared to typical organic compounds as well the interesting hydrogen-
bonding network within the molecule. More importantly, the research of soft
matter like polymers would fulfil the aim to investigate cross-polarization in
a broad variety of matter providing with a complete overview of spin
dynamics.

2.1.6 lonic liquids

Typically, inorganic salts yield very high melting temperature, minimizing
the number of possible chemical processing routines. However, salts having
melting point at room temperature or even below form a new type of liquids
called room temperature ionic liquids (RTILs)*. lonic liquids make them
interesting as potential solvents for the following simple and yet unique
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physical properties. They are good solvents even in unusual combination of
reagents, they have the potential to be highly polar yet noncoordinating
solvents, they are immiscible with a number of organic solvents and they are
non-volatile®. Such variety of properties favour the applications in diverse
fields, such as synthesis, catalysis, biocatalysis, separation technology,
electrochemistry, analytical chemistry, and nanotechnology®’. RTILs can be
considered as one of the most successful breakthroughs in the field of “smart”
materials and multifunctional compositions. Materials are classified as being
“smart” if they possess an intrinsic ability to sense and definitely to respond
in a predictable way to various external stimuli®,

Generally, RTILs consist of a large, unsymmetrical ion and relatively
small, symmetrical halide anions. Despite the larger BF,~ anion, it forms
RTILs with imidazolium and pyridinium cations. The unique variability of the
ions often allows the properties of interest to be imparted®. Various trials to
introduce them in practical applications, such as batteries, capacitors, and
electrochemical solar cells have been made as well as to have a fundamental
understanding of these ionic liquids®:-¢2, However, fundamental knowledge of
the intrinsic properties of the RTILs are still lacking making them compelling
objects in material research.

2.2 Common characterization techniques

Advances in functional material science demands for a certain set of
characterization tools that determine their intrinsic properties. If these
properties arise from the structure, then crystallographic techniques are
applied. Properties of some materials, say, to apatites related bioglasses can
strongly depend on the crystallinity and ordering. This information can be
accessed employing techniques like X-ray diffraction (XRD), infrared (IR)
spectroscopy, neutron scattering (NS), neutron diffraction (ND), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)8-
68, Diffraction based techniques, however, are particularly outstanding in
determining lattice parameters, position of the atoms and packing of the
molecules. For example, using small angle X-ray spectroscopy (SAXS) one
can determine structures with resolution up to 9 nm, Furthermore, the same
or even better resolution (< 0.5 nm) can be achieved incorporating SEM and
TEM techniques. Moreover, microscopy allows to visually inspect
morphology and organisation which is especially useful investigating nano-
or sub-nano structure materials and their size distribution within the sample.
Then, if chemical composition is at the importance, spectroscopic techniques
such as FTIR, XRD are employed. Both methods combined grants with an
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effective tool to estimate the degree of crystallinity, content of doped ions or
to sense surface effects!®, However, in the context of porous materials
(polymers, silica, etc.) may lack order for XRD as well as for FTIR may lack
sensitivity at which case nitrogen adsorbtion/desorbtion can be incorporated.
Measuring isotherms of the process allows to estimate pore sizes in the bulk
and on the surface providing with the missing information®-%>7°,  Thus,
coupling methods together allows to determine functional materials quite
efficiently.

Since all experiments have their natural limits, let us underline few
obstacles met in the latter examples. Firstly, most of the experiments depend
on cross-section of events. For instance, diffraction and the resulting pattern
strongly depends on the electron density. Therefore, mobile and light
elements like hydrogen, lithium do not diffract waves well and even if they
do, their diffraction pattern is masked by the presence of heavier atoms nearby.
Despite that, shorter wavelengths (say neutron waves) are capable to diffract
well even from hydrogen but it requires a coherent source of neutron which
raises the cost. Additionally, diffraction pattern loses resolution drastically
when is still the long-range order in the structure is low. Hence, in amorphous
material it is impossible to detect light atoms using XRD and ND®. Moreover,
element like hydrogen is not only light but plays a crucial role in chemistry
due to hydrogen bonding. This type of bonding usually occurs in groups where
hydrogen is bound to O, F, P, N or S elements. If it is strong, delocalization
of the hydrogen ion significantly broadens the spatial distribution making it
even more difficult to pin. Regarding infrared spectrometry, delocalisation
changes vibrational frequency of the bond as well, meaning that FTIR is
affected by H-bond and, therefore, can be used to investigate H-
networks*"%72 In the typical IR absorption spectra hydrogen bonding
broadens the spectral lines consequently diminishing the resolution and thus
structural analysis is not straightforward.

NMR spectroscopy in some degree can cope with previously mentioned
limitations. Firstly, hydrogen nucleus is known to have the highest
gyromagnetic ratio which makes it the most sensitive nucleus. Nonetheless,
hydrogen does come with many broadening effects like in IR regime, but the
typical resolution is better’®7*, Generally, all nuclei with a spin can induce a
signal but there are significant differences in complexity. The signal yield
depends on the gyromagnetic ratio and the natural abundances of an NMR
active isotope. In the matter of this work, compounds are made up from
elements which all have NMR active isotopes. However only few of them are
picked for investigation and reasons are the following. Since NMR signals are

inheritably weak it is normal to start with the most sensitive nucleus. That is
18



why there are so many works related to phosphates and organics’ 7657784 that
incorporate 'H, 3P NMR spectroscopy. And although *C, N are not
particularly sensitive isotopes they are crucial elements in peptide and protein
research t00%-® but the then signal gain has to be artificially increased by
isotope labelling or using hyperpolarization methods. Secondly, to avoid
overly complicated modelling, limitation of spin numbers greater than }2 has
to be introduced as additional properties like quadrupolar coupling would act.
Furthermore, even if such unwanted effects are typically averaged by motion
in isotropic liquids, translational restrictions in solid-state makes spin
dynamics to depend on multiple of things. A few examples regarding solid-
state problems will be given further in the text.

Regardless low sensitivity, NMR is still one of the most versatile
techniques in research as there are numerous feasible approaches. Therefore,
the concept of NMR crystallography has emerged almost a decade ago, with
the idea either to perform, in favourable cases, the structure determination
from NMR data only, or, most often, to include NMR data in the structure
evaluation process to increase success of the search, and the a accuracy of the
structure®. Among a broad variety of characterization techniques solid-state
NMR spectroscopy applying magic-angle spinning (MAS), cross-polarization
(CP), heteronuclear correlation (HETCOR), etc., can be considered as the
method that provides probably the most insightful view of the bulk- and
surface structures as well as dynamics on the molecular and mesoscopic length
ScaleslS,57,89—91.

Namely, CP is the main technique used in the present work. Cross-
polarization mechanism rely and depend on a dipolar coupling between two
interacting spins. Dipolar coupling, in its own depends on a distance (~1/r%),
thus can be used to probe the structure. Unfortunately, plenty of incorrectly
performed variable contact time CP experiments are present in the literature,
like insufficient number of time domain points, non-proper processing
exploiting oversimplified CP transfer models, which in many cases leads to
doubtful conclusions®. Furthermore, when powdered materials are under
investigation with MAS, one needs to include complex angular averaging
which makes CP unappealing to use. This work will present developed
routines to employ CP in a large variety of compounds.
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3. SOLID STATE NMR SPECTROSCOPY

In this chapter a brief overview of the quantum mechanical description for
understanding nuclear magnetic resonance will be presented. Only important
steps will be included but more explicit details can be found in the referred
literature.

3.1 Nuclear spin and magnetic resonance

Many experiments in NMR can be explained using entirely classical
framework of electrodynamic. For example, consider the case where magnetic
moment M is in a magnetic field B, then it will experience a following torque:

D = M) xB. 3.1)
As a result, the vector M will precess around the acting magnetic field B and
this process can be electrically picked up by the induction coil. At this
particular point of view the role of spin couplings and chemical shift are slight
reductions of an external magnetic field and consequently a change of the
resonance frequencies. This can be considered as the origin of different
resonant lines and their splitting.

On the other hand, in the most cases NMR phenomenon is better
understood in quantum mechanical framework where spin system is expressed
in terms of Hamiltonian. The resonances then can be envisaged as transitions
between the eigenstates. In such case analogue for (3.1) equation is the
famous Schrddinger equation:

% l/)spin(t)) = _ihﬁspinllpspin(t»v (3-2)

where spin IS @ spin state and %Spm is a corresponding Hamiltonian under

which spins act. It contains terms that only depend on the directions of nuclear
spin polarizations and this is only true if the rapid motions of electrons can be
considered blurred out®?. Generally, Hamiltonian contains information about
spin interactions which further on can be divided into two parts — external and
internal:

—

}[spin = }[External + }[Internal ; (3'3)
}[External(t) - _ZN y:iB° IlZ + }[RF(t) (3.4)
mternat = Hpp T Hesa +H  +- (3.5)
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The term “external” relate to controllable factors like external or radio-
frequency (RF) magnetic fields. By convention strong external field is along
z axis and hence only z projection of magnetic moment 4;, = y;l;, is
incorporated in the first term in Eqg. (3.4). Moreover, as one typically expects
an ensemble of spins, the latter term must be summed over all spins. Now, the
second term of (3.4) must be included when RF pulses are applied, say, during
the experiment. It is worth mentioning, that RF pulses are typically
perpendicular to external field of a magnet and thus contain I and Iy elements
with additional cosine and sine functions regarding radio-frequency.

The internal part of Hamiltonian, however, consists elements that are out
the experimental control like all interactions occurring between nuclear spins
or between other surroundings. There are numerous possible spin interactions
like dipolar coupling (DD), chemical shift anisotropy (CSA), indirect dipolar
coupling also known as J-coupling (J) etc. Accordingly, they also have
distinctive mathematical forms and some will be discussed in upcoming
chapters.

The physical observable in NMR experiment is a transverse magnetization
which induces the electrical signal. Thus, detectable state of a spin system is
transverse angular momenta. Note, usually angular momentum operators I, or
fy are termed as coherences that link different eigenstates in the Zeeman basis.
This is the reason why in NMR jargon, the word “coherences” are used more
commonly then “transverse magnetization”. Furthermore, in the rotating
frame approximation, coherences also correspond to shift operator I_ = [, —
il meaning that coherences are transitions between two states when angular
momentum of the system is increased by +1%.

Now, consider an ensemble of isolated spins-1/2 where some of the spins
might be parallel to magnetic field (also known as |a) state) and other are anti-
parallel (]8)) but mostly it is a uniform distribution along every possible
direction. Hence solving (3.2) equation for each of them is a completely
inconvenient task. Therefore, in NMR a usual solution to such problem is to
address an ensemble as a single entity using density operator formalism:

p = N1l + [2) 2| + ) = Y)Y (3.5)

which is the average over all spins in the whole ensemble. This way finding a
angular momenta of interest is trivial. For example, if the polarization along x
axis is at interest, then one can easily take a trace of the product between
density and angular momentum operators®:
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P, = N Tr{pl,} (3.6)
On the other hand, since density operator is not a pure state anymore, then

Hilbert space of vectors is no longer usable. The extension of Schrodinger
equation (3.5) to Liouville space is known as Liouville-Neumann equation:

PO = —i[A,p(0)] + T B — peq) 3.7)

Non-coherent part £ in the expression above is also commonly known as
relaxation superoperator. If this equation is used in rotating frame or more
importantly in doubly rotating frame, say, during cross-polarization

experiment, f' can denote spin-diffusion superoperator. Such example will be
present in section on cross-polarization.

To briefly emphasize on amenity in using (3.7), consider simple case of
ensemble of single spins-1/2 that are oriented along strong magnetic field thus
yielding angular momentum [,. As angular momentum operators share a
cyclic permutation (3.8), the sudden transverse magnetic field B; would act
upon the initial magnetization. From equation (3.9) solution follows that
additional transverse field B; will then rotate magnetization around the its axis.
Therefore, the 90° pulse corresponds to quarter rotation of initial angular
momenta about active transverse field axis or to a pulse with duration
190 = —1/4yB,, where y is gyromagnetic ratio and By is the field strength.

[l ]| =i, © (3.8)
dp(t) 6 s o
dt = _1[_7/311)0 Iz] = yBlly -
— p(t) = I, cos(yByt) — fy sin(yB;t) (3.9

Now, if the magnetization is already flipped by 90° NMR pulse, constant
and strong magnetic field would continue acting, only this time angular
momenta will precess around z axis instead with the corresponding frequency
w® = —yB,. If then one would apply (3.6) and Fourier transformation, the
result would be a single resonance peak at Larmor frequency w® = —yB°
(Fig. 3.1). As the same picture would result from classical point of view, it
seems that quantum mechanical view is overly complicated. Nevertheless, one
will find that classical electrodynamics are not capable to explain complex
spin dynamics.
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Figure 3.1. Rotation of the density operator (on the left), corresponding to
induction signal (in the middle) and resonance peak (on the right). Line
broadening was added for clarity. Adapted from Ref 92.

3.2 Direct dipolar coupling

$ \Qk‘

Figure 3.2. Two interacting nuclear dipoles. Exerted field lines are shown by
dashed lines.

In the previous section “external” interactions which can be controlled
(3.4) were illustrated. Namely, NMR employs a strong magnet and sequences
of RF pulses which manipulate angular momenta of the spin system. However,
what makes NMR interesting is variety of “internal” interactions that spin
systems inherit. Direct dipolar (DD) coupling is perhaps the simplest
interaction by nature but one of the strongest and most important. If two
dipoles (imagine two bar magnet-like objects) are near to each other, exerted
field lines of one dipole will affect local magnetic field for the other (Fig. 3.2).
Consequently, resonance frequency of the second spin will slightly shift or in
other words Hamiltonian for that spin will be perturbed. Direct dipolar
interaction Hamiltonian has a following form®*:

j'[\?D = — ﬁyﬂ’k (S(ilejk)(’ize]'k) - 71 " ’1\2) (310)

Jk 41 13
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where , is vacuum permeability constant, 7;; is the distance between two
interacting spins and ey is normal vector depicted in Fig. 3.2 as a grey line.
Being directly linked to internuclear distance, dipolar interaction is a
foundation for structural analysis in NMR spectroscopy.

The expression (3.10) is not typically expressed in Cartesian angular
momentum operators because those are hard to work with, especially when it
comes to describe the effect of rotations. Consecutively, spherical tensor
representation is much more convenient®:

—DD _

H o = bjx/241/5 Ton(=D™ V" T; ™ (3.11)
N

bjie = —myns (3.12)

Term Y;" is a form of spherical harmonic and T, ™ are products of spin
operators. A complete table of the expressions of these terms can be found in
referred literature. Favourably, in high magnetic field where Zeeman
interaction is dominant, so-called secular approximation is used to omit terms
that do not commute with a large Zeeman Hamiltonian, leaving only manifold
m = 0. Thus, the expression for “secular” dipolar coupling Hamiltonian is the
following:

—.DD,secular 3cos? 0 ;-1
2

7‘[‘ =jk

]k (3i1]zi212 - il " 72) (313)

400000  -200 000 0 200000 400000 Hz

Figure 3.3. Simulated powder pattern of two coupled nuclei.

Note that Hamiltonian is now dependent on angle 6« between magnetic field
and the spin pair. Henceforth, if the sample contains powder where small
crystallites are randomly oriented, NMR spectrum forms so called Pake
pattern (Fig. 3.3). Typically, this pattern can mask all other interaction in
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NMR as the width of the pattern can be on the order of 200 kHz (see figure
above). Remarkably, if spins are allowed to move like in isotropic liquids
rapid motions average out (3.13) the angular part to zero allowing high
resolution spectra to show up which is a great advantage of liquid state NMR
spectroscopy. Nevertheless, in liquid state indirect dipolar coupling (coined as
J-coupling) is present but the strength is in the order of hertz.

Now, a certain ambiguity can be found when tags like “strong coupling”
or “weak coupling” are used. On contrary, in the framework of J-coupling
strong coupling is assumed when coupling is equal or larger than chemical
shift in which case direct dipolar would be almost always true. Therefore,
since a clear convention for what strong heteronuclear coupling is does not
exist, let us present convention that would be convenient for the present work.

The strongest interactions occur when nuclei are one bond away from each
other. Thus, dipolar coupling value corresponding to the typical bond length
will be denoted as “strong”. In similar fashion, spins will be weakly interacting
if there are far apart. Therefore, “weak” interaction will correspond to spins
roughly two bonds away. Obviously, threshold values will be different for
different pairs of elements as they have different bond lengths as well as
gyromagnetic ratios. Examples of H-P and H-C are depicted in figure 3.4
where strong and weak coupling regions are depicted as filled spaces.

Dipolar coupling
50 kHz e

*

>1.2A >1.5A

17.5 kHz

10 kHz |
] . 2.8 kHz
'Weak coupling =

1A 15A 2A 25A 3A
Bond length

Figure 3.4. Dipolar coupling between *H-3'P (orange line) and *H-*C (black
line) with respect to distance between interacting nuclei. Filled areas illustrate
regions of strong and weak coupling. Threshold values are given by arrows.
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Merely, coupling will be termed as strong if the value is above 17.5 kHz
for carbon-proton pair and 14.4 kHz for phosphorous-proton whereas if the
value is lower than 2.8 kHz and 2.0 kHz for carbon and phosphorous,
respectively, it will correspond to weak coupling. Values found between those
two regions will be coined as intermediate dipolar coupling.

3.2 Chemical shift anisotropy (CSA)

The great advantages of NMR in liquid-state is spectral resolution. This is
due to the fact, that molecules in liquid experience rapid tumbling and chaotic
reorientations. As one shall see later, motional averaging can average out
various interactions leaving only chemical shift. Chemical shift, generally,
stems form electrons that cloud and shield magnetic field for the nuclei. The
scale of shielding depends on the chemical group, chemical environment and
therefore can be used to characterize molecules.

Naturally, electron shielding may not be constant in all orientations as in
common example of the eddy currents in benzene ring which exerts opposing
magnetic field in the middle but not from sides. For these reasons chemical
shift (a unit of magnetic shielding) can be significantly anisotropic. Now,
chemical tumbling in solid-state is mostly restricted introducing another
strong interaction commonly met in solid-state NMR — chemical shift
anisotropy (CSA). Despite being usually orders weaker than DD, CSA still
considerably affects solid-state NMR spectra as well as other effects.

In a line with this work, 3P isotope is mostly concerning but even *C has
a considerable CSA if situated at carboxyl or aromatic group. Similarly, like
dipolar coupling, CSA Hamiltonian has cartesian and spherical
representations®:

ﬁJC.SA = yjijajB = (Cartesian) (3.14)

=¥ Ti=02 Zmet (D™ St DY 1 pimy (Spherical)

Terms Drln,’_m and p;,, denote Wigner matrices and components of
irreducible spherical tensor operator in principal axis system (PAS),
respectively. Also note that a; is a tensor which in PAS simplifies to diagonal
tensor only having ox« , gyy, 62 components. Wigner matrices are then used to
rotate PAS frame to laboratory (LAB) frame for a convenient analytical
treatment as previously seen. Again, secular approximation allows to omit m
= 0 terms substantially simplifying the equation. Finally, as Wigner matrices
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have a convenient similarity to spherical harmonics which leads to the final
Hamiltonian:

_— CSA,secular o 3cos?6-1 1 .
U =Y¥jBol; {Uiso +A [% + -7 sin” 0 cos 2,8]} (3.15)
where
1
Oiso = (Oxx + Oyy + Ozz) 3 (3.16)

A= 0, — 05
N = (Oxx — ny)/A

This time the so-called secular Hamiltonian depends on two angles if the
chemical shift ellipsoid is asymmetric ( # 0). In the case of powder, again,
crystallites and thus chemical shift ellipsoids can be oriented randomly, thus
NMR spectrum will form pattern as in Fig. 3.5.

-20 000 -10 000 0 10 000 20 000 Hz

Figure 3.5. Simulated powder pattern of chemical shift anisotropy. Parameters
were used those commonly found in literature of 3P NMR. Chemical shift
tensor presented for clarity.

Seemingly, NMR experiments in liquid-state are much more advantageous
as in solid-state many interaction broadens spectral lines such that chemical
shift values are hidden. To some extent it is true, however, then direct
information of DD, CSA in liquids is completely lost. Only with use of solid-
state NMR these interactions can be probed and, regarding this work, dipolar
coupling is at interest as it contains pure spatial information of structure. The
following section will present a way how to tackle problem of low resolution

in solid-state yet still obtaining information of spin interactions.
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3.3 High resolution in solid state. Magic Angle Spinning (MAS)

“narrow is beautiful” U. Haeberlen*

It was underlined in previous section that high resolution is the great
advantage of liquid-state NMR. A great deal of resolution in solid-state NMR
is lost because of present interactions like dipolar coupling, chemical shift
anisotropy. Other interactions like quadrupolar, spin-rotation, J-coupling will
not be discussed. As static powdered sample contain randomly oriented
crystallites one would observe powder pattern in NMR spectra and that would
mask fine details of chemical shift, hence high-resolution cannot be achieved.
Regarding heteronuclear dipolar coupling, spins can be easily decoupled using
strong RF pulses resonant to unwanted spin species but, unfortunately,
interaction like homonuclear coupling or CSA cannot be decoupled that way.
Furthermore, translational motion in solid-state is completely restricted,
meaning that motional averaging will not average these interactions out. Note
that when principal axis system is oriented at 54.74° with respect to magnetic
field (see equations (3.13) or (3.15)) interaction Hamiltonians drastically
reduce (or even vanish) due to a common dependency on Y, =

\/5/m16 (3cos?6 — 1) spherical harmonic. Such angle where these
(typically) unwanted Hamiltonians get averaged is called as Magic Angle
relating to a technique called Magic Angle Spinning (MAS).

Generally, MAS is an experiment where rotor containing powdered sample
is spun at Magic Angle (Fig. 3.6). During MAS angle changes at the rate of
rotational frequency making interaction ellipsoid as well as equations (3.13)
and (3.15) time dependant. If the spinning rate is sufficiently large, time
average of the Hamiltonian is reduced to its isotropic value. If interaction is
stronger than MAS averaging (say bjx > wrot) then powder pattern splits into
many spinning sidebands, roughly mimicking the powder pattern (Fig. 3.7).
Conveniently, central line or isotropic value never changes its position
meaning that it is trivial to obtain the chemical shift of one site and thus
extremely high spinning speed are not necessary. Moreover, sidebands can be
also used to fit the line-shape to acquire interaction parameters and can be
more accurate than fitting static spectra. In unfortunate circumstances where
many nuclear sites are present, spinning sidebands can complicate NMR
spectra, hence normal experimental routine is to set MAS rate to the highest
feasible value.
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(3cos?26—1) = 5(3 cos? 8y —1)(3cos?p—1)

Figure 3.6. Principle of Magic Angle Spinning (MAS). Interaction tensor is
depicted as ellipsoid. Based on Ref 96.

—— MAS rate ——=—

Mhob b |

Figure 3.7. Simulations of powder pattern splitting into MAS sidebands by
changing spinning rate. Yellow markings correspond to central line. For full
static powder pattern see Fig. 3.5.

3.4 The experiment. Cross-polarization

Cross polarization (CP) is a common solid-state NMR experiment where
polarization (i.e. magnetization) is transferred from one species of nuclei to
another. Originally proposed by S. R. Hartmann and E. L. Hahn®” in 1962 this
method is still versatile even in modern NMR. It was developed to enhance
sensitivity of a weakly magnetic nuclei like *C, >N using highly magnetic
nucleus ‘H.
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Figure 3.8. Cross-polarization NMR pulse sequence (on the left). I and S
marks different resonant channels (say | = *H, S = $3C). Simplified polarization
transfer mechanism is on the right. Dashed line, grey arrows and bars all
illustrate populations in the corresponding energy levels.

CP experiment scheme is trivial — after initial 90° pulse excitation for |
spin species, spin-locking (or contact pulse) is simultaneously switched on at
two channels (Fig. 3.8). The frequency at which spins nutate then depends on
spin-locking power. Similarly, as in fixed frame, nutation frequency would
correspond to energy levels in doubly rotating frame. Hence, at the exact
Hartmann-Hahn (HH) condition, frequencies at which I and S spins nutate and
thus energy gaps are identical (w11 = wis). Therefore, at this so-called
“contact” re-equilibration or flow of magnetization is possible. This flow
would correspond to enhanced polarization of the second spin species S and
“dehanced” polarization for the first one (1) as depicted in figure 3.8.
Additional decoupling may be applied to obtain the highest possible
resolution.

