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PROGRAM

Program

Monday, September 24

10:00 —12:30

Registration

Third physical hall (Hall of E.K. Zavoisky) - auditorium 247, main building of KFU.

16:10 — 16:30
16:30-17:10

Opening Ceremony of School-2018

Lecture. Uwe Eichhoff — “The human brain: development and aging explored
by MRI”

Cafe, Institute of Physics.

17:10

Welcome Party

Tuesday, September 25

Lectures

9:00 - 10:00

10:00 - 11:00

11:00 - 11:30

11:30 - 12:30

12:30 - 13:30

Oral Session

14:30 — 14:50
14:50 — 15:10
15:10 — 15:30

15:30 — 15:50

15:50 - 16:10

16:10 - 16:30

Auditorium 254, main building of KFU.

V. Klochkov — “Investigation of the spatial structure of different drugs,
proteins & oligopeptides, and their complexes with models of cell membrane
in solution by modern NMR spectroscopy”

B. Khairutdinov — “NMR Spectroscopy to Study the Structure, Dynamics and
Molecular Interactions of Biopolymers”

Coffee break

K. Usachev — “NMR spectroscopy applications in structural studies of
Staphylococcus aureus ribosome hibernation mediated by intermolecular
interactions of HPF”

M. Gafurov — “Electron paramagnetic resonance of atherosclerotic plaques
and synthetic calcium phosphates to follow pathological calcification
processes”

Auditorium 254, main building of KFU.
Yu. Berestneva - “Experimental vs GIAO calculated NMR spectra for
[1,2]diazepino[4,5-b]indole derivatives”

M. Goldberg - “Synthesis and sintering of the synthetic hydroxyapatite doped
with aluminum”

A. Fedotov - “Investigation of synthetic octacalciumphosphate content and
structure with electron paramagnetic resonance”

R. Novikov — “Application of "*Ga and *2’I NMR spectroscopy for the
mechanistic studies of Ga(lll)-mediated reactions of D—A cyclopropanes with
pyrazolines”

K. Makushin — “Analysis and interpretation of ENDOR spectra of LiYF,
crystal activated with rare-earth ions”

D. Shurtakova — “Spin-lattice relaxation of NOs> complex in synthetic
hydroxyapatite. Calculation of the relaxation rate using the phonon spectrum”



16:30-17:00

17:00 -17:20
17:20 - 17:40
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Coffee break

E. Razina - “EPR of calixarenes dopped by rare-earth metals ions”
D. Melnikova - “Towards an alpha-casein translational mobility by NMR”

17:40 — 18:00 D. Ivanov - “Resinous-asphaltene aggregates by NMR analysis”

18:00 — 18:20 A. Sorokina - “ESR and electrophysical properties of oil fractions”

18:20 — 18:40 A. Voitash - “*H NMR spectroscopy investigation of thermally expanded

graphite sorption capacity”

Wednesday, September 26

Lectures

9:00 - 10:00

10:00 —11:00

11:00 - 11:30

11:30-12:30
Oral Session
12:30 - 12:50

12:50 - 13:10

13:10 - 13:30
14:30 — 15:00
15:00 - 15:20

15:20 — 15:40

Auditorium 254, main building of KFU.

F. Dzheparov — “Random walks in disordered lattice, CTRW, memory and
dipole transport”

E. Fel’dman — “Applications of magnetic resonance methods for development
of quantum technologies”
Coffee break

Sh. Latypov — “Modern high-resolution NMR methods for structural analysis:
Interplay of experiment and DFT calculations of NMR parameters”

Auditorium 254, main building of KFU.
G. Bochkin - “Decay of multiple quantum NMR coherences in quasi-one-

dimensional chains in calcium fluorapatite”

I. Lazarev - “Contributions of different parts of dipole-dipole interactions to
relaxation of multiple quantum NMR coherences in a single crystal of calcium
fluorapatite”

S.Vasil'ev - “The influence of the dipolar coupling strength on the spin
dynamics of quasi-one-dimensional spin chains in fluorapatite”

A. Germov - “NMR study of electron-doped cubic manganites
SrixLaxMnO3”

A. Sergeev - “Scalar 3D-gradiometer and its advantages over a scalar
magnetometer”

V. Ushakov - “Stand for the analysis of the amplitude-time characteristics of
the nuclear precession signal”

15:40 — 16:00 R. Likerov — “Investigation of YVO, monocrystals doped by ***Nd** and

Nd** rare earth ions by EPR and crystal-field parameters calculations”

16:00 — 16:20 K. Vasin — “Elastic interactions of spherical particles in anisotropic cubic

16:20-17:00

media”

Coffee break



17:00-17:20
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D. Nuzhina - “Experimental investigation of magnetostriction in LiRF,4
(R=Yb, Tm) in the strong magnetic fields”

17:20 — 17:40 S. Gotovko - “Multiferroicity of CuCrO, tested by ESR”
17:40 — 18:00 I. Rodygina - “Antiferromagetic resonance in quasy-2D antiferromagnet

Ba,MnGe,0;”

Thursday, September 27

Lectures

9:00 - 10:00
10:00 - 11:00

11:00 - 11:30
11:30 - 12:30

12:30 - 13:30

Auditorium 254, main building of KFU.

Yu. Talanov — “Magnetic resonance in topological insulators”

E. Vavilova — “Introduction to solid-state NMR studies of lithium ion
dynamics in potential battery materials”

Coffee break

S. Orlinskii — “Investigation of nature of self organization of nanosystems by
magnetic resonance”

R. Eremina — “Investigations of hexagonal manganites by ESR methods”
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Lectures

9:00 - 10:00

10:00 —11:00

11:00 - 11:30
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18:20 — 18:40

18:40

Auditorium 254, main building of KFU.
B. Rameev — “Applications of NMR & NQR techniques for detection of
energetic and dangerous materials”

S. Vasiliev — “Dynamic nuclear polarization in silicon at ultra-low
temperatures”

Coffee break

Yu. Bunkov — “Magnons Bose-Einstein Condensation and Spin Superfluidity”
E. Alakshin — “The study of ReF; Nanoparticles by NMR”

V. Dmitriev - “NMR in new superfluid phases of *He”

K. Safiullin - “Peculiar properties of gas diffusion in porous media”

Coffee break

Auditorium 254, main building of KFU.
P. Zlishcheva - “Synthesis and NMR cryoporometry of LaF; nanosized

samples”

I. Nekrasov - “High-field T, MRI contrast agent based on TbF; and DyF;
nanoparticles”

A. Farhutdinov - “Conventional magnon BEC in YIG films”
A. Stanislavovas - “Self-diffusion of gaseous *He in oriented aerogels”

G. Dolgorukov - “Atomic-scale probing of paramagnetic centers in
nanodiamonds by *He NMR”
Awards ceremony. Closing of the School



LECTURE NOTES
The human brain: development and aging explored by MRI.

Uwe Eichhoff
Bruker BioSpin GmbH (retired)

e-mail: barbara.uwe@t-online.de

Continuous hardware development and new advanced MRI methods play an important
role in exploring finest anatomical details as well as organization of the human brain and
contribute to the understanding of mental processes. The formation and development of the
brain in early childhood can be followed as well as the decline of cognitive abilities in age.

The whole entity of MRI contrast mechanisms like spin density, T2, T2, T2*, magnetic
susceptibility, structural anisotropy allow segmentation of brain images into the particular
brain anatomical substructures. Based on this segmentation Diffusion Tensor Imaging (DTI),
MR tractography and resting state functional MRI (rs-fMRI) allow to elucidate structural
(DTI) and functional connectivities (fMRI) between the various brain areas and complement
anatomical findings.

These methods visualize functional connectivities through in the Blood Oxygen Level
Dependent (BOLD MRI signal). Even in complete rest the brain is active and oxygen is
extracted from blood and fresh blood is supplied. The detection of the small signal changes
needs highest sensitivity and the MRI scans must be repeated as fast as possible. Statistical
evaluation and cross-correlation of the signals in all voxels show synchrony of signal level
fluctuations even in remote brain areas. This allows to establish functional networks in the
brain.

The most important networks are the Default Mode Network (DMN), the Salience
Network (SN) and the Central Executive Network (CEN). Anatomical locations within the
brain sharing two or three of these networks determine our relation to external stimuli, our
emotional reaction and activities. Applications to autism beginning in early childhood and
decline of cognitive abilities in age, such as mild cognitive impairment, Alzheimer disease
will be discussed.

Deep Brain Stimulation (DBS) has become now a well accepted therapy in Parkinson
disease. Its application in Alzheimer and depression is still controversial Functional MRI
allows to visualize the areas of stimulation and to find the optimal location for the stimulation
electrodes.


mailto:barbara.uwe@t-online.de
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Investigation of the spatial structure of different drugs, proteins &
oligopeptides, and their complexes with models of cell membrane in
solution by modern NMR spectroscopy

V.V. Klochkov

NMR Laboratory, Institute of Physics, Kazan Federal University, 420008, 18 Kremlevskaya
St., Kazan, Russian Federation

Aims of study. Results

The goal of the investigation is to study conformational features and dynamics of
different pharmaceutical objects such as cholesterol-lowering drugs (statins), vitamin B6,
cyclosporins. Another aim of this work is investigation of the mechanisms of interaction
between these compounds and cell membranes using model membranes by NMR
spectroscopy methods.

BioNMR group of NMR laboratory is investigating the role of various peptides and
proteins in cellular processes and disease. Our goal is to understand the function of peptides
and their mechanism of cellular toxicity in terms of structure. We used high-resolution
magnetic resonance (NMR) spectroscopy to determine structures of biological
macromolecules such as amyloid B-peptides, antimicrobial peptides protegrins (PG), of the N-
terminal fragments of the HIV enhancer prostatic acid phosphatase peptide (PAP), of the N-
terminal domain of telomerase, insulins and integrate our structural understanding into further
functional studies.

Experimental

All NMR experiments were performed on a Bruker Avance IIl HD 700 and Bruker
Avance Il 500 MHz NMR spectrometers equipped with 5 mm probes and using standard
Bruker TopSpin software. Assignments of ‘H and *C NMR signals of compounds were
achieved from signal multiplicities, integral values and characteristic chemical shifts from the
through-bond correlations in 2D COSY spectra, through-space correlations in 2D NOESY
spectra as well as from *H-"3C heteronuclear correlations in 2D HSQC and HMBC spectra.

The spatial structure of different drugs and proteins in solution and in a complex with
dodecylphosphocholine (DPC) and sodium dodecyl sulfate (SDS) micelles was investigated
by 'H nuclear magnetic resonance spectroscopy and two-dimensional (2D) NMR
spectroscopy (total correlation spectroscopy and nuclear Overhauser effect spectroscopy
(NOESY)). Analysis of the interproton distances obtained from the 2D NOESY NMR spectra
was used to reveal the spatial structure of different drugs and proteins. Complex formation
was confirmed by the analysis of *H chemical shifts in the NMR spectra of the drugs and the
proteins and by the analysis of the signs and values of NOEs in a solution with micelles.
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NMR Spectroscopy to Study the Structure, Dynamics and Molecular
Interactions of Biopolymers

B.l. Khairutdinov'?, E.A. Ermakova’

'Kazan Institute of Biochemistry and Biophysics, FRC Kazan Scientific Center of RAS,
420111, Lobachevsky str. 2/31, Kazan, Russia
’Kazan Federal University, 420008, Kremlyovskaya str. 18, Kazan, Russia

e-mail: khairutdinov@kibb.knc.ru

The modern high resolution NMR spectroscopy undergoes rapid development for the
last quarter of the century. In particular the pulse sequences which allow obtaining three
dimensional NMR spectra for *H, *C and N nuclei have been developed. This technology
dramatically increased assignment possibilities for the strongly overlapped spectra of
proteins. Along with the achieved success in the field of expression and purification of
recombinant proteins enriched with isotopes *C and °N, the interpretation of three-
dimensional structure of proteins became possible. Indisputable advantage of NMR
spectroscopy is the sensitivity of the method to chemical exchange processes that allows
studying intramolecular mobility of proteins and their interaction with various ligands.

The possibilities of NMR spectroscopy for studying the structure, intramolecular
mobility and intermolecular interaction of proteins and DNA fragments will be considered in
the lecture. The main approaches for assignment of NMR spectra of proteins and obtaining
three-dimensional structural model will be discussed. There will also be considered the use of
the Lipari-Szabo formalism for calculating the values of order parameters, local correlation
times and chemical exchange constants on the basis of the measured values of the relaxation
times Ty, T2 and the heteronuclear Overhauser effect on *>N-'H nuclei. Some examples of
application of computer simulation methods together with experimental NMR spectroscopy
data for constructing three-dimensional models of biopolymer complexes with ligands will be
shown.

This work was partially supported by the Russian Foundation for Basic Research (grant
17-03-00858a, 12-04-012864a, 18-44-160013p_a.)
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Electron paramagnetic resonance of atherosclerotic plaques and
synthetic calcium phosphates to follow pathological calcification
processes

M. Gafurov, B. Gabbasov,! G. Mamin,* I. Ignat’ev,>* Y. Chelyshev,**
S. Orlinskii,* N. Petrakova,* A. Fedotov,* V. S. Komlev*

'Kazan Federal University, Kremlevskaya 18, 420008, Kazan, Russia
?Interregional Clinical and Diagnostic Centre, Karbysheva 12A, 420101, Kazan, Russia
3Kazan State Medical University, Butlerova 49, 420012, Kazan, Russia
*A.A. Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences,
Leninsky pr. 49, 119334, Moscow, Russia

e-mail: marat.gafurov@kpfu.ru

Atherosclerosis (AS) is a chronic progressive inflammatory process in arterial vessels,
initiated by the damage of endothelial cells with the involvement of monocytes, macrophages
and dendritic cells being under conditions of oxidative stress. AS is a cause of thrombosis of
arteries, leading to acute cardiovascular complications. Generally, the thrombosis is usually
preceded by a fibrous cap rupture of AS plaques (ASP) and, to a lesser extent, a superficial
erosion of endothelium. Understanding the physical and chemical factors that are connected
with the ASP calcification and stability is a matter of controversy and extensive investigations
[1, 2].

We have studied plaque tissues of aorta walls from male patients with AS gathered
postmortem or during carotid endarterectomy operations. The micromorphology and chemical
content were defined by scanning electron microscopy (SEM, Merlin), electron dispersive
spectrometer (EDS, AZtec), X-ray diffraction (XRD, D8-Advance). Pulsed EPR and ENDOR
are done at 94 GHz, T = 6-300 K (Bruker E-680) for native and radiation-induced
paramagnetic centres. The results are compared with those obtained for “pure” and cation-
substituted synthetic calcium phosphates — hydroxyapatite (HA), tricalcium phosphate (TCP),
octacalcium phosphate (OCP).

From the SEM/EDS/XRD the presence of only HA in the calcified (Ca/P > 1.0) and
other CaP (probably TCP and OCP) in samples with Ca/P < 0.6 was found. By XRD in some
samples nanosized HA deposits (< 50 nm) were detected. Mn®* and radiation-induced COy
radicals were detected and identified by EPR. Their EPR spectral and relaxation
characteristics depends on the calcification degree, location (cap, shoulders or core of ASP),
ASP stability. Correlation (p < 0.05) between the relaxation characteristics of Mn?* ions and
ASP stability was found [3-5]. The results show that due to the small sample volume (500 nL,
0.5 mm cross section) and high spectral resolution pulsed high-field EPR can be used as a tool
to study different parts of ASP to follow the presence of paramagnetic centers and
calcification processes.

Acknowledgements

Authors a thankful to V. Putlyaev, E. Klimashina, A. Zanochkin, Y. Osin, A. Kiiamov,
I. Fadeeva for sample preparation and characterization. A financial support of RFBR grant #
18-29-11086 is gratefully acknowledged.
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LECTURE NOTES

NMR spectroscopy applications in structural studies of Staphylococcus
aureus ribosome hibernation mediated by intermolecular interactions of
HPF

K.S. Usachev}, A.G. Bikmullin!, A.A. Golubev?, N.S. Garaeva’, L.1. Nurullina®, I.Sh.
Khusainov*?, N. Trachtmann®?, Sh.Z. Validov?, V.V. Klochkov', A.V. Aganov', B. Kieffer?,
M.M. Yusupov'?

! Kazan Federal University, 420008, Kremlevskaya st.18, Kazan, Russia.
? Institut de Génétique et de Biologie Moléculaire et Cellulaire, Université de Strasbourg,
67400, 1 Rue Laurent Fries, Illkirch-Graffenstaden, France.
® Institute of microbiology University of Stuttgart, 70569, Allmandring 31, Stuttgart,
Germany.

e-mail: k.usachev@kpfu.ru

Last decades significant progress has been made on structural studies of the mechanism
of protein synthesis in the cell. Crystal structure of the ribosome and several ribosome
functional complexes modeling different steps of protein synthesis has been determined at
atomic resolution. These studies created a background for three-dimensional modeling of
biochemical reactions of protein synthesis. Current knowledge of ribosome structure and
other molecular compounds of translation apparatus allow to study cellular regulations of
these processes with involvement small molecules such as metabolites. It is become important
to make extension of basic knowledge and to study pathogenic organisms and to find specific
differences of organization of protein synthesis systems of pathogenic.

Staphylococcus aureus is one of the major human pathogens, which causes numerous
community associated and hospital-acquired infections. Over the past decade, the changing
pattern of resistance in S. aureus has underscored the need for new antimicrobial agents. One
of the main target of antibiotic in bacteria is the ribosome - the ribonucleoprotein particle that
performs protein synthesis in the cell. More than 40% of clinically useful antibiotics target the
ribosome apparatus. Ribosome catalyzes sequential polymerization of amino acids into
proteins according to the genetic code specified by a messenger RNA (mMRNA) template.
During the translational cycle (initiation, elongation, termination and recycling) the ribosome
interacts with several protein factors. Thus, the ribosome is both an enzyme and a molecular
motor. The protein synthesis machinery is essential to all living cells, and it is one of the
major targets for clinical treatment of bacterial infections.

Bacteria and especially pathogenic species often cope with stress and nutrients
limitations, and their survival strongly depends on the ability to preserve energy. One of the
most beneficial mechanism to save energy for bacterium is deactivation of its own translation
machinery, namely hibernation of ribosomes. When bacteria enter a stationary phase or cease
to grow due to nutrient starvation or other stress, their protein synthesis slows down by
converting ribosomes into translationally inactive 100S dimers or 70S monomers. This
process occurs in the presence of ribosomal binding proteins such as RMF, YfiA, HPF and
SRA, which are expressed throughout the stationary phase. Staphylococcus aureus
hibernation-promoting factor (SaHPF) is a 22,2 kDa stationary-phase protein that binds to the
ribosome and turns it to the inactive form favoring survival under stress. Sequence analysis
has shown that this protein is combination of two homolog proteins obtained in E.coli -
ribosome hibernation promoting factor HPF (11 000 Da) and ribosome modulation factor
RMF (6,500 Da). The N-terminal part of SaHPF shares high sequence homology with
proteins HPF and YTfiA from E. coli, suggesting its similar binding site on the ribosome. In
contrast, C-terminal part shares little homology with RMF protein suggesting a different
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LECTURE NOTES

ribosome binding site and mode of action [1]. Recent studies demonstrated that truncation of
last 42-90 amino acids of SaHPF protein prevents the formation of 100S and reduces the
ability of the protein to bind 70S ribosomes [2]. Our recent cryo-EM studies at near-atomic
resolution (3.7 A) of the S. aureus 100S ribosomes revealed that the SaHPF N-terminal
domain (NTD) binds to the ribosome similarly to HPF and YfiA of E. coli, however its CTD
protrudes outside of the ribosome where it forms a dimer with SaHPF (CTD) from the second
ribosome, thus dimerizing two 70S particles [3-5]. The structures of full dimers of hibernating
ribosomes solved at 9-11 A revealed the direct involvement of the SaHPF-CTD in
dimerization. In order to elucidate the structure, dynamics and function of SaHPF we
produced a recombinant expression, synthesis and purification protocols of **C, **N-labeled
SaHPF protein for structural studies by high-resolution NMR spectroscopy. Structural
analysis of the SaHPF by NMR spectroscopy showed that NTD contains two a-helices and
four B-strands (B1-al-p2-p3-p4-02 topology), and CTD exist as a homodimer with a B1-a-f2-
3-p4 topology. Two molecules within the dimer interact through the hydrophobic interface
between B2-B3-p4 strands of B-sheets, which are formed by 1 from the first chain and p2-p3-
4 from the second chain. The interface is stabilized by several pairwise interactions: Thr171
— Thr187, 1le173 — Val162, Phel60 — Tyr175, Phe160 — Phel60 (Figure 1) [5].

Obtained SaHPF-NTD structure by NMR spectroscopy was used for further analysis of
its binding with S. aureus 70S ribosome by HET-SOFAST NMR experiments and for
competition experiments with tigecycline which bind to the A site and interfere with SaHPF
NTD position. By HET-SOFAST NMR experiments we determined several protein regions
which are close to the ribosome RNAs. Its B sheet interacts with 16S rRNA on the head
(stacking interactions between Glu5/His7 and A975, and between Arg66 and G976), while
conserved positively charged residues belonging to the a helices (Lys27, Arg30, Lys84,
Arg90, Arg95) stabilize the interaction with 16S rRNA from the body. Competition

—ﬁy— 90°
] h26 ?oi g)

Pe o\ @ sa+prCTDof 705 (1)
o ] HPF CTD of 705 (2
N ) \.Sa CTD of 705 (2)

Figure 1. Cryo-electron microscopy structure at 3.7 A resolution of 100S ribosome from S.
aureus in the presence of SaHPF. Ribosome dimerization occurs via interaction of the C-
terminal domain of SaHPF, and via interactions involving h26 (Figure adapted from[5]).

12
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experiments of SaHPF with antibiotics shown that tigecycline didn’t supersede the SaHPF
from ribosome site but changes the mode of spin diffusion pattern of the several residues from
B-sheet interface, indicating that it colocalise with SaHPF. The obtained structural data about
the interface of SaHPF (CTD) dimer may be further used as the target for development of
compounds to prevent ribosome dimerization in S. aureus.

This work was supported by the Russian Science Foundation (grant 16-14-10014).
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Random walks in disordered lattice, CTRW, memory and dipole transport
F.S. Dzheparov
National Research Center “Kurchatov Institute” - ITEP, Moscow 117258, Russia
e-mail: dzheparov@itep.ru

Application of CTRW (continuous time random walks) to dipole hopping transport is
reviewed [1]. Conditions of applicability of basic kinetic equations to spin systems are
indicated. Correct versions of derivation of the CTRW-equations are presented. Existence of
different forms of memory kernels is demonstrated. Correction of Scher-Lax memory kernel
within geometrical memory approach is fulfilled in accordance with leading terms of
concentration expansion. Approximate solution for autocorrelation function is considered.
Modern state of numerical simulation and experimental measurements of autocorrelation
function in nuclear polarization delocalization are described. It is shown, that application of
the CTRW was more successful in description of dipole transport than for hopping
conductivity.

References
[1] F.S.Dzheparov. Magn. Reson. Solids 19, 17201 (2017)
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Applications of magnetic resonance methods for development of quantum
technologies

E.B. Fel’dman

Theoretical Department, Institute of Problems of Chemical Physics of RAS, 142432,
Chernogolovka, Russia

e-mail: efeldman@icp.ac.ru

Reasons for using methods of nuclear magnetic resonance (NMR) in problems of
quantum informatics are discussed. Special attention is paid to solid state NMR for quantum
information processing [1]. Quantum entanglement and quantum discord as measures of
guantum correlations are considered in detail [2]. One-dimensional systems of spins
connected by the XY-Hamiltonian (chains and rings) are studied. In particular, we worked out
a method of exact diagonalization of the XY-Hamiltonian in alternating open spin chains.
That method is used for an investigation of quantum correlations in dimer systems. In the
simplest multi-pulse experiment, multi-pulse spin locking, methods of calculation of quantum
discord are developed both for low and high temperatures [3]. A condition of the emergence
of quantum correlations in the multi-pulse spin locking is obtained for two-spin systems.
Quantum correlations are investigated in multiple quantum (MQ) NMR [4] for two-spin
systems. A theory of dipolar relaxation of MQ NMR coherences is developed for one-
dimensional systems [5]. The theoretical predictions agree with the obtained experimental
data. It is shown that the relaxation of the MQ NMR coherence of the second order can be
considered as a model of decoherence in many-qubit coherent clusters [6]. The dependence of
the decoherence rate on the number of spins is also obtained.

The work is supported by Russian Foundation of Basic Research (Grant Nel6-03-
00056).
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Modern high-resolution NMR methods for structural analysis: Interplay of
experiment and DFT calculations of NMR parameters
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The rational design of new compounds and materials requires a reliable information on
chemical, conformational and supramolecular structure, particularly in solutions. In this
respect, high-resolution NMR spectroscopy is one of the most powerful method. However,
NMR also has its limitations - absolute sensitivity is low compared to other spectral methods,
as well as the indistinguishability of symmetric fragments in NMR spectra. Another
disadvantage of the method is also its time scale — many processes are fast under normal
conditions. These problems are particularly relevant in the study of metal complexes which
are effective catalysts for various important reactions, including some biochemical processes.

This report will explore methods and techniques to overcome some of the limitations of
this method. The use of non-empirical calculations of NMR parameters will also be
considered. The effectiveness of combined use of NMR experiments and DFT calculations
will be demonstrated on the examples of conformational analysis of a number of new ligands
and metal complexes based on them.

This work was financially supported by the RFBR (grant No. 18-43-160003).
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Topological insulators (TI) are a new class of quantum materials, which are
characterized by a full insulating gap in the bulk and gapless surface states with Dirac-like
dispersion [1-3]. In the surface state, the current direction and the spin polarization is tightly
connected via strong spin-orbit coupling (right- and left-moving electrons carry up and down
spins, respectively). This gives a new opportunity for generation and control of spin currents
with low energy dissipation. The topological insulators have been theoretically predicted at
first [4] and then experimentally observed in many systems, such as HgTe quantum wells,
BiSb alloys, Bi,Tes and Bi,Se; crystals.

The nontrivial topological properties of these materials is protected by time-reversal
symmetry (TRS). The breaking of this symmetry under the action of a magnetic field gives
rise to different topological states. One can realize the effect of breaking TRS by the doping
of Tl with magnetic ions. While at the low doping level Tl remain stable to such
perturbations, at higher doping the ferromagnetic ordering takes place [5] and the TRS is
broken due to appearance of the spontaneous magnetization. The magnetic ordering of the
embedded ions is driven by indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling via
the charge carriers [6,7]. At the same time, the doped magnetic ions play a role of the local
spin probes, which may be used as a sensitive tool for monitoring the magnetic and electronic
properties of a system. This possibility is realized in some works reviewed in the present
report. They are focused on the studies of the local properties of the materials based on Bi,Ses
and Bi,Te; with magnetic ions doping.

The strength of the RKKY coupling is very sensitive to the peculiarities of the band
structure in the vicinity of a Fermi level. As a consequence, the widely known topological
insulators Bi,Sez and Bi,Te; mentioned above reveal quite different magnetic properties at
doping by magnetic ions, in particular, by manganese. While for the first one the features of
ferromagnetic ordering manifest themselves only for strong doping (more than 12.5% of Bi is
substituted by Mn) and at temperatures below 2K, the later becomes ferromagnetic already at
1% of Mn with the Curie temperature reaching the value of 12K for 2.5%. It was shown that
such difference is due to the nonmagnetic energy gap in the vicinity of the Dirac point for
Bi,Ses, which hinders the magnetic correlation in this compound [8]. These peculiarities
manifest themselves in the magnetic resonance spectra with different behavior of the Mn®" in
Bi,Se; in comparison with Bi,Tes. The ESR of manganese doped Bi,Se; was studied in
details in Ref. [9]. In this work in addition to the observation of fine structure the parameters
of the spin-hamiltonian have been obtained, such as g-factor (1.91) and the zero-field splitting
of the Kramers doublet (D=0.28 cm™). On the other hand, no evidences of magnetic
correlations were found in this compound, whereas the strong influence of the indirect
coupling of the manganese ions on the magnetic properties of Mn doped Bi,Tes have been
obtained via the ESR study of Ref.[10,11]. For this compound the indirect exchange results in
magnetic ordering and eliminates the possible fine structure of the ESR spectrum of doped
Mn** jons. Thus, even at modest doping the data reveal the specific critical behaviour
confirming the ferromagnetic ordering of Mn spins which induces the loss of the TRS
symmetry. On the contrary, if the comparable amount of local moments get formed due to the
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intrinsic anti-site substitutional defects [12] the analysis of experimental data evidences in
favour of spin-glass state with zero average magnetization [13]. Therefore, in the absence of
external field the TRS is not violated. One of the main reasons of this difference is that the
mean distance between the doped magnetic moments may be much smaller than the typical
scale connected with the nonmagnetic impurities thus making the magnetic ordering more
favourable. For the case of intrinsic magnetic moments induced by the structural defects, the
mean distance between the magnetic moments is comparable with the characteristic disorder
scale thus stimulating the spin-glass state. Nevertheless, there exist possibilities to generate
ferromagnetism without introducing any magnetic dopants. They are connected with the
experimental fabrication of magnetically nanostructured hierarchical architectures of Bi,Tes
[12] base on the large amount of the specially introduced nonmagnetic defects.
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Introduction to solid-state NMR studies of lithium ion dynamics in potential
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Materials that are promising for using in solid-state lithium-ion batteries have high self-
diffusion of Li* ions. The study of the dynamics of Li ions by nuclear magnetic resonance
(NMR) method helps to search for potential electrode and electrolyte materials. Solid-state
NMR is widely used to study the local structure and dynamics in many of these new
materials, singly and in combination with other methods such as diffraction, electron
microscopy, conductometry and others. In this lecture we briefly consider the phenomenon of
diffusion and ion mobility in solids and the basic NMR methods used to probe them.
Examples of the application of solid-state NMR methods for studying different classes of
cathode materials will be demonstrated.
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Multiferroic rare earth manganites RMnO3 have attracted a great attention due to their
manifestations of significant couplings between the magnetic and electric order parameters.
RMnO3; compounds have two kinds of multiferroic structures: hexagonal and orthorhombic
depending on the rare earth R®* ionic size and coordination number from 1.36 A (La,
NC =12) to 0.98 A (Lu, NC = 8) [1]. The orthorhombic structure with a Pnma space group
(Pbnm in another, more convenient crystallographic setting) forms the stable crystal structure
of RMnO; perovskite oxides with R from La to Dy, which belongs to materials exhibiting
colossal magnetic resistance at hole doping (R = La - Eu) and to the ferroelectrics induced by
magnetic ordering (R = Dy - Gd). Furthermore, another family of compounds with smaller
ionic size (with R from Ho to Lu) forms the stable hexagonal structure with P6scm space
group at room and lower temperatures and exhibits multiferroic properties as well. [2, 3]. The
coexistence of ferroic orders in RMnO3; with hexagonal or orthorhombic structure yields
complex physics in the strong interactions among charge, orbital, lattice, and spin degrees of
freedom. They also have fascinating physical properties which might lead to promising
applications. For example, the hexagonal manganite YbMnO; exhibits a ferroelectric (FE)
transition well above room temperature (>900 K), while the antiferromagnetic (AFM)
ordering takes place at much lower temperature (Neel temperature Tny~80 K). Really,
manganites have the very rich (H-T) phase diagram. A. Midya et al. have systematically
investigated the magnetic properties in RMnO3 (R = Dy, Th, Ho, and Yb) single crystals [4].
The detailed analysis of magnetization data showed that the magnetic interaction within the
rare-earth sublattice in multiferroics RMnO3 is highly anisotropic (except R = Yb). Above a
critical value of applied field (Hc), RMnOg3 undergo a first-order antiferromagnetic (AFM) to
ferromagnetic (FM) transition below the ordering temperature (T"\ ) of R** moment and a
second-order FM to paramagnetic (PM) transition above TXy. Both H and T dependence of M
shows that the system is highly anisotropic in the FM as well as PM states. Similar to other
multiferroic manganites, the magnetic properties of rare-earth sublattice in YbMnOj3 are
sensitive to the direction of applied field with respect to crystallographic axis. Magnetization
M is slightly larger along the ¢ axis as compared to basal plane and two field-induced
transitions are clearly visible, unlike HoMnOg3; however, M along a axis increases smoothly
with H similar to that in HoMnOj; crystal. This behavior is quite different from other
multiferroic manganites where M along two axes is significantly different. This suggests that
YbMnOs is magnetically less anisotropic and the AFM interaction along both the axes is
strong. Indeed, from the magnetization measurements in the paramagnetic state, A. Midya et
al observed that dcw is large and negative along both the crystallographic axes and their
values are 195 and 225 K within the basal plane and along c axis, respectively [4]. The
parameters of isotropic exchange and Dzyaloshinsky-Moria interactions have been obtained
in h-YMnO3 : J=2.3 meV [5], J=3 mev [6], J=2.7 meV, D=0.33meV, 0cw=930K [7] and for
h-HoMnO3: J=2.44meV, D=0.38 meV, 6cw=875K [8].