Generally, enhancement factor during CP depends on the natural isotope
abundance N and gyromagnetic ratios y of interacting nuclei:

f= 4. 1
¥s 1+Ns/Np

(3.17)

Thus, cross-polarization can be utilized between any spin-1/2 species, for
example, H—3C, H—-3P, BN—-3C etc. However, CP is not always
favourable like for the last example it would correspond to enhancement factor
& = ~0.1 which means that carbon would essentially lose its polarization.
Despite of unwanted signal loss in some cases, the time evolution of
polarization “flow” can be valuable by the means of physical characterization
in solids since polarization is transferred via dipolar interaction. This is the
reason why CP kinetics can be considered important source of information.
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Obviously, cross-polarization is not an instantaneous event of
magnetization transfer. Typically, time duration for efficient transfer is at the
order of hundreds of microseconds but it strongly depends on dipolar coupling
strength and other physical parameters such as relaxation and spin diffusion.

In the semi-classical framework one can express Liouville-Neumann
equation (3.7) for two interacting spins under CP conditions as it was
originally realized by L. Muller®®. Under exact HH condition Hamiltonian and

f superoperator in the doubly rotating frame has the following form:
7= wy (I +8,) + 22 (1,8, + 1,5,) (3.18)
L0) = R{[Le [l ]| + |5 [0l + L [Lop]]} 319)

Now, expression (3.19) is called isotropic spin diffusion superoperator, where
R is diffusion rate. Initially, after first 90° pulse, density operator is equal to:

a th,I

po=1-Bly; B=—

(3.20)

where B is a Boltzmann factor for | spins. Note that the density operator (3.20)
only does not commute with the second term of Eqg. (3.18). This means that
oscillations following from Eq. (3.18) will maintain bis/2 frequency factor.
The final solution for the magnetization along x axis for S spin is the
following:

. _3pt
M(t) = Tr[p®)S,] = %(1 - %e‘R t— %e 3Ry cos%) (3.21)

Lastly, to the simple form of the expression above relaxation mechanism must
be added. During cross-polarization experiment relaxation occurs even during
strong contact pulses (or so-called spin-locking pulses) and it should not be
mixed with classical relaxation. Relaxation during spin-locking is called T,
longitudinal relaxation time in rotating frame. Rather pleasingly, it was shown
by A. Naito that including relaxation into Eg. (3.21) only adds an additional
exponent®:

t
M =2 (1 den e estst) 2

Note that only T, for I spins is included since S spins typically relax slowly.
If this is not the case, then relaxation for both spin system must be considered.
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Relaxation, essentially, affects how much polarization can be transferred
meanwhile coupling bis and spin diffusion R relates to time-scale and
efficiency of the transfer (Fig. 3.9).
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Figure 3.9. Modelled 'H—C cross-polarization kinetics (3.22) using
different parameters. Letter “B” denotes polarization as in (3.20).

Equation (3.22) is also known to be S-1*-1 model where S-1* denotes an
isolated spin pair. This approximation shown to be valid for static single
crystals'®1%9 whereas the concept of the CP kinetics can be visualized with
thermodynamical block diagram (Fig. 3.10). Note, that T, for S spin is not
included in the equation (3.22) as it is usually far larger than for I spins.

Figure 3.10. A representative block diagram for S-1*-1 model of CP in isolated
spin pair.
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The mechanism of this model can be explained shortly. Initially, polarization
starts at I* spin which exchanges polarization with S spin in oscillatory
manner. Then, subsequent spin diffusion to | spin bath “drains” polarization
from I* spins damping the ongoing oscillations. Lastly, overall relaxation
damps the polarization in the system completely. This behaviour is shown in
figure 3.9, where several parameters were varied.

For the reasons expressed before, CP can be combined with magic angle
spinning to achieve high resolution spectra (Fig. 3.7) and therefore, the model
for static single crystal may be inappropriate — model needs revision. Dipolar
coupling strength depends on the orientation with magnetic field (see Fig. 3.3),
thus mechanical sample spinning must introduce angular average for the
cosine function in (3.22). The average of cosine in time, as shown by L. B.
Alemany et al., can be expressed as Taylor series and thereafter function can
be replaced by Gaussian function with the first order approximation:

—t2

2 —
thz = ¢273 (3.23)

cos(b;jt/2) =1 — -

The decay rate 1/T, may be considered as a root-mean-squared average of bi/2
properly weighted by the fraction of molecules with a given orientation
corresponding to the oscillation frequency bi/21%, hence (3.22) becomes:

—t2

t =t
I(t) — Ioe—t/T1p,I (1 —_ Ae_R t_ (1 - A)e_SRE - e? T%> (324)

where parameter A = 1/(n+1) was introduced by W. Kolodziejski regarding
real case scenarios where nuclei might arrange into structure with several
inequivalent S-1,* spin pairs (with different DD couplings)®®.

To illustrate CP from pure thermodynamics point of view, consider two
sub-systems having different internal spin temperature as it was depicted in
figure 3.11. The term “spin temperature” was used even by S. R. Hartmann
and it corresponds to population difference which is related to the Boltzmann
distribution. For example, cold spin system has a large population difference
and hot spin system — small population difference. Meaning, that the colder
spin sub-system is, the bigger polarization is in that system. However, spin
temperature can be (and at t = 0 is) negative or equal to zero. Then, spin-
locking at exact Hartmann-Hahn condition establishes a thermal contact
between two sub-systems (Fig. 3.11) thus the term “contact pulse”. The
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equilibration of this thermal energy can be then depicted as a flow of the

T
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polarization.

Figure 3.11. Block diagram of S-I model of thermodynamical cross-

polarization.

Such flow of energy between sub-systems can be written in two differential
equations which can be found in Ref 18. The solution of the differential

equations is a simple biexponential process:
_ Tip —t/tl, _ —t)T
I1(t) =1, (1—Tzs) (e p—e 15)

where, again, T, for S spin is neglected and, here, exchange time Ts reflects
the strength of the I-S and I-1 dipolar couplings. The first bracket from now

on will be omitted as Tis is much faster than the relaxation time.

(3.25)
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Figure 3.12. On the left — modelled CP kinetics of S-1 model using (3.23), on
the right — S-1*-1 model. The latter was modelled using (3.22) as for static

crystal and (3.24) for MAS average. Dashed line is identical in both pictures

and represents 1-S model.
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In this section two models of CP where briefly presented: S-1*-1 or so-
called isolated spin pair model stemming from quantum mechanics and S-I
being pure thermodynamical one. However, it is not clear which one should
be used or, more importantly, whether they are not too oversimplified.
Nevertheless, both models link CP kinetics to the dipolar coupling strength
and other processes but rather qualitatively. Furthermore, if the discrepancy
sometimes can be almost intelligible as seen on right-hand side in figure 3.12
then one needs to be careful making quantitative conclusions. These problems
will be tackled in the experimental section where a large variety of CP kinetics
were analysed.

3.5 2D spectroscopy. Heteronuclear correlation

Preparation  Evolution Mixing Detection

90 Homonuclear D i

decoupling CP ecoupiing >
CcP

— >

Lt t,

r ) i
p—x -
o

Figure 3.13. The principal scheme of frequency switched Lee-Goldburg cross-
polarization heteronuclear correlation experiment.

It is not surprising, that in order to employ measurements of CP kinetics or
any other technique, one needs to recognize and assign the spectral lines first.
This task is not challenging if the molecular system is well explored or simple
enough that the resonances can be found in catalogues in literature. However,
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sometimes it is not the case and then spectral lines have to be correlated to a
known reference to obtain fully defined spectrum. Correlation between
different spectral lines is one of the main tasks of 2D spectroscopy.

Generally, any 2D experiment is a sequence of events: preparation,
evolution, mixing and detection, respectively. In NMR spectroscopy,
preparation and detection is mostly non-other than 90° pulse and FID (with
optional decoupling). However, evolution and mixing are elements that
provide with most diversity of methods. Let us focus on the experiment used
in this work — frequency switched Lee-Goldburg cross-polarization
heteronuclear correlation experiment (FSLG-CP HETCOR) (Fig. 3.13).

There are only couple of differences between the latter experiment and
classic CP experiment depicted in figure 3.8. Firstly, cross-polarization
contact is made by spin-locking pulses that one of which is ramped. Ramping
of the pulse allows to ensure that within CP contact time Hartmann-Hahn
condition where energy levels in doubly rotating frame match will be fulfilled
as the energy gap is dependent on the pulse power. The pulse duration and
other parameters are fixed (unlike in the CP kinetics measurement) such that
| spins have enough time to transfer polarization to S spins for detection.

Secondly, the last difference to regular CP is the evolution present in
HETCOR experiment. During evolution | spins (typically H) need to evolve
under chemical shift only, therefore must be decoupled from other interactions
hence even from homonuclear coupling. As homonuclear coupling is strong
and more symmetric regarding spin rotations this task is quite challenging.
Luckily, many techniques have been developed and do not require a lot of
optimization. Merely, it is done by flipping | spins by magic angle with NMR
pulse and (spin-)locking them at that angle similarly to MAS technique where
sample is spun mechanically. Since nutation frequencies are then in the order
of 100 kHz and hence tenfold higher than those achieved with magic angle
spinning homonuclear decoupling allows to preserve chemical shift
information during evolution time t;.

Performing double Fourier transformation first for detected FID (t.
domain) and then to evolution time points results in 2D spectra. The peaks
appearing in the spectrum means that | spins having specific chemical shift
passed over their polarization to specific S spins during mixing time. In the
present experiment spins are communicating through dipolar coupling, hence
spatially nearest spins will pass their polarization most effectively or in other
words they will correlate best. In the liquid-state NMR the most similar 2D
experiment is known as NOESY (Nuclear Overhauser Effect Spectroscopy).
Therefore, HETCOR spectra is another powerful tool for spectral assignment

and even spatial characterization.
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4. EXPERIMENTAL RESULTS
Experimental setup

The majority of experiments were performed in Institute of Chemical
Physics at Vilnius University using Bruker AVANCE IIIHD NMR
spectrometer and Bruker Ascend 400WB superconducting magnet exerting
9.41 T magnetic field at which proton resonance frequency is 400 MHz. The
data was acquired using static and Magic Angle Spinning (MAS) Bruker
probes. The former one is a broadband single channelled 4 mm probe capable
of performing experiments in the temperature range of -150°C—+300°C. The
latter 4 mm H/X CPMAS probe can withstand temperature range of -110°C—
+150°C with samples spinning up to 15 kHz rate. Most of the experiments
were done at room temperature under intermediate spinning frequencies (7-10
kHz). A few experiments were carried out on Bruker, Varian systems in
Darmstadt-TU (Germany) and University of Southampton (UK), respectively,
but were re-tested again in Vilnius University for consistency.

Cross-polarization (CP) experiments were conveyed under similar
conditions for all samples. CP contact pulses were strong rectangular RF
pulses (70-100 kHz) set to a single Hartmann-Hahn condition. Repetition
delays were set according to pre-measurements of T; relaxation times using
saturation recovery pulse program. CP kinetics consisted up to 1000 time
points but, recorded with limit of 10 ms due to strong RF fields. Other
parameters regarding CP kinetic measurement can be found in appendix
(Table Al).

Results were initially analysed using built-in Bruker software TopSpin 3.2.
Further analysis was done employing Microcal Origin 9, Mathcad 15 and
MATLAB packages. Few present simulations were done using SpinDynamica
(published at Ref 101).

Materials

The first analysed material was calcium hydroxyapatite —
Caio(PO4)s(OH)2. It was synthesised by the aqueous sol-gel process in
prof. habil. dr. A. Kareiva group at Vilnius University, Chemistry and
Geosciences faculty, department of Inorganic chemistry. Calcium acetate
monohydrate, Ca(CHsCOO),-H,O and ammonium hydrogen phosphate
(NH4)2HPO., were selected as Ca and P sources, respectively, to obtain Ca/P
molar ratio of 1.67. Another hydroxyapatite that contained amorphous
clustered phosphate phase (ACP) was also synthesized in the same group. The
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last nanostructured calcium hydroxyapatite (nano-CaHA) studied in this work
was commercially available at Sigma Aldrich. The same vendor was available
for used ionic liquid, amino acids, meso-porous silica as well as for poly-
(vinyl phosphonic acid) (pVPA) polymer.

Polymer poly-(hydroxyethyl methacrylate) (pHEMA), however, was
synthesised in prof. dr. R. Makuska group at Vilnius University, department
of Organic chemistry. HEMA was polymerized in the presence of 4-
((butylthio)carbonothioyl)thio)-4-cyanopentanoic acid as a RAFT chain
transfer agent and 4,4-azobis(4-cyanovaleric acid). All acids were
commercially available as well.

Likewise, commercially available was ammonium dihydrogen phosphate
NHsH:PO4 (ADP) which was purchased from Reachem Slovakia in 99 %
purity and was used as a model compound. Lastly, all tripeptides investigated
in this work were made in TU-Darmstadt by the members of
prof. dr. G. Buntkowsky group.

4.1 Characterization by 1D spectroscopy

The initial ideas behind this work stem from the structural and composition
analysis of phosphate materials, particularly, calcium hydroxyapatite (CaHA).
Calcium hydroxyapatite as described in the last subsection were synthesized
via trivial sol-gel route using different complexing agents that allowed to
control crystallinity of the compound. Not surprisingly, the largest
morphological difference was met is in the case of amorphous clustered
phosphate phase containing (ACP) and nano-structured apatite!t122L,

First of all, the synthesis products were characterized by scanning electron
microscopy (SEM) and energy-dispersive X-ray analysis using a Helios
NanoLab 650 scanning electron microscope coupled with an energy-
dispersive X-ray spectrometry system!2, The XRD spectra can be found in
appendix (Fig. A2). The characterization was needed to know which samples
yield amorphous or well-structured morphologies.

Before initial works, it was not yet known what are the most crucial factors
that influence the structural organization of the synthesis products. However,
both ACP-CaHA and nano-CaHA can be compared with respect to the
presence of structural manifolds of hydroxyl groups by means of 'H NMR
spectroscopy and later reinforced by FTIR spectroscopy (Fig. 4.2).
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Figure 4.2. The comparison of FTIR and *H MAS (10 kHz) NMR spectra of
nano-structured (hano-CaHA) and containing amorphous clustered phosphate
phase (ACP-CaHA) calcium hydroxyapatite. Yellow boxes mark zoomed-in
areas bellow. FTIR peaks are assigned following the ref 1%,

The ratio between areas of 5 ppm peak versus 0 ppm peak (in NMR
spectrum) is 0.14:1 which indicate that amount of structural -OH group in the
nano-CaHA is significantly higher than the amount of adsorbed water. This
can be approved by the presence of small sharp peak at 3572 cm™ (in FTIR
spectra) which corresponds to “free” -OH groups that are typically masked by
broad feature as seen in ACP-CaHA FTIR spectra. The large broadening of
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water signal in both NMR and FTIR spectra arises due to higher degree of
freedom which adsorbed water possess and, moreover, these water molecules
can chemically exchange with -OH groups on the surface, thus averaging out
the 0 ppm peak in NMR spectrum. The large band at 3200 cm™ can be
decomposed into two overlapped peaks at 3442+2 cm™ and 3105+4 cm™. The
first corresponds to the stretching mode of structural -OH while the other to
the stretching of the water in H-network. Another characteristic 3OH band at
1645 cm™ is also present meaning that the quantity of adsorbed water is indeed
high!:%, These spectra indicate that the ratio between adsorbed water and
structural -OH groups in phosphate are 3.4:1 and 0.14:1 for ACP-CaHA and
nano-CaHA, respectively.

As phosphates obviously contain phosphorus it is trivial to employ 3P
NMR as is it often done for some closely relates systems®13, Typically, 3P
spectra is said to arise from PO, groups and the broadening of the peak is due
to amorphous phosphate located at the surfaces or at grain boundaries of HA
nano-platelets. Furthermore, the signal shapes in both CaP and gel/CaP are
typically found to be asymmetric and significantly broader, demonstrating
structural inhomogeneities, which can include the presence of an additional
phase difference from pure crystalline HA. The larger linewidth is clearly seen
in the Fig. 4.3 for ACP-CaHA.

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 of
signals, whereas the Lorentz contribution is originated from uniform spin
interactions and dynamics. Now, random processes like motion or
reorientation can be described in terms of correlation function C(z)~exp(-k 7),
where K is a rate constant. Fourier transform of this equation is nothing else
than Lorentz function and this is also known as homogeneous broadening.
Homogeneous broadening is known to be harder to supress using magic angle
spinning®®,
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Figure 4.3. 90° pulse signals of 3P in static (on the left) sample and under
MAS (on the right). Dashed line indicates good coincidence with the Gaussian
shape where widths are shown for each peak. Asterisks denote spinning
sidebands at 5 kHz.

Furthermore, rotor-synchronized MAS linewidth (Avi) also depends on the
strength of anisotropic spin interactions. Strength will be expressed in units of
hertz as commonly done in NMR spectroscopy by a parameter van. In the fast
spinning regime, the linewidth Avy, can be expressed as

Ay = TVan
VI/Z B ZVMAS(16T[2 + XZ)Z
X [-16m?(e™* —1—x) +x*(e™* — 1+ x)] 4.1)

here x = k/'vmas!®. In the regime close to the maximum broadening, where 2z
vmas/k =~ 0.55, this equation can be simplified:

2
Avy; = _ kmvan (4.2)

2 2,,2
2k2+32m2v¥ag
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Figure 4.5. On the left — magnitude of the inhomogeneous anisotropic
broadening van, On the right — random reorientation rate constant k. Both
parameters were calculated fitting results of nano-CaHA with (4.1) and (4.2)
(see Fig. 4.4). More details are in the text.

Now, the Magic Angle Spinning averaging is clearly different in
amorphous material than nano-structured one (Fig. 4.4). The most noticeable
difference is that ACP-CaHA 3P NMR linewidth drops down rapidly to a
constant width when sample is spinning above ~2000 Hz rate. According to
equations (4.1) and (4.2) linewidth can only be invariant of MAS rate if k >>
4mvmas. It suggests that fast spin motion does takes place ACP-CaHA
reinforcing, again, the evidence of the large amount of mobile adsorbed water
molecules. Contrastingly, in the nano-structure apatite NMR linewidth
strongly depends on the spinning frequency. That allows to evaluate
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parameters k and van using previously mentioned equations. However, these
expressions are only valid in the fast spinning regime. For this purpose, the
fitting was done several times excluding slow MAS rate points leaving some
minimal value of (vmas)min. The fitting results are shown in figure 4.5. The
obtained fitted values of va, =1220+20 Hz and k = ~30000 s for nano-CaHA
indeed indicate a very slow dynamical motion since 2 kHz MAS rate already
is larger than the strength of anisotropic spin interactions

The time-scales of the random processes can be checked using relaxation
measurements. This is based on the fact that relaxation is induced by random
fluctuations. Without going to deep into Redfield theory of relaxation, one can
consider that these fluctuations can be defined with a memory function and
corresponding correlation time. The Fourier transform of auto-correlation
function (if mono-exponential behaviour is assumed) is a Lorentz spectral
density function:

J(@) = (4.3)
where 7 is a correlation time for any random process. As the time-scale
decreases (meaning faster motion) spectral density function flattens (Fig. 4.6)
and for slow events it will be sharp. For simplicity let us assume that
fluctuations at Larmor frequency are the most relevant. The reason is trivial
— fluctuations that resonate with the system will be most effective to drive it
to thermal equilibrium. Therefore, if faster motions have relatively flat
spectral density, it will drive system to equilibrium faster as the spectral
density at Larmor frequency is higher.

Figure 4.6. Spectral density function J(w) with different correlation times.
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Figure 4.7. Dependencies of *H longitudinal relaxation time to temperature in
CaHA samples. Nano-structured CaHA seemed to have biexponential
relaxation, hence two components for single peak were defined. Also note,
that ACP-CaHA does not have pronounced 0 ppm peak and hence only one
label. Inset is taken from figure 4.2 for clarity. Experiment were carried out
using saturation recovery pulse sequence with 16 delay points for the fitting.

As it is seen in the figure 4.7, amorphous hydroxyapatite has relatively
shorter T relaxation time than nano-CaHA. The reason is that the relaxation
is originating from the large amount of adsorbed water which is can be also
partially seen in the case of nanostructured material. The dominating signal in
nano-CaHA is that from structural -OH groups which relax significantly
slower. Along with the statements of the last paragraph, this means that
adsorbed water experiences faster random reorientations. If these
reorientations are already rapid, the changes in temperature will inflict much
of a change in correlation time. Perhaps, this is why T for the -OH groups
depend on temperature more as seen in figure 4.7. Biexponential behaviour of
relaxation in the case of nano-CaHA could be linked to again to the fact that
the quantity of adsorbed water is small. This means that relaxation is not
dominated by homonuclear interaction between hydrogen atoms as it is
expected in a neat water. Then considerable influence of heteronuclear
coupling could lead to biexponential process. Obviously, last statements
would require further experimental background which will not be given as it
would be out of the scope of this work.
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Conclusions of section 4.1

e FTIR and NMR peak assesment indicate large quantity of adsorbed surface
water in amorphous calcium hydroxyapatite, whereas in the case of nano-
structured apatite -OH structural groups are dominant.

e Fast motion of random reorientations in the amorphous CaHA was
confirmed by MAS effect and by spin-relaxation time measurements.

e One-dimensional NMR spectroscopy can provide with the information
about the composition and dynamical time-scales occurring in structures.

4.2 Cross-polarization kinetics in CaHA

Previously it was shown that some information can be obtained using 1D
spectroscopy. Information relating to structural composition and dynamical
time-scales is important, especially if the crystallinity directly depend on the
complexing agents used. However, pure crystallographic parameters like
order and packing cannot be tackled using only previously used techniques.
The following section will exploit the possibility of using cross-polarization
instead of the common experiments like XRD or ND.

4.2.1 Towards dipolar coupling distribution

Due to a proper instrumental setting, high data point density measurements
of *H —3P CP kinetics have been carried out for two previously described
calcium hydroxyapatites having different morphological structure: amorphous
and nano-structured (figures 4.8 and 4.9). It is important to note that
commercially available CaHA seemingly had nano-structured morphology as
one of the synthesized ones, therefore, identical name (nano-CaHA) will be
maintained. Each experimental curve contains up to 500 equidistance points
over contact time range of 50 ps to 10 ms. Such high data point density reduces
the excess degrees of freedom in the nonlinear curve fitting procedure
targeting x* flow toward the “true” (i.e., global) minimum on the
multiparameter surface. Here »? is the sum of weighted squares of deviations
of the chosen theoretical model curve from the experimental points. High
point density also makes more rigorous decision possible concerning the
validity of the hypothetic models as well as allows more fitting parameters to
be used unambiguously.
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parameters are presented in Table 1.

The CP kinetics observed in the nano-CaHA exhibit blurred oscillation of
intensity in the short contact time range, whereas it is completely absent in
ACP-CaHA (figures 4.8 and 4.9). In order to describe this phenomenon, one
can consult subsection 3.4 where two distinct CP models were presented.
Isolated spin pair model (also known as S-1*-1 model) predicts that S-1* spin
pair or cluster of inequivalent pairs exchange polarization in an oscillatory
manner which mimics the energy exchange between a pair of coupled
pendulums (see Eqg. 3.22). These oscillations are then damped by the
subsequent spin-diffusion to a large | spin reservoir.
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In addition to spin diffusion, another source of incoherence has to
accounted for. Namely, equation (3.22) (or isolated spin pair approximation)
is only viable in a perfect single crystal which is not the case in complex solid
like CaHA. The CP kinetic data for complex solids is an average over the
whole distribution of dipolar splitting b that depends on the spatial parameters
(internuclear distance (rjk) and orientation in the magnetic field (6)):

YiYk 3cos?6-1 3cos?6-1
b=—to X2 T o (4.4)
4T Tk 2 2

Here the difference between b and to by constant is that b depends on angle
on contrast to bj. Dipolar splitting b, in other words, is a part in the
Hamiltonian (3.13) which is responsible for forming Pake pattern in a
spectrum (figures 3.3 and 4.10) whereas bj« for the size of splitting. The cosine
in Eq. (3.22) then should be averaged over all possible b values weighted by
the fraction of spin pairs with a set of spatial parameters that corresponds to
the oscillation frequency bi/2:

cos (anb t) =yP (%) cos (anbi t) (4.5)

where the normalized spin coupling distribution profile P(b/2) is introduced.
Its shape for disordered solids is complex. To a good approximation, P(b/2)
can be considered as the envelope of the superposition of Pake singularities
from the pairs of spins having different internuclear distances (Fig 4.10).