In this work we study the physical properties of h-YMnQO3, h-HoMnO3; monocrystals
and h-YbMnO3; ceramic samples by electron spin resonance (ESR) methods. The X-ray

fluorescence analyses (XFA) were carried out on X-ray fluorescence spectrometer Bruker S2
Ranger at room temperature in Kazan Federal University. Electron spin resonance (ESR)
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Table 1. The fluoresced X-ray data.

YMnOs HoMnO3
No 1 2 3 1 2
Mn 44 .47 42.12 41.75 <42.78> | Mn 51.02 51.05 <51.035>
Y 55.53 57.88 58.25 <57.22> | Ho 48.98 48.95 <48.965>

measurements were carried out on a Bruker EMX/plus and Bruker ELEXSYS E680
spectrometers in the temperature range of 90 - 320K at the frequencies 9.4GHz.

The monocrystal samples holmium manganite HoMnO3; were synthesized in Kirensky
Institute of Physics (Krasnoyarsk, Russia), and the monocrystal samples yttrium manganite
YMnO3; were synthesized in Laboratory, Department of Physics, Oxford University by
Dharmalingam Prabhakaran. The YbMnOj3 ceramics were obtained according to the standard
ceramic technology with preliminary solid-phase synthesis in Kazan Federal University.

X-ray Fluorescence (XRF) and Particle-Induced X-ray Emission (PIXE) are the two
well-established nondestructive analytical techniques of X-ray emission spectroscopy. These
techniques are powerful tools for rapid multielement nondestructive analyses and enable
simultaneous detection of many elements in a solid or liquid with high-detection sensitivities,
even in those cases where only small sample amounts are available. The fluoresced X-rays
from the sample are collected and displayed with either energy dispersive or wavelength
dispersive detector systems. The elements are identified by the wavelengths (qualitative) of
the emitted X-rays while the concentrations of the elements present in the sample are
determined by the intensity of those X-rays (quantitative). (XRF). The XFA data for of h-

Figure 1. XRF image of YbMnO3 at room temperatures.
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YMnO3; and h-HoMnOg are presented in Table. 1.

The corresponding analysis for h-YbMnOg3 shows that the atomic ratio of ytterbium to
manganese ions is Nyy/Nmn=44.48/55.02~0.81 for bright region in Fig. 1.

The dark areas correspond to the regions with the stoichiometric ratio of ions
Nyb/Nmn=49.19/49.90~0.99. The XFA image of h-YMnOs is presented in Fig. 2b, where
bright areas (yellow areas) correspond to the regions with a deficit of ytterbium. As can be
seen from the analysis, a deficit of ytterbium ions is observed in h-YbMnOg3, an excess of
yttrium ions is detected in h-YMnO3; Ny/Nwn=57.22/42.78~1/0.75, and for Ho-manganite, the
ratio between manganese and holmium ions is practically the same. The unequal relationship
between ions of rare earth and manganese leads to a different behavior of the ESR spectra.

In all temperature range the ESR spectrum of YbMnOj ytterbium manganite can be
described of one exchange-narrowed resonance line, which is well fitted (Fig. 2 a) by the
following line shape [9]:

E_i(ﬁHﬂx(H—Ho) aH-a(H+H0))
dH  DH \AH?+(H-H,)? AH?2+(H+H,)?

1)

Eq. 1 corresponds to the asymmetric Lorentzian line, which includes both absorption
and dispersion, where denotes the dispersion-to-absorption (D/A) ratio. Since the line width H
in these samples is on the same order of magnitude as the resonance field Hy, the circular
components of the exciting linearly polarized microwave field were taken into account and
therefore the Eq. 1 also includes the resonance at reversed magnetic field Ho.
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Figure 2. (a) ESR spectra of YbMnOj at different temperatures. Symbols - experimental
data, solid line - fitting by the Eq. (3). (b) Temperature dependence of the parameters of
ESR spectra: g-factor and line width, solid line — fitting by the Eq. (4).

In the total temperature range the g-factor of the ESR line in YbMnOj3 is above 2.1 and
the ESR line width is about 800 Oe (Fig. 10 b), that is 2.3 times less that for example in other
manganites Lag g5Sro0sMnO3 or in GAMnO3, where the linewidth of the ESR signal at room
temperature is several thousand Oersted, and the effective g-factor is less than 2 [10, 11]. It
should be noted that in hexagonal manganites, the Dzyaloshinsky-Moria interaction can lead
to a significant increase in the ESR linewidth, for example, in HOMnO3; ESR linewidth are
equal 16 kOe, which is 20 times higher than for YbMnO3. Most probability, the line from
ferromagnetically correlated nanoregions is well detected in the ESR spectrum for h-YbMnOs
compound in respect to HoMnOj3. Early the ESR signal from ferromagnetically correlated
nanoregions was observed for h-YbMnO3; with the occupancy of all ytterbium positions at
88%. In our sample the occupancy of Yb (2a) position is 91 % and the position Yb (4b) is full
completely filled, so the characteristics of the ferromagnetically correlated nanoregions
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together with ESR parameters should be slightly different in comparison with [12], where the
strong temperature dependence of the ESR parameters for ferromagnetic clusters was
observed.

The value of g-factor in YbMnOs is higher than the usual value for Mn** ions g = 1.99,
that can be explained by an additional signal with Hs < 3300 Oe, which is attributed to the
ferromagnetically correlated clusters, formed by mixed-valence manganese ions near vacant
Yb* positions (that was observed in our previous work [12]). The electrical neutrality in this
region with the deficit of ytterbium Yb** ions is compiled in the case Yb**Mn*,Mn"*1.,05%,
i.e., the concentration of Mn*" ions is more than 0. Indeed, charge disbalance near the empty
Yb*" position initiates a mixed-valence states formation between neighboring Mn ions.
Further, the exchange interaction between Mn®** and Mn**, so-called double exchange through
oxygen anions, leads to the formation of ferromagnetically correlated nanoregion.

The authors [13-15] obtained expressions for inhomogeneous contributions to the width
of the line of an ensemble of superparamagnetic particles with uniaxial anisotropy:

AH=AH(1)+AH(2)

AH@) =22 1y o=k zp(2) 3o, S0 230 ;3L1 , (2)
V3 sola Soly
where
&= ’lkjl__:_o , L, =coth, —}é - the Langevin function, « - is the attenuation parameter in
B 0
I . W, . :
the Landau-Lifshitz equation, o = , W, - is the anisotropy energy of a

kT

B
superparamagnetic particle.

2
H.. = H{l—Zan,
Sy

The parameters of nanoclusters were obtained from complex analysis of the temperature
dependences of position and linewidth: T*=37.5K; u=200ug; 2Wa/u=136 Oe; Hy=3120 Oe;
alfa=0.025. As can be seen, the value of the magnetic moment in the ferromagnetically
correlated regions of the ceramic YbMnOs is about p = 200pg, that is closed to the same value
for lanthanum-strontium manganites [15]. Taking into account that the magnetic moment of
the Mn®" ion in perovskites is about 3.5 pg, ferromagnetically correlated regions contains
about 60 of the manganese ions. If we consider that the grating period is about 7A, whereas
the size of ferromagnetically correlated regions is about 2-3 nm.

It is found that two lines are observed in the ESR spectrum of the HoMnOj crystal. One
is from ferromagnetic clusters, the second is from an exchange-related spin system. It is found
that one ESR line is observed in the ESR spectrum of the YMnOj crystal. One is from an
exchange-related spin system of Mn ions.

A single very broad exchange-narrowed Lorentz-shaped absorption line at a microwave
frequency of 9 GHz was observed in HOMnO3; and YMnOs. The line is narrowed in the center
and linewidth is reduced. The phenomenon is therefore known as “exchange narrowing”. The
narrowing process resembles that found in nuclear resonance in a liquid. Through exchange
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interaction with other neighbours, any given neighboring dipole is changing its orientation at
a rate of order J/h.

In the case of sufficiently strong exchange interaction the ESR linewidth can be
analyzed in terms of the high-temperature approach (kgT >> J).
M
AH = 2, 3)
g/’lBa)eX

where M, is the second moment of line. Second moment can be expressed in terms of the
microscopic parameters of the Hamiltonian of the spin system as:

= @

Here g- denotes the g value, 7 the Planck constant, and ug the Bohr magneton. The
second moment M, and the exchange frequency wex can be expressed via microscopic
Hamiltonian parameters Hiy. The second moment shows an orientation dependence with
respect to the external magnetic field, which is characteristic for the anisotropic interaction
responsible for the line broadening.

The effective spin Hamiltonian has view:
H= JS;iS;+D[SixSj] (5)

where JS;S; is the isotropic Heisenberg exchange between neighboring spins Sj and S;. D -
antisymmetric anisotropic exchange interaction (Dzyaloshinskii-Moriya) parameter in the
coordinate system with the z-axis parallel to the applied magnetic field, the interaction of
spins with an external magnetic field. The transformation between the crystallographic system
(a, b, c) and the coordinate system (X, y, z) is determined by expressions:

D, =D, cos fcosa + D, cos gsina — D, sin f,
D, =D, cosa —D,sine, (6)
D, =D, sin gcosa + D, sin gsina + D, cos S,

where cosa and cos g are determined by the expressions (13) in [16]. The second and fourth
moments are expressed as for spins in chain:

:ﬂ[

2 2 2
M, D} +Dj +2D} |,

_4N(2N-1)J7 ()

M, 3

[D?+Dj +2D7 ],

where N = S(S + 1). Using these ratios we fitted the angular dependencies of ESR linewidth in
HoMnO3; and YMnOs (see Fig. 3-4). As can be seen from the figure 4, using the literature
data D=3.76K, J=26.2K for HOMnQO3, it was possible to satisfactorily describe the angular
dependences of the linewidth. For angular dependencies of the ESR linewidth in YMnOg3
single crystal , we used different values of the exchange integral since the contents of the
yttrium are much higher and in reality the image has a composition YMng 7503, then the
valence of manganese is 4+. In this case, for best description of ESR linewidth in YMnO3; we
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used the ratio S(S+1)D*J=0.96(K), but it is not equal the value from theory estimation
S(S+1)D%J=3.24(K).

In conclusion, we have been investigated three hexagonal YbMnOjz;, HoMnO; and
YMnO; with a different ratio between ions of rare earth and manganese by ESR method. It
was found that in ytterbium manganite, ytterbium-deficient regions are observed where
ferromagnetic nanostructures are formed. As a result, the complex temperature dependence of
the linewidth is observed, if the temperature is increased, the linewidth is decreased, passes
through a minimum, and then is grown. It is found that two lines are observed in the ESR
spectrum of the HOMnOg crystal. One is from ferromagnetic clusters, the second is from an
exchange-related spin system.

It is found that one line is observed in the ESR spectrum of the YMnOj crystal. One is
from an exchange-related spin system. From the analysis of the angular dependence of the
width of the EPR line, a relationship between the parameters of the Dzyaloshinsky-Moriya
interaction and isotropic Heisenberg exchange is determined in YMnOs: S(S+1)D?/J=0.96(K).

(b} - plane tac) - plane (ab) - plane
18000 —a— dH1 —a— dH1 —a&— dH1
[ o dHZ —o—dH2 —a—gH2

- ] '.- _‘. . -
B._ .- e
— N PPNy O
b
2
=7 L i
) 500 Y ;““‘1 agandttfhe
Laad
- "y 1
LLT L LT LL

0 30 60 90 120 150 180
angle (deg)

Figure 3. Angular dependencies of ESR linewidth at 300K in HOMnO:s.
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Figure 4. Angular dependencies of ESR linewidth at 300K in YMnOs3.
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It is known that, when passing from a bulk material to nanoparticles, the parameters
change significantly and new unique properties may arise. The synthesis and investigation of
rare-earth trifluorides nanocrystals attract a great interest due to the unique magnetic, electric,
and optical properties of these objects. Many techniques for nanoparticles synthesis
(mechanosynthesis, detonation synthesis, electric explosion, plasmachemical synthesis, self
propagating high temperature synthesis, vaporphase synthesis, thermal decomposition and
recovery, deposition from colloidal solutions, etc.) and the change of their structure has been
approved.

The methods of nanosized samples was approved The size distributions of particles and
the X-ray diffraction spectra were also reported. Water clusters were found in PrF;
nanosamples, and their size was determined by nuclear magnetic resonance (NMR)
cryoporometry and highresolution transmission microscopy. A nuclear pseudoquadrupole
resonance of *'Pr was observed for the first time, the parameters of the nuclear spin
Hamiltonian were determined, and the parameters of the crystal electric field in nanocrystals
and microcrystals were found to differ significantly. The spin kinetics of adsorbed and liquid
He in contact with crystalline nanopowders of Van Vleck paramagnet PrFs; was studied by
NMR methods at 1.5 K. The parameters of nuclear magnetic relaxation of *He were found to
correlate with the particle sizes. A qualitative model of magnetic relaxation of *He was
proposed to describe the experimental data.