1P(bi/2)

/b,-/Z if |1—3cos?8|—1

0 Hz

Figure 4.10. Simulated dipolar coupling spectra for three slightly different
spin pairs. Spin coupling distribution profile P(b/2) for disordered solids
would correspond to the “fine” structure on the edge of the total (blue) Pake
pattern.
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The exact shape of P(b/2) is generally unknown. Moreover, due to
dipolar coupling inverse cubic dependency to internuclear distance ri, this
shape also is different at different length scales. Despite this uncertainty, in
many cases 'P NMR signals appear as being Gauss function or Voigt shape
dominated by Gauss contribution'*%, Thus, for simplicity, to illustrate b
averaging consider Gauss function where width w reflects the extent of the
overall spin coupling distribution or the disorder of dipolar coupling. The
examples are shown in figure 4.11 where curves where modelled using cosine

average instead of Gauss function in (3.24):

I(t) = Ipe~t/T1px (1 — e Rt —(1 - A)e_3R§Z P (%) cos (ZnTb‘t)) (4.6)
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Figure 4.11. Averaging of oscillations in CP kinetics upon change of structural
disorder (w) and spin-diffusion rate (R). Green lines in the background
represent CP kinetics as described in equation (3.22) while b = 10 kHz. Bold
green lines were modelled using Gaussian P(b/2) distribution (Eq. (4.6))
centred at b = 1.8 kHz and T, — oo is fixed in all cases.
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The effect upon changing the Gaussian width and spin diffusion rate is seen
in the picture above. At the first glace it looks like both parameters only damp
the initial oscillation but, actually, there is a slight difference in responses to
these changes. Thus, both elements (w and R) can be distinguished and
revealed if convenient processing is applied.

Essentially, only difference of the expression above and (3.24) is that
cosine average is in its explicit from. If then one would assume complete
disorder, short CP contact time or very weak couplings, this average would
approach and become a Gauss function. As the subsequent equation (3.24) is
characterized by Gaussian width, this function will be called T.-average,
where T is the time constant of Gauss decay. This limit is perhaps the most
often used for the processing of experimental CP kinetic data in the cases
where it was deduced that the S-1*-1 model*31% was to be more appropriate,
compared to the thermodynamic one (S-1 model), for example, as in refs
102,106,107. It is important to address that notation T- itself has a physical
meaning. As Gauss decay value characterizes 3'P-'H dipolar coupling it can
be approximately equal to spin-spin relaxation time. And indeed, for the static
samples the full widths at half-maximum (FWHM) obtained by the fitting %P
line-shape corelates to the T, of the Gaussian distribution. This is achieved
after CSA contribution is removed mainly when DD interaction dominates.
Fitting the CP kinetic curves with function (3.24) shown that the “uncertainty”
relation FWHM-T, = 0.355 is close to the exact 0.375 value for the “true”
Gauss function.

As previously seen in figures 4.8 and 4.9, various P(b/2) shapes were
tested. Some of them, like Lorentz and Gauss functions are a common spectral
line-shapes but radial profile was specially developed for this purpose. It is
based on atomic distribution in polycrystalline and amorphous systems.
Namely, the atomic radial distribution function g(r) contains several sharp
peaks close to the centre (r = 0) that relate to the first- and the second
coordination shells (Fig. 4.12). Going further from the centre, the number of
atoms increases as dr slice is proportional to 4ng(t)r’dr (see Fig. 4.12 left
side). In the long-range, function density function g(r) — 1 because of uniform
distribution, thus overall number of atoms is asymptotically equal to N(r) ~ r?,
Using (3.12) relationship one can find that radial distribution profile is long-
range limit is Pr(r) ~ b3, Therefore, all mentioned distribution profiles:
Radial (R), Gauss (G), Lorentz (L) and T.-average, were used with equation
(4.6) to fit CP data for two CaHA samples.
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Table 1. Fit parameter of CP kinetic curves shown in figures 4.7-4.8.
Nano-structured calcium hydroxyapatite

Static sample MAS, 9 kHz
P(b) R G L Tr-av. | R G L To-av.
A 0.39 0.30 039 | 033 | 061 | 060 | 060 | 047
Ruaifr, 1/s | 455 385 455 400 476 455 455 313
bo, Hz 0 320 800 885
w, Hz 1920 | 1290 850 590
T2, ms 0.24 0.28
bmax, Hz | 3500 2200
bmin, Hz | 330 740
Tip )
2% |7 ‘14 |7 '8 (18 |16 [15 |20




Amorphous calcium hydroxyapatite

Static sample MAS, 5 kHz
P(b) R G L Trav | R G L Tr-av
A 0.69 0.64 0.65 0.69 0.8 0.73 0.75 0.70
Rairr, 1/s | 769 715 715 715 1111 1111 1111 1000
bo, Hz 0 0 0 0
w, Hz 4600 2500 2500 1400
Tz, ms 0.12 0.34
bmax, Hz | 7600 2400
bmin, HZ 470 540
Tie 0.015s 0.011s
X, %o 7 [ 5 [ 6 | 7 4 | 3 | 3 | 3

Nearly perfect global fit was achieved in all cases (R? ~ 0.993—0.999 and
(<?>)Y2Nmax ~ 0.3—1.6%, see Table 1) independently on the spin coupling
distribution profiles used. Results also underline some essential differences of
amorphous and nano-structured material. Firstly, in addition to random
reorientations, spin diffusion in ACP-CaHA is more rapid than in nano-CaHA
as well. It means that bulk of adsorbed water provides with a large network of
hydrogen nuclei which could increase the diffusion rate. Thus, adsorbed water
can play an important role in changing the dynamics observed in structure.

It can be seen that some fitting parameters change with different magic
angle spinning rate as well. Particularly, parameters w, T2, Dmax, bmin that relate
coherent oscillations during CP to disorder suggest that magic angle spinning
reduces disorder. Furthermore, parameter 2 = 1/(1+N) (where N is number of
non-equivalent spin pairs) increases, meaning that CP kinetics are governed
by fewer spin pairs. This is an important observation of which emphasize on
MAS effect during cross-polarization experiment.

The fitting parameters generally describes structural properties of the
apatites, nonetheless, detailed structural information is hidden in initial period
of 2 ms where the CP oscillations are seen. The exact frequency distribution
of these oscillation in unknown and hence using general functions could not
give a precise measure. It means that the information concerning the short-
range order (first and second coordination shells, Figure 4.10) is lost if any of
R, G, and L profiles or the overall T, averaging (Eq. (3.33)) are applied. This
becomes particularly obvious in the case of the radial distribution function
R(b) ~ b~ 3 that was derived taking g(r) — 1, r — oo. The steepness of R, G,
and L are similar at b — 0, that is, moving to the far range. Therefore, it was
not surprising that for each studied system the values of “bulk” parameters (4,
Raifr, and T,p) that were determined by the global fitting are practically the
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same (Table 1). Furthermore, parameter A steps over the value of 0.5 which is
rationally impossible. Henceforth, further revision is required.

4.2.2 Inverse calculation to dipolar coupling distribution

The problem of misalignment of non-linear fit to the first few tens of
microseconds in CP wherein oscillations are the most pronounced was nicely
solved with cut-off averaging first introduced in ref 102 and explicitly
described in the dissertation of V.Klimavi¢ius'®. Nevertheless, the main idea
of the cut-off averaging is one of the most crucial ones in the present work.
The challenge is to find the exact P(b/2) profile which would allow to
reproduce a distribution of interacting spins at the short- and moderate
internuclear distances. If this is achieved, the precise information about the
spatial distribution of interacting spins (when protons surround P nuclei) can
be trivially calculated by the reverse recalculation from b-variable to the
distances (r) using relationship (3.12). However, this approach forces to
reconstruct the strategy of the processing of CP kinetics curves in the opposite
direction.

Firstly, one has to recognize that the explicit cosine average (4.5) is
nothing more than the real part of discrete Fourier transformation:

2m b; t)

=

— by
o () -2
vorm 2 (5) cos (F5)

Re {77 [P (5)]}

This means that coherent part of CP Kkinetics is accessible via Fourier
transform of cosine average. Thus, if other global parameters can be fitted
using generic profiles of P(b), real profile can be extracted from the fitting
parameters using the following routine:

(4.7

b\ _ |mp-1 1A/ 1ofs
P(z) |FT s (4.8)

where f; = exp(—R t), f = exp(—1.5 R t), and f3 = exp(-t/ T1,). Meaning that
suppression of all other fitting parameters introduces a possibility to estimate
the true profile. Hence, the functions fi,f,,f; are easily calculated after the
fitting procedure and then used in Eq. (4.8). It is important to mention, that in
the cases where magic angle spinning is applied, the true dipolar coupling
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constant is rescaled by factor depending on the Hartmann-Hahn (HH)
condition used'®, If MAS is coupled with CP, classical (w11 = wis)
condition for contact splits into manifolds of sidebands (w1 — wis = N wwmas,
see Fig. 4.16). It the present work, all experiments were carried out at the
same n = +1 condition which results in scaling factor of V2. The results of
processing ACP-CaHA and nano-CaHA CP kinetics with with Eq. (4.8) and
relationship (3.12) is shown in figure 4.13.
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Figure 4.13. Calculated P(b) function and corresponding spatial distribution
of protons surrounding 3'P nuclei in nano- and ACP-CaHA. The b/2 axis for
magic angle spinning results had to be rescaled by factor V2 due to a specific
Hartmann-Hahn condition.

The spatial distribution profiles consist of three maxima at 0.24-0.27,
0.30—0.34, 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-CaHA (Fig. 4.13). The distances of
0.21-0.25 nm are typical for P-O—H structures that are found in some related
systems like calcium phosphate gelatine nanocomposites'®’, sol—gel derived
SnO, nanoparticles capped by phosphonic acids''®, and potassium- and
ammonium dihydrogen phosphates (KDP and ADP)*2. In CaHA, the protons
are not part of the phosphate group and thus such short P---H contacts should
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not be met. In pure crystalline CaHA, each P atom has two protons distanced
at 0.385 nm and further two at 0.42 nm, while others are more than 0.6 nm
away. Nevertheless, the observations using FTIR and NMR techniques
suggest or even confirm the presence of hydrogen phosphate units in the
nanostructured samples. Thus, the analysis becomes harder because the
spectral manifestation of hydrogen phosphate groups are often hidden under
other features. For example, the FTIR band of HPO,>™ at ca. 540 cm™ is
commonly found to be strongly overlapped by the intensive modes of PO4*
in the regular “apatitic” environment!'!, The signals of HPO.,*" in NMR
spectra, that is, *H at ~11 ppm*!*2 and 3!P at ca. 0.45—1.3 ppm*, look like the
shoulders of the strong central dominant peaks from the bulk. Hence, in all
these cases for HPO4>~ signal/band to be resolved, one requires rather precise
band separation procedures with an a priori certainty that this band is present.
Even more clearly the presence of HPO4*  can be extracted using 2D
HETCOR experiments!!2, Also, note the possible presence 3!P—H spin pairs
with the closest distance 0.22—0.25 nm has been found in calcium phosphate
gelatine nanocomposites, where it has been deduced from the simulation of
CP kinetics!.

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'!®. Therefore, the fact that the peak at 0.24-0.27 nm is
clearly resolved in the spatial distribution profile of the nano-CaHA sample
and hardly noticeable in the case of amorph-CaHA is easily understood by
taking into account the differences in surface organization in nanostructured
and amorphous materials. Amorphous material, on the other hand, consist a
large amount of adsorbed water and seen in the figure 4.2. Hence it could be
that large feature at ~0.4 nm (Fig. 4.13) is originating from the large H-bond
network of adsorbed water. Although, it may be also deviations of -OH groups
with sequent displacements of corresponding oxygen atoms that lead to the
appearance of distances typical for H-bonds. Thus, discussion on either of the
last statements will be left open.

Another important aspect is the employment of magic angle spinning as it
has a clear effect of the obtained spatial distributions of interacting spin pairs.
It follows that 3P interactions with the protons on the surface layers (the peak
at 0.24-0.27 nm) or with remote protons (rr.+ > 0.5 nm) are affected by MAS
most dramatically. It is again worth to note parameter 1 or otherwise the
number of interacting spin pairs N decreases from 1.9 to 0.7 going from static
to rotating nano-CaHA sample. This means that if the spin diffusion is slow
enough and oscillations are not damped substantially isolated spin pair

approximation becomes more appropriate. As a result, the dominant dipolar
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coupling can be found either by calculating Fourier transformation of the CP
curves or using equation (3.22).

Unfortunately, few sources of error of the present processing strategy have
to be considered. Namely, the equation (3.22) is a model of isolated spin pair,
but for the one that is at the single orientation with respect to the external
magnetic field. On the other hand, this discrepancy was covered already when
it was assumed that mostly the edges of Pake pattern correspond to coherent
cross-polarization and thus appears in the dipolar coupling distribution.
Unfortunately, this means that the result of the current processing route is not
going to be a full cosine average, although the difference might not be
significant. The goal of pure distance-depending distribution demands for the
processing route were angular averaging effects are incorporated. Thus, the
CP models must be revised.

Conclusions of section 4.2

e The high point density in the cross-polarization measurements for the
nano-structured (nano-CaHA) and amorphous clustered phosphate phase
containing calcium hydroxyapatite (ACP-CaHA) revealed structural
features and differences within sub-nano scales.

e Fitting parameters like spin diffusion, relaxation rate, spin cluster size
found to be almost invariant to spatial distribution profile. This allowed to
extract the coherent part of cross-polarization and inverse-calculate dipolar
coupling distribution. The use of radial function suppresses long-range
order effects.

e Characteristic internuclear distances r(*H-3'P) were deduced for the nano-
CaHA and ACP-CaHA. The absence of distance at ca. 0.26 nm in
ACP-CaHA reflects the main difference in surface morphology between
nano-structured and amorphous material.

e |t has been demonstrated that magic angle spinning averages out long-
range spin couples originated from adsorbed water network and disordered
surface groups. This means that magic angle spinning probes local and
short-range CP dynamics and reduces cluster size of interacting spins.
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4.3 Angular averaging under magic angle spinning

It was demonstrated in the previous section how spatial distribution of the
interacting spin pairs can be calculated by supressing fitting parameters from
the CP kinetic curves and then performing Fourier transformation for
extracted function. It was also shown how this leads to the fine structural
details. Despite of that, the reasonable concern of the processing precision was
recognised. The previously used processing approach rests on assumption that
dominating dipolar coupling during cross-polarization is the one
corresponding to the edges of Pake pattern (see Fig. 3.3). It is true that dipolar
splitting is dominated by peaks appearing at bj/2, but nevertheless other
values are present as well. This can lead to loss of information during
processing of CP kinetic curves. Therefore, employed CP model must take
into account dipolar coupling angular averaging.

Favourably, ammonium dihydrogen phosphate (ADP) is a compound that
is well explored with XRD and ND techniques, hence the spatial distribution
of different atom pairs is well known. In the present section the crystal
structure will used to compare results obtained with two different CP
processing routes to check precision of the developed method.

It is not surprising that the problem of using equation (3.22) for rotating
solids has been already met and addressed. Therefore, it is better to begin with
a model equation that already accounts for the angular averaging in the
powdered material that is spun in magic angle. Cross-polarization kinetics
then is characterized by the following equation®®114;

I(t) = %[e% — e‘kltg(t)] + (ml — l) [e% - e_kzt] (4.9)

wO,I 2

Here wo, is the Larmor frequency of | spins, Sq is the quasi-equilibrium
polarization of S spin inside the extended spin-system S—Iy that can be
expressed by

N
(S)qe = N1 Qo (4.10)

In perfect isolated spin pair where N = 1 half of polarization is transferred to
the S nuclei, and thus second term of (4.9) varnishes. The exponents with
factor T, and, similarly, exponents with factors ki, ko correspond to spin
diffusion in I spin reservoir. Essentially, polarization in quasi-equilibrium can
reach up to full polarization of | spins (N = o) when there is a large quantity
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of weakly coupled spins. Finally, function g(t) expresses the angular average
over all possible orientations and the CP behaviour in isolate spin pair:

gt)=1/2 f: cos (ZHTM) sin(6) do (4.11)

Note that integral above does not take into account spatial distribution, in other
words it is an angular average for single bjc value. Nevertheless, using
previous assumptions of disorder, weak coupling it is trivial to conclude that
this function to this limit approach gaussian function (3.23). Thus, additionally
inserting (4.10) to (4.9) gives the following expression:

—t —t2

I(t) = |eTp — ekt . 273
N+1

n (E) [eﬁ - e—kzt] (4.12)

I(1), a.u.
® 0.6

04F

02F

0 2ms 3 ms 4ms Sms 6 ms
Contact time

Figure 4.14. *H— 3P CP-MAS kinetics in powdered ADP (7 kHz MAS, HH
matching condition n = -1, room temperature). Fitting parameters of Eq. (4.12)
are ki=539+7 s, (N-1)/(N+1) = 0.362+0.002, T2= 7.65+0.05, T1, — o0, k1 =
3/2 ko was kept fixed.

Non-linear fitting of previous function to CP data acquired for ammonium
dihydrogen phosphate (ADP) gives a perfect global fit over all experimental
points up to 10 ms. The ratio ki = 3/2 ko was kept fixed as to assume isotropic
spin diffusion (see Eq. (3.22))*. If the ratio is let to variate, unfortunately, the
values of these parameters then are determined with the margins of error up
to £100%, without any significant improvement in »* values. This means
either the experimental data set was not ample to reveal the deviations from
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the isotropic model or the isotropic spin-diffusion model is indeed adequate
for the studied system.

It was already seen that fitting the global parameters gives good fitting
results but fine details of initial oscillations in the CP are lost. Nevertheless,
similar to equation (4.8) it is possible to leave only coherent oscillation in the
CP kinetics:

S (N1 -1/3) 1B
lose® =2+ 12 (B ) - & (4.13)

where f1 = exp(-kit) is spin diffusion term, f3 = exp(-t/T,,) term that relate to
spin-lattice relaxation in rotating frame and parameter N is the number of
inequivalent spin pairs which is also addressed as spin cluster. After omitting
the global parameters, the left-over coherent part is shown in figure below.

08f,
06}
@
042
I, .au. zero-filling
02Fc l 0.

0 2 ms 4 ms 6 ms & ms 10 ms
Contact time

Figure 4.15. CP oscillatory term extracted using (4.13) with the fit parameters
given in the caption of Fig. 4.14. The part with increasing noise was treated
with zero filling.
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Figure 4.16. Hartmann-Hahn matching profile for *H—3P CP-MAS. Inset
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specific nutation frequency that is given below each maximum. Maxima are
located at MAS (7 kHz) sidebands where the middle (90 kHz) is h = 0
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Now, coherences appearing in CP time evolution (4.13) is a product not
only of angular averaging but spatial average as well. Thereupon, full average
can be written using equation (4.11):

losc(t) = [ dbyc P(byi) [y cos (%) sin(6) do (4.14)

Angular part of the expression above is a periodic function due to magic angle
spinning. Further on, as MAS splits Hartmann-Hahn matching into sidebands
(Fig. 4.16), angular average will be different for each Fourier component of
time dependant dipolar coupling. The reason why all experiments were
performed under n = +1 condition is that typically matching is best resolved
in this condition (see figure above). Function g(t) for n = +1 Hartmann-Hahn
condition is an angular average of n = +1 Fourier component of dipolar
coupling. Function has an integral form that can be expressed in Bessel
functions of first kind:

g+1() = 1/2f ( \/— )sm(H) de =
Jo (ni’/]—kt) +2 Xk [1 4—(2k)2]2k (nf/]ikt)] (4.15)

Note that index of the function now indicates the HH matching condition used.
The table of g(t) function can be found in ref 114.
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To cope with the complexity of the expression above during processing
would be a difficult task. To avoid overcomplicating the problem few
assumptions can be made. Firstly, second term of the right-hand side in
equation (4.15) decays rapidly because of the pre-factor in the summation and
thus can be omitted. This only results in miniscule change (Fig. 4.17) which
would be within margin of experimental accuracy.
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Figure 4.17. Exact series of Bessel function as in (4.15) and comparison to

singular Jo term and asymptotic Jo(x), where x = nf/%kt and by = 4000 Hz.

Therefore, neglecting higher order in the series gives a simplified spatial and
angular average:

Lose(©) = J;” by P (bl () = Iy x by go () (4.28)

The right-hand side is rewritten to resemble Hankel transformation which can

be used to find the profile P(bjk) that no longer depends on angular effect, only
on spatial parameter rijx:

P(bje) ~ by fy Tose () Jo (F24°) edt (4.17)

The last important simplification is the use of asymptotic Bessel function.
Asymptotically Jo function is equal to hyperbolic cosine. However, as seen in
figure 4.17 now mismatch with the whole series in the initial time steps.
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Despite of that, asymptotic Jo function aligns with the exact series when ztbjxt
~ 1 and under typical circumstances it corresponds to the first 100 ps. This
means that this approximation is not valid for few initial data points of the
recorded CP kinetics and also when the coupling is very weak. Hence, if few
points of the data can be ignored then applying asymptotic Jo leads to a
following expression:

P(bfk) kf Iosc(t)utdt (4.18)

1'tbt
ﬁ

Now, it is important to recognize, similarly as in (4.7), that this expression is
linked to the real part of Fourier integral. After reordering variables and
excluding constants from previous integral one would finally get to:

( i ) \/_f [I,sc(t)Vt] cos (Zn:) dt -»
\/ﬁ Re{FT [Iosc (t)V1]} (4.19)

It means that purely spatial distribution can be obtained by applying Fourier
transformation for 1,4, (t)/t with a proper rescaling. Again, dipolar coupling
has to be rescaled additionally depending on the HH matching condition.
Particularly, a factor of V2 is applied for n = =1 which slightly simplifies the
argument of function P rescaling in the previous equation®.

The results of this processing of experimental CP-MAS kinetics (Fig. 4.14)
including the recalculation of P(bj) from bj-variable to internuclear distances
using (3.12) are presented in figure 4.18. To illustrate the sense of
effectiveness of the developed treatment a comparison to a direct Fourier
transformation of the CP kinetics was done. Interestingly, distribution obtain
by direct Fourier transformation is similar to the radial function presented in
the previous subsection (Fig 4.12). Nevertheless, the fine morphological
details cannot be resolved using only straightforward Fourier transformation.
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Figure 4.18. On the left — crystal cell of ADP and 3 characteristic P-H
distances!®. On the right — spatial distribution of protons surrounding *!P
nuclei in the powdered ADP at 7 and 10 kHz MAS obtained via different
processing routes. Complete averaging is one presented in this section where
spatial distribution takes into account orientations and distances, r-average,
however, only accounts for the edge of Pake pattern (Fig. 4.10). The former
approach was presented in the previous section. Pink line is a direct Fourier
transformation of the CP kinetics, and transparent bars depict XRD and ND
data.

The spatial distribution profiles consist of 3 maxima at 0.234-0.239 nm,
0.357-0.376 nm and at 0.476-0.507 nm depending on the processing route.
These distances can be compared with existing crystallographic data (see
Table 2). Typical P-O-H distances in other phosphate compounds like CaHA
or phosphonic acids is ~0.21-0.25 nm?228102107 " The shortest distance can be
told to be the most precise for the following reasons: (i) this peak is best
resolved even without additional processing since (ii) it relates to the strongest
coupled spin pair (bjx ~4 kHz) and hence nhjt > 1 is valid for all data points.

Table 2. Maxima position in [nm] of the spatial distributions of protons
surrounding 3P in powdered ADP and a comparison with ND and XRD data.

Method Peak 1 Peak 2 Peak 3
7 kHz MAS, r-average 0.239 0.376 0.507
10 kHz MAS, r-average 0.237 0.376 0.507
7 kHz MAS, complete av. 0.234 0.364 0.476
10 kHz MAS, complete av. | 0.236 0.357 0.479
Neutron diffraction 5116 | 0.219-0.22 0.330-0.344 0.476-0.444
X-ray diffraction 3132116 0.235-0.244 0.329-0.335 0.430-0.441
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The shortest peak obtained from the processing of the tH—3!P CP kinetics has
value between ND and XRD data values, whereas those for more remote
protons are slightly larger. It is clearly seen in the Fig. 4.18 that resolution and
intensity of remote spin maxima is worse. However, it can be stated that
complete averaging slightly increases the resolution of spatial resolution of
the remote spins. These results could be considered as a certain step towards
crystallography because using the present method one directly measures radial
distribution between interacting spins. Techniques like ND and XRD do not
provide radial distribution of such atom pairs and thus distances are estimated.
Therefore, CP is not only precise, but it is complementary solution to many
crystallographic problems.