The magnetic phase transition in DyF; is accompanied by a considerable change in the
character of fluctuations of the magnetic moments of dysprosium ions, which affect the spin
kinetics of ®He in contact with the substrate.

This work was supported by the Russian Foundation for Basic Research, project no. 16-
32-60155 mol_a_dk.
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Investigation of nature of self organization of nanosystems by magnetic
resonance

S.B. Orlinskii
Kazan Federal University, 420008 Kazan, Russia

Herein, we present the results of investigation of tow different self organization of
nanosystems, as native asphaltene self-assembly and sintered clusters of detonation
nanodiamond by magnetic resonance.

The majority of vanadium and nickel compounds are present in heavy petroleum as
porphyrins and located in asphaltenes. In general, petroleum porphyrins exist in homologous
manifolds of several structural classes and can manifest great structural diversity. A series of
papers nowadays is devoted to the determination of various vanadyl porphyrins (VP), to
application of state-of-the-art mass-spectroscopic techniques for that purpose as well as to the
development of different pathways of the effective vanadyl extraction. Dickie and Yen were
the first to suggest that, having many of the same interactive groups as asphaltenes,
petroporphyrins could also play a role in asphaltene self-assembly, adsorption, and phase
separation. It is common knowledge that intermolecular interactions, such as hydrogen
bonding, dipole—dipole interactions, n—n stacking etc. in asphaltenes lead to aggregation into
nanoaggregates in the bulk oil phase and the formation of elastic films at organic—aqueous
interfaces although the basic asphaltene structure and mechanism of aggregation continue to
be debated. The relationship between petroporphyrins and asphaltenes is largely unexplored .

While the EPR spectra either in X- or W-band do not reveal the changes caused by
adsorption of oil asphaltenes on the surface of y-alimina, a perceptible difference in H
ENDOR spectra and appearance of 2’Al ENDOR spectra are obtained. High-frequency
EPR/ENDOR allows to resolve the anisotropy of the magnetic properties of stable vanadyl
complexes being a part of asphaltenes and, therefore, is orientation selective for the space
structure of VP complexes.

We present the first results of observation of enormously high concentrations of NV —
ensembles created directly by a high-pressure high-temperature (HPHT) sintering procedure
of detonation nanodiamond (DND) particles, which were produced through the detonation of
strong explosives and have a size of 4-5 nm. We examine the properties of sintered DND
clusters by using electron spin-echo (ESE) detected electron paramagnetic resonance (EPR)
spectroscopy, photoluminescence, and high-frequency optically detected magnetic resonance
(ODMR) spectroscopy. Based on the measurements performed we provide a rough estimation
of the concentration of the NV centers in sintered DND clusters. Extremely high
concentrations up tol10 4 ppm (1%) of NV — centers were observed in sintered clusters of
DND, which allow one to fabricate structures with one NV — center per nm 3 The results
presented are opening new perspectives in the unique NV — -containing diamond fabrication,
thus allowing further development and investigations of the systems with one NV — center per
nanometer after milling.

It appears that application of double resonance techniques, especially at high
frequencies (high magnetic fields), could significantly improve the understanding of the
mechanisms of the aggregation (complex formation, self-organization) of various oil
constituents and other high-molecular disordered systems of biogenic and synthetic origins.
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The detection of energetic (explosive) and dangerous substances is a very important
security issue of modern society [1-4]. Energetic materials are solid, liquid or gaseous
substances (or mixtures of these) which store a large amount of chemical energy that can be
released in a very short time [5]. There are various classes of energetic materials, such as
explosives, propellants, pyrotechnics, fuels and some others. As regards the dangerous
(hazardous) materials, this category is even broader than energetic materials, and usually they
are dived for nine main classes: explosives, gases, flammable & combustible liquids,
flammable solids, oxidizing substances (& organic peroxides), toxic & infectious substances,
radioactive materials, and corrosives [6,7].

The problem of detection of energetic materials is directly connected with issue of
finding remains of explosives after the wars and local conflicts. Another important problem is
detection of dangerous materials (explosives, flammables, toxic and highly reactive materials)
which can be used by various terroristic groups over the world. Especially a problem of
detection of various improvised explosive devices (IEDs), manufactured from homemade
explosive materials (HME), has an enormous importance for life safety of civilians. In the
aviation and other transport lines as well as for providing the security of public places, there is
a problem of non-invasive detection of the explosive/dangerous substances in the baggage,
suits, cars, under people clothes and others.

Available techniques for detection of energetic and dangerous substances can be divided
on the two large group of bulk and trace explosive detection methods. Although many
techniques of trace detection have proven their high effectiveness (such as dogs, ion mobility
/ mass / Raman / LIBS/ terahertz spectrometry, etc.), their solely use is unlikely to warrant the
reliable explosive detection in the most of practical situations. On the other hand, in spite of
the availability of various devices for bulk detection, currently there is NO a cost-effective
commercial solution for broad use in airport checkpoint, mass-transport exits, parcel scanners,
mine detection devices, etc. For most of bulk detection techniques, available nowadays, there
are a number of problems to be resolved before their practical use. It is also obvious that an
effective device should combine a few methods, including at least one bulk detection
technique to increase reliability of the explosive detection and provide a minimal false alarm
rate. Therefore, all bulk detection methods, especially X-ray/neutron/gamma/THz detection
techniques and NMR/NQR detection, are extensively studied nowadays.

Minimum number of false alarms would be expected to be provided by the techniques,
which are directed to detect neither the metal / plastic encloses or fuses but a material itself. In
other words, the chemically specific identification of dangerous materials is expected. Such
possibility is provided by spectroscopic techniques. Fortunately, in the case of the explosive
substances, only a few explosive types are frequently used although there are hundreds of
them. Among various spectroscopic techniques nuclear quadrupole resonance (NQR) and

29



LECTURE NOTES

low-field nuclear magnetic resonance (NMR) are considered as very promising bulk
explosives detection methods, based on the chemical identification of content.

The NQR frequency spectrum can be considered as a “fingerprint” of a specific
chemical compound. Therefore, NQR is very promising methods for the detection of
explosive and other compounds, which contain quadrupole nuclei in their structure [8,9]. It is
well known that most of energetic and explosive solid materials include the N nitrogen
nuclei. The main issues in the *N NQR detection of explosives are the followings: a low
Signal-to-Noise Ratio (SNR) especially for some of explosives with low-frequency NQR
lines; influence of spurious signals due to resonant magneto-acoustic and piezoelectric
ringing; and radio-frequency interference signals. The most fundamental issue, that hinders a
practical use of NQR technique for the detection of explosives, is a very weak **N signal [1].
Various methods have been proposed to increase the sensitivity which are the multipulse
NQR [10], the double NQR-NMR technique [11], cross-polarization [12-15], double NQR-
NQR methods [16, 17], use of superconducting quantum interference devices (SQUIDs) [18,
19] and giant magnetoresistance (GMR) sensors [20].

In our work on NQR detection the most interesting results have been received using the
cross-relaxation enhanced NQR and multifrequency NQR approaches. We have shown that
multifrequency (two/three) NQR technique allows filtering spurious signal after
radiofrequency pulses and increases the sensitivity of NQR detection of RDX and other
substances [16, 21-25, 26]. It has been also demonstrated that the cross-relaxation-enhanced
NQR in low magnetic fields can be successfully applied to shorten the effective spin-lattice
relaxation time, that is to increase the SNR of the AN detection [27].

Each technique has own limitations. NQR technique can be used for the detection of
nitrogen-based solid-state explosives, but it useless in the case of liquid substances. However,
liquids can be successfully detected by NMR technique. Considering restriction on
application of high magnetic fields to scan the luggage and people, only time-domain NMR in
low or moderate magnetic fields (with frequencies of few tens of MHz at most) can be
applied. In this case, however we have to discriminate between various liquids by the
relaxation and diffusion parameters of 'H signal which is not trivial task either. First
successful applications of NMR method for detection of liquid explosives had been
demonstrated as early as in 90" years of XX century [28-31]. For liquid explosive detection,
most researchers consider so-called time-domain NMR as a prospective technique. In the
time-domain NMR (TD-NMR), the spectroscopic information (i.e. resonance frequencies) of
the scanned material is neglected. It is NMR in moderate or low magnetic field (<1T) which is
based on measurements of spin-lattice and spin-spin relaxation parameters (T, and T,) of the
proton nuclei. In this case, the parameters, which are important for a specific application,
should be taken into consideration. In the case of so-called bottle scanners, there is no task to
localize a potential threat; therefore, we can apply much larger magnetic field to analyze the
content of a bottle with liquid. Specialized NMR analyzers of the liquid content of bottles
have been demonstrated by Quantum Magnetics [10], Bruker Inc.[32] and T, Biosystems [33,
34]. It should be noted that in principle the time-domain NMR can be done in as low magnetic
field as Earth’s field NMR. Recent progress in experimental techniques allows wider range of
applications of Earth’s magnetic field NMR [35]. In our recent works, an application of this
technique for the liquid identification in plastic bottles and metal cans have been
demonstrated (see Ref. [36] and Ref.[37], respectively).

In many studies, the conclusion has been made that the TD-NMR is an effective non-
invasive, non-contact method to detect content of concealed liquids. Analysis of literature, as
well as our recent studies (see Refs. [38, 39]), however, shows that for reliable discrimination
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between a large number of liquids, the scanning device has to involve some additional
parameters. They could be NMR ones (not only T, and T relaxation times probed by standard
TD-NMR, but also the proton density, diffusion constant [40] and even spectral information if
possible).

We have mentioned that most of energetic/explosive solid materials include the nitrogen
nuclei of *N. Surprisingly, the situation is somewhat similar in the case of liquids: a great
number of energetic liquid substances contain nitrogen in their structure (see, for instance, the
list of the common nitrogen-containing energetic liquids in the patent [21]). For this reason,
the detection of *N NMR signal as an extra parameter for determination of dangerous
substances has been proposed by P. Prado et al. [41, 42]. It should be noted that the NMR
nitrogen detection of energetic substances is not easy task because of specific feature of N
NMR technique: its relative sensitivity of is only about 0.018 of the sensitivity of 'H NMR
(i.e. the nitrogen NMR signal has a very small SNR). It is related to rather small
gyromagnetic ratio of **N nuclei comparing with *H nuclei. On the other hand, a total number
of both nitrogen-containing benign liquids and dangerous/explosive liquids, which does not
contain nitrogen, are rather limited. Furthermore, the amount of nitrogen compounds in soft
drinks and liquids for safety is negligible. Therefore, the use of N NMR to detect illicit
liquids has a very important advantage, barely the fact of detection of **N NMR signal from
an inspected container gives a security alarm. Thus, the potential prospects of **N NMR
relaxometry for fast detection of explosives are very high [43].

Another approach is to use techniques, which are totally different from NMR, e.g.
dielectric spectroscopy which can measure the dielectric constant and the loss tangent of
liquids in the broad range of frequencies up to a few THz [44]. From this point of view, the
microwave (MW, frequency range 1-100 GHz) or sub-THz spectroscopy looks very
promising to be combined with the time-domain NMR in a single detection device for reliable
identification of liquids. In this method, liquid substances are usually irradiated by
electromagnetic waves in the range from 1 GHz to 0.3 THz to obtain ¢’ and &” dielectric
constants (or relative permittivity).

Over past few years THz and sub-THz technologies have attracted an essential attention
of researchers (see, e.g. [45-47]). The main interest was initially concentrated on the
broadband spectroscopic techniques because spectral signatures of various explosives were
expected to provide a new and very powerful technique for standoff (distant) detection of
explosive, chemical or biological warfare agents and other threat materials. Despite of
enthusiasm and very high expectation of the first years of exploration, currently only a few
successful implementation of THz technology as model setups to demonstrate feasibility of
this technology are known. A real-time in-the-field identification for security applications
meets several technical challenges, such a very limited penetration depth, limited bandwidth
due to attenuation in ambient conditions, noise floor /scattering losses, etc [25]. For that
reason, most of successful applications have been concentrated on the THz imaging systems,
which are aimed to detect hidden objects under wear [26, 27]. However, there is a very simple
and powerful way to exploit the MW and sub-THz technique in the liquid verification
devices, such as a dielectric spectroscopy. This technique provide the values of permittivity
constant in the range (or at least at some properly chosen characteristic) frequencies.
Furthermore, this technique could be applied in combination with time-domain NMR to
obtain better discrimination between benign and threat liquids especially for the case of very
large group of liquids (i.e. in the situation that usually met in air-check points). The dielectric
function of liquids in the frequency range from nearly 1 GHz up to one THz may serve as a
fingerprint signature of a specific liquid at a given temperature. Fortunately, the differences in
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reflectance values for the most of pure liquids (excepting water and hydrogen peroxide) are
relatively high.
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I shall report on a series of experiments on dynamic nuclear polarization (DNP) in P and
As doped silicon. The study is performed in a strong 4.6 T magnetic field and temperatures
down to 0.1 K, when the donor electron spins are fully polarized and the relaxation times of
electrons and nuclei are very long.

We performed DNP experiments with the donor nuclei as well as the #Si nuclei of the
host lattice, which for a normal isotope composition, are present with a 4.7% abundance. Two
major DNP mechanisms: the Overhauser effect and the Solid effect appear to be very
effective at our experimental conditions. We demonstrate that very high values of the donor
nuclear polarization can be obtained using the Overhauser effect at extremely low values of
RF power. The Solid effect can be utilized for a site selective polarization of 2°Si nuclei.
Finally, I shall explain how the DNP effects can be used for manipulation of the °Si nuclear
spins in a certain lattice sites near donors. The latter possibility makes them promising
candidates for using as qubits for quantum computing.
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Magnons Bose-Einstein Condensation and Spin Superfluidity.
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The superfluid current of spins — spin supercurrent — is one more representative of
superfluid currents, such as superfluid mass current in superfluids 4He; superfluid current of
electric charge in superconductors; superfluid current of hypercharge in Standard Model of
particle physics; superfluid baryonic current and current of chiral charge in quark matter; etc.
The spin supercurrents emerge in the systems, where the symmetry under spin rotations is
spontaneously broken. They carry spin without dissipation in the ordered magnets, such as
solid ferro and antiferromagnets, and spin-triplet superfluid 3He. However, in 1984 the new
state of matter has been discovered in antiferromagnetic superfluid 3He — the spontaneously
self-organized phase-coherent precession of spins [1, 2]. This state has all the signatures of
spin superfluidity, but it is radically different from the conventional ordered states in magnets.
It is the quasi-equilibrium state, which emerges on the background of the ordered magnetic
state, and which can be represented in terms of the Bose condensation of magnetic excitations
— magnons [3]. The magnon BEC opened the new class of the systems, the Bose-Einstein
condensates of quasiparticles and collective modes, whose number is not conserved.
Representatives of this class in addition to BEC of magnons are the BEC of phonons, exciton-
polaritons, photons, rotons and other possible bosonic modes. The life time of these
condensates is finite, but can be very long, reaching minutes in antiferromagnetic superfluid
3He-B. Furthermore, the lifetime of BEC state may be infinite in the case, when loses
(evaporation) of quasiparticles compensated by creation of a new quasiparticles.