Since ammonium dihydrogen phosphate is a model system, it can be
useful to track the performance of the used CP technique in variable
conditions, say, temperature. Therefore, measurements at different
temperatures were performed using magic angle spinning rate of 7 kHz.
Obviously, temperature dependent parameters like repetition delay was
changed accordingly as well. The results are shown in figure 4.19.

a.u.

15 +68.1°C

1.0
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0.0s 800.0us 1.6ms 24ms 3.2ms 4.0ms
Contact time

Figure 4.19. *H—3P CP-MAS Kinetics in powdered ADP (7 kHz MAS,
Hartmann-Hahn matching condition n = +1) in the temperature range from
—18.7°C to +68.1°C. Temperature was calibrated using lead nitrate sample.
Slight offset for curves was set for clarity.

Just from visual inspection of CP kinetics depicted in the figure above it seems
that changing temperature does not have a large effect on cross-polarization

63



kinetics. Nevertheless, as processing of the CP kinetics can detect even
miniscule change, it is worth to extract spatial distribution. The results indicate
a change of the distance between 'P and *H under changing temperature (Fig.
4.20).
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Figure 4.20. The impact of temperature change to internuclear distance
81p-1H, Each point acquired after processing of the CP kinetics and fitting
Gauss function to the distribution maximum. Temperature was calibrated
using lead nitrate sample. Grey area depicts 98% confidence band of linear
fitting.

Linear fitting predicts that internuclear distance depends on temperature with
a rate of 0.147+0.014 A/100K. However, it is hard to state that since it gets
into the polemic in ref 115, where variation of the P—O distance was discussed,
however, rejected suggesting that the results of the earlier XRD studies were
not sufficiently accurate for valid comparison at different temperatures. The
inclusion of crystallographic data from more recent works has brought not too
much clarity. The values of the essential P---H distances analyzed in the
present work taken from the experiments carried out in the range from room
temperature down to 152 K are irregularly spread within ~0.1 A as those from
ND as well as XRD (Table 2).

Additionally, non-linear fit (4.12) over all kinetic curves provided with the
effective spin cluster size N and spin diffusion ki (ki=3/2k>). Spin cluster size
was found to be 2-4 and k; about 500 1/s with only a slight dependency to
temperature. Thus, no significant changes in ADP structures are expected.
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It important to comment that even if the processing of the CP kinetics
accounts for spatial and angular averaging, profiles depicted in Fig. 4.18 will
never be “true” distributions. The main reason is that spin diffusion and
relaxation will always lead to decaying CP oscillations. This is the origin of
the natural linewidth. Even after taking into account ~500 1/s spin diffusion
rate and relaxation, the homogeneous broadening in the obtained distributions
is be still considerably large. It could be then linked to thermal motion or
thermal ellipsoid of the atoms in the lattice where position of light atoms is a
large distribution. However, it only reinforces the fact that true distribution
would be hidden by broadening effects. Despite of this rather semantic
obstacle, the term “distribution” will be maintained throughout the work, since
it is the most descriptive way to relate apparent maxima in the acquired
intensity vs. spatial coordinate plots. It is also useful to remember, that in
spectroscopy or microscopy broadening effects always occur, thus, all
distributions are also superposition of maxima with natural linewidths
associated with them.

As pointed out previously the presented results can be considered as a
certain step developing NMR crystallography for complex solids, however,
moving not via the traditional analysis of chemical shifts and spin coupling
tensors, but in a complementary way through the kinetics of CP transfer. In
future this method can be useful creating the series of novel materials via
control of their structural details in the sub-nano scale as well as monitoring
and correlating the short-range order effects with macroscopic properties, like,
strength, flexibility, and phase behavior.

Conclusions of section 4.3

e Spatial and angular average was performed using Hankel-Fourier
transform, which granted with purely-spatial distribution of cross-
polarization partners (r(*H-3'P)).

e The obtained spatial distribution contacts in ammonium dihydrogen
phosphate are within good agreement to those found in crystallographic
database. Thus, the method has sufficient precision to supply with
complementary crystallographic information.
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4.4 CP in organic materials

In many aspects, CP and spin equilibration processes demand to consider
spin systems as open or not exactly closed quantum systems. These
equilibration processes could vary depending on the spin system. Organic
materials are interesting systems for they yield large variety of chemical
groups as building blocks. Carbons and protons are the main available CP
partners in most of organic molecular systems. The large differences in the
polarization transfer kinetics between adjacent (directly bonded) **C—'H pairs
and from remote protons have been observed before!3!’, This is challenging
as it requires further developments in the theoretical spin coupling models.
The following sections will discuss CP dynamics in various organic
compounds in the following way. First, with respect to figure 3.24, where
coupling regions are denoted, strong coupling cases will be analyzed first.
Then, intermediate coupling and weak coupling examples will be presented.

4.4.1 Adjacent and strongly coupled spins

Glycine (Fig 4.21) is a very suitable and promising test-system for these
purposes. It is one of the simplest compounds containing two very distinct
chemical groups with very different *C—*H coupling. The CH, group is the
first one. The CP kinetics is governed by the strong interaction between *C
and two adjacent protons. The second subsystem can be identified around the
carboxyl carbon (COOH, or COO™ in the zwitterionic form). Its extent, in
other words — spin cluster size, is not clearly defined. Thus, the CP process
can cover the interactions only with closest intramolecular protons. As a
result, behaviour under CP should be different. Therefore, it is worth to
elucidate on these features.

.—o .—C .—N O-H

1.09-1.10 A
/ -~

2.15-2.52 A

Figure 4.21. Essential internuclear distances between C and H atoms in
crystalline a-glycine according to the neutron diffraction data (refs in 20).
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Glycine, like ADP was extensively analysed with ND and XRD
techniques, therefore the internuclear distances are well known. In the gas
phase glycine exists as a neutral molecule (NH,CH,COOH), whereas in
aqueous solution at normal pH as a zwitterion (NH3*CH,COO")8, The
crystallographic structure and geometry of glycine has been well examined by
X-ray (XRD) and neutron diffraction (ND) experiments?. In the solid state it
exhibits three polymorphic forms with relative stabilities: y > a > . The three
glycine polymorphs differ in the packing of the zwitterions. The essential
internuclear distances between C and H atoms are summarized and presented
in Figure 4.21. These are necessary to analyse the spin coupling. This mapping
is based on ND data. The importance of ND lies in the accurate determination
of hydrogen positions.

The experimental tH—C CP-MAS kinetic curves for the CH; spin system
(Fig. 4.22) were processed applying Eq. (4.12) with the constraint of isotropic
spin-diffusion (ki/k; = 3/2) and Eq. (3.24) (further called the A-model). The
results of fitting are given in Table 3.

Now, recall equation (4.12) which can be slightly rewritten as

—tz

— —t/Ty, N-1 N-1 _p,t—t/Ty, _ N*1 _kit—t/Ty, . a27T2
I(t) = Ipe™/"1e v |15y Y ———e 1p - e2T2| (4.20)

The reason for this rearrangement is the following. Let’s assume that ki, ko >>
1/Ti,and N/(N - 1) is a normalization factor. Then one will obtain equation
(3.24) where parameter A is different:

R (4.21)

Note that this is different than original A = 1/(N + 1). For infinite spin-clusters
(N — o) the new A parameter reaches its maximal value of 4 and provides an
additional constraint on the fitting of CP kinetic curves. Thus, it is not
surprising that parameter values obtained applying both (3.24) and (4.12)
models gives identical parameters. Therefore, both equations share common
features like parameter (4.21) if the isotropic spin diffusion is assumed.

It is gratifying to state that very realistic values of the spin-cluster size (N)
have been obtained for all used MAS rates without any constraint on the flow
of the nonlinear curve fitting (> — minimum). The deduced values N < 3
(Table 3) can be recognized as the “effective” number of spins | (protons)
interacting with the CH; carbon, namely — two adjacent protons and a certain
contribution from the remote protons in glycine molecule.
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Figure 4.22 Experimental *H—C CP-MAS kinetic curves of glycine CH;
spin system at various MAS rates. The last curve was fitted with the isotropic
spin-diffusion model and A-model (equations (4.12) and (3.24), respectively).
The fitted parameters are given in Table 3. A “smoothing” of the coherent
oscillatory behaviour due to a Gaussian decay approach for gn(t) is shown in
the inset (short contact time, <0.5 ms). More comments are given in the text.
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Table 3. Fit parameters of *H—C CP-MAS kinetics for CH, spin system.
Obtained using isotropic spin diffusion and A-models (eq. (4.12) and (3.24))
as in first row and the second, respectively.

MAS 7 10 12

rate, kHz ‘ ‘

N 2.93+0.05 2.83+0.05 2.87+0.07
3.22+0.05 2.87+0.05 2.30+0.04

A 0.330+0.003 | 0.3234+0.003 | 0.326+0.004
0.33+0.003 | 0.3254+0.003 | 0.282+0.004

k, st 1790+30 900+20 920+30
1730+20 950+20 900+30

Tair, Ms 0.56+0.01 1.124+0.03 1.09+0.04
0.58+0.01 1.06+0.03 1.11+0.04

To, s 12.8+0.2 13.1+0.3 12.8+0.4
12.3+0.2 12.4+0.3 12.7+0.4

Tip s 0.073£0.001 ' 0.114+0.005 | 0.16+0.01
0.077£0.001 | 0.16+0.01 0.25+0.03

v 8.7-10° 2.0-10* 3.9-10*

8.0-10° 2.4-10* 3.8-10*

The non-linear curve fitting was carried out setting the function gn(t) as a
Gaussian decay. As already presented, this is a good approximation for long
contact times and serves a good tool from global parameter fit. Its application
for the whole CP kinetic curve leads to a certain loss — it partially “smoothes”
the coherent oscillatory behavior of the CP intensity in the initial stage of
polarization transfer (short contact time, < 0.5 ms, see the inset in figure 4.22).
However, this situation can be exploited separating the pure coherent
contribution to CP from the incoherent one. It is reasonable to assume that the
fitting residuals are mainly originated from the rest of the coherent
contribution that survives after the incoherent part is subtracted. The Fourier
transform over the CP intensities I(t) acquired at 12 kHz MAS and over the
corresponding residuals are shown in figure 4.23.
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Figure 4.23. Direct Fourier transform of the CP kinetics (black line) and of the
fitting residuals (grey line). The peaks related to periodic quasi-equilibrium
observed at multiples of the MAS frequency (12 kHz and 24 kHz) are marked
by asterisks.

The strong narrow peaks were observed at multiples of the MAS frequency
(12 and 24 kHz). Such peaks have been observed in other systems (ferrocene,
alanine) and considered as the confirmation of the existence of a periodic
quasi-equilibrium state®. This state is expected to have a lifetime related to
T1p, which is indeed much longer than the time scale of spin-diffusion for CH:
in glycine (see 1/k; or Tgir in Table 3). Hence, the Fourier transformations
nicely confirm the coherent nature of the quasi-equilibrium states — the
subtraction of incoherent contribution practically does not influence on the
intensities of peaks at 12 and 24 kHz, whereas the other intensities in the
distribution of b around ~8200 Hz were significantly reduced.

The broad contour at ~8200 Hz characterizes the strength of *C—'H
dipolar coupling and the degree of local order due to the internal motion in
glycine molecule. The local order parameter (S) is defined as the ratio of the
experimental dipolar coupling constant and the calculated rigid limit dipolar
coupling constant!®®, In the present case the coupling constant by was
determined to be ~23.2 kHz (2 x 8200 Hz, rescaled by the factor of 2 due to
HH matching condition n = £11%) is roughly equal to the static constant 23.0
+ 0.3 kHz for the rigid C—H bond (where rc-g ~ 1.09—1.10 A). Hence, the
local order parameter (S) ~ 1.0. This value fits well to those measured in
alanine at room temperature and glycine at —45°C (0.98 and 1.03,
respectively)!t,
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However, it should be noted that the precise determination of the local
order parameter (S) meets some serious difficulties. This is because the b
values obtained processing CP kinetics are strongly affected by several
factors. The influence of the MAS rate and the presence of water as
contaminant is shown in figure 4.24. No features of dipolar coupling are seen
in the b- distribution at the spinning rate of 7 kHz. The broad contour due to
B3C—'H couplings appears at ~7200 Hz using 10 kHz MAS, and it shifts to
8200 Hz as the spinning rate reaches 12 kHz.

This effect can be explained by decimation of spin interactions upon
MASZ2L, It was shown in section 4.3 (see Fig. 4.4) that MAS technique fails to
suppress anisotropic spin interactions fully, if rapid internal dynamics is
present in the spin system. The line intensities and widths upon MAS become
dependent on the spin interaction strength, the time scale of the motion and
the spinning rate. The static b-distribution is formed overlapping all possible
contributions from spin interactions in the system. The broad contour appears
as the weakest spin interactions with the most remote protons are suppressed.
This component is centered at b ~0 Hz. It looks that for glycine it happens at
~10 kHz MAS rate (Fig. 4.24). The further increase of the MAS rate (up to
~12 kHz) leads to the suppression of “intermediate” contributions, e.g. from
NHs* protons, characterized by the dipolar coupling 0 < b < 1200 Hz. The
maximum of resulting contour shifts then to the position typical for the
“frozen” C—H bond at ~8200 Hz, and thus the “true” local order parameter (S)
~ 1.0 was deduced.

8200 dry
— 1 1 1 1 1

0.0Hz 6.0kHz 12.0kHz  18.0kHz 24.0kHz  30.0kHz

Figure 4.24. The MAS rate and the presence of water as the factors that
influence the observed dipolar splitting after FT of the CP kinetics.
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The influence of contaminant water is not crucial as it is smaller than the
effect of overlapping couplings. It was evaluated comparing the results
obtained for the samples prepared under ambient conditions and additionally
dried under vacuum (degassing + heating). The b value for the center of the
contour ~8020 Hz for the sample prepared under ambient conditions
(Fig. 4.24) would cause a slightly corrupt picture of the local ordering ({S) =
0.98).
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Figure 4.25. Spin diffusion rate kqir versus the density of hydrogen atoms in

different amino acids. Crystal packing was calculated using crystallographic
data120,121,130,122—129.

Perhaps the knowledge of order parameters in neat amino acids is not
particularly important but it grants with a priori information designing other
molecules or even in the research of proteins where amino acids can be related
to special functional parts. However, fitting parameters can give some
additional insight. It was apparent in the Table 3 that isolated-spin pair model
(Eq. (4.12)) is valid for adjacent spins with strong coupling. The fitting
parameters are quite unique for each molecule, but some tendencies can be
found.

Spin diffusion, for example is a process that is also related to the dipolar
coupling but between nuclei of the same species. The shorter are distances to
each | spin (in present case proton), the faster is spin diffusion. Thus,
increasing the density of hydrogen in the structure should increase the spin
diffusion. This is what the figure 4.25 elucidates. Hydrogen atom density was
calculated for each amino acid from chemical formula and crystal packing
obtained in XRD and ND crystallographic database. With an exception of
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valine (Val) it was observed that spin diffusion tends to increase with the
higher density of abundant *H spins. The overall spin diffusion rate kqr was
calculated by taking an average of all ko, parameters (Eq. 4.12) for all of
chemical sites except weakly coupled carboxyl. To reduce number of
variables isotropic spin diffusion (k:=3/2kz) was assumed.

The explanation why a point corresponding to valine is out of track is the
following. The molecule of valine has two methyl groups, and, in fact, these
groups make up 67% of all hydrogen atoms in it. This means that majority of
'H nuclei in valine experience rapid reorientation due to methyl group
rotation. This is a transition to the next subsection were effect of motional
average will be discussed. As spin-diffusion in I spin bath is specified by the
effective dipolar I-1 coupling, it will be strongly affected by rapid rotations
too. Despite scattering of the data points, the tendency (Fig. 4.25) to the best
knowledge has been experimentally observed for the first time.

4.4.2 Methyl group in amino acids. Apodization and intermediate coupling regime

Organic solids are made of packed molecules, hence distances between
atoms in short-range are defined by bond-lengths. Bond-lengths under normal
conditions do not vary much, meaning that spatial distribution of atoms is not
that interesting. However, depending on shape, size and other properties,
molecules may vyield addition freedom for some reorientations. Therefore,
motional averaging can introduce rescaling of the measured dipolar coupling.
It is not surprising, that such effect is used to probe molecular structures like,
for example, proteins and their internal order relating to mobility°.
Unfortunately, in the framework of cross-polarization, it means that initial
oscillations in the kinetics will have lower frequency and due to spin diffusion
will be less resolved. Hence, processing options to enhance these frequencies
would be very welcome.

Alanine is a molecule as simple as glycine but it has additional methyl
group. Hence, alanine is compound where three distinct chemical groups are
present were dipolar coupling coupling is strong, weak and intermediate. This
is illustrated in figure 4.26 where three distinct CP kinetics are shown. The
reasoning why methyl group is intermediately couple will be soon given.
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Figure 4.26. 'H—3C cross-polarization kinetics at the n = 1 Hartmann-Hahn
condition. On the left-hand side — CP transfer to C, and a zoom to emphasize
on the oscillations, on the left — CP build-up curves in methyl and carboxyl
groups. Green lines represent global fit using equation 4.12.

Obviously, it is not hard to find dipolar coupling of strongly coupled spin pair
as 'H-3C, even by straight forward Fourier transform on the CP kinetic curve.
The result would be similar to figure 4.24 where small maximum is seen at
the foot of a broad 0 Hz feature originating from exponential decay. Due to
this feature maxima stemming from the methyl and carboxyl groups are
hidden after direct FT. This can be seen in figure 4.29.

Now, it is good to start from the section 4.3 where special processing is
applied to extract only oscillatory (coherent) part of the CP, moreover,
depending only on spatial distribution. Also, it has been concluded that one
can use Eq. (4.12) as a proper model to fit global spin system parameters
allowing to decimate them. The global fit is depicted as a green line in figure
4.26. Subtraction of all fitting parameters using Eq. (4.8) results in residuals
shown in figure 4.27.

Note, how signal-to-noise ratio increases drastically with time. This is a
side product of Eq. (4.8) because decayed exponents become fractions of
infinitesimal number, meaning that outcome will diverge to infinity. With the
example of ADP (Fig. 4.14) it was demonstrated how this problem can be
addressed with a common treatment of zero filling.
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Figure 4.27. Oscillatory term (losc(t)) after extraction using global fit (Eq. 4.12)
and Eq. 4.8. Orange line depics the same term affected by apodization
function.

It involves deleting elements from certain point where oscillations have
decayed and adding zeroes. Zero filling essentially increases resolution as it
reduces the amount of noise used in the data processing. Yet another common
technique in the field, especially dealing with signal-to-noise ratio, is
apodization. It is done by multiplying raw data points with a function,
typically, Gaussian, to enhance points at the beginning and to suppress the
ending where most of the noise is expected. Remember that zero filling is also
a type of apodization function where the function can be considered square.
The effect of apodization on losc is shown in figure 4.28.
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Figure 4.28. Apodization function with variable Gaussian width (on the left)
applied for data points seen in Fig. 4.27. The multiple Fourier transforms of
the outcome — on the left. The example is the CP of H-C, spin pair.
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Not surprisingly, very short Gaussian function results in a loss of resolution
and information whereas too long Gaussian decay will include most of the
noise of the data. Thus, interactive processing must be used, where the user
needs to define the best achievable outcome. This process adds rather
“draggy” aspect for the whole processing route but taking into account modern
computing speeds it can be done quickly. The achieved resolution is best
underlined with a comparison to a direct Fourier transformation of the cross-
polarization kinetic curves in figure 4.29.

Naturally, least surprising is the result where the strongly coupled spin pair
(H-C,) under CP yield such strong oscillation that the frequency can be
obtained even after straightforward Fourier transform of the CP kinetics.
Despite of that, using the current processing routine the broad 0 Hz feature is
supressed almost completely hence the resolution of the dipolar splitting
spectra is enhanced. Even more welcome result is the apparent dipolar
splitting for the intermediately (methyl) and weakly coupled (carboxyl)
groups (see Fig. 4.29). Using a straightforward FT for these kinetics does not
give any information about the dipolar coupling, whereas using present
technique one can see well resolved splitting. Thus, apodization of the I term
not only increases the resolution but significantly improves the quality of the
technique.

However, note of warning has to be made. Using CP models to fit
parameters for further processing sometimes may lead into residuals (for
example, see Fig. 4.27) that may look like oscillations where actually they are
not. Applying FT to them would unmistakably result in some peaks that are
artefacts instead of being real. All of the dipolar splittings shown in Fig. 4.29,
however, can considered real since oscillatory behaviour can be seen without
any processing in the “raw” kinetics of alanine. Nevertheless, one has to be
cautious interpreting dipolar spectra for weakly coupled system where
complex modelling may result in oscillatory-looking residuals.
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Figure 4.29. The comparison between obtained b-spectra using direct Fourier
transformation of CP kinetics (black line) and Fourier transformation of
processed lqsc(t) multiplied by apodization function (orange line). Blue circles
and lines indicate spin pair and dipolar splitting in that pair.

This processing routine was tested on various amino acids which led to the
same conclusions as before although a special attention to a methyl group must
be given. It has been observed using the presented processing routine that
dipolar splitting for methyl group is almost invariant (figures 4.29 and 4.30).
Note that these patterns would not be achieved without using apodization
function. This observation leads to interesting to an insight
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Figure 4.30. The dipolar coupling of the methyl group spectrum calculated
using presented processing route in various amino acids. Top — L-valine,
bottom left — L-isoleucine, bottom right — L-threonine.

It has been mentioned already that organic compounds (although not
necessarily) often yield some freedom to motion that introduce consequent
averaging effects. This parameter could be easily linked to another also known
as order parameter. Orientational order parameter is an time average of non-
restricted reorientations that can be expressed in the following way*%3!:

() = 21 = (P, (cos a)) (4.22)

brigia

where o is the angle of the instantaneous orientation of the dipole-dipole
coupling tensor with respect to the “symmetry axis of fast motion”. However,
freedom of motion in methyl group is slightly different. At room temperature
three hydrogen atoms are usually allowed to rapidly undergo fast rotation
around the C-C bond axis. Therefore, *H-*C spin pair mimics a rotation in the
angle of tetrahedral angle 109.5°. Then the order parameter according to Eq.
(4.22) is (S) = 0.33 meaning that the observed dipolar coupling value would
be the real (rigid) dipolar coupling bjx multiplied by factor of 0.33. Therefore,
as the splitting patterns are quite similar it can be stated, that C-H bond length
is indeed quite constant.
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Now, one needs to recall figure 4.24 where various effects on dipolar
splitting was observed. Not going into details, one needs to account that
observed dipolar coupling may be shifted due to various effects like ambient
water, insufficient MAS spinning rate. Hence, the true internal standard would
allow to ignore this uncertainty. Thus, assuming that C-H bond length and
tetrahedral angle are almost invariant, methyl groups can be used as an internal
standard to measure dipolar coupling within a molecule to probe mobility
excluding unwanted effects, say, due to insufficient MAS. A comparison with
and without using methyl groups as an internal standard is shown in the
Table 4.

Table 4. Local order parameters in different chemical groups of amino acids
obtained by using methyl group as a standard (upper row) and using ratio
with typical dipolar coupling of 23 kHz (lower row).

Amino (S) \
zlol = Methyl groups Co Cs (€
L-Ala 0.33 0.86
0.32 0.83
L-Val 0.33 091 0.97
0.32 0.87 0.93
L-Thr 0.33 0.80 0.86
0.33 0.79 0.84
L-lle 0.33 0.88 0.83 0.90
0.32 0.85 0.81 0.88

Fixing methyl group order parameter to (S) = 0.333 gives slightly elevated
values for the other groups in amino acids. Lower values obtained by using
standard dipolar coupling constant of 23 kHz indicates that results may be
affected by insufficient spinning speeds or ambient water contamination (see
Fig. 4.24). Therefore, larger values may be more believable bearing in mind
that small molecules like alanine, glycine typically form rigid structures.
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4.4.3 Soft organic solids. Order parameter

It has been extensively shown that under rapid reorientations i.e. freedom
to motion, dipolar coupling is averaged by the factor which is commonly
associated as order parameter. This section will exploit few examples where
such averaging could be expected. Normally discorded, flexible structures go
into category of so-called soft solids. Solids also tend to lose rigidity if the
when bigger molecules pack.