The 30 years of magnons BEC investigations in different antiferromagnetic states of
superfluid 3He well established the physics of excited magnon BEC and phenomen of spin
superfluidity. The review of these investigations one can found, for example in the book [4].
There are no any specific properties of antiferromagnetic superfluid states of 3He, which have
advantage for magnon BEC formation in 3He, except the very small Gilbert damping factor
of magnons, which can be as low as 10—8. Indeed it should be possible to found magnon BEC
phenomena in other solid magnetics. In Kazan, there was successfully found the formation of
magnon BEC in antiferromagnets with coupled nuclear-electron precession, like MNnCO3 and
CsMnF3 at 1.5K temperature by CW [5] and pulsed [6] NMR. The observation was done on
quasinuclear branch of precession, which characterized by Gilbert damping factor of about
10-5 and the repulsive interaction between magnons.

Recently, in Kazan Federal University, a breakthrough discovery was made. There was
observed a conventional magnon BEC with k = 0 in Yttrium Iron Garnet (YIG) film at room
temperature.

YIG characterized by a very small Gilbert damping factor a about 10—5, the one of the
best value for solid magnetic materials. Owing the exceptionally long lifetime of magnetic
excitations YIG is used in microwave and spintronic devices that can operate at room
temperature. It makes YIG an ideal platform for the development of microwave magnetic
technologies, which have already resulted in the creation of the magnon transistor and the first
magnon logic gate. Significant interest has also developed in quantum aspects of magnon
dynamics, using YIG as the basis for new solid-state quantum measurement and information
processing technologies including cavity-based QED, optomagnonics, and optomechanics.
That is why the formation of magnon BEC in YIG and observation of spin supercurrent, like
in 3He, should leads to a development of new branch of physics - Supermagnonics.
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We have made a first observation of magnon BEC and spin supercurrent in a normally
magnetized YIG film. In this conditions the minimum of energy corresponds to k = 0 like in
atomic BEC. Furthermore, the magnetic properties of YIG are in one to one corresponds to a
properties of antiferromagnetic superfluid 3He-A in deformed aerogel, the system, where
magnon BEC and spin superfluidity have been discovered early [7,8]. Our recent
investigations of 3He in aerogel, give us an idea of experiments in YIG. We have found the
experimental results, very similar to one from magnon BEC in 3He —A. This result will be
described in the lecture.

This work was supported by the Russian Science Foundation, project no. 16-12-10359.
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NMR in new superfluid phases of *He
V.V. Dmitriev
P.L.Kapitza Institute for Physical Problems RAS, Moscow, Russia

One of the examples of superfluid Fermi systems with unconventional Cooper pairing is
superfluid ®He where the pairing occurs with spin and orbital angular momentum equal to 1.
In isotropic space the free energy and the superfluid transition temperature are degenerate
with respect to spin and orbital momentum projections. This allows a variety of superfluid
phases with the same transition temperature, but in zero magnetic field only two phases (A
and B) with the lowest energy are realized. The orbital degeneracy may be lifted by
anisotropic impurities, e.g., by globally anisotropic aerogel in which strands are aligned on
average along the same direction. Recent experiments show that in this case new superfluid
phases of ®He (polar phase and polar-distorted A and B phases) can be realized. In the first
half of the lecture, a brief introduction to superfluid ®He will be given. In the second half, the
NMR properties of A, B and the new phases will be considered to demonstrate how these
properties make it possible to identify all these superfluid states.
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Introduction

The benzodiazepinone scaffold is an extremely rewarding template for drug discovery.
Biological activity of compounds bearing a 1-aryl-2,3-benzodiazepine skeleton is best
demonstrated by tofisopam, a well-known anxiolytic drug from this family, or the former
drug candidate talampanel [1, 2], that reached the human clinical development stage. Related
fused heterocyclic systems, such as indolo[1,2]diazepines, can be regarded as potentially
useful scaffolds for drug discovery. It is known that medium-sized indolo-fused azacycles
constitute structural arrangements in many natural and synthetic bioactive compounds [3, 4].
But no considerable effort has been devoted to the synthesis of [1,2]diazepino[4,5-b]indoles
as well as their reactivity and structural features. As a continuation of our research into the
synthesis and reactivity of new heterocyclic systems having a diazepine ring linked to various
heterocycles [5, 6], we report the results of synthesis as well as molecular modeling of
structure and NMR shieldings for the new indolo-fused [1,2]diazepines.

Results and discussions

The primary method of the formation of 1,2-diazepine ring annelated with heterocycle
moiety is still a condensation of 1,5-dicarbonyl compounds with hydrazine [5-8]. Our planned
approach to [1,2]diazepino[4,5-b]indoles 1-3 involved synthesis of the start diazepine 1
followed by its structural modification to afford derivatives 2 and 3 (Fig. 1).

0 S R
Ny LR, 100°C N+ __ Morpholine \r/u
\ /h/l Toluene / THF " \ N 2-PrOH, A . \ N
1 : R , H R 3 H R

R!= 4-Me-CH,; R? = morpholin-4-yl

Figure 1. Scheme of the [1,2]diazepino[4,5-b]indoles synthesis

Starting [1,2]diazepino[4,5-b]indole 1 was obtained by cyclization of the ethyl [2-(4-
methylbenzoyl)-1H-indol-3-yl]acetate with hydrazine hydrate in the presence of acetic acid as
a catalyst. [1,2]diazepino[4,5-b]indole 1 was transformed into the corresponding thione 2 by
reaction with Lawesson’s reagent in heated toluene as described elsewhere [9, 10]. Diazepine-
4-thione 2 reacted with an appropriate amount of morpholine by heating at reflux in propan-2-
ol to yield compound 3. Structures of the new compounds were determined by NMR
spectroscopy.

A feature of the morfoline derivative 3 NMR 'H spectra as compared to corresponded
1,2-diazepinon 1 and 1,2-diazepin-thion 2 is the appearing of the methylene group protons as
two broadened signals with chemical shifts at 2.98 and 4.30 ppm (Table 1), that points out on
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the non-planar structure of the diazepine ring. It is obvious that the presence of two bulk
substituents in the diazepine core reduces its conformational mobility, so separate signals for
the equatorial and axial protons of the methylene group are observed in NMR 'H spectra of
the compound 3.

Table 1. Calculated (8caic, ppm) and experimental (Sexp, ppm) values of the 'H chemical
shifts of [1,2]diazepino[4,5-b]indoles 1-3
3

A 1 2
tom 803.10 Sexp A8 803.10 Sexp A8 803.10 Sexp A8

H1 7.883 7.65 0.233 7.922 7.73 0.192 7.887 7.7 0.187
H2 7.392 7.06 0.332 7.433 7.13 0.303 7.370 7.04 0.330
H3 7.493 7.18 0.313 7.567 7.26 0.307 7.461 7.17 0.291
H4 7.433 7.38 0.053 7.495 7.42 0.075 7.451 7.39 0.061
H5 7.685 11.08 3.394 7.745 1141 3.664 7.743 11.16 3.417
H6 3.672 3.59 0.082 4.06 4.01 0.05 4.364 4.3 0.064
H7 3.675 3.59 0.085 4.06 4.01 0.05 2.364 2.98 0.615
H8 8.286 10.64 2.353 9.723 12.51 2.786 - - -

H9,10 7.800 7.64 0.16 7.837 7.66 0.177 7.878 7.7 0.178
H11,12 7.493 7.24 0.253 7.523 7.32 0.203 7.443 7.24 0.203
H13,14,15 | 2.364 242 0.056 2.390 2.44 0.05 2.338 243 0.092
H16-H19 - - - - - - 3.476 3.38 0.096
H20-H23 - - - - - - 3.755 3.61 0.145

Molecular geometry optimization was carried out for the studied [1,2]diazepino[4,5-
blindoles 1-3 by B3LYP/6-31G(d,p)/PCM method. Parameters of molecular geometry as well
as electronic structure for the diazepine ring were estimated. Only conformers with the lowest
total energies were considered for all studied 1,2-diazepine molecules. Structural models of
the 1,2-diazepines 1-3 with atom labels used for further discussion of the chemical shifts
calculations are listed on Fig 2. The seven-membered heterocycle is in boat conformation.
Atoms C9 and C10 are coplanar to the indole plane: the C1-C3-C6-C9 and C5-N1-C8-C10
torsion angles are within 0.2 - 2.0° and 177.7 - 178.8°, respectively.

For the most stable conformers of the studied molecules 'H chemical shifts were
estimated. The B3LYP/6-31G(d,p)/PCM optimized geometries were used for magnetic
shielding tensors calculation by standard GIAO method. Concerning the spectral patterns of
protons, inspection of calculated and experimental values (Table 1) reveals the following

Figure 2. The equilibrium configurations of the [1,2]diazepino[4,5-b]indoles 1-3
(B3LYP/6-31G(d,p)/PCM method)
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features. The patterns of 'H spectra for [1,2]diazepino[4,5-b]indoles are correctly reproduced
at used computational level. A linear correlation between the theoretical and experimental
proton chemical shifts is clearly visible in Fig. 3 (the signals from exchangeable NH protons
were not considered).

8 -
T Correlations obtained for individual compounds and total
g o correlation:
& | I: Bexp = (0.952 % 0.009)-8q1c + (0.14 % 0.06), R = 0,99946;
Y 2: Bexp = (0.953 £ 0.007)-81, + (0.15 £ 0.05), R = 0,99966;
< 4t 3: Bexp = (0.945 £ 0.015)-85, + (0.18 £ 0.05), R = 0,99735;
sl Total: 8.y = (0.950 £ 0.007)-8cqc + (0.16 % 0.04), R = 0,99869.
2 -
2 4 6 8 10

6ca.lc’ ppm

Figure 3. Total linear correlation between the theoretical and experimental proton
chemical shifts of [1,2]diazepino[4,5-b]indoles 1-3

Good quantitative agreement within 0.05 — 0.33 ppm between theoretical and
experimental proton chemical shifts is observed for these compounds, which appears to be
very satisfactory, taking into consideration the fact that the experimental chemical shifts in
solution are subject to solvent, concentration and temperature effects.

Experimental

'"H NMR spectra were recorded on a Bruker Avance II 400 (400 MHz) in DMSO-ds
with TMS as an internal standard. The CHN elemental analysis was performed using a Fisons
AE1108 analyzer, and the results were found to be in good agreement (£0.25%) with the
calculated values.

Initial molecular geometries of the [1,2]diazepino[4,5-b]indoles 1-3 were generated
using the algorithm of complete inclusion of possible geometric and steric factors
implemented in the Conformer plugin of the Marvin software package [11]. Molecular
geometry and electronic structure parameters, thermodynamic characteristics of the
[1,2]diazepino[4,5-b]indoles were calculated using the Gaussian 09 [12] software package.
Geometric parameters, harmonic vibrational frequencies, and the vibrational contribution to
the zero-point vibrational energy were determined after full geometry optimization in the
framework of B3LYP/6-31G(d,p) density functional calculations. The solvent (DMSO) effect
was considered in the PCM approximation. The magnetic shielding tensors (y, ppm) for 'H
nuclei of the 1,2-diazepine derivatives were calculated with the B3LYP/6-31G(d,p) optimized
geometries by standard GIAO (Gauge-Independent Atomic Orbital) approach [13]. The
calculated magnetic isotropic shielding tensors, yi, were transformed to chemical shifts
relative to TMS, &, by & = yer - i, where both, y.r and y;, were taken from calculations at
the same computational level. y Values for magnetically equivalent nuclei were averaged.

Conclusions

Correlations between experimental chemical shifts and GIAO-calculated isotropic
shielding constants of protons as obtained from new [1,2]diazepino[4,5-b]indoles were
established in order to assess the performance of NMR spectral calculations. Linear
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regressions Ocalc = adexp + b yield standard deviations of 0.007 — 0.05 ppm for hydrogen
atoms.
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Multiple quantum (MQ) NMR experiment is considered on chains of fluorine atoms in
calcium fluorapatite. The second moments of the line shapes of the MQ coherences on the
evolution period of the MQ NMR experiment are calculated analytically in the approximation
of nearest neighbor interactions. The calculated values are used for a description of the
experimental data with semi-phenomenological formulas assuming that the relaxation of the
MQ coherences follows the Gaussian law on the evolution period. A satisfactory agreement
with the experimental data is demonstrated.

Introduction

Multiple quantum (MQ) spectroscopy [1] is an effective method for investigating the
spatial distribution of nuclei in solids [1,2,3]. It also proved useful for the study of correlated
clusters on the preparation period [4,5] and the dependence of the decoherence time in
strongly correlated clusters on their size, both in one- [4] and three-dimensional cases [6].
This is possible because MQ NMR experiment allows both creating correlated clusters of
spins (on the preparation period) and studying their relaxation (on the evolution period) [7,8].
The relaxation on the evolution period occurs due to the dipole-dipole interaction. The second
moments of the line shape of MQ coherence of various orders are useful for estimating the
speed of dipolar relaxation of those coherences.

In the present work, we consider the fluorine chains in fluorapatite. The distance
between neigboring chains in the crystal is about 2.7 times bigger than the distance between
the neighboring fluorine atoms on the same chain, which allows us to consider the system to
be quasi-one-dimensional. The chains are sufficiently long that they can be considered infinite
for calculation purposes; besides, in the zz model, calculations for several finite (6 to 48
atoms) chains didn’t give better agreement with experimental data than the calculation for an
infinite chain [9].

The behavior of the system on the preparation period, in the approximation of nearest-
neighbor interactions, had been investigated in [10] and an exact solution found. Only MQ
coherences of order 0 and +2 appear. We use that solution as the initial condition for
investigation of the behavior of the system on the evolution period. The density matrix of the
system has the form:

P=Py+ Pyt P (1

where p, describes the coherence of order n. The p, can be expressed as follows:
Do = %Zcos@DT sink)(1-2a;a,) (2)
k
P, = —%Zsin@Dr sink)a,a_, (3)
k
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1 : : ‘s
P, = 5 Z sin(2Dtsink)a.a’, 4)
k

where D is the dipolar interaction constant between nearest neighbors, 7 is the length of the

preparation period; j = _ﬂ,zl _x,
N

cees

2% Nis the chain length; and «,, a: are the fermion
N

operators:

Ry 55 KU S S X 6 S 6B (5)

. 1 1

a, =——) e =——>e

I N
where /), are the raising and lowering operator of spin m, and/”is the a-projection

m>=m

(a0 = x,,2) of the spin angular momentum operator.

On the evolution period, we use the following Hamiltonian:

N-1 . (6)
H,=DY QI -I'I}, -1

i+l i+l H—l)
i=1

However, the analytical calculation of relaxation of the MQ coherence on the evolution
period with this Hamiltonian is too complicated. Therefore, we only calculate the second
moment of the line shape of the relaxation of that coherence:

d*F(r,t) 1 |
it E,(z0)|

where F,(z,t) is the intensity of the MQ coherence of the order n after a preparation period of
length 7 and evolution period of length .

M = ,(n=0,2), (7)

By substituting the expression for the intensity of MQ coherence

Trle ™ p, ()" p_, ()
F (z,t)= [ (1) ] (8)
into (7), we obtain
M = Tr(lp,. H I H s Py ]) )
Tr(1})F, (7.,0)

For a comparison with the experimental data, we note that the relaxation of the MQ
coherences on the evolution period can be approximated by the Gaussian function, with the
addition of a constant term for the MQ coherence of order 0:

_EEOMY@ 7

F w0 =[F w0~ 4 Jesp(——r 7o ) A (10)

The constant term is added because there exists a part of density matrix (2) not subject
to dipolar relaxation [11], which is responsible for the MQ coherence of order 0 not tending to
zero (at time scales considered here, which are much less than 77). We use the analytical
expression for the stationary coherence intensity from there.