For this reason, few tripeptides were analysed. In order to avoid unwanted
effects due to water or insufficient spinning, two tripeptides — GGG
(glycylglycylglycine), GFG (Glycine-Phenylalanine-Glycine) where packed
in the glovebox and spun at the rate of 12 kHz. Then CP kinetics under usual
conditions were measured (HH match n = +1, high RF) and Fourier transforms
of these kinetic curves were made without additional processing. Additional
processing was not required since dipolar coupling was still found to be
strong.

Firstly, glycine being the simplest amino acids can form the simplest
tripeptide GGG. The results in figure 4.31 can be compared to the results of
neat glycine in figure 4.23. Remember, that to get bcy from Fig. 4.23, one
needs to multiply 8200 Hz by factor of 2 and V2 due to HH matching condition
of n = 1. This would give value of 23.2 kHz and it can be compared to those
that obtained from GGG CP kinetics.
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Figure 4.31. The dipolar coupling peaks of GGG tripeptide after direct Fourier
transformation of CP kinetics at n = 1 Hartmann-Hahn condition. Sites
associated with the maxima are marked in yellow. Assignments were based
on data from Spectral Database for Organic Compounds (SDBS).
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Figure 4.32. The 3C NMR peaks assignment of tripeptide GlyPheGly. The
data acquired and processed by M. Brodrecht (TU-Darmstadt).

It is clear, that the order parameter (S) > 0.9 indicates that this molecule is still
considerably rigid as reorientations are restricted. Although, order parameter
for the end of the peptide is a bit lower but the deference is still at the order of
the error margins. This result is not surprising as GGG is still considerably
small molecule without any special groups.

On contrary, the case for GFG peptide where the middle monomer of
glycine is changed to phenylalanine, is rather different. Before CP experiment,
the peak assignment was used which was based on liquid-state NMR
measurements done in TU-Darmstadt, Germany (see Fig. 4.32). The high
resolution seen above is obviously not achievable in solid-state due to
broadening effects described in 3 chapter. Due to broadening many peaks will
overlap such that individual chemical shift of the site will be hidden. The
consequence is that peaks are then associated with the several sites. This is
why in the figure 4.33 dipolar coupling spectra are corresponding to several
spectral sites.

The dipolar splitting values obtained in the tripeptide GFG sample (Fig.
4.33) imply interesting properties of the aromatic groups. The order parameter
(S) drops from 0.92 to 0.86 from the end of the molecule to the middle, and it
even reaches 0.51 in the aromatic ring. Therefore, freedom to random can
induce reorientations to other sites if the origin of reorientation is not rotation.
This insight and way of probing could be a promising tool designing
functional molecules. Unfortunately, method does not allow to sense the
origin of reorientations and it has to be done using a priori knowledge or
logical assumptions like for rotating methyl group. The lack of rigidity (or
rather flexibility) can be associated with flexible groups that are most
commonly found in polymer systems.
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Figure 4.33. The dipolar coupling peaks of GFG tripeptide after direct Fourier
transformation of CP Kinetics at n = 1 Hartmann-Hahn condition. Sites
asociated with the maxima are marked in yellow.

Therefore, investigations were also carried out on a polymer system,
namely poly-(2-hydroxyethyl methacrylate) (pHEMA). The *3C signals in the
neat pHEMA were identified employing 2D *H-*C HETCOR spectrum and
confirmed by DFT results (Fig. 4.34). On contrary to GFG tripeptide, lines
seen NMR spectra corresponded to each chemical site. However, the
assignment had to be done using heteronuclear correlation technique (see
section 3.5). Additionally, DFT calculations were used to confirm the
assignment.
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Figure 4.34. *H-'*C CP-MAS FSLG HETCOR spectrum of neat pHEMA at
T =293 K, MAS rate 10 kHz and contact time 70 ps. The relative values of
the integral intensities (the numbers on 2D map nearby each peaks) indicate a
good connection between methyl (b), quaternary (q) and (a) carbon sites via
H-13C dipolar coupling, and on contrary — the side chain sites (c and d)
correlate strongly only with each other. The DFT calculated **C chemical
shifts are shown by the vertical bars. The experimental and calculated
carbonyl signals (179 and 181 ppm, respectively) are out of scale. The lock
magnetization artifacts due to Lee-Goldbourg decoupling are marked by
crosses. More comments are given in text.
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Figure 4.35. 'H—C CP-MAS Kkinetics in pHEMA. The sample spun at
10 kHz at room temperature. Site notations are taken from Fig. 4.34 and used
aside each curve.

Cross-polarization kinetics regarding every peak are depicted in figure
above. The initial oscillations were found not to be well defined, therefore, the
best processing route with apodization was applied which presumably would
lead to the best resolution in the dipolar splitting spectra. The calculated
dipolar coupling spectra are shown in figure 4.36. Experimental conditions in
this experiment were similar those at figure 4.24 where splitting was measured
to me 7200 Hz which was clearly not realistic because the sample was packed
in ambient air and was spun at 10 kHz. Thus, this is why an idea of using
methyl group (see previous section) might be useful. If the methyl group is
allowed to spin around C; axis where the dipolar tensor mimics spinning
around 70.5° angle, the order parameter (S) should be equal to 0.333. Meaning
that true dipolar splitting for C-H bond of 23 kHz is multiplied by this factor.
Then observed dipolar coupling constant should be around 7.7 kHz and not at
7.5 kHz as it is observed in the case of pHEMA polymer. Thus, instead of
using external reference of 23 kHz as a reference, one can use methyl group
as an internal reference. Internal standard then corrects the order parameter
values.

The corrected order parameter values indicate that CH., group on the
backbone of the polymer is relatively rigid ((S) =0.87) and groups in the
sidechain are “soft” — (S) is equal to 0.78 and 0.49 for the c and d site,
respectively (see inset of Fig. 4.34).
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Figure 4.36. Dipolar coupling spectra of pHEMA chemical groups after
processing CP kinetics and apodization. Chemical, splitting and dipolar
coupling values are written at each spectra.

To visualize how orientational order parameter can be perceived, consider
vector rcy connecting two nuclei together. The simplified visualization can be
done if the internal motion of this vector is modelled as a restricted diffusion
or reorientation in a cone with angle 8 (Fig. 4.37). This freedom of motion can
originate from large amplitude of vibrations as depicted below or low
energetic barrier for reorientations to occur.

85



(S)y=0.47
9/=ﬁ52.5°

8
(S)=0.33"

Figure 4.37. On the right — the internal molecular motion modeled as restricted
diffusion of the internuclear vector rcu(t) in a cone. On the left — the
visualization of the local disorder for a - d sites in pHEMA. *Order parameter
for methyl group has been considered invariant and therefore fixed.

Using this visualization order parameter then evaluates to:
(S) =cosB, (1+cosb,) /2 (4.23)

where &y is a semi-angle of the cone (see Fig. 4.37). The larger the angle of
the diffusion relating cone, the smaller the order parameter. Note again, this
visualization is not equivalent to a rotation around the angle, meaning that
cone with magic angle (54.7°) will not result in order parameter of zero. Zero,
in this case, would correspond the case where diffusion or reorientations
happen in all directions (180°).

Thus, if no rotations of the chemical bond are expected one can bear in
mind this visualization where order parameter is linked to an amplitude of
non-restricted vibration. As pHEMA is one of the hydrogel forming polymers
it is expected that monomer side-chains involved into hydrogen bonding
network will effectively have more freedom to motion and hence lower order
parameter. Therefore, these results are in good agreement with the
expectations. By all means, dipolar couplings in comparison to rubber
materials are extremely small and thus instead of CP, REDOR technique
would provide far more better results. Despite of that, these results only show
that CP is a very versatile tool when dipolar coupling are at the orders of
kilohertz.
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4.4.4 \Weakly coupled systems. Probe of fractal dimensionality?

For general understanding of CP in weakly coupled systems it is useful to
retract to the simple system of glycine, which has been already analyzed. The
processing of experimental data for the next chemical group (COO") of glycine
was found to be much more complex. It was first noted that the experimental
'H—1C CP-MAS kinetic curves for COO~ carbon (figure 4.38) appeared to
be strongly depending on the repetition delay (D1). This effect was negligible
in the case of CH, carbon. The general tendency was deduced: the higher MAS
rate, the longer D1 was necessary in order the ahieve ‘“stationary”, i.e.
independent on D1, CP kinetics. In the case where MAS rate is 10 kHz it
happens at D1 ~ 3.5 - 5's, whereas for 12 kHz MAS even D1 = 20 s was not
enough to reach the stationary regime. It means that a much longer delay is
required. This makes the duration of CP experiment infeasibly long.
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Figure 4.38. The experimental *H—*C CP-MAS Kkinetic curves for COO-
carbon measured at different repetition delays (D1).

Therefore the CP kinetics measured at 10 kHz MAS and D1 =5 s (Figure
4.39) was chosen for the detailed consideration. Moreover, the CP kinetic
curve was truncated at a contact time of 5 ms, i.e. just before the CP intensities
start to decrease (figures 4.22 and 4.38). This was done because the spin-
lattice relaxation constant T;, has to be included in the theoretical models in
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order to reproduce the decrease of I(t) at longer contact times (5 - 10 ms). The
Ti, values vary in the range of 0.07 - 0.25 s (Table 3). The applied truncation
allowed to set T, — oo and thus to reduced the number of variable parameters
in the non-linear curve fitting.

Table 5. The fitted parameters of *H —!3C CP-MAS kinetics for COO™ carbon
in glycine obtained for truncated curves (contact times < 5 ms) using different
models; T1, — oo was set because of kinetics truncation in all cases.

MAS rate 7 kHz 10 kHz 12 kHz
Model 1 1-exp (Eq. (4.24)); Tis = 1/2Ws))
Tis, ps 540 + 10 460 £ 10 *
Ry 0.984/6.2:10* 0.965/1-1073
Model 2 A-model (eq (3.24))
A 0.712 £ 0.007 0.598 £ 0.006 0.43 £0.01
Tuif, ps 810+ 10 860 £ 10 1180 + 20
T2, ps 140 £ 30 120 £20 130£3
Ry 0.999/3-10°° 0.998/4-10°° 0.9997/5:10°3
Model 3 Isotropic spin-diffusion (Eq. (4.12); ki/ks = 3/2)
N - - *
ka, s7! 890 + 25 950 £ 20
Tz, ps 220£70 140 £ 30
Ry 0.991/3.3-10* 0.995/1.5-10*
Model 4 Anisotropic spin-diffusion (Eq. (4.12); ki and k; are independent;

1/T, — 0)

k1> k2

N - - *
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ki, s7! 4200 £ 200 2600 £ 400

k2, s7! 980 + 20 950 £20

Ry 0.997/1.1-10* 0.995/1.4-10*

k1 << k2

N 4.0x0.7 15+11 *

ki, s7! 1130 + 30 1070 + 50

k2, s7! 5100 + 300 6200 + 500

Ry 0.998/7-10°° 0.995/1.6-10*

Model 5 Thermal equilibration (Eq. (4.9) + Eq. (4.28), accepting g(¢) ~ 1,
kr = ky, @ =1 (fixed))

N 1.8£0.1 50+£0.5 *

ki, s7! 1360 £ 30 1160 £ 25

ka, 57! 27300 £ 1500 16500 £ 500

Ry 0.995/1.9-10* 0.997/9-10°°

Model 6 Thermal equilibration (Eq. (4.9) + Eq. (4.28), accepting g(¢) = 1,
kr = ky, avarying))

N 244+0.2 73+£1.5 *

ki, s7! 1230 £ 20 1110+ 30

ka2, s7! 29800 £ 1300 18000 £ 700

a 0.7 (fixed) 0.73+0.03

Ry 0.984/6.27-10* 0.998/6-107°

*— as the relaxed (stationary) regime (independent on D1) was not achieved
using 12 kHz MAS, the processing of this CP kinetic data using other models
was not carried out (see comment in text).
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Figure 4.39. The experimental *H—C CP-MAS Kkinetic curves for COO-
carbon at 10 kHz MAS (circles) processed applying various CP models (solid
lines). The numbering of models (1- 6) and the fit parameter values are given
in Table 5.

A quite interesting tendency, viz. N — oo, was revealed applying the
isotropic spin-diffusion model (Eq. (4.12), with ki/k; = 3/2) for the CP kinetics
at 7 and 10 kHz MAS rates (Table 5). This would mean that in the case of CP
transfer from the remote spins the spin-cluster S—Iy becomes infinite in size.
However, the model of isotropic spin-diffusion is inadequate for the present
spin-system because it produces some significant non-randomly distributed
residuals at the contact time below 1 ms (figures 4.39 and 4.40). This is also
reflected by the R? and »? values (Table 5). The physical reasons for such
failures may lie in the weakness of the coupling between *3C spin and remote
protons. According to the structural data of glycine (Fig. 4.21), the largest *H—
13C coupling constant for COO~ carbon should not exceed bcy = 3000 Hz.
Furthermore, even this spin-coupling can be reduced by H-bonding and
internal dynamics of some molecular segments in glycine. It was shown in ref
132 that, if the spin-diffusion rates are of the same order or larger than the |-
S couplings, the system is dominated by the homonuclear (I-1) interactions.
The transfer of polarization from the I spins to the S spin can be described
then by the single exponential increase up to (S)qe:

(S)(8) = (S)ge(1 — e72W1sE) (4.24)

where W,s is the transfer rate constant that is related to the dominant
heteronuclear coupling boerr, Viz. Wis ~ beer. Equation (4.24) was successfully
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applied by S. Hediger to describe the CP kinetics in a powder sample of
adamantane®, The latter system exists at room temperature in the solid phase
with orientational disorder (plastic crystal), i.e. the crystalline material with
fast 3D-rotational motion of the molecules. Therefore, all intramolecular
dipolar couplings are averaged to zero. The CP transfer occurs via
intermolecular couplings. This model was also applied for the processing of
CP Kkinetics for COO~ carbon. One could easily note that Eq. (4.20) is
equivalent to the classical model (Eq. (3.23)), if T1, — o and Tis = 1/(2Wis).
Thus, further this approach was called as “1-exp” model. Unfortunately, the
results of the fitting using Eq. (4.24) were even worse than those obtained in
the above cases of isotropic spin-diffusion and A- models (Table 5). The large
non-random residuals (up to 5 - 15 %) are seen at the contact time below 2 ms
(figures 4.39 and 4.40). Hence, both models (1-exp and isotropic spin-
diffusion) look to be mathematically almost equivalent. The following
explanation of such contiguity can be given.

In the case of ki = 3ko/2 >> 1/T,, (and this is certainly valid in present
context) the thermal equilibrium (Eg. (4.10) ) is reached because N — oo, and
thus Eq. (4.12) returns to Eq. (3.22). Furthermore, as the spin-coupling in the
present system is weak (say, bcn ~ 3000 Hz), the frequencies of the oscillation
in equation (3.22) are distributed roughly in the range 0 — 1000 Hz. The dipolar
distribution would be rather narrow such that T, — . Hence, for the initial
stage of CP, i.e. at short contact time, the term cos(b-t/2) can be roughly set to
1 and then the approximation of g(t) — 1 should be valid. Under these
conditions, isolated spin pair CP model (Eg. (4.12)) can be essentially reduced
to:

1) = 21, {1 — (e Tkt + e-sz)} (4.25)

It is also likely that two exponents in the expression above could merge into
one during the non-linear fitting if the spin diffusion rates are similar. This
would result in the following result:

%(e‘klt +e7kat) - emakat (4.26)

where a is the factor introduced in the sense of rescaling of the “true” spin
diffusion rate ko = 1/Tqir. It depends on the experimental database and the
precision, the time scale as well as on the values of k. and ki. In previous
sections it was shown that the isotropic constraint ki/k, = 3/2 is valid, the two-

and single exponential decay functions (Eq. (4.23)) are practically
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Figure 4.40. The residuals (the differences between experimental and
theoretically calculated values of CP intensity using various models (Table 5))

for COO™ spin system at the MAS rate of 10 kHz and the repetition delay of
5s.

undistinguishable for many regimes of CP kinetics, even when relatively huge
data set acquired with very high precision are used. The isotropic spin-
diffusion and the “1-exp “model become equivalent. As two models converge

into each otther, the CP rate constants 1/T;s and 1/Tqir used in those equations
are then related by:
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—(=2Wi) 2 ak, = — (4.27)
T1s

However, the results of fitting (figures 4.39 and 4.40) have shown that the
single exponential increase was improper to describe the CP kinetics in this
spin system. It suggests that ratio of ki/k2 = 3/2 should not be constrained and
allowed to vary freely during the non-linear fitting. This means that
anisotropic spin diffusion can be a plausible model. This idea was successful
for the CP kinetics over a long contact time in the single crystal ferrocene
where k1 = 3 ko ratio deduced. And indeed, the theoretical CP curves calculated
using the anisotropic spin-diffusion model (Eq. (4.12), taking 1/T> — 0) better
fits to the experimental data in comparison with the models of isotropic spin-
diffusion or single exponential increase (Table 5 and Fig. 4.40). It is very
important to note that the flow > — minimum has converged into two minima
in the »? space, depending on the initial (Oth order) values of the fitting. The
first minimum corresponds to the case when the CP transfer would cover the
infinite *C-H spin-cluster (N — o), as it was in the case of isotropic
diffusion. However, the factor between ki and k», instead of 3/2, was found to
be within 2.7-4.0, depending on the MAS rate (Table 5). Nevertheless, these
results look to be rather doubtful because of too high values of ki
(~2600-4200 s) bearing in mind that the coupling between *C spin and
remote protons is very weak. The second minimum on #? surface is more
interesting. It corresponds to the *C-'H spin-clusters of finite size
characterized by N from 4 to 15. However, the values ki << k. look very

~ Lattice

Figure 4.41. Schematic representation of the theoretical model that includes
the thermal equilibration in the reservoir of the abundant spins.

surprising and to the best knowledge never met in the literature before. The
obtained ki values are acceptable for weak coupling whereas k, values where
surprisingly high and, perhaps, relates to a deep physical meaning. Namely,
this indicated that a strong dipolar coupling should be present in the reservoir
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of the abundant spins. Thus, this points towards the importance of *H-H
couplings therein which probably drive polarization equilibration processes.

Following the last thought that two equilibration processes has
distinctively different timescales, slightly altered model can be proposed. It
can be depicted in block diagram (Fig. 4.41). It is based on some ideas present
in the thesis of S. Hediger.

The maximum polarization that the spin S can attain in the quasi-
equilibrium state is the thermal equilibrium value given by equation (4.10).
For finite N values the thermal equilibrium can be reached only in the open
spin systems. However, nearly nothing is known about the rate and path of
this process. Therefore, to involve the thermal equilibration the equation
(4.10) is modified with

(S)qe =~ woy (1 — exp(—ky )%) (4.28)

+1
Here kr is the rate constant of thermal equilibration and « is the additional
variable parameter introduced to prove the possibility of the non-Debye type
process:.

In order to reduce the number of variable parameters, assumption kr ~ ks
was made, i.e. the rates of thermal equilibration and spin-diffusion in the I
spin bath (Fig. 4.41) are practically the same. Despite it looks rather rough
(see Fig. 4.40) , the best fit of experimental data and theory was obtained using
this approach (Table 5). Hence, the anisotropic spin-diffusion model coupled
with the thermal equilibration in the proton bath was found to be the most
proper to describe the CP kinetics in weakly coupled system containing
remote spins. Concerning non-Debye response — the interpretation of apparent
a ~ 0.7 at the MAS rate of 10 kHz (Table 5) raises the following question of
whether this parameter has a physical meaning.

In order to address spin diffusion and thermal equilibration in the abundant
spin system more carefully, the new advances in gquantum mechanical
description of cross-polarization may be included. It has been demonstrated
that spin-diffusion superoperator can be divided into two terms*:

£(0) = Rap |1 [ p]| + Rap {[ T [T p] + [ [y ]|} (4.29)

where Rgp and Rqr are rate constants. This allows to fathom into the physical
essence of spin diffusion processes much deeper. The rate constant Rqp is
associated with the flip-flop term (comonly designated as /172 + /112
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operator) term of the homonuclear (I-1*) dipolar Hamiltonian whereas Rqs
characterizes the rate of thermal equilibration with the bath. The effect of Rqp
can be associated with a process, where the environment “observes” the
system breaking its coherences driving the system to the internal quasi-
equilibrium®®, It has to be noted that Rq, and Rqr contain the different sources
of anisotropy of the I-I* system-environment interaction. Therefore,
previously used rate constants ki and k», these can be related with Rqp and Rgs
as ki = Rar + Rap/2 and k2 = Rqr. The most often used approximation (isotropic
spin diffusion) considers Rqp = Rar and thus ki = 3k»/2 can be again proved.

The rate constant k, in Eqg. (4.28) has then to incorporate the rate of
equilibration with the bath Rqr driven by the spin diffusion due to differences
in spin temperatures as well as the rate of thermal motion induced by micro-
gradients of the sample temperature set during each experiment. These
gradients may certainly appear in a high-power pulsing CP experiments. The
effect observed on the CP kinetic curves in glycine can be noted here as
indicative, namely, where the experimental *H—C CP-MAS kinetic curves
for the remote spin system (COO™ carbon) appeared to be strongly depending
on the repetition delay (D1). Furthermore, it can be supposed that for weakly
coupled systems of remote spins kr >> Rg, thus the rate constant k. in Eq.
(4.28) can be replaced by kr as it was done following phenomenological
assumptions.

Now, the parameter o is related to parameter D, = 3a called fractal
dimension®*3. Thus, it would follow that stretched exponent approach provides
with the additional parameter. Obviously, making such a strong statement
requires more experiment support. The correct approach is to test system with
known fractal dimension. One of the possible candidates is calcium
hydroxyapatite which has been already analysed. It was shown by
M. Yashima that protons in CaHA diffuse in almost linear fashion (see figure
in ref 135). This would mean that spin diffusion of I spins or thermal
equilibration of protons should sense lower dimensionality. In addition to that,
similar system of poly-(vinyl phosphonic acid) (pVPA) was used as well as
hydrogen atoms in this polymer are arranged in single line. The combined
equation of the model which was already used in Table 5 is the following:

-t -t

I(t) = eTtp — e Fat 4 (E) (1 — exp(—k, £)%) |eT1r — e‘kzt] (4.30)

N+1

The fitting results for all investigated weakly coupled systems are presented
in the Table 6 where comparison between models is made. Note that *H—3!P
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CP kinetics in cases of CaHA and pVPA were analysed instead of TH—*C
CP like in the most of the results.

Table 6. The fit parameters of CP-MAS Kinetics for the studied materials
obtained using the models of isotropic spin diffusion and anisotropic spin
diffusion with thermal equilibration. Fractal dimensionality is marked green.

Part 1
CaHA (static) CaHA (MAS) pVPA pHEMA
Isotropic spin diffusion (Eq. (4.12))
N 0 ) 0 o0
ko, st | 1380 +30 1370 £10 4320 +30 1010 +20 (q)
90 +40 (C=0)
To,ps | oo o0 0 79 £1
210 #5
Tip, s | 0.020 +£0.001 0.012 +0.001 0.0027 £0.0001 | 0.014 +0.001
R?/4? | 0.938/1.2:10° | 0.994/1.9-10* | 0.997/2.4-10* | 0.991-0.968
(2-8)-10*
Anisotropic spin diffusion with thermal equilibration (Eq. (4.29)), @ =1
N o0 o0 o0
ki, s | 680 +50 810 +40 2440 £30
ke, s | 10900 +300 6450 £110 18720 £120
Tip, s | 0.017 £0.001 0.011 +0.001 0.0026 +0.0001
R?4% | 0.954/9.1.10* | 0.983/5.0-10* | 0.999/9.0-10°°
Anisotropic spin diffusion with thermal equilibration , a is variable
a | 0.32£0.01 0.28 +0.01 0.33+0.01 0.57 £0.02
0.52 +0.02

N
k1, Ch

kz, st

Tlp, S

R/

0

617 £6

20800 +£200

0.013 £0.001
0.999/1.4-10°°

0

1280 £20

9100 +£160

0.010 £0.001
0.999/2.5-10°°

0

410 £160

18650 +£250

0.0025 £0.0005
0.999/4.8-10°°

o0

1010 +20
840 +40
33700 +1300
12900 +500
0.013 +0.003
0.992-0.971
(2-7)-10°
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Part 2

Glycine Other amino acids Gly-Pro-Gly
Gly-Gly-Gly
Isotropic spin diffusion (Eq. (4.12))
N © ~1.5-0 0
ko, st | 950 +20 ~ 650-3000 4100 +200
2390 +90
To, ps | 140+ 30 ~140-300 130 £20
214 +15
Tip, S | © ~0.004—0 0
0.025 +0.001
R[4 | 0.995/1.5-10* 0.971/6.5-10

Anisotropic spin diffusion with thermal equilibration (Eg. (4.29)), @ =1
N 15+11
ki, st | 1070 + 50
ke, st | 6200 + 500
Tip, S |
R[4 | 0.995/1.6-10*
Anisotropic spin diffusion with thermal equilibration, « is variable

a 0.73 £0.03 ~0.66-1 0.89 £0.07
Dp | 2.19+0.09 ~2-3 2.67 £0.21
N 7.3£15 ~1-4 0
ki, s | 1110+ 30 ~ 400-1500 4900 +300
3320 +£160
ke, s | 18000 +700 ~ 6500-11000 16700 +700
10000 +300
Tip, 8 | © ~ 0.004—o )
0.032 £0.001
R2/4? | 0.998/6.0-10° 0.976/5.4-10*

Firstly, it is important to note that spin diffusion rate is ki << k, when
thermal equilibration is assumed. It suggests that this process is indeed much
faster than initial CP build-up. Magic angle spinning, however, slightly
reduces this discrepancy since some remote spin-pairs are then “disconnected”
from the overall CP process by rapid sample spinning.