Calculation of the second moment of MQ coherence of order zero

We have found that the flip-flop part of the Hamiltonian (6) in the approximation of
nearest neighbor interactions

N-1
Hy=-DY (I +I]I) (11)

i=1
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commutes with the p,part of the density matrix (the order-0 MQ coherence at the end of the
preparation period) for chain lengths N >>1. Therefore, the flip-flop part does not contribute

to the second moment of MQ coherence of order 0. This allows us to use the solution in the zz
model [9,11], with the Hamiltonian
N-1
H_=2D) II}, (12)
i=1

A long calculation [12] gives

MO () = 4D2[1 2J}(2D1)+2J} (2Dr)j 13

1+J,(4D7)

where J; are the Bessel functions of the first kind of order £.
Calculation of the second moment of MQ coherence of order two

For the MQ coherence of order 2, the flip-flop part of the Hamiltonian has to be taken
into account. Using the formula (9), we need to calculate

Tr([pzaHdz][Hdzap_z]) = Tr([pzasz][szap_z]) +Tr([pzasz][Hffap_z]) +
+Tr([py. H y [H ., p, ) + Tr([p,, H f 11H jy, p5])

The cross terms (the second and third summands in the right-hand side of the above
equation) turn out to be zero. This can be shown (for the second summand) as follows. p,is a
sum of terms, each of which is a product containing two raising operators, one of which acts
on an odd-numbered spin, and the other on the even-numbered spin. This is easier to see from
the solution on the preparation period for the finite chain [13]. The same is true for the

commutator [ p,, H_]. On the other hand, the commutator [H ,,p ,], as a simple calculation

(14)

e
shows, is a sum of products containing two lowering operators acting on two even-numbered
or two odd-numbered spins. Therefore the trace of their product is zero. (The proof for the
other term is similar).

That means the second moment of MQ coherence of order 2 is a sum of contributions
from flip-flop and zz parts of the Hamiltonian.

Again, the solution for the intensity of MQ coherence on the evolution period in the zz
model [11, 9] can be used for the calculation of the contribution of the zz part. The
contribution of the flip-flop part can be calculated using the fermionic representation. In the
end, we obtain the following [12]:

(2

2 1
5 1= J.@D7) 2(1—J0(4D‘[))—2J1 (2Dr) 2J2(4D7)j (15)

Comparing the theoretical predictions and the experimental data

The experiments were performed on a Bruker Avance III spectrometer on a single
crystal of calcium fluorapatite with static magnetic field of 9.4 T (the corresponding
frequency on '°F nuclear spins is 376.6 MHz). The results of the comparison of the semi-
phenomenological formula (9) and the exact solution in the zz model with the experimental
data are presented in Figs. 1,2. One can see that the semi-phenomenological formula (10) with
calculated coefficients gives a better agreement with experimental data than the exact solution
in the zz model.
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Figure 1. Experimental (points) and
theoretical (lines) intensity of MQ coherence
of order 0 for length of the preparation period
of 126 ps in fluorapatite. The solid line is the
Gaussian function with the calculated
stationary intensity, initial intensity and
second moment. The dashed curve is the
prediction of the zz model.

0.25F

0.20f

0.15f

0.10}

0.05f

20 40 60 80

Evolution period length, ps
Figure 2. Experimental (points) and

theoretical (lines) intensity of MQ coherence
of order 2 for length of the preparation period
of 139.2 us in fluorapatite. The solid line is
the Gaussian function with the calculated
initial intensity and second moment. The
dashed curve is the prediction of the
zz model.
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The broad spectrum of potential applications of nanodiamonds initiated a large number
of scientific studies of their properties. Recently it was demonstrated that some types of
paramagnetic centers in nanodiamonds (NV-centers) can be successfully used as nanoscale
sensors of the surrounding environment in NMR [1]. That requires the accurate determination
of location of paramagnetic centers in nanodiamonds.

A new original technique that provides detailed information on the spatial distribution
of paramagnetic impurities in nanodiamonds is presented here [2]. It is based on the
measurement of relaxation times of adsorbed *He separated from the sample surface by
variable thickness of preadsorbed layer of an inactive gas.

Detonation nanodiamonds powder with nearly spherical particles and with sizes of 3-
10 nm was used as a sample. Transmission electron microscopy (TEM), electron
paramagnetic resonance (EPR), powder X-ray diffraction and nitrogen adsorption techniques
were used for the detailed sample characterization.

Adsorbed *He NMR experiments were performed in the temperature range of 1.5-4.2 K
at 5-19 MHz resonance frequencies using a home-built pulsed NMR spectrometer [3]. In our
experiments *He was adsorbed either on a clean sample surface or onto preadsorbed layers of
nitrogen. Preadsorption of the sample with a certain amount of nitrogen layers was performed
during the slow cooling from room temperature down to 4.2 K.

We performed NMR measurements of adsorbed *He on nanodiamonds with clean
surface and with surface with preadsorbed nitrogen layers. Measured *He longitudinal
magnetization recovery and transverse magnetization decay curves are described well by
single exponential functions.

The obtained temperature dependencies of adsorbed *He spin-lattice relaxation rates
show nonlinear behavior with maxima values Ti'wax (Fig. 1). The temperature Tmax of the
maxima relaxation depends on the *He monolayer coverage. It was found that the value of the
maximum relaxation rate Ti'max strongly depends on the amount of preadsorbed nitrogen
layers (Fig. 2), i.e. on the distance between the adsorbed *He and nanodiamond surface. The
closer adsorbed *He is to the nanodiamond surface, the faster relaxation occurs.

EPR measurements on this sample revealed a high concentration of paramagnetic
centers (order of 10%° per gram). It is also known that paramagnetic centers in detonation
nanodiamonds are located in nanodiamond shell [4], which is consistent with performed
sample characterization.

Taking into account these facts we suggest the *He relaxation model [2], which implied
that *He relaxation is governed by paramagnetic centers and intrinsic dipolar relaxation in
adsorbed *He film. The fits of experimental data by this model provide distance to
paramagnetic centers (Fig.2). The obtained average distance between paramagnetic centers of
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nanodiamonds and its surface is 0.6+0.1 nm. This value is in a good agreement with the fact
that paramagnetic centers are located in the nanodiamond shell.
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Figure 1. Temperature dependences of *He spin-lattice relaxation rate T;"! at monolayer
coverage of the nanodiamond powder sample preplated with nitrogen layer (N = 0.96). Solid
line represent fit by the parabolic function.
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Figure 2. The dependence of *He spin-lattice relaxation rate adsorbed on nanodiamonds (full
monolayer coverage) on amount of preadsorbed nitrogen layers at 18.8 MHz resonance
frequency.

The NMR measurements of adsorbed *He on nanodiamonds have been performed at
low temperatures. The suggested relaxation model explains obtained experimental data on
3He relaxation and allows to determine the location of near-surface paramagnetic centers in
nanodiamonds quantitatively with a high precision. According to the relaxation model and the
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obtained experimental results, the average distance between paramagnetic centers and surface
of nanodiamonds is 0.5+ 0.1 nm. This value is consistent with the information on detonation
nanodiamond structure obtained during the sample characterization. The proposed technique
can be used in studies of nanoscaled samples with paramagnetic impurities.
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We report the observation of conventional magnon Bose-Einstein condensation (BEC of
magnons with £ = 0) at room temperature. The experiments were performed in thin films of
Yttrium Iron Garnet (YIG) with magnetic field Hp perpendicular to the plane of the film.

The condition of magnon BEC formation in magnetically ordered materials is the same
as for a diluted gas. The BEC forms at the temperature below the critical temperature 7.

RE N2y
T. =3'31a3_mf£]”3’ (1)
where N is the number of bosons in the volume Vs. The density of the magnons at the
equilibrium conditions is always below the critical density. Indeed, we are able to increase the
number of magnons using external excitation. For example, if one can deflect the
magnetization of the system M from the direction of the external magnetic field Ho by an
angle £, at constant temperature, the number of magnons increases by the

N—%(i—cosﬁj, 2)

where y — magnetic susceptibility, y — gyromagnetic ratio. The critical density of magnons at
given temperature results from the eq. (1). At higher concentration, the magnons form the
BEC state. This liquid has all properties of superfluid liquid. Due to the magnons interaction
their resonant frequency depends on the density of the magnons. This behavior results in the
effect similar to Meissner effect for superconductors — in our case it is the compensation of
the inhomogeneity of the magnetic field by a spatial redistribution of the magnons density.
Thus, the uniform precession of magnetization in non-uniform magnetic field is
spontaneously formed. This effect was described previously in [1] as a Long Living Induction
Decay signal. For the case of BEC we have an excited coherent state of magnons with £ = 0,
however, this state arises as a result of a change in the density of magnons [2].

According to [3] the critical value of f for magnon BEC formation in YIG film at room
temperature is about 2.5°. External magnetic field Hy is directed perpendicular to the plane of
the film in our experiments. Magnons were pumped using field H; with frequency f'= 9.26
GHz oscillated within the film plane. Thus, we reach BEC transition at room temperature.
The signals of Long Lived Induction Decay and CW magnetic resonance typical for the
conventional magnon BEC in antiferromagnetic superfluid *He [4] and others magnetically
ordered systems were observed.

This work was supported by the Russian Science Foundation (project no. 16-12-10359).
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Among the various calcium phosphates (CP) used for bone implants preparation, octacalcium
phosphate (OCP) is of great interest. Materials based on OCP can easily be transformed into
natural hydroxyapatite, the main inorganic material of bone tissue in the human body,
providing a higher rate of transformation compared to the other CP, which directly affects the
patient recovery time.

OCP is a metastable CP due to the presence of a large quantity of water molecules in the
crystal lattice. Slight temperature influence or pH fluctuations can lead to irreversible
transformation of OCP into non biocompatible compounds. Thus, formation of OCP implants
with standard methods is impossible, so new technological approaches are needed.

OCP material, which investigated in this work, made by transformation of the initial ceramics
a-tricalciumphosphate (a-TCP). a-TCP ceramic granules were immersed to 1000 ml of
sodium acetate aqueous solution with glutamic amino acid and orthophosphoric acid. Such
buffer system make o-TCP transform to dicalciumphosphate dihydrate (DCPD). Further
hydrolysis of DCPD in sodium acetate aqueous solution leads to formation of OCP.

The aim of this work is to investigate OCP ceramics, made by DCPD hydrolysis, by electron
paramagnetic resonance (EPR). EPR may detects paramagnetic impurities, trapped free
radicals or hole centres.

Pure, non-substituted OCP is supposed to be EPR silent. In the investigated samples no EPR
signal was detected at room temperature (i.e. concentration of the paramagnetic impurities C
< 103 spin/g) while after the irradiation a signal in the central part of the spectrum appears
with the total concentration of C ~ 8(1)-10'® spin/g.

The central part of the spectrum (in the magnetic field range of 300-400 mT) for the irradiated
species was investigated in details. From Figure 1 it follows that a pair of weak lines with the
splitting of about 500 mT due to the H (nuclear spin 7 = 1/2) could be observed. This feature
is also characteristic for the HA and TCP materials synthesized by solid state reaction. But the
part of the spectrum in the range of the magnetic fields of 340-350 mT resembles those for
HA and TCP synthesized by the wet precipitation techniques. The remarkable differences for
CaP produced by various methods could be exploited for the fairy simple identification of the
synthesizing route of the commercial CaP materials, for example which is often a proprietary
information.

We have studied the behavior the signal in the range of the magnetic fields of 340-350 mT
comprehensively. Figure 2 presents the dependence of the spectrum on microwave power. At
least two different sorts of paramagnetic centres could be distinguished: while the intensity
and amplitude of the broad line in the middle of the spectrum with the linewidth of 1 mT is
growing with power (denoted as a paramagnetic centre 1, PC; while the second “structural”
paramagnetic centre (PC2) with the with the maximal splitting of 55 mT starts to saturate
already at Pmw = 10 mW. Lineshape of PC; resembles those for the carbonate centered stable
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Figure 1. Conventional room-temperature X-band EPR of X-irradiated sample of OCP.

radicals in HA. To study the nature of PC; in details we have measured transverse (T2) and
longitudinal (T) relaxation times at T = 100 K by pulsed methods (n/2-t-n and n-7T-n/2-t-n
pulse sequence, correspondingly) in the magnetic field marked by the blue dashed line in
Figure 2. T curve can be described by only one exponential decay with T, = 1.8 us. T1 curve
is presented in Figure 3.

Experimental points on T; curve were approximated by one-, two- and three exponents with
the corresponding T times(1) Ty = 0.5 ms; (2) T\ = 0.06 ms, T;® = 0.7 ms; (3) T:V'=0.02
ms, T1® = 0.2 ms, T1® = 1.2 ms. As it follows from Figure 3, three-exponential description is
the best one. Assuming that the centre with the longest T1 belongs to PC,, there are two types
of the fast relaxing centres in OCP.

EPR pattern of the slowly relaxing PC2 resembles that in HA. In the irradiated HA samples
EPR is mainly due to the stable NO3?" ions preferably substituting one of the PO43- position
in the HA structure (substitution of B-type). Their powder EPR spectra can described by the
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Figure 2. Conventional room-temperature X—band EPR of the X-irradiated sample of
OCP at different microwave power levels. Lines with different microwave saturation
behavior are marked.
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spin-Hamiltonian of the axial symmetry. The HA spectra could be simulated properly if we
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Figure 3. T1 curve (filled squares) with the corresponding approximations by one-, two-
and three exponents.
supposed a Gaussian (continuous) distribution of A|| with a deviation of 0.40 mT around the
mean value of 6.65(40) mT and a discrete distribution of A+ around 3.37(5) mT, while the
components of g-factors for all of the obtained radical’s modifications are the same (g|| =
2.0011(1), gt =2.0052(1)).

As it follows from the presented results, in OCP we have to suggest A|| = 5.5/2 = 2.7 mT.
Such small value forces to suggest the presence of other nitrogen containing radicals such as
NO2, for example, or other paramagnetic centers.

Modern EPR techniques offer various opportunities for the rapid testing and comprehensive
analysis of the condensed matter. The capabilities of even conventional EPR approaches for
investigation and analysis of calcium phosphate materials are still not fully exploited and
described in details. We hope that our paper would serve as a first step in understanding the
nature and structure of various paramagnetic centers in octacalciumphosphates with the
purpose of their usage as sensitive intrinsic probes to follow the changes under the doping or
surface treatment.

The work was funded by the Russian Foundation for Basic Research 18-29-11086 MK.
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Among strongly correlated magnetic materials, the SrixLaxMnOs perovskite oxides are
probably the most famous family of the doped manganites showing the metal-insulator
transition. On the insulating side of the transition, the magnetic ground state of the doped
Sri.xLa,MnOs oxides (x > 0.7) is heterogeneous with the ferromagnetic nanosize domains
embedded in the antiferromagnetically ordered lattice of the Mn*" (*t,'e,) ions. By applying
magnetic field the percolation of these conducting ferromagnetic domains occurs yielding a
metal-insulator transition with the colossal magnetoresistance effect, a very large reduction of
electrical resistivity. The percolation threshold can be achieved at the concentration of doped
holes (1-x) > 0.16.