Another notable difference going towards the last model is goodness of fit.
This suggest that isotropic spin diffusion indeed does not fully explain the
cross-polarization behavior. Furthermore, parameter R? reaches maximum in
all cases of weakly coupled spins when stretched exponent is incorporated.
Unfortunately, this could signify overparameterization since number of
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variables is increased. This is why using additional model system of pVPA
where low dimensions for proton transfer is known, is especially useful.
Rather welcome result was achieved in the latter material. Non-linear fit
indicates that thermal equilibration in sub-system of protons is driven in single
dimension. This is reinforced by calculated fractal dimension of CaHA, where
it was shown that proton diffusion also flows in one channel. All results
regarding fractal dimensionality can be summarized in the picture below.

( pVPA Proteinogenic amino acids
7777772222242
. Y%‘ //Gly-Pro-Gl;'\ ’/Gl_v-Phe-Gl\y;
ot S |7 pHEMA N e
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Figure 4.42. Fractal dimension of analysed materials obtained through
processing of CP kinetics of weakly coupled spin pairs. Pictures of known
fractals shown below for a comparison. More comments in the text.

Other materials seem to yield higher dimensionality. Firstly, fractal
dimensions of iterated function systems are typically low (see figure above),
usually below 2. This is within a good agreement with the results obtained for
pHEMA since polymer side-chain can link to the back-bone chain repeating
the same pattern due to strong hydrogen bonding at the end of the side-chian.
Thus, the result can be considered as the evidence of structure obtained.
Secondly, going further to proteinogenic amino acids and peptides, D,
increases. As glycine is a small molecule it can form a robust structure with
intrinsic fractal behavior. In contrast to that, self-aggregating molecules like
tripeptides can form bulky structure where thermal equilibration is not
restricted to any directions. Also results regarding the second part of Table 6
indeed indicate that isotropic spin diffusion model fit the data with high values
of R? = 0.971. The increase of this parameter is best observed in the cases
where fractal dimension is low. Lastly, processing results of other
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proteinogenic amino acids covers the large range of fractal dimensions from
2 to 3 which implies that this parameter could be very specific property of the
intrinsic structure.

Conclusions of section 4.4

e The resolution and quality of dipolar coupling spectra was enhanced when
additional interactive apodization in the processing route was introduced.

e Rapidly rotating methyl groups were used as internal molecular standard
as criterion for completeness of apodization.

e High resolution in dipolar coupling spectra allowed to monitor local order
parameters in chemical groups going from rigid amino acids towards soft
peptides and polymer. This allows to compete with the most common
techniques where information is only one-dimensional.

e [or the first time it was demonstrated that spin diffusion rate in amino acids
increases with the density of interacting nuclei.

e The S-I*-1 model with isotropic spin-diffusion is appropriate to describe
the 'H—C cross-polarization kinetics in typical strongly coupled
chemical groups in organics where dipolar coupling is large.

e The anisotropic spin-diffusion found to be convenient approximation
regarding *H—2C cross-polarization in the glycine COO~ groups where
interacting spins are remote.

e The data for remote spins was best fitted including thermal equilibration in
| spin reservoir since I-1 couplings are significantly stronger then I-S. This
opens a possibility to probe thermal equilibration. The use of stretched
exponent approach implies a possibility of non-Debye process during
thermal equilibration.

e Assuming non-Debye process in thermal equilibration of I spins fractal
dimension was deduced for a series of compounds. The observed line-up
corresponds well with fractal images of analysed structures, thus it opens
a new possibility to use cross-polarization as a tool to probe structures with
fractal dimensions.
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4.5 Additional topics

The objective of this section is to slightly emphasize on few issues or
thoughts that may have occurred reading this work. Since these topics are not
at the main focus of this dissertation or also have been explicitly discussed in
the dissertation of dr. V. Klimavicius, they are separated from the rest of the
work. The first topic underlines the flow of non-linear fitting using many
variables. It has come to the attention many times that it is typically hard to
trust non-linear fitting with many free variables. Hence the part of this section
will discuss this problem on the basis of the dissertation. The second topic
demonstrates the missing link of I-1*-S and I-S models. These models
originate from very different approaches: one is come from pure quantum
mechanics and the other from thermodynamics. The question is whether there
is a transition point from one to the other.

4.5.1 The convergence multi-parameter fitting to global minumum

There is a main obstacle working with non-linear fitting procedures that
require large set of parameters is trying to find the “true” (global) minimum
in multi-parameter space of »2, i.e. the sum of weighted squares of deviations
of the chosen theoretical model curve from the experimental points. However,
during the fitting several or even many local minima can be found on y?
surface depending on complexity of the model, precision and completeness of
the experimental data set. These local minima would misrepresent non-linear
fit. In the present work the Levenberg - Marquardt method of minimization
was applied. It is implemented in many widely used computing packages, e.g.
Microcal Origin, Mathcad, etc. The following example is an example of data
fitting in the ammonium dihydrogen phosphate case (see section 4.3).

The acquired experience in the fitting of CP kinetic curves allows to give
some criterions and recommendations to recognize the false minima and to
search for the proper initial values set. The false minimum can be easily
recognized by following: i) apparent systematic (non-random) deviations (see
red curve in Fig. 4.42); ii) relative values of R? iii) the physical sense of
obtained values (e.g. T2 < 0). In order to find the right path toward the global
minimum it is recommended for the first iteration to keep fixed the values of
some parameters that can be a priori approximately determined from other
experimental data. For instance, the spin-spin relaxation time T, can be
evaluated from the full width at half maximum (FWHM) of 3P signal for the
static sample using the “uncertainty” relation FWHMxT,= 0.375 that is valid
for the Gauss functions. Moreover, Eq. (4.20) parameters I, can be roughly set

100



as 0.7 - 0.9 of maximal intensity value and exp(-t/T1,) can be found with
logarithm of the end in CP kinetics. 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
restrictions.

'zero-order’ (initial) parameter set
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Figure 4.43. Non-linear multi-parameter fitting: the problem of flow towards
the 'true’ (global) minimum. More comments in text.

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. 4.14) was
artificially disturbed adding the noise of various levels (2 -10 %, see Fig. 4.44
a - ¢) and the sequent repeat of all steps of processing. The results are shown
in figures 4.44d and 4.45.

It is clearly seen that the most sensitive parameters to the noise level are
ki, and p1 = (N-1)/(N+1). This could be the major source of error of non-linear
fit. The effect of noise on the spatial distribution of protons surround 3P nuclei
P(r) is of particular interest. These results are shown in Fig. 4.45. It can be
concluded that the random errors can affect P(r) at longer distances
(r > 0.3 nm) significantly if the nose level exceeds 5 % whereas the position
of the first peak remains to be quite stable.
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Figure 4.44. Effect of random noise on the CP kinetics (a-c) and on the
precision of adjusted parameters (d): lo, k1, p1 = (N — 1)/(N + 1) and T (Eq.
(4.12)). The relative error (%) means the standard error put out by the
computing routine divided by the value of corresponding parameter.
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Figure 4.45. Effect of random noise on the spatial distribution of protons

surround 3P nuclei.

In conclusion, the high experimental data point density on CP kinetic
curves used in the present work makes the minimization procedure quite stable
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with respect to the random errors. This big 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. It makes possible more
rigorous decision concerning the validity of the hypothetic models and more
fitting parameters can be used and determined unambiguously.

4.5.2 Convergence of I-1*-S and I-S models

As two cross-polarization models are originating from different
perspectives, it is not surprising that the general outcome is a large
discrepancy between them. However, it was demonstrated in section 4.4.1 that
under correct assumptions equations describing one model can converge into
another. The demonstration was done in remotely interacting spin pairs in
glycine. Unfortunately, this have not resulted in improvement of fit meaning
that I-S model is not valid for that spin pair. As mathematically these models
can be connected, perhaps, nano-structured or crystalline material is not the
typically environment where this convergence would be seen. Thus,
completely different system of room temperature ionic liquid (RTIL)
[bmim][BF4] has been investigated. The compound was impregnated in meso-
porous silica commonly known as MCM-41 and SBA-15 as to work in solid-
state environment and to dilute the abundant spin numbers. The latter will be
explained later.

The complex shaped B CP-MAS signals were observed in MCM-41 and
SBA-15 (Fig. 4.46). They were decomposed into two Lorentz components
denoted as “narrow” and “broad”. This points to the possibility of bimodal
distribution of [bmim][BF4] in mesostructured silica, similarly, as it was
observed in the case of water as a guest molecule?®. The CP kinetics data were
processed using two spin coupling models for each kinetic curve separately.

Now, recall how equation (4.12) was rewritten into (4.20) which converts
to Eq. (3.24) if diffusion rates are much faster than relaxation, then parameter
. is rewritten into (4.21). The relation (4.12) has the advantage not only
because it elucidates the physical sense of the parameter 4, but also because it
provides the way to follow the convergence between isolated spin pair and
thermodynamical spin coupling regimes without any a priori discrimination,
which of those should be valid for the system in this study. It is quite logical
to suppose that at the infinite enlargement of the spin cluster size the non-
classical I-1*—S model has to convert to the classical I-S one. And indeed, the
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Figure 4.46. 1B CP-MAS line shapes of [omim][BF.] as a guest compound in
MCM-41 and SBA-15. The errors determining the line widths are given in the
brackets.

requirement for high dilution of spin S among spins 1 is certainly fulfilled, i.e.
Ns/N; — 0. Furthermore, if the 1-S heteronuclear coupling is sufficiently
reduced by high spin mobility, the CP Kkinetics should obey the
thermodynamical 1-S model.

Let us assume infinite cluster size N, then (4.20) turns into:

=4 4 —<k1t+t—22>
1(t) = 21, {e Tip — E(e T2) + e‘k2t>} (4.30)

Then the principal question that arises carrying out the non-linear curve fitting
is — can the expression in the internal brackets (...) be recognized by the
computing as the sum of two exponents, or such behaviour is merged to a
single exponential decay as shown in expression (4.26). The answer certainly
depends on the experimental precision as well as on the parameters ko,
ki = 3ko/2 and T,. This was checked taking the set of some “realistic” k; and
T,, i.e. those often met in the CP kinetics experiments. The results are depicted
in figure 4.46. The perfect fit the was obtained in the case of “narrow” as well
as “broad” b-spectrum, (short- and long T, respectively), varying only one
parameter — the rescaling factor a. This means that at the present regime of CP
transfer, which is determined by k. and T, values, the two- and single
exponential decay functions are undistinguishable. Thus, it can be stated that
for the large spin clusters at present conditions the two models are practically
undistinguishable.
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Figure 4.47. The imitation of two exponential term (brackets (...) in Eq.
(4.30)) by the single exponent with the rescaled spin diffusion rate a-k» (solid
lines). The different T, values correspond to “broad” and “narrow”
distributions of the dipolar splitting. The adjusted a values are within 1.2 - 1.5.
Computer generated points shown by open circles.

As measured CP-MAS signals of B were decomposed into two Lorentz-
shaped “narrow” and “broad” components, the CP kinetics were studied for
each signal separately. The results are presented in Fig. 4.48. Indeed, both spin
coupling models, discussed above, can be identically good fitted (getting
almost the same R? values) to the experimental curves and thus classical
(thermodynamical) and non-classical CP (isolated spin pair) transfer regimes
are for the studied systems practically undistinguishable. However, the non-
classical model seems to be preferable because it directly provides spin
diffusion rates which originates from the exact microscopic quantum
mechanical model whereas Tis was firstly introduced in more
phenomenological way. Despite the adjusted rescaling factor values a were
found to be close to 1, hence Tis = Tgir. The non-classical treatment allows to
avoid the need to elucidate the physical sense of such rescaling. The fit
parameters of CP kinetic curves obtained using Eq. (4.12) are presented in
Table 7.
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Figure 4.47. *H—B CP kinetics upon 5 kHz MAS of [bmim][BF] confined
in MCM-41 and SBA-15 pores. For both samples the I-S (red line) and I-1*-S
(green line) CP transfer models are practically undistinguishable. The fit
parameters are given in Table 7.

Table 7. The fit parameters of Eq. (4.12) for CP kinetic curves presented in

figure 4.47.
[bmim][BF] [omim][BF]
in MCM-41 in SBA-15
broad narrow broad narrow
3.66-10° 1.6-10%° 4.37-10° 1.05 -10%°
lo, a. u. +0.07-10° +0.2-10%° +0.04-10° +0.02-10%
N o0 o0 o0 o0
ko, s 374115 745124 16445 617127
Ta s 0.0026 0.02 0.0022 0.022
Tip, S 0.03 £0.002 0.0072+0.0001 0.01+0.003
R? 0.984 0.988 0.992 0.971

Without going into details, two signal components were deduced to be
originating from [bmim][BF4] placed in the layers on the pore surfaces
(“broad” component) and in the inner layers (“narrow” component),
respectively®®. This means that RTIL behaves quite differently from nano-
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structured systems, where the spin systems exhibit definitely isolated spin pair
behaviour. Such difference can be caused by several factors: i) the requirement
for high dilution of spin S among spins | is certainly fulfilled (*'B is “diluted”
among 15 protons in each [bmim]* cation and those tentatively supposed to
be on the pore surfaces); ii) high mobility, i.e. relatively weakly hindered
displacement of BF4 anion respect to the cation and dynamics of anion along
the pore surfaces deletes the borders between spin clusters, thus the spin
cluster size N — co. Under these conditions, a tight convergence between two
CP models can be observed, however the I-1*-S model seems to more
preferable because it directly provides the information on the spin diffusion
rate that is originated from the exact microscopic quantum mechanical model.

Conclusions of section 4.5

e Recommendation for processing cross-polarization Kkinetics using
multi-variate non-linear fitting were introduced to guarantee the
convergence to the global minimum in parameter space. Results
indicate that convergence is stable under effect of random noise with
minimal loss of information regarding dipolar coupling.

e A tight convergence between isolated spin pair and thermodynamical
cross-polarization regime was demonstrated with ionic liquid confined
in mesoporous silica. The use of I-1*-S model instead of I-S one is more
preferable since the information on the spin diffusion rate that is
originated from the exact microscopic quantum mechanical model is
not lost.
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RESUME

In the present work cross-polarization — a tool for material research was
employed in the large structural manifold of functional materials. Many
obstacles in material research can be met when spatial distribution of light
elements is masked by complex nature of functional materials or lack of long-
range order. Thus, CP could be highly favourable, as it allows to probe dipolar
interaction between hydrogen nucleus and other spin species revealing
structural complexity in solid matter.

Firstly, the goal of the first part was to demonstrate that important details
like chemical composition, time-scale of ongoing processes that can be
acquired using 1D NMR techniques. Namely, it was shown how morphology
of complex structure of calcium hydroxyapatite affects the spectra, hydrogen
content and dynamical features. Then a transition to cross-polarization method
was made to reveal structural features with respect to different morphologies.
The conclusion has been made that advanced processing of CP kinetics can
provide with multiple structural parameters. Therefore, deeper investigation
of used CP models was carried out.

With the use of ammonium dihydrogen phosphate, the precision of the
spatial distribution of interacting spins was improved and tested. Results have
shown that it can be done when model where angular averaging of dipolar
coupling in rotating solid is taken into account, is used. The routine to obtain
internuclear distances distribution was significantly simplified by including
few assumptions. Comparison with the data gathered with XRD and ND
indicates very welcoming precision of the developed method, which implies
that it can be a tool to measure spatial distribution of light atoms.

Regarding to the most of results, CP investigations then were carried out
in organics for their diversity and functionality. Investigation in a large samle
of chemical groups revealed significant differences of cross-polarization
dynamics going from strongly to weakly coupled systems. The dipolar
coupling in weakly coupled systems was enhanced by using apodization
method during advanced processing of CP kinetics. Finally, additional
equilibration process in abundant spin system was incorporated in CP models
which uncovered the possibility to sense fractal dimension in the lattice.

The results of the whole dissertation show that although CP may not seem
as trivial method for structural analysis since spin dynamics driving cross-
polarization is a complex mechanism, the developed method provides with
insightful and accurate results. Moreover, the present work overviews
possibilities of using this tool in large variety of structures and thus refined
routine can be practically implemented. The advanced processing of CP
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kinetics can give direct and precise structural information like spatial
distribution of light elements which is at great importance with respect to
methods like XRD and ND. Furthermore, CP can be also used to probe local-
order, spin-diffusion and even fractal dimension of the abundant spin system.
These findings prove that CP is a powerful and perspective tool for material
research.
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CONCLUSIONS OF THE DISSERTATION

. Fine details regarding composition, organisation as well as time-scale
of dynamical processes in amorphous and nano-structured solids such
as calcium hydroxyapatite can be obtained employing *H and P NMR
coupled with magic angle spinning.

. Structural features can be obtained processing initial coherent part of
cross-polarization by reverse-calculation as the macroscopic
parameters of cross-polarization such as relaxation and spin diffusion
times are invariant to spatial distribution function chosen during non-
linear fitting

. The proper mathematical treatment for initial coherent part of cross-
polarization has been refined which allows to reduce the Fourier- Bessel
(Hankel) transform to the routine Fourier transform calculating the
angularly averaged and purely distance-depending interacting spin
distribution. This led to consistent and accurate results with respect to
those obtained with ND and XRD techniques.

. Resolution of dipolar coupling spectra, especially for weakly coupled
system, can be significantly enhanced using interactive apodization
method applied during processing routine. This enables cross-
polarization to distinctly probe local order within a molecule.

. Significant differences between weakly to strongly coupled system
were observed. I-1*-S model was found to be valid approximation for
strongly coupled spin systems, in contrast to weakly coupled spins
where perfect fit has been obtained by introducing the possibility of
anisotropic spin diffusion and thermal equilibration in the bath of
abundant spins. Very reasonable sequence of the compounds have
been lined-up according their fractal dimensions, which followed from
thermal equilibration analysis. It allows to state that the treatment of CP
transfer between remote spins and equilibration therein can indeed
reproduce the fractal images of the studied compounds.
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APPENDIX

Table Al1. Main NMR parameters for time kinetics measurements of cross-
polarization in various samples.

Sample D1 H CP contact pulse Number MAS CP Number
s) RF power setting for of scans rate contact of CP

(kHz)  H/X channels (W) (kHz) time contact
range time
(ns) points
ADP 05 ~100 Var. (X =3p) 1 7/10 50-10000 ~500
CaHA 4 ~90 Var. (X =31P) 2 0/5/9 50-10000 ~500
GFG 2 ~68 48.9/120.0 (X = ®°C) 128 12 10-3000 ~300
GGG 15 ~68 48.9/120.0 (X = B°C) 32 12 10-3000 ~300
L-Ala 1 ~71 44.2/156.7 (X = B°C) 4 10 10-10000 ~1000
L-Arg 12 ~71 48.3/150.0 (X = B°C) 8 10 10-10000 ~1000
L-Asn 15 ~71 50.4/120.0 (X = B°C) 6 10 10-10000 ~1000
L-Cys 4 ~71  48.6/156.7 (X = °C) 4 10 10-10000 ~1000
L-GIn 40 =Tl 50.5/150.0 (X = ©*C) 4 10 10-10000 ~1000
L-GIn 15 ~71 48.4/120.0 (X = °C) 4 10 10-10000 ~1000
Gly Var ~71 Var. (X = ¥C) 4 7/10/12 10-10000 ~1000
L-His 4.5 ~71 50.4/120.0 (X = 3C) 16 10 10-10000 ~1000
L-lle 3 ~71 50.4/110.8 (X = ¥°C) 8 10 10-10000 ~1000
L-Leu 15 ~71 48.6/135.4 (X = ©°C) 16 10 10-10000 ~1000
L-Met 2 ~71 47.4/145.2 (X = BC) 4 10 10-10000 ~1000
L-Pro 7 ~71 50.4/150.0 (X = ©*C) 16 10 10-10000 ~1000
L-Ser 2 ~71 47.7/120.0 (X = B°C) 2 10 10-10000 ~1000
L-Thr 1 ~71 47.4/107.6 (X = ©°C) 8 10 10-10000 ~1000
L-Tyr 10 =Tl 58.5/156.7 (X = ©*C) 16 10 10-10000 ~1000
L-Val 1 ~71 41.4/110.8 (X = ©*C) 16 10 10-10000 ~1000
pHEMA 27 =Tl 46.2/120.0 (X = ©*C) 128 10 20-10000 ~500
pVPA 3 ~71  44.5/104.2 (X = *P) 4 10 10-10000 ~1000
RTIL 2 ~80 - (X=1B) 256 5 50-10000 ~128
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Figure Al. XRD patterns of ACP-CaHA depending on the sintering time at
650°C — on the left. Nano-CaHA XRD pattern on the right.
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SANTRAUKA
S1. JZANGA

Funkciniy medziagy tyrimai ir taikymai yra neatsiejami nuo
medziagotyros moksly, tokiy kaip kristalografija, kuriais analizuojama
struktiira ir su ja susijusios savybés®*. Todé¢l, vis didéjantis susidoméjimas
naujomis medziagomis taip pat reikalauja lygiaver¢io metody tobuléjimo.

Pagrindiniais kristalografijos auksiniais standartais yra laikomi tokie
difrakciniai metodai kaip Rentgeno spinduliy difrakcija ar neutrony difrakcija,
kadangi S$iais metodais nustatomi atstumai tarp objekty yra itin mazi,
angstremy eilés — tai leidzia gana paprastai nustatyti struktiira medziagos
kristalinéje gardeléje. Nepaisant to, Siais metodais tiriant lengvyjy atomy
pasiskirstymg ir ypac netvarkiose medziagose yra sutinkamos fizikinés ribos,
kuomet bangy difrakcija paranda pranasumg. Tokiu atveju naudojant
spektroskopinius jrankius papildomai galima nusakyti medziagos sudétj ir
dinaminius vyksmus bei idealiai tvarkios medZziagos daznai néra biitinybé >/,

Branduoliy magnetinis rezonansas (BMR) turbiit yra bene lanksc¢iausias
spektrometrinis jrankis, leidziantis tirti medziagas jvairiais jy aspektais.
Nagrinéjant medziagas kristalografijos rémuose, BMR spektrometrija neretai
sigjama su metodais, kuriuose panaudojama dipoliné saveika, kadangi
pastaroji glaudziai susijusi su atstumu tarp saveikaujanc¢iy branduoliy sukiniy.
Vienas i$ tokiy eksperimenty yra kryzminé poliarizacija (cross-polarization —
CP). Paprastai §i metodika naudojama sustiprinti maziau jautresniy izotopy
signalus, taciau jos vidiné laikiné dinamika yra kompleksinis reiskinys,
nulemtas medZiagos struktiiriniy sgvybiy3>9,

Sio kompleksinio reiskinio matematinis apraSymas yra bene svarbiausias
uzdavinys analizuojant laikines CP kinetikas, ypa¢ jas apraSant placioje
struktirinéje jvairovéje. Pagrindiniai net ir dabar naudojami modeliai
apraSantys CP jau buvo pristatyti septintame deSimtmetyje, taciau daznai jie
yra per daug supaprastinti ir modeliavimais jais gali lemti nekorektiska
interpretacijg®'®. Taigi, geresnis modeliy supratimas dideléje struktiiringje
jvairovéje biity svarbus indélis $io BMR metodo plétojimui kristalografijoje,
suteikty daugialypés informacijos apie reiskinius medziagose ir taip iSpildyty
vis tobuléjanciy analizés metody funkciniy medziagy moksle poreiki.
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Disertacijos tikslas ir keliami uzdaviniai

Izangoje pabrézti isSukiai susij¢ su kryzminés-poliarizacijos naudojimu
skirtose kietojo kiino struktiirose kildina Sio darbo tikslg — iSplétoti CP
kinetiky apdorojima didel¢je funkciniy medziagy jvairovéje. Siam tikslui
pasiekti keliamos uzduotys:

1.

Istirti *H ir 3P BMR taikymo galimybes analizuojant kompleksiniy
medziagy, tokiy kaip kalcio hidroksiapatitas, struktiiras.

Pritaikyti kryzminés poliarizacijos kinetiky tyrimus kompleksinése
medziagose.

. Palyginti CP kinetiky modeliavimo tiksluma su placiai naudojamy

kristalografijos metody rezultatais

Pritaikyti kinematinj modeliavima organinése medZiagose bei kitiems
CP (sukininiams) partneriams.

Surasti tinkamus modelius aprasan¢ius CP dinamika didel¢je
struktiiriniy medziagy jvairovéje bei stebimame laikiniame diapazone.

Ginamieji teiginiai

'H ir 3P BMR taikymas su magi§kojo kampo sukimo technika yra
metodas atskleidziantis kompleksiniy medziagy sandarg ir struktiiring
saranga.

Kryzminés poliarizacijos makroskopiniai parametrai gali biti
apskai¢iuoti naudojant bendrinius CP modelius, tuo tarpu detali
struktiriné informacija yra prieinama analizuojant pradines
(koherentines) CP osciliacijas.

Fourier-Bessel transformacijos taikymas leidZia jskaityti dipolinés
sgveikos kampinj vidurkinima, kuris privalomas norinti apskaiciuoti tik
nuo atstumo priklausantj dipolinés sgveikos pasiskirstyma.

Silpnai ir stipriai suriSti sukiniai pasizymi itin skirtinga kryZmine
poliarizacija, vadinasi taikomi modeliai turi biiti lankstis.

Sukiniy difuzijos nulemtas terminis nusistovéjimas paplitusiy sukiniy
posisteméje daro jtaka tolimyjy saveikaujanciy sukiniy kryzminei
poliarizacijai.
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Mokslinis naujumas

1. Pasinaudojus keliomis prielaidomis buvo atlikta Fourier-Bessel
transformacija, kuri leido jskaityti dipolinés sgveikos kampinj
vidurkinima. Tai leido apskaiCiuoti visiskai tik nuo atstumo priklausantj
dipolinés sgveikos pasiskirstymg.

2. Siame darbe buvo iSplétoti kryzminés poliarizacijos modeliai
aprasantys dinamika placioje struktiiringje jvairovéje taip pat visame
stebimame laikiniame diapazone.

3. Sukiniy difuzijos spartos priklausomybé nuo protony tankio kristalingje
gardeléje buvo stebéta pirma karta.

4. Zymus signalo ir triukimo santykio sustiprinimas buvo pasiektas
pritaikius nauja interaktyvios apodizacijos kinetiky analizés metu
metoda.

5. Visiskas CP modelio sutapimas buvo pasiektas tolimyjy saveikaujanciy
sukiniy atveju, kuomet buvo jtrauktos papildomos prielaidos
aprasancios sukiniy difuzijg paplitusiy sukiniy posisteméje. Tai leido
pritaikyti kryZzminés poliarizacijos matavimus tiriant struktiiry
fraktaliSkuma.

Autoriaus indélis

Kalcio hidroksiapatito ir polimerinio hidrogelio sinteze taip pat SEM ir
XRD matavimai buvo atlikti Vilniaus universiteto Chemijos fakultete, tuo
tarpu tripeptidai buvo sintetinami Darmstato Technikos universitete,
Vokietijoje. Kalcio hidroksiapatito virpesiniai spektrai buvo uzregistruoti
kolegy i§ Cheminés fizikos instituto. Darbe bei publikacijose naudojami DFT
skai¢iavimai atlikti dr. Kestucio Aido. Visi BMR matavimai naudojami §iame
darbe buvo atlikti autoriaus su pradiniu dr. Vytauto Klimavi¢aus kuravimu.
Duomeny analizé, apdorojimas, matematiniai iSvedimai buvo atlikti tiek
savarankiskai tiek kartu su darbo vadovu. Publikacijos buvo parengtos
darnioje komandoje su bendraautoriais. Autorius pabréZia, jog Sis rasto darbas
dalinai persikloja su dr. V.Klimavi¢iaus disertacija, kadangi pagrindinés
idéjos buvo plétojamos toje pacioje grupéje. Nepaisant to, Sis darbas gali biiti
laikomas pirminés disertacijos iSplétojimu dideléje imtyje naujy medziagy.
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S2. DISERTACHOS REZULTATAI

Charakterizavimas naudojant 1D spektrometrijg

Pirminés $io darbo id¢jos atsirado tiriant kalcio hidroksiapatito (CaHA),
kaip funkcinés medZiagos, struktiira bei sandara'!. Siame darbe yra i§skiriami
du apatito bandiniai, kurie pasizymi skirtinga morfologija. Vienas jy yra
amorfiniy fosfato grupiy turintis (ACP) apatitas, kitas — nano-struktiirizuotas
(nano-). Sioms medziagoms buvo uzrasyti *H BMR bei FTIR spektrai (S.1
pav.).
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S.1 pav. FTIR bei ‘H BMR spektry palyginimas dviejy bandiniy: ACP-CaHA
ir nano-CaHA atveju. Geltoni rémeliai zymi i$didintas sritis matomas
apacioje. FTIR spektriniy juosty priskyrimas atliktas Saltinyje 1.

Pirmiausia, yra pastebimi dideli skirtumai susij¢ su laisvojo vandens
signalais. FTIR spektre yra matoma, jog ties ~3300 cm™ valentiniai OH
virpesiai sudaro didele dalj amorfinio kalcio hidroksiapatito juosty, kuomet
§ios juostos nebuvimas nano-struktirizuotame CaHA leidzia aptikti
strukttiriniy (P-OH) grupiy valentinius virpesius ties 3572 cm™. Laisvojo arba
ant pavirsSiaus adsorbuoto vandens kiekis taip pat gali buti patvirtintas i§ BMR
spektry, kuriuose tipiné tirinio vandens juosta ties 4.5 ppm yra beveik
nepastebima nano-struktiirizuotojo CaHA.

Kita vertus, taip pat tinkamas badas tirti Sias kompleksines medziagas yra
1P BMR — galima rasti nemazai darby, kuriuose $ie izotopai tirti panasiose
fosfatinése grupése® 19, Paprastai, pagrindiné spektriné BMR juosta atsiranda
dél PO4* grupiy, tuo tarpu juostos plotis yra sglygotas amorfiniy fosfato grupiy
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daleliy pavirsiuje. Sios grupés ne tik nulemia didelj juostos plotj, tadiau ir turi
nemazg jtakg jos simetriSskumui. Santykinai didelis 3!P juostos plotis buvo
nustatytas ACP-CaHA bandiniui. Juostos pusplo¢io priklausomybé nuo
magiskojo kampo sukimo grei¢io yra pavaizduota S.2 paveiksle.
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S.2 pav. Fosforo BMR juostos pusplocio priklausomybé nuo magiskojo
kampo sukimo greicio. Pilkas briikSnys zymi van vertg, kuomet sukimas tampa
efektyvus.

Magiskojo kampo sukimas (MAS) efektyviai gali suvidurkinti jvairias
nepageidaujamas saveikas, tafiau jeigu saveika nulemia vienalytiSkai
iSplitusig juosta, ja susiaurinti tampa technidkai sudétinga'®. Deja, Visi
medziagos pavirSiuje esantys netolygumai nulemia Gausinj i$plitima, kurio
plotis priklauso nuo saveiky stiprumo.

Minétos saveikos sukelia chaotinius persiorientavimus, kuriy sparta
nulemia Gausinio iSplitimo priklausomybe nuo MAS daznio. Dél staigaus
pusplocio pasikeitimo ACP-CaHA bandinyje galima teigti, jog chaotiniy
persiorientavimy sparta yra daug didesné uz sukimo daznj, kai nano-CaHA
bandinyje ji yra palyginama.
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S.3 pav. Isilginés 'H branduoliy relaksacijos trukmés priklausomybé nuo
atvirkStinés  temperatiiros. Dél eksponentinés relaksacijos nano-
strukttrizuotame bandinyje atskirai pavaizduotos dedamosios (trikampiais ir
kvadratais). Desingje — spektras kuriame matomos atskiros juostos.

Chaotiniy procesy sparta taip pat gali buti susieta su iSilgine branduoliy
relaksacija. Siai spartai esant didesnei, didéja tikimybe, jog sparta atitiks
rezonansinj sukiniy daznj, o tai lemty sparty artéjima prie pusiausvyros
biisenos. Todél, i§ S.3 paveikslo galima patvirtinti, jog amorfiniame bandinyje
vykstantys chaotiniai persiorientavimai yra susij¢ su adsorbuoto vandens
molekulémis ir Zymiai spartesni nei fluktuacijos vykstancios struktirinése -
OH grupése.

ISvados

e BMR bei FTIR juosty priskyrimas rodo, jog amorfiniame kalcio
hidroksiapatite didzioji dalis vandens yra adsorbuota pavirsiuje, tuo tarpu
dominuojantis kiekis struktirinés -OH grupés buvo aptiktas nano-
struktiirizuoto apatito atveju.

e Magiskojo kampo sukimo technika bei relaksacijos sparty matavimai
patvirtina, jog amorfiniame apatite vyksta spartls chaotiniai
persiorientavimai.

e Rutininé BMR spektrometrija gali suteikti informacijos susijusios su
kompleksiniy medziagy sandara bei dinaminiy vyksmy spartomis.
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Kryzminé poliarizacija kalcio hidroksiapatite

Kryzminés poliarizacijos kinetinés kreivés kalcio hidroksiapatite
pavaizduotos S.4 bei S.5 paveiksluose. Pirmas pastebimas kryZminés
poliarizacijos skirtumas nano-struktiirizuotame bandinyje yra pradinés
osciliacijos, kurios nepastebimos amorfinio bandinyje. Sios osciliacijas
galima paaiskinti pasinaudojus I-1*-S modeliu, kuris buvo iSvestas paaiskinti
CP osciliacijas kietuose kristaluose'®®. Jis aprasomas tokia funkcija:

— at/TipyB(1 _1.-Rt _1_-3R. _ bist
M(t)=e 1P14(1 Se e ~rzcos— ) (S.1)
kur R yra sukiniy difuzija, bis — dipoliné saveika tarp dviejy skirtingy sukiniy,
T, — sukiniy iSilginé relaksacija besisukancioje koordinaciy sistemoje bei B
yra Boltzmann faktorius. Zinoma, jog darbe tyrinétais atvejais medziagos
laikyti idealiu kristalu yra nejmanoma.
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S.4 pav. *H —3P CP kinetika (integrinio intensyvumo priklausomybé nuo
kontaktinio impulso trukmés) statiniuose nano-CaHA (kair¢je) ir ACP-CaHA
(desingje) bandiniuose. Kreiviy modeliavimas buvo atliktas naudojant
bendrines P(b/2) formas: Gauso, Lorenco, spinduliné bei T2-vidurkio.
Daugiau detaliy aprasyta tekste.
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S.5 pav. H —*P CP-MAS (9 kHz) kinetika nano-struktiirizuotame
hidroksiapatite. Kreivés buvo aproksimuojamos tokiomis paciomis
funkcijomis kaip S.4 paveiksle.

Todél, atsizvelgus | galimybe, jog bandinyje esama jvairiais atstumais
pasiskirsCiusiy sgveikaujanéiy sukiniy, dipolinés sgveikos nulemtos
osciliacijos (kosinuso funkcija) bus visy dazniy vidurkis. ISraiskoje tai galima
iSreiksti taip:

t i .
1(t) = Iye™ /Mo <1 —de Rt —(1-pef2-3p (%) cos (anb‘ t))
(5.2)

Cia P(b/2) yranezinomos formos pasiskirstymas, kuris gali biiti pasirenkamas
modeliavimo metu. Vienas i§ galimy pasiskirstymy yra spindulinis
pasiskirstymas (angl. radial — R), kuris tikimybiskai nusako kiek galimy
sukiniy yra aplinkui vieng centrg. Kiek paprastesné prielaida (net uz Gauso ir
Lorenco paskirstymg) yra laikytis arté&jimo, jog bandinys yra tiek netvarkus,
jog jame kosinuso funkcijy suma artéja prie gausinio skirstinio. Tai buvo
pademonstruota L.B Alemany ir véliau papildyta W. Kolodzieski
publikacijoje’®!®, Tuomet iSraiskg galima perraSyti kiek papras¢iau:

1(t) = Lye~t/Tios (1 —de Rt — (1 — e 3Rz 2 T§> (S.3)

¢ia T2 laikytinas bys/2 kvadraty vidurkiu, o A = 1/(N+1) nusako klasterio dydj,
kai N yra ne-ekvivalenciy saveikaujancéiy sukiniy skaiéius. Aproksimavimo
rezultatai naudojant minétas funkcijas yra pateikti 1 lentel¢je.

129



S1 lentele. CP kinetiky netiesinio aproksimavimo rezultatai grafisSkai
pavaizduoti S.4 bei S.5 paveiksluose®?.

Nano-struktiirizuotas kalcio hidroksiapatitas

Statiskas bandinys MAS, 9 kHz
P(b) R G L Tv. |R G L To-v.
y) 0.39 0.30 0.39 0.33 0.61 0.60 0.60 0.47
Raif, 1/s 455 385 455 400 476 455 455 313
bo, Hz 0 320 800 885
w, Hz 1920 1290 850 590
T2, ms 0.24 0.28
bmax, Hz 3500 2200
bmin, Hz 330 740
Tip 0
12, %o 7 14 7 8 18 16 15 20

Amorfinis kalcio hidroksiapatitas

StatiSkas bandinys MAS, 5 kHz
P(b) R G L To-v. R G L To-v.
A 0.69 0.64 0.65 0.69 0.8 0.73 0.75 0.70
Raitf, 1/s 769 715 715 715 1111 1111 1111 1000
bo, Hz 0 0 0 0
w, Hz 4600 2500 2500 1400
T2, ms 0.12 0.34
bmax, Hz 7600 2400
bmin, Hz 470 540
Tieo 0.015s 0.011s
12, %o 7 | 5 | 6 | 7 4 | 3 | 3 | 3

Lentel¢je matyti, jog makroskopiniai parametrai (nesusije su vidiniu
sagveikaujanCiy sukiniy pory pasisskirstymu, pavyzdziui, Ra) beveik
nepriklauso nuo naudotos P(b/2) formos, nors vizualiai vertinant yra matyti,
jog spindulinis pasiskirstymas atkartoja kinetikas geriausiai.

Reikia pastebéti, jog norint apskaiéiuoti tikrajj P(b/2) skirstinj, vertéty
taikyti kitokiag apdorojimo strategija. Jeigu makroskopiniai parametrai
nepriklauso nuo kosinuso vidurkio, tai juos galima matematiSkai iSprastinti.
Tuomet likes kosinuso vidurkis taps ne kuo kitu, kaip P(b/2) funkcijos Fourier
vaizdu. Sitg apdorojimo kelig galima isreiskti taip:

b\ _ Fan—1 1=Af1—=1()/Iof3
P(Z) |FT Ak (S.4)

kur f1 = exp(—R t), f2 = exp(—1.5 R 1), ir f3 = exp(—t/ Ti,). Dipolinés sgveikos
konstanta su atstumu turi tokj sarys;j:
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by = _ Ko YiVk (S.5)

J 4T Tjk3

Vadinasi, po apdorojimo galima perskai¢iuoti dipolinés saveikos
pasiskirstymg | sgveikaujan¢iy sukiniy pory atstumo pasiskirstyma.
Apdorojimo rezultatas ir perskai¢iavimas pavaizduoti 6 paveiksle.
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S.6 pav. Atbuline eiga apskaiCiuotas P(b/2) pasiskirstymas bei erdvinis
sukiniy aplink 3P izotopus pasiskirstymas amorfiniame bei nano-
struktiirizuotame kalcio hidroksiapatite.

Erdviniuose *H-3'P pasiskirstymuose yra matyti 3 maksimumai, i§ kuriy
0.21-0.25 nm yra tipinis P-OH atstumas aptinkamas jvairiuose fosfatiniuose
kompozituose, nanodalelése bei divandenilio fosfatuose®*1"110, Visgi kalcio
hidroksiapatite vandenilis néra fosfatinéje grupéje, taciau jo galime rasti
pavir§iuje esandiose grupésel!®, Dél Sios priezasties stebimas skirtumas yra
esminis tarp amorfinio ir nano-struktairizuoto apatito. PrieSingai nei pirmasis,
antrasis maksimumas yra zymus abiem atvejais, todél gali biiti siejamas su
pagrindine 'H-*'P sukiniy pora kristalingje gardelé. MagiSkojo kampo
sukimas nesuvidurkina Sios, pagrindinés, sukiniy poros, todél galima teigti,
jog MAS taikymas leidzia atsieti netvarkias bei tolimasias sukiniy poras, tokiu
budu saveikaujanciy pory skaiCius (arba parametras A) yra Zymiai
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apribojamas, todeél galima stebéti lokalius struktiirinius ypatumus
kompleksinése medziagose.

ISvados

e Didelio tasky tankio kryZzminés poliarizacijos matavimai atskleidé
struktiirinius amorfinio bei nano-struktiirizuoto kalcio hidroksiapatito
skirtumus sub-nano dydziy eilése.

e Buvo pastebéta, jog tokie makroskopiniai parametrai kaip sukiniy difuzijos
sparta, klasterio dydis, relaksacijos sparta nuo pasirinktos bendrinés
dipolinés sgveikos pasiskirstymo formos modeliuojant nepriklauso,
nepaisant jog spindulinis pasiskirstymas atitiko rezultatus geriausiai. Si
savybé buvo panaudota apskai¢iuoti tikrajj pasiskirstyma bei nustatyta, jog
spindulinis pasiskirstymo funkcija sumazina tolimosios tvarkos efektus.

e Tipiniai tarpbranduoliniai H-*!P atstumai buvo nustatyti tiek amorfinio
tiek nano-struktarizuoto kalcio hidroksiapatito atvejais. Atstumo 0.26 nm
nebuvimas amorfinio apatito atveju byloja apie pagrindinj dviejy medziagy
morfologinj skirtuma.

e Buvo pademonstruota, jog magiskojo kampo sukimas nutraukia tolimyjy
adsorbuoto vandens sukiniy bei netvarkiyjy pavir§iaus grupiy saveika.
Vadinasi, MAS taikymas su kryZzmine poliarizacija leidzia tirti lokalias
sukiniy poras ir taip sumazina sgveikaujanciy sukiniy klasterio dydj.

Kampinis vidurkinimas atliekant magikojo kampo sukimg
Reikia pridurti, jog pristatytas apdorojimo kelias turi vieng svarby

trikuma. Dipoliné saveika kietajame kiine i$ tiesy priklauso ne tik nuo
atstumo.

YiYk 3cos?6-1 3cos?h-1
b =—to = by, (S.6)
4T Tk 2 2

Kaip yra matyti i$ iSraiSkos virSuje, ji priklauso tiek nuo atstumo tarp

saveikaujanciy sukiniy, tieck nuo kampo, kurj sukiniy pora sudaro su iSoriniu
magnetiniu lauku.
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©1P(bi/2)

/b,-/Z if |1—=3cos?6| -1

0 Hz
S.7 pav. Apskaiciuoti dipolinés sgveikos spektrai kelioms skirtingoms sukiniy

poroms. Skai¢iavimai atlikti su atviros prieigos programa SpinDynamica®®.

Sio rySio rezultatas yra toks, jog smulkiy milteliy spektre susiformuoja
vadinamas Pake skirstinys, vaizduojamas S.7 paveiksle. Vadinasi, prie§ tai
aptartas apdorojimo metodas galioja tik vienai konkreciai orientacijai, o ne
visam skirstiniui: tai gali lemti ne visiSkai tiksliai apskaiCiuotg erdvinj
pasiskirstyma.

Taigi, vertéty remtis CP modeliu, kuriame kampinis vidurkinimas yra
iskaiciuotas bei naudoti modeline medziagg su zinomu erdviniu
pasiskirstymu. Siame darbe tokia medZiaga yra amonio divandenilio fosfatas
(ADP), 0 I-1*-S modelis aprasantis magiSkuoju kampu besisukanciuose
milteliuose vykstan¢ig CP dinamikg yra apraSomas tokia iSraiska’!:
t 1 -t

I(t) = %[eT_Tﬂ - e‘kltg(t)] + (% - 5) [em - e‘kzt] (S.7)

¢ia Sqe kvazi-pusiausvyros biisenos poliarizacija, kurj gali baiti nusakoma:

(Shge = 747 @0 (58)

Konstantos ki ir k> yra ne kas kitas kaip R ir 1.5R israiskose (S.2) ir (S.3)
nusakancios sukiniy difuzijos sparta. Taigi, vél naudojant Alemany prielaida
galima perrasyti modeliai netvarkioms struktiiroms:

—t —t2

I(t) = [em — ekt . g273
N+1

+ (E) [e% — e_kzt] (S.9)
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Sis prielaida yra, Zinoma, netinkama aprasyti CP kinetikas ADP atveju kaip
yra matyti i§ S.8 paveikslo, tafiau tai leidzia apskaidiuoti reikiamus
parametrus, reikalingus atbuline eiga perskaiCiuoti vyraujancias osciliacijas
(10 pav.).

I(1), a.u.
® 0.6

0.4

02F

0 2ms 3 ms 4ms Sms 6 ms
Contact time

S.8 pav. tH— %P CP-MAS kinetika amonio divandenilio fosfate (MAS daZnis
— 7 kHz, Hartman-Hahn salyga n = 1). Parametrai apskai¢iuoti naudojantis
(S.9): ki=539+7 %, (N-1)/(N+1) = 0.36240.002, T>= 7.65+0.05, T1, — o0, kg
= 3/2 k» ry8ys buvo fiksuotas.

zero-filling

o

fee.e]
rzaj

1 1 1 A
0 2 ms 4 ms 6 ms 8 ms 10 ms
Contact time

S.9 pav. Kryzminés poliarizacijos amonio divandenilio fosfate koherentiné
dalis atbulai perskai¢iuota naudojant S.8 paveiksle pateiktus parametrus.
Triuk$mingi taskai buvo pakeisti nuliais nuo 3 ms.

Sios osciliacijos yra koherentiné funcija g(t), kuri matematiskai yra kampinis
dipolinés saveikos vidurkis priklausantis nuo Hartmann-Hahn salygos. Siame
darbe visos (apart statinio bandinio atveju) kinetikos buvo matuojamos
galiojan n = 1 saglygai, kuriai atitinkama g(t) funkcija yra:
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g+1(®) =1/2 f” cos (ﬂi]/j_kt i )sin(9) de =
Jo (nf/]_kt) +2Xk= [1 4(2k)2]2k (nf/jikt)] (5.10)

Visi galimi funkcijos variantai yra pateikti literattroje'!*. Akivaizdu, jog
pastaroji iSraiSka yra per sudétinga paprastam jos taikymui, todél verta priimti
kelias prielaidas, kuriy esmé pavaizduota S.10 paveiksle.

15
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S.10 pav. Pilna (S.10) funkcija jskaiciuojant pilng Bessel eilutg, tik pirmasis

narys bei asimptotinis Jo(x) artinys, kai x = Tjkt = 4000 Hz.

V2

Pirmiausia, Bessel fukcijy eilutéje galima atmesti aukStesniy eiliy narius,
kadangi jokio Zymaus skirtumo nematyti — taip lieka tik Jo narys, kurio
asimptotiné forma yra hiperbolinio kosinuso funkcija. Deja, asimptoting
forma nesutampa su tikrgja eilute ties ¢(t) pradzia, tadiau §i pradzia
normaliomis eksperimentinémis salygomis tenusako kelis pirmus taskus.
Nepaisant to, Sios prielaidos zenkliai supaprastina iSraiska, kuomet
koherentines CP osciliacijas (10 pav.) galima iSreiksti taip:

losc(®) = J;° dby P(b)Jo (P2) = f77 dx "0, g (1) (s.11)

V2 bjk
Desinioji  iSraiSkos pusé yra perraSyta taip, jog priminty Hankel

transformacija. Tuomet pasinaudojant jos savybe galima pademonstruoti, jog
tikrasis erdvinis sgveikaujanciy sukiniy pasiskirstymas yra:

<_) ~\/_f osc (t)\/_ ] cos (2“ ﬁ) dt -
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v Djic Re{FT [1osc ()VE]} (S.12)

Vadinasi, visiskai tik nuo atstumo priklausantj erdvini pasiskirstymg galima
apskaiCiuoti atlickant Fourier transformacijg pradinéms kryzminés-
poliarizacijos osciliacijoms su papildomu faktoriumi. Galutinis S§io
apdorojimo rezultatas amonio divandenilio fostato atveju pateiktas S.11
paveiksle bei 2 lenteléje.