However, on opposite side of the Sri.xLa,MnOs family, the antiferromagnetic insulating
cubic SrMnOs revealed a metallic-like conductivity behavior at very small concentration of
the doped electrons (x < 0.04) appearing due to the heterovalent substitution of Sr** by La*".
Such behavior of the doped electrons was explained in terms of the canted antiferromagnetic

metal phase [1]. The corresponding

K %) homogeneous ground state of the electron-

03 00 03 06 09 1.2 doped manganite was put upon doubt in the

T sevmo. recent Mn NMR experiments [2-4]

evidencing a separation of the Mn cations in

two species with differently occupied 3d-
shell.

Unlike *Mn, the NMR signal of ’Sr
nuclei is observed both in  the
antiferromagnetic and the paramagnetic
states. The ®’Sr NMR shift is proportional to
the local density of the itinerant doped
electrons surrounding the Sr sites, so that the
87Sr NMR tool allows us to probe spatial
distribution of the doped electrons with a
resolution of about the cubic unit cell size.
The #'Sr NMR spectra of the electron-doped
cubic polycrystalline manganites
SrixLaxMnO; (x = 0; 0.02; 0.04) have been
obtained in magnetic field Ho =11.747 T at
o e o th§ temperature range from 20 K to 370 K

" Frequency (MHz) ' (Fig. 1). For x = 0.02 spectrum the steepness
of the low-frequency wing of the central line
and its peak position are practically the same
as the central line in the parent StMnOs. Also
similarities between spin-spin relaxations
allow us to decompose the spectra of the La-

Intensity (arb. units)

Figure 1. The 3’Sr NMR spectra obtained
at magnetic field Ho=11.747 T in the

polycrystalline x = 0.00 (a), 0.02 (b), 0.04
(c) samples at 7=300; 120; 90 and 20 K.
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Figure 2. 'La NMR spectra obtained at Ho = 11.747 T in polycrystalline
Sro.9sLag.0oMnOs at T =300, 200, 110, 75, 43, 32 K. Diamagnetic point **v, is designated
by a dash line.

containing oxides and distinguish part corresponding to the higher electron density regions. It
determines the fraction of Sr atoms in the electron doped regions (EDRs).

It is shown that itinerant electrons are inhomogeneously distributed in the La-containing
manganites in the paramagnetic phase, creating EDRs with a number of e, electrons per Mn
larger than in the rest part of the oxide. At room temperature the network of the overlapping
EDRs does not cover all Sr sites. Nevertheless, the number of the Sr-sites inside an EDR
exceeds the site percolation threshold even for x = 0.02 at 7= 300 K, so that the e, electrons
can move on large distances.

In the antiferromagnetic phase, below 80 K, the EDRs cover the entire crystal. In this
temperature range the doped electrons separate into two species: below 50 K, some of them
slow down their motion and form static ferromagnetic domains, which are considered as
bound magnetic polarons of small size with the effective moment pesr=23(10) us. The second
species concern the doped electrons which remain itinerant at low temperature participating in
the fast hopping in the antiferromagnetic G-type ordered lattice of the Mn*" ions.

The '*’La NMR spectra of the manganite SrixLaxMnOs (x = 0.02) have been obtained
in magnetic field Ho = 11.747 T (Fig.2) in the temperature range from 32 K up to 300 K.
Difference between the temperature dependencies of the '**La and ’Sr NMR line shifts and
widths indicate the location of EDRs predominantly on La ions. The '*’La NMR spectra of
the manganite SrixLaxMnO3; (x = 0.02, 0.04) obtained at zero external magnetic field
(Ho=0T)at4 K and 77 K evidencing the localization of ferromagnetic domains on La site.

This study is supported by the project of fundamental researches of the Ural Branch of
the Russian Academy of Sciences Ne 18-10-2-37 and grant from the Russian Foundation for
basic Research Ne 18-32-00030 in the assignment of the state program «Spin».
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Hydroxyapatite (HA) is one of the most attractive biomaterials for bone reconstruction
due to its excellent biological compatibility and osteoconductivity [1,2]. During recent years
there have been efforts in developing synthetic HA to enhance its biological and mechanical
properties for use in biomedical applications that can be mainly achieved by cationic
substitutions of calcium ions [1]. Aluminum can serve as one of the substituents but the
biological effect of Al remains controversial (both positive and negative functions of the
element in human bone metabolism have been reported) while introduction of Al ions can
lead to the significant lattice distortions and influence on sintering processes [4]. Formation of
ceramics based on HA and AlLOs attracts much attention due to enhanced mechanical
properties of sintered materials [5]. In our previous work we have demonstrated enhanced
solubility of Al in the B-tricalcium phosphate matrix synthesized by precipitation method [6].
In present paper we use the same reaction route to synthesize aluminum substituted
hydroxyapatite (Al-HA) powders and to investigate them by different analytical methods to
follow the changes caused by aluminum introduction on powders properties and materials
sintering.

Samples of Al-HA with the chemical formula Cal0-xAl2x3(PO4)s(OH)2 were
synthesized with x =0; 0.2 by the precipitation method according to the following reaction
using reactants of analytical grade and deionized water:

(10-x)Ca(NO3)2+6(NH4)2HPO4+(2x/3)Al(NO3)3+8NH4sOH
— Ca(10-0ALx3(PO4)s(OH)2+ 20NH4NO3+6H.O

Calcium and aluminum nitrate solutions were mixed with a diammonium hydrogen
phosphate solution in the corresponding ratios. The pH value of the reaction mixture was
maintained at a level of 9.0-9.5 by adding aqueous ammonia. Powders were ripened at
mother solution during 21 days at temperature of 25°C for full crystallization of precipitate
[7]. The obtained powders were filtered, washed and dried at 60°C for 24 h. The powders
were heat treated at 300°C for 3 h in air to remove ammonium nitrate, an impurity phase.

For determination of Al content in the precipitates, powders were heat treated at 900 °C
for water removing, dissolved in HCl — HNO3 mixture and analyzed by atomic emission
spectrometry with inductively coupled plasma (AES-ICP, HORIBA Jobin Yvon, ULTIMA
2). The powder materials were characterized by the X-ray diffraction (XRD) method
(Shimadzu XRD-6000, CuKa radiation) with identification of phase composition according to
JCPDS and PCPDFWIN databases. The specific surface area (S) of powders was determined
by low-temperature nitrogen adsorption measurements (BET, Micromeritics TriStar
analyzer).
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Continuous wave (CW) EPR spectra of the samples were obtained using table-top
Labrador (Ekaterinburg, Russia) and ESP-300 (Bruker) spectrometers operating at 9.4 —
9.9 GHz (X-band) microwave frequency. PC concentration was estimated at room
temperature in the double cavity ER4105DR of ESP-300 by comparing the integrated
intensities of the spectra of a test sample and a reference samples (Cu-DETC solution and
Mn** in MgO powder). X-ray irradiation of the synthesized powders was provided by using
URS-55 tube (U =55kV, I =16mA, W anticathode) at room temperature with the estimated
dose of 5 kGy to create stable paramagnetic centers in the nominal pure material. The
shrinkage data of the sintering powder compacts were obtained using a dilatometer
(NETZSCH DIL 402C). Measurements of shrinkage were carried out in the range from room
temperature to 1450 °C in argon atmosphere the heating rate was 10 °C/min.

Data on Al content in the investigated species are presented in Table 1 which shows that
the chemical composition of synthesized materials is close to the predetermined one.

Table 1. Powder composition and surface area for the investigated species.

Ca
substitution o . Al. Al. Al )
by Al Stoichiometric formulae theoretical, theoretical, measured, S, m“/g
m{ﬂ y mol. % wt. % wt. %
./0
0 Cai0(PO4)s(OH)> 0 0 <10* 91+1
20 CagAl 33(PO4)s(OH)2 20 3.629 3.62+0.04 90+l

According to the XRD analysis, both powders consist of apatite-like phases with the
low crystallinity degree (Figure 1). The only detected phase in both samples was
hydroxyapatite (JCPDS #9-432). The shape of triplet between 30.5 ° and 33.5 ° of HA sample
became smoother and transformed into the duplet with introduction of Al due to decrease of
crystallinity degree of powders in correspondence with ref. [8].

80 -
+ - Hydroxyapatite

70

5 _ 20 mol.% Al

4 +
50
40

30 4
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20 H

10 H

20 (degree)

Figure 1. XRD spectra of Al-substituted HA powders. Peaks marked with “+” correspond to
HA (JCPDS No: 9 -432).
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According to the gas absorption data, aluminum introduction does not change the
specific area of the synthesized powders that is in the range of 90-91 m?/g (Table 1).

Pure HA and Al-HA samples are supposed to be EPR silent. Indeed, in the investigated
species no EPR signals within the sensitivity limits of our equipment was found that confirms
the purity of the initial reagents and proper synthesis treatment [9]. The paramagnetic centers
appear after the X-ray irradiation (Figure 2). The EPR patterns are very close to each other
and mainly are due to the known in HA synthesized by the wet precipitation technique from
the nitrate containing reagents CO,” and NO;* stable radicals [10]. As we have shown
previously in refs [9], introduction of even non-paramagnetic impurities can lead to the
significant changes of the relaxation and spectroscopic parameters of the radiation induced
defects. From the presented EPR results it follows that the spectroscopic parameters of the
obtained radiation-induced defects do not change with the aluminum doping and, therefore,
gives an opportunity to follow electron-nuclei interactions with the Al nuclei in the way
similar to the previously described for other aluminum containing matrices [12].

0 %IAI

—20%Al
0 % Al, X-ray 5 kG
—20 % Al, X-ray 5kG
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Figure 2. EPR spectra of AI-HA samples before and after X-ray irradiation.

The figure 3 shows the change of the shrinkage of HA and Al-HA compact during non-
isothermal sintering obtained by dilatometer study. Al introduction led to shift the material
sintering beginning point from 910 °C to 756 °C. The sintering of AI-HA ceramic passed in
the two stages and the shrinkage reached value of 29,99 % compared to 23,06 % for pure HA.
The starting of the low temperature densification could be attributed to the defect structure
formed by introduction of Al ions in the HA lattice. Further sintering at 1200-1400 °C
occurred simultaneously with transformation of HA into tricalcium phosphate and
CagAl(PO4)7(OH)2 phases [14,6].

Summarize, the influence of Al introduction in synthetic HA was studied and changes
in the powders properties and sintering processes were demonstrated. Al-HA materials
characterized by defect structure, which leads to the beginning of sintering at lower
temperature, compared to pure HA.
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Figure. 3 Temperature dependence of shrinkage for the samples HA and Al-HA at heating
rate 10 °C/min
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CuCrO; an example of quasi-two-dimensional antiferromagnet (S =3/2) with triangular
lattice structure.

Below Tx = 24 K one side of the triangular lattice slightly distorts (Aa/a = 10™); the
neutron scattering experiments detected a three dimensional coplanar magnetic order with
incommensurate wave vector qic = (0.329, 0.329, 0) directed along the distorted side.
According to the results of NMR and ESR investigations, spins form the spin planes with
normal vector n. For zero magnetic field H normal vector n of the spin plane is codirected
with qic. As three possible distortions of triangular lattice are possible, six magnetic domains
occur in the sample. Orientation of the spin plane of magnetic structure is defined by strong
easy axis anisotropy perpendicular to triangular plane and weak anisotropy perpendicular to
one side of the triangle. One of the possible projection of spin plane is schematically shown in
the inset in fig. 1 by bold red line (I), two other projections are shown with bold black lines (II
and III).
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e LE.
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0 0.5 1 1.5 2
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Figure 1. Top panel: Field scan of Pi(H). Bottom panel: field scan of the half-difference of
Py (H). E~=125kV/m, E_= 500 kV/m. The blue solid line shows a scaled field derivative of
the transmitted power. Two different coefficients were used for scaling: one for # <1.1 T and
the other for higher fields. v=138.6 GHz and 7=4.2 K.

Simultaneously with the appearance of three-dimensional magnetic order, the sample
acquires an electric polarization P = 120 pC/m?, which is perpendicular to the spin plane [1].
According to [2], main magnetoelectric properties of CuCrO> have a natural explanation in
frame of Dzyaloshinski-Landau theory of magnetic phase transitions. Theory allows defining
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of the eigenfrequencies of spin plane oscillations (ESR frequencies). Eigenfrequencies depend
not only on external magnetic field H but also on external electric field E. External electric
field E leads to the shift of eigenfrequencies, and, correspondingly, to the shift of resonance
magnetic field H,. at the constant frequency of generation. We report the results of the study
of electric field influence on ESR frequency in CuCrO.. The shift of frequencies by electric
field is small, because of that we used the modulation technique, so we studied the alternating
shift of frequency in presence of alternating electric field. In frame of the theory
AH, =P-E/2y H, , where y, is the magnetic susceptibility of spin system at H

perpendicular to n.

res

Alternating electric field £~ was applied to the sample at frequency ~ 300 GHz. Mutual
orientations of applied fields is shown in inset to fig.1 (upper panel). Transmitted through the
resonator UHF-power Py(H) and its oscillating part P,"(H) at the frequency of alternating
field modulation were measured with the phase detection technique, so P~ (H) is expected to
have a shape of derivative of Pu(H). Experimental dependencies measured at T = 4.2 K and
generator frequency v = 38.6 GHz are presented in fig. 1 (bottom panel).

Response Py (H), measured with phase detection technique (red curve on bottom panel
of fig.1), has a shape of derivative of transmitted power. Pw(H) and P,"(H) are measured in
arbitrary but the same units. Constant electric field E = 500 kV/m was used for electric
monopolarization of the sample, so with the change of the sign of electric field the sign of
electric polarization and the phase of response also changed. Measured dependencies,
knowledge of ESR field—frequency spectra and the value of electric polarization allow
comparing the value of the shift of frequencies in presence of electric field with the
theoretically expected shift.

Expected curve of Py (H), obtained by scaling of derivative of Pw(H) with the
coefficient calculated in frame of the theory [2], is presented in bottom panel of fig. 1 (blue
curve). The results demonstrate an agreement with theoretical expectations of a
phenomenological model. It was shown that the low-frequency dynamics of magnetically
ordered CuCrO:; is defined by joint oscillations of the spin plane and electric polarization.
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Resins and asphaltenes primarily make the greatest contribution to the formation of
solid-state structures in oil. Resins and asphaltenes are very important fractions of crude oil,
oil residues, and bitumen. The tendency of asphaltenes to aggregate distinguishes them from
other components of oil. Aggregation of asphaltenes can cause complex nonlinear effects in
the rheological processes characteristic of asphaltene-containing solutions, including oil and
water-oil emulsions. In turn, the anomalies of the rheological properties of oil cause the latter
to be classified as non-Newtonian fluids.

A promising approach for solving this problem is the use of the nuclear magnetic
resonance (NMR) method [1]. The choice of NMR as a physical method for studying such
complex systems as oil is not accidental and is due to a number of undeniable advantages: the
method is non-destructive, sensitive to the component composition of the object under study,
and the possibility of research directed at the site of the object under investigation [2, 3].

Summarizing the experimental results obtained in this paper, it can be concluded that
the use of the NMR method makes it possible to characterize the state of asphaltene
aggregates. It is shown that the size of a resinous-asphaltene coat directly depends on the size
of aggregates of asphaltenes.

The work was supported by the scholarship program of British Petroleum in the
promising areas of development of the oil and gas industry.
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Contributions of different parts of dipole-dipole interactions to relaxation
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Multiple quantum (MQ) NMR [1]
(fig.1) not only creates MQ coherences but
allows also to investigate their relaxation [2].
MQ NMR coherences emerge on the
preparation period of the MQ NMR
experiment, and their relaxation occurs on the
evolution period [1]. Dipolar relaxation of
MQ NMR coherences can be considered as
1{2{3 =M 1/2/3}++m the simplest model of decoherence of many-

AﬂUnVA qubit coherent clusters [3]. An investigation
Preparation Evolution  Mixing V of decoherence in such clusters is very
T t T Detection important for quantum devices (in particular,

for quantum computers).