S2 lentelé. Atstumy tarp fosforo ir jy supancéiy vandeniliy pasiskirstymo
maksimumai amonio divandenilio fosfate bei Kkitais kristalografiniais
metodais apskai¢iuotos vertés. Matavimo vienetai — nanometrai.

Apdorojimo biidas 1 atstumas 2 atstumas 3 atstumas
7 kHz MAS, r-vidurkis* 0.239 0.376 0.507
10 kHz MAS, r-vidurkis* 0.237 0.376 0.507
7 kHz MAS, pilnas vid. 0.234 0.364 0.476
10 kHz MAS, pilnas vid. 0.236 0.357 0.479
Neutrony difrakcija 115116 0.219-0.22 0.330-0.344 0.476-0.444
Rentgeno difrakcija 3132116 0.235-0.244 0.329-0.335 0.430-0.441

*pristatytas praeitame skyriuje

N . * o -
gL /,"‘ . - ] »
. 7..
P 6r
-, T p - ¥ ,__.
-
. (r), zi.uA‘4 | . S
A = e r-average, 7 kHz
'_: Iiull AL » r-average, 10 kHz
-8 - Complete av., 7 kIz
: - —v— Complete av., 10 kHz
0F —=— Direct FT, 10 kHz
0.2 0.4 0.6
#('P-"H), nm

S.11 pav.Kairéje — kristaliné ADP gardelé bei pagrindiniai P-H atstumai,
desinéje — skirtingais CP kinetiky apdorojimo keliais apskaiciuotas erdvinis
sgveikaujanciy P-H pory pasiskirstymas.

Taigi, yra matyti, jog ADP kristale yra trys skirtingos P-H pory. Pagrindiné
(trumpiausioji) pora pagal kristalografinius duomenis yra apskai¢iuota
tiksliausiai ir jg galima aptikti taikant tiesioging Fourier transformacijag CP
kinetinéms kreivéms. Kita vertus, kity charakteringy atstumy verciy tikslumas
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priklauso nuo pasirinkto apdorojimo budo. Kaip ir buvo tikimasi,
apdorojimas, kuriame buvo jskai¢iuotas pilnas kampinis vidurkinimas, buvo
tiksliausias. Ta patvirtina neblogas sutapimas su difrakciniy metody
rezultatais. Todél, galima daryti iSvada, jog taikomas apdorojimas yra
pakankamai tikslus tirti kristaliniy gardeliy strukttira.

ISvados

e Erdvinis bei kampinis vidurkinimai buvo atlikti pasinaudojus Hankel-
Fourier transformacija, kuri leido apskaiciuoti tik nuo atstumo priklausantj
dipolinés sgveikos pasiskirstyma.

e (Gautos tarp-branduoliniy atstumy amonio divandenilio fosfate vertés
puikiai dera su kitais kristalografiniais duomenimis. Vadinasi, naudotas
metodas yra pakankamai tikslus, jog buity naudojamas iSgauti papildomos
kristalografinés informacijos.

2.4 Kryzminé poliarizacija organinése medziagose

Kryzminé poliarizacija ir joje vykstantis terminis nusistovejimas paprastai
laikomas procesu vykstantis atviroje sukiniy sistemoje. Nepaisant to, Sios
prielaidos tikslumas gali priklausyti nuo sgveikaujanciy sukiniy. I§ tiesy,
zymus skirtumas yra paprastai stebimas, pavyzdziui, tarp stipriai ir silpnai
suristy C-H pory!'’. D¢l to, organinése medziagose galima aptikti jvairiy
skirtingy sistemy, kuriose §i prielaida nebegalioja. Deja, tai reikalauja
patikslinti CP modelius, atsizvelgiant j kiekvieng atskirg atvejj.

Stipriai suriStos sukiniy sistemos, pavyzdziui, CH. grupé paprastai
pasizymi stipria dipoline sgveika. Glicino atveju kryZzminés poliarizacijos
kinetinése kreivése koherentinés osciliacijos yra aiSkiai matomos ir
i§skiriamos, jeigu magiskojo kampo sukimo daznis yra pakankamai didelis
(S.12 pav.).
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S.12 pav. Metileno *H—*C CP-MAS kinetinés kreivés glicino milteliuose
kei¢iant MAS daznj. Zalia linija yra A-modelis aprasomas (S.3) funkcija, 0
raudona — aproksimavimas (S.9) israiSka, laikancéia sukiniu difuzijg
izotropine.

Praeitame skyriuje aptartas I-1*-S modelis yra dar kitaip vadinamas
izoliuotos sukiniy poros modeliu, kuriame sukiniy difuzija yra laikytina
izotropiné. Ji laikoma izotropiné, kol galioja sarysis ki=3/2 k». Sukiniy difuzija
paprastai yra nulemta dipolinés sgveikos tarp tokiy paciy branduoliy (Siuo
atveju 'H-H), vadinasi, trumpesni atstumai lemty greitesne sukiniy difuzija.
CP-MAS matavimai buvo atlikti serijai kity aminortigs¢iy, kuriose
apskaiciuota sukiniy difuzijos sparta leido suristi su jy kristaline struktra. IS
tiesy, sukiniy difuzijos sparta visose aminoriigstyse, iSskyrus valing, priklauso
nuo vandenilio atomy tankio (S.13 pav.). Si iimtis gali biti sicjama su dideliu
kiekiy mobiliy CHs grupiy, kurios lygiai taip pat gali suprastinti dipoling
saveika ir taip prailginti sukiniy difuzijos laiks.
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S.13 pav. Sukiniy difuzijos spartos priklausomybé nuo vandenilio atomy

tankio amino ruigsciy kristalinése gardelése.

Vadinasi, izotropinés sukiniy difuzijos modelis gerai apraso didziaja dalj
grupiy (zr. S.12 pav.), taCiau grupiy mobilumas gali nulemti visumine CP
kinetikos forma. Mobilumo jtaka galima pastebéti net ir glicino atveju. I§
eksperimentiniy duomeny matyti, jog yra svarbu ne tik atsizvelgti | MAS
daznj, taciau ir j vandens kiekj bandinyje. Pastarojo buvimas, kaip yra matyti
i§ kryzminés poliarizacijos osciliacijy daznio sumazina dipolinés saveikos
stiprj. Tai galima paaiSkinti atsirandanciais papildomais laisvés laipsniais
cheminése grupése, kurios Siek tiek suprastina (S.6) priklausomybe ir taip pat
stebimg dazn;.

8200 dry

0.0Hz 6.0kHz 12.0kHz  18.0kHz 24.0kHz  30.0kHz

4.24 pav. CP osciliacijy (matomy S.12 pav.) daznis apskai¢iuotas naudojant
Fourier transformacijg.
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Verta paminéti, jog metilo grupése paprastai vyksta persiorientavimai
aplink C; simetrijos as$j. Tai galima laikyti sukimusi skétiniu kampu (70,5°),
kurj jstacius j (S.6) gaunama, jog tikroji dipolinés sgveikos konstanta yra
padauginama i§ 0,333. Sis pastebéjimas leidzia naudoti metilo grupes kaip
vidin] standarta, kuris paSalinty papildomus efektus, pavyzdziui, dél
nepakankamo bandinio sukimosi daznio. Deja, taip pat tai reikSty, jog
stebimas CP osciliacijy daznis bus itin mazas, o tai iSkelia sunkumus juos
apskaiciuojant.

Zymiai geresné dipolinés sgveikos daznio raigka pasiekiama naudojant jau
pristatyta CP kinetiky apdorojimg (zr. j S.9 pav.), taciau ji gali biti
nepakankama. Taip pat buvo pademonstruota 11 paveiksle, jog triuk§mo
Salinimas gali buti atliekas pildymu nuliais. Visgi, tokiu biidu raiska
nepadidéja. Vietoje to, galima atlikti spektroskopijoje gerai Zinoma
apodizavimo procedira (S.14 pav.).
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S.14 pav. Keiciamas apodizavimo funkcijos plotis (kairéje) bei jos taikymo
efektas dipolinés sgveikos spektre. Pavyzdyje — CP kinetikos alanino H-C,
poroje duomenys.

Deja, tai reikalauja naudotojo kontrolés, kadangi skirtingi apodizavimo

plociai daro jtakg duomenims skirtingai. Nepaisant to, naudojant Siuolaikinius
programavimo metodus, §i procediira neprailgina apdorojimo spartos.
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S.15 pav. Rezultaty palyginimas naudojant tiesioging Fourier transformacija
(juoda linija) bei taikant apodizavimo procediirg. Pavyzdys — alanino
cheminés grupés ir sukiniy poros.

Pateiktame pavyzdyje matyti, kad taikant apodizavimo procediirg pageréja
ne tik dipolinés saveikos spektro raiska, bet atsiranda galimybé iSskirti net ir
silpng dipoling saveika. Matomas metilo grupés dipolinés sgveikos spektras
atsikartoja visoms aminortigStims (zitiréti disertacijoje), vadinasi, metilo
grupés gali biti naudojamos kaip apdorojimo standartas.

Kadangi $is buidas leidzia efektyviai iSskirti ir aptikti silpnas dipolines
sgveikas, jj galima taikyti lanks¢iy strukttiry tyrimuose, kuriuose pasireiskia
cheminiy grupiy mobilumas. Tokia modeliné sistema Siame darbe yra poli-
(hidroksietilmetakrilatas) (pHEMA). Jo dipolinés saveikos spektrai
pavaizduoti S.16 paveiksle.
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S.16 pav. 'H-13C dipolinés sgveikos spektras PHEMA polimero cheminése
grupése apskaiCiuotas panaudojus apodizavimo metoda. Dipolinés sgveikos
konstantos apskaiciuotos pagal suskilimo dyd;.

Dipolinés sgveikos vienguboje CH jungtyje stipris paprastai yra pastovus
ir lygus 23 kHz, tuo tarpu pastarajame polimere vertés yra gerokai mazesnés.
Metilo grupés verté jau buvo aptarta ir turi buti lygi apie 7.7 kHz, vadinasi
galima jskaityti pataisos faktoriy j tolimesnius skaic¢iavimus, kuris yra lygus
1.02. Nepaisant to, rotacijos kitose cheminése grupése néra galimos, taciau
mobilumas gali atsirasti ir kitokiais buidais. PavyzdZziui, esant nemazoms
virpesiy amplitudéms arba atsirandant papildomiems laisves laipsniams, CH
jungtys gali Siek tiek chaotiSkai persiorientuoti. Todél, yra priimtas
susitarimas santykj tarp iSmatuojamos ir tikrosios dipolinés sgveikos laikyti
orientaciniu tvarkos parametru. Jis taip pat taikomas tiriant netgi dideliy
molekuliy, tokiy kaip baltymai ar peptidai, lokaliaja tvarka!’®. Sioje
molekuléje taip pat stebima logiska tvarkos parametro seka, kuomet
pagrindinéje polimero grandinéje tvarkos parametras yra Zymiai didesnis negu
Soninése grandinése, kuriose tikétinas padidéjes laisves laipsnis.
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Praeituose pavyzdziuose sgveikaujantys sukiniai buvo nutole per CH
jungties ilgj ir todél pakankamai stipriai suri$ti, ta¢iau karboksilo (-COQ")
grupés atveju vandenilio atomai yra per kelias jungtis nuo anglies atomo,
vadinasi, dipoliné sgveika irgi nebus stipri. Verta sugrjzti prie paprasto glicino
atvejo ir jame esancios karboksilo grupés. Kryzminé poliarizacija i$
vandenilio ] anglis yra pavaizduota apacioje.

MAS 10 kHz
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S.17 pav. *H — ¥C CP-MAS kinetiné kreivé glicino COO™ grupéje. Kinetika
aproksimuota skirtingais modeliais (modeliai ir rezultatai pateikti 2 lenteléje).

Literattroje buvo pademonstruota: jeigu (I-I) sgveika I-1*-S modelyje yra
lygi arba stipresné negu (I*-S) saveika, kryZzminé poliarizacija tampa
eksponentine priklausomybe!32:

(Sz)(t) = <S>qe(1 - e—ZWISt) (S.13)

¢ia Wis yra efektyvioji dipoliné sgveika tarp sgveikaujanciy sukiniy. Deja, tai
gana prastai apraso pastarajg kinetika, todél geriau yra atsispirti nuo modelio
gerai apraSanCio stipriai suriSty sukiniy CP kinetikas. Taip pat galima
papildomai jskaityti papildomg procesa I-I sukiniy posisteméje, t.y.
poliarizacijos nusistovéjimg kvazi-pusiausvyros biisenoje’®:

(S)qe =~ w0y (1 — exp(—kr )%) (S.14)

kur kr yra terminio nusistovéjimo konstanta bei a rodiklis leidziantis

nusistovéjimui nebatinai bati Debye tipo procesui. Laikant, jog dipoliné

saveika silpna ir dipolinés sgveikos pasiskirstymas yra gana siauras, tuomet
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T, i8raiskoje (S.6) bus lygi O, ir tada g(t) —1. Tai palengvina modeliavimo
uzduotj eliminuojant papildoma parametrs.

S3 lentelé. Modeliai naudoti aproksimuojant *H—*C CP-MAS Kinetikas
glicino COO" grupéje ir apskaiciuoti parametrai. T1, — oo prielaida buvo

taikant dél nestebimos relaksacijos.

MAS 7 kHz 10 kHz 12 kHz
daznis
1 mod. Viena eksponenté (S.13); Tis = 1/(2Wis))
Tis, ps 540 £ 10 460 £ 10 *
Ry 0.984/6.2:10* 0.965/1-107
2 mod. A-modelis (S.6)
A 0.712 £ 0.007 0.598 £ 0.006 0.43 £0.01
Tap, ps 810 + 10 860 + 10 1180 + 20
Tz, ps 140 £ 30 120 £ 20 130 £3
Ry 0.999/3-10°° 0.998/4-10°° 0.9997/5:10°3
3 mod. Izotropiné sukiniy difuzija (S.9), bei ki/k, = 3/2
N - - *
ka, 57! 890 £+ 25 950 £20
Tz, ps 220£70 140 £ 30
Ry 0.991/3.3-10* 0.995/1.5-10*
4 mod. Anizotropiné sukiniy difuzija (S.9) kai ki ir ko laisvai varijuoja;
Papildoma 1/T, — 0 prielaida, tada g(t) — 1
k1> k2
N - - *
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ki, s7! 4200 £ 200 2600 £ 400
k2, s7! 980 £20 950 £20
Ry 0.997/1.1-10* 0.995/1.4-10*
k1 << k2
N 4.0+0.7 15+11 *
ki, s7! 1130+ 30 1070 £ 50
k2, s7! 5100 £ 300 6200 + 500
Ry 0.998/7-10°° 0.995/1.6-10*
5 mod. Terminis nusistovéjimas ( (S.9) + (S.14) ir ¢ = 1); Papildomos

prielaidos: kr = k2, g(t) > 1

N 1.8£0.1 50+£0.5 *

ki, s7! 1360 £ 30 1160 £ 25

ka, 57! 27300 £ 1500 16500 = 500

Ry 0.995/1.9-10* 0.997/9-10°°

6 mod. Terminis nusistovéjimas ( (S.9) + (S.14) ir « laisvai varijuojamas);

Papildomos prielaidos: kr = ks, g(t) > 1

N 244+0.2 73+£15 *
ki, s7! 1230 £ 20 1110+ 30

ka2, s7! 29800 £ 1300 18000 £ 700

a 0.7 (fixed) 0.73+0.03

Ry 0.984/6.27-10* 0.998/6-107°

*uzdelsimo laikas reikalingas pasiekti stabilig kineta buvo per ilgas iSmatuoti
daug tasky.
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D¢l paprastumo, galima sumazinti laisvy parametry skai¢iy dar vienu. Dar
visai neseniai buvo pademonstruota, jog j skai¢iavimus turéty biti jtrauktas
kiek tikslesnis sukiniy difuzijos superopatorius'**:

£0) = Rap |1 [T, p]| + Ray {[ I [T ]| + 1 [y 01|} (5.15)

Cia sukiniy difuzijos sparta nusakantys skirtingi parametrai: Rap — spektriné
difuzijos sparta, bei Rgr yra erdvinés difuzijos sparta lygi parametrui k>
iSraiskoje (S.6). Parametras ki tokiu atveju yra ki = Rqf + Rap/2. Jeigu naujieji
démenys yra lygus (izotropiniu atveju), bus griztama prie ki = 3/2k. atvejo.
Kadangi erdviné difuzija butent ir vyksta I-l posisteméje, galima laikyti, jog
terminis nusistovéjimas bus nulemtas jos, o tada konstanta kt = Rgf = Ka.

Lenteléje svarbu atkreipti démesj j modelio atitikimg R?, kuris geriausiai
atitinka A-modelio atveju, tac¢iau parametras A > 0.5 (A=1/(N-1)) yra logiskai
nejmanomas. Kitas aproksimavimo pageréjimas buvo pastebétas, kuomet
buvo leidZziamas anizotropinés sukiniy difuzijos atvejis. Vadinasi, spektriné
bei erdviné sukiniy difuzijos yra gerokai skirtingose laikiniuose masteliuose.
Nepaisant to, geriausias rezultatas buvo pasiektas jtraukiant terminj ne Debye
tipo nusistovéjimg I-1 sukiniy posisteméje. Rodiklis iSraiSkoje (S.14) yra
suriStas su fraktaline dimensija Dp=3a, taciau toks teiginys reikalauja
patikrinimo serijoje bandiniy®3,

Visoje disertacijoje yra nemaza imtis bandiniy, kurie buvo iSdéstyti |
logiska tvarkg. Pradzioje minétas kalcio hidroksiapatitas pasiZzymi jdomia
savybe — protonai kristalinéje gardelé sudaro linijinj kanalg. Tuomet,
modeliavimas turéty atspindéti zemo fraktaliSkumo struktiira. Kita, specialiai
parinkta, medziaga yra polimeras — poli-(vinilfosfono rtigstis), kuriame
vandenilio atomai taip pat yra iSsidéste j vieng linija. Modeliavimo rezultaty
lentelé yra pateikta disertacijoje, tadiau rezultatus galima pavaizduoti 4.41
iliustracijoje.
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S.18 pav. Diagrama, apibendrinanti fraktalines dimensijas tirtuose
bandiniuose. Fraktalinés dimensijos buvo apskaiciuotos naudojant 6 modelj
S2 lenteléje. Apatingje eilé - fraktaliniy struktiiry pavyzdziai.

Matyti, jog minétieji bandiniai i$ tiesy pasizymi zemu fraktaliSkumu, kas
leidzia atmesti atsitiktinumo atvejj. Toliau sekoje yra matyti zinomas
hidrogelis pHEMA polimeras, kuriame vandeniliniai rySiai dalinai sujungia
Sonines grandines, todél fraktaliné dimensija yra kiek didesné. Paveiksle taip
pat pavaizduota, jog aminoruigs¢iy kristaliné struktora, ypaé¢ nedideliy
molekuliy atvejy, taip pat gali jgyti ne pilnai tirinj protony i$sidéstyma, kuris
pasiekiamas didesniy molekuliy kaip peptidai, dariniuose. Sis rezultatas
leidzia teigti, jog terminio nusistovéjimo dinamika atkartoja struktiry
fraktaliSkuma.

IS Siy rezultaty galima daryti iSvada, jog CP-MAS metodas gali biti
taikomas ne tik tirti struktiirinius parametrus kaip atstumas, taciau gali
apraSyti dinaminius procesus bei suteikti ziniy apie strukttros fraktalines
savybes. Vadinasi, taikomas metodas ir jo analizés budas atskleidzia
daugialypés informacijos apie tiriamas medziagas bei gali biiti pilnai taikomas
nagrinéjant funkcines medZziagas.
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ISvados

Dipolinés saveikos spektro signalo ir triuk§mo santykis buvo itin
sustiprintas panaudojus papildoma apodizavimo procediira duomeny
apdorojimo metu.

Gretai besisukancios metilo grupés ir Sios dinamikos nulemta dipoliné
sgveika buvo panaudota kaip vidinis standartas nusakantis apodizacijos
kokybe.

Didel¢ dipolinés saveikos spektry raiska leido stebéti lokalyjj tvarkos
parametrg pereinant nuo standziy amino riigsc¢iy struktiiry prie lankstesniy
peptidy bei polimery. Tai suteikia kryzminés-poliarizacijos matavimams
pranasumo lyginant su metodais, kurie suteikia tik vienalype informacija.
Sukiniy difuzijos spartos priklausomybé nuo saveikaujanciy sukiniy tankio
buvo stebéta pirmg karta.

Nustatyta, jog stipriai suristy sukiniy CP dinamika geriausiai apraso I-1*-
S modelis, kai cheminé grupéje vyrauja stipri dipoliné saveika.
Anizotropiné sukiniy difuzija yra tinkamas artéjimas nusakantis kryzmine-
poliarizacija silpnai suristy sukiniy, tokiy kaip COO" grupé, atveju.
Terminio nusistovéjimo paplitusiy sukiniy posisteméje jskaiciavimas
atvejo, kai I-S sgveika yra gerokai silpnesné uz I-I sgveikas, modeliavime
lémé geriausia atitikima. Tai suteiké galimybe tirti terminj nustovéjima,
kuomet istemptos eksponentés jskai¢iavimas iskélé ne-Debajaus proceso
galimybe.

Fraktaliné dimensija buvo sustatyta serijai bandiniy pasinaudojus ne-
Debajaus proceso prielaida. ApskaiCiuotos fraktalinés dimensijos gerai
atitiko tikéting bandiniy struktiirg. Vadinasi, tai atveria naujg kryzminés-
poliarizacijos metodikos taikyma tiriant fraktalines medziagy struktiras.
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S3.DISERTACIJOS ISVADOS

. BMR *H bei 3P tyrimai naudojant magiskojo kampo sukimg atskleidZia
detalig informacija susijusia su amorfiniy ar nano-struktiirizuoty medziagy
sandara, sgranga bei dinaminiy vyksmy sparta.

. Makroskopiniai parametrai apskai¢iuojami modeliuojant kryzminés-
poliarizacijos kinetikas nepriklauso nuo bendrinés dipolinés saveikos
pasiskirstymo funkcijos. Tuo pasinaudojus galima atbuline tvarka
apskaiciuoti tikrajj dipolinés sgveikos pasiskirstyma.

. Tinkamas budas apdoroti pradines koherentines CP osciliacijas buvo
iSplétotas peréjus i§ Fourier-Bessel j jprasting Fourier transformacija
pasitelkus keliomis prielaidomis. Sis metodas leidZia apskai¢iuoti tik nuo
tarpbranduolinio atstumo priklausantj saveikaujanc¢iy sukiniy pory
pasiskirstymg, kurio tikslumas yra palyginimas su ND ir XRD
technikomis.

. Dipolinés sgveikos pasiskirstymo (ypa¢ silpnai suriSty sukiniy) signalo ir
triukSmo santykis gali baiti reikSmingai sustiprint pritaikant interaktyvy
apodizavimo metodg CP kinetiky apdorojimo metu. Tai atveria galimybes
tirti lokalyjj tvarkos parametra jvairiose cheminése grupése.

. KryZzminés poliarizacijos tyrimai atskleidé Zenkly skirtumg tarp CP
vykstancios stipriai ir silpnai suriSty sukiniy pory. Jeigu I-1*-S modelis
gerai apra$o stipriai suriStas sukiniy poras, tokios papildomos prielaidos
kaip anizotropiné sukiniy difuzija bei terminis nusistovéjimas paplitusiy
sukiniy posisteméje, turi biiti jtraukos silpnai sgveikaujan¢iy sukiniy
atveju. Labai tikslus fraktaliniy struktiiry atitikimas su terminio
nusistovéjimo analize leidzia teigti, jog CP kinetikos tarp tolimyjy (Silpnai
suristyjy) sukiniy pory gali atkartoti fraktaling medziagos struktiirg.
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