Relaxation of MQ NMR coherences in
one-dimensional systems was studied with the
second moments of the line shapes of MQ
coherences of different orders [2, 4]. Recently
the investigation of the dipolar relaxation of
MQ NMR coherences in spin chains was
performed using the zz model [5] in which the
flip-flop part of the dipole-dipole interactions
[6] is neglected on the evolution period of the
MQ NMR experiment. However, the
applicability of the zz model to the considered

=1
=i
=i
=

N[>

Figure 1. Scheme of the MQ NMR
experiment; T is the duration of the
preparation and mixing periods; t is the
durations of the free evolution period. The
basic cycle of the multipulse sequence,
consisting of eight @/2 -pulses with the
duration t, separated by delay A and A’ =
2A + tp is repeated m times for obtaining
the necessary time T = 12m(A + t,); m is a
natural number.

problem was not clear until now.

We investigated numerically the dependence of the second moment M} of the line
shape of the MQ NMR coherence of order n (n = 0, £2) on the number of spins both for the zz

model (M:jn} [;Hzg:]) and for the H . interaction (ME”}(HE,H]] in homonuclear systems.

\l':H

In fig.2 the ratios of wf?H"} (n = 0,£2) are presented for 6-18 spins. One can see that

I v 4

[
. MM,
the ratio =—=—
M, (Hg:)

increases with the growth of the number N of spins. We proved that the

flip-flop part of H,_does not contribute to the M7 in the approximation of the nearest
neighbor interactions for N > 1. At the same time the flip-flop part of the DDI is significant
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the second moments 5.2 for the line fluorapatite (Cas(POy);F) showing
"‘riﬂ:‘ (H az)

. ' . surroundings of the fluorine atoms. Oxygen
shapes H,, and #,, interactions on the spin atoms have been removed for clarity.

chain \llength (circles denote the ratio Fluorineatoms are equally spaced (rFF =
::':iﬁ f‘i"ﬁl of the MQ NMR coherences of 344 pm) and arranged in columns along the
M H g

orders n =0, 2 on the number of spins for c-axis of the crystal. Every fluorine atom is

the system with stars denote the ratio surrounded by three equidistant phosphorus
M) atoms (rFP = 367.3 pm) situated in vertexes

W DT of equilateral triangles in the planes
perpendicular to the c-axis.

for the second moment M3~of the line shape of the MQ NMR coherence of the plus/minus
second order.

The experimental investigation of MQ NMR dynamics and relaxation were performed
on a single crystal of calcium fluorapatite Ca.(P0,); [2]. The structure of this crystal

contains parallel chains of “F atoms (nuclear spin %) arranged along the c-axis. The distance
between neighboring chains is about three times larger than the distance between adjacent
fluorine atoms in a chain [7, 8]. As a result, the system can be considered as a set of isolated
spin chains. An isolated spin chain is the underlying model for the theoretical description of
the spin dynamics on the preparation period of the MQ NMR experiment [1]. Every F atom in
calcium fluorapatite is surrounded by three P atoms at the same distance. All these four atoms
lie in the same plane perpendicular to the chains of F atoms and, accordingly, to the c-axis.
The arrangement of atoms in fluorapatite is shown in fig.2 (the image was prepared using
VESTA software [9]). The specially tailored multi-pulse sequence which irradiates "°F spins
on the preparation period of the MQ NMR experiment [1] eliminates the heteronuclear
interactions of *'P (s = ) and “F spins. However, such averaging does not occur on the
evolution period of the experiment [1] since the irradiation is absent. The role of the
heteronuclear interactions in the dipolar relaxation of MQ NMR coherences is not clear so far.

Relaxation of MQ NMR coherences is caused by the secular (with respect to the
external magnetic field directed along the z axis) dipole-dipole interactions (DDI). In order to
simplify an investigation of the relaxation process with the full DDI Hamiltonian we restrict
ourselves to the zz part of H,_, neglecting its flip-flop part. For a linear chain of "F spins,

when every “F spin interacts with three 3'P spins (s = %2):
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3
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Zpf
i 4 2h Si_i'J

E Jij

i =1

Hy = zz D (1)
i<i

where Dij is the coupling constant of fluorine spins i and j, Dij+1 = D; Jij i=1..N;j=
1,2,3) is the dipolar coupling constant of fluorine spin i and phosphorus spin j, and 57 is the

z-projection of the angular spin moment of phosphorus spin j (j = 1,2,3) interacting with
fluorine spini (i=1,2, ..., N). The density matrix of the system p(t) at the time moment t
of the preparation period was obtain from exact solutions for MQ NMR dynamics [10, 11].

Since we have a system consisting of 4N spins (N fluorines and 3N phosphoruses), the
intensity Fy(z,t) and Fi,(z,t) the MQ NMR coherence of the zeroth order during the

evolution period at the time moment t is

Intensity Fy(r,t)

t, us

Figure. 5 The experimental and theoretical
intensities of the MQ NMR coherence of
the zeroth order on the evolution period of
the MQ NMR experiment for N = 100 spins
in the chain and the duration of the
preparation period is T = 126us. The solid
line is the theoretical results obtained with
Eq.(2); the dotted line is the theoretical
results obtained without accounting for the
heteronuclear interactions [5]. The points
are the experimental values of the intensity
of the MQ NMR coherence of the zeroth
order for a quasi-one-dimensional chain of

9F nuclear spins in a single crystal of
calcium fluorapatite.
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Figure. 5 The experimental and theoretical
intensities of the MQ NMR coherence of
the second order on the evolution period of
the MQ NMR experiment for N = 100 spins
in the chain and the duration of the
preparation period T = 139.2 ps. The solid
line is the theoretical results obtained with
Eq.(3); the dot-line is the theoretical results
obtained without an account of the
heteronuclear interactions [5]. The dashed
line is the results of numerical calculations
of the MQ NMR coherence of the second
order for a system consisting of 12 spins.
The points are experimental values of the
intensity of the MQ NMR coherence of the
second order for a quasi-one-dimensional

chain of !9F nuclear spins in a single
crystal of calcium fluorapatite.
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One can see in fig.4 and fig.5 that accounting for the heteronuclear interactions significantly
improves the agreement of the theoretical results with the experimental data.

Although in fig.5 the agreement between the experimental and theoretical results is
improved when the heteronuclear contributions are considered, discrepancy between the
theoretical and experimental data is bigger than in fig.4. It is possible the discrepancy is
mostly due to neglecting the flip-flop part of the DDI in the zz model. Indeed, one can see
from fig.2 that the flip-flop part of the DDI is getting more significant with increasing number
of spins. We performed numerical calculation of the intensity of the MQ NMR coherence of
the second order for a system consisting of 12 spins. fig.5 demonstrates that even for this
system with a small number of spins the numerical results are in better agreement with the
experimental data than the predictions of the zz model.
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Introduction

Isotopically pure rare-earth ions doped into dielectric crystal are currently considered as
perspective materials for quantum memory application [1]. For example, odd neodymium
isotopes ("*Nd and '**Nd) doped into yttrium orthovanadate monocrystal (YVOs). These
crystals are already in use in laser systems (but with natural abundance of RE ions). Since
rare-earth elements forming paramagnetic centers in this crystal, it can be studied by electron
paramagnetic resonance method which allows to determine values of g-tensor, A-tensor of
hyperfine structure and crystal field parameters.

The first paper about investigation of Stark levels of Nd impurity centers in YVO4 was
published in 1968 [2] and EPR data were presented in [3]. The energy level scheme was
obtained and 25 from 26 ground term levels were identified [4]. The crystal-field analysis and
investigation of the polarization and relative intensities of transition between the sublevels
“Fin to *Ii3n, *Ti1, *lon in Nd**:YVOy4 crystals have been performed, where Nd*" ions occupy
positions with point symmetry D24 [5].

For effective quantum memory usage of RE ions with nonzero nuclear spin is required.
The presence of other isotopes (including those with zero nuclear spin) is undesirable,
because contribution of these isotopes into useful signal is rather small. Also, their presence
will shorten phase time of active ions due to spin-spin interaction. In the paper [6] it was
shown that optical pumping of the hyperfine levels in isotopically enriched '**Nd**:Y»SiOs
crystals is more efficient, owing to the longer population relaxation times of hyperfine levels.
By optically cycling the population many times through the excited state a nuclear spin flip
can be forced in the ground state hyperfine manifold, in which case the population is trapped
for several seconds before relaxing back to the pumped hyperfine level.

Samples and experiments

Neodymium doped YVOs crystals were grown by the Czochralski method in Ir
crucibles in the 99 vol.% Ar + 1 vol.% O atmosphere. The purity of primary components, i.e.
V205 and Nd»O3 was no worse than 99.75%. We studied three YVO4 monocrystals doped
with: 0.001 at. % **Nd**, 0.005 at. % “*Nd*" and 0.005 at. % **Nd**. YVOs belongs to the

I4,/amd space group [7] with the following unit cell parameters: a = b = 7.118(0)A, ¢ =

6.289(0)A. The direction of the axes in the crystal was determined from X-ray diffraction
analysis. The crystal was cut perpendicular to the b axis. Then, main crystallographic
directions were chosen for further measurements.

The electron configuration of Nd** ions is 4f with the main ground state *“lo,. The
quantum properties of these ions are described by Kramers theorem which states that
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eigenstate of Kramers ion are at least doublefold degenerate. Because of that, calculations
were done in approximation of effective spin Serr = 1/2. Hamiltonian, which contains g -
tensor and A - tensor is shown below:

Typical EPR spectrum for (0.005% at.) *Nd*" in YVO4 is shown at fig. 1. We observe
8 lines (I = 7/2, 21+1) of the hyperfine structure on EPR spectra of '*Nd and '**Nd. Angular
dependencies of resonance magnetic fields of EPR signals in '**Nd**:YVOs monocrystal
rotated in (ac) and (ab) — planes were obtained on X-band EPR spectrometer Bruker EM X+ at
T =15 K. The angular dependence of resonance magnetic field is shown at fig. 2 for (0.005%
at.) "Nd**:Y VO, crystal rotated in (ac) - plane.

"Nd™:YVO, (0.005 % at.) T= 15K

T T T v
line from even isotopes

L

Intensity (a.u.)
i
1
L

R

HFS of "*Nd isotope
1 " 1 1 1
200 250 300 350 400

Magnetic Field (mT)

Figure 1. EPR spectrum of "*Nd*":YVO4 (0.005% at.) recorded in (ac)-plane at 15 K,
microwave frequency v =9.63919 GHz
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Figure 2. Angular dependence of resonance magnetic fields of EPR signal for '"*Nd**:YVO4
(0.005% at.), rotated in (ac)-plane at T = 15 K, microwave frequency v = 9.63919 GHz
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Crystal field parameters calculation

Crystal-field parameters of Nd ions in GdVO4 and YVO4 were obtained by Anderson et.
al [8] from fitting Stark levels scheme. Crystal-field calculations and optical spectra
measurements for Nd doped YMOj4 laser hosts (M = V, P, As) were performed by Guillot et.
al [7]. YY" ions are eightfold coordinated by oxygen ions, forming [YOs] dodecahedra and
they are located in positions with a Daq4 site symmetry. Nd*" ions are replacing Y*' ions in
these positions, forming paramagnetic centers. The Nd** ion has a 4f> electronic configuration
and “lop» ground multiplet state. The crystal-field splits the J = 9/2 multiplet into twofold
degenerate levels. Since Y>* sites have Daq site symmetry, CF Hamiltonian have the following
structure in crystallography coordinate system:

H =BJ0J+BJ0} + BJ0{ + B;O; + BZ0¢ ()

Crystal-field parameters B} for Nd*" ions in YVO4 were fitted for the best coincidence
of calculated and measured values of the Stark energy levels and components of g-tensor,
presented in Table 2. In addition, the parameters of the crystal-field determined in the papers
[5], [7] are given in Table 2.

Table 2. Experimentally obtained and theoretically calculated values of crystal field
parameters, g-factors and electron energy levels of Nd** ion in YVOu.

Experiment Our calculations Guillot-Noel® Zundu®
50 - 543 312 -14.7
2 - 164.2 476 219.6
B3 - -568.3 -1405 -602.2
BY - 66.9 -924 -318.2
s - -260.3 -237 39.5
&
gx 2.358 2.349 10.005 2.36110.003 -
g 2.358 2.349+0.005 23614£0.003 -
g 0915 0.91440.005 0.915+0.004 -
go(cm™) 0° 0 0 0
g1(cm’) 108" 124 130 152.9
g2(cm) 173° 215 197 202.6
g3(cm™) 226% 344 243 231
ga(cm™) 433° 428 453 452.1

@ data from Ref. [2]; © data from Ref. [7]; ¢ data from Ref. [5]

We used extended Stevens operators, in the [7] Wybourne notation and in [5] Butler's
notation was used. The two major types of operators, i.e. the Stevens and Wybourne ones
used to express the crystal-field Hamiltonians, the relationship between the crystal-field
parameters in the two notations can be found in the review [9]. Only the lowest doublet of the
Nd** ground multiplet is populated at low temperatures, so the magnetic properties of the
system can be described by the Kramers doublet with effective spin Sesr = 1/2 spin.

Conclusion

The crystal-field parameters for Nd*" were defined from analysis of Stark energy levels
and experimental g- tensor value.
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A special interest for spectral study of the double fluorides LiY 1-xRxF4, where R is the
impurity rare-earth ion, originates from their frequent use in quantum electronics, solid-state
lasers and sensors.

Usually, the electron paramagnetic resonance spectra do not provide full information
about the hyperfine interactions in the crystal because of high inhomogeneous broadening of
the resonance lines [1]. This difficulty is overcome in case of electron-nuclear double
resonance (ENDOR) studies.

This work represents an analysis and interpretation of ENDOR spectra of trivalent rare-
earth ions R3+, which substitute Y3+ ions in LiYF4 single crystal. The spectra of Nd3+, U3+,
Ce3+ ions obtained by the Mims method, were investigated. LiYF4 crystal has scheelite
structure and local tetragonal symmetry at the position of Y ion. The experiment was
conducted at X band (9.6 GHz), the magnetic field was perpendicular to crystal c axis. The
concentration of the rare-earth impurity ions was of the order of 0.01 at. %.

The results can be described with the following Hamiltonian [2]

Hy =Y 8,85, +hyZ[—Bk +ZI}5">SJ1,£">, (1)
ki ik J

where B — external RF magnetic field, S — electron spin, / — nuclear spin, 7 — the super
hyper-fine interaction (SHFI) parameters and g, - g-tensor components. One can partially

diagonalize the above Hamiltonian on the electron states |irM >, since the electron part of

Zeeman interaction exceeds much the hyperfine interaction energy

H,y, (M) =(+M|H g, |£M) :i#@w (+M), )
where
i 1 i i i i
H()(iM):h;/(—Bk +5Tkj.>,1jj1,£> =B (xM)1", 3)
i 1 i
Bl = hy[—Bk iET,;- >g,,-ﬂ,j : (4)

The parameter g =.,/A 1. _, introduced above, is an effective g-factor, A (0, =E -
g k jgkngjn ¢ B

direction cosine.

The task reduces to diagonalization of separate Hamiltonians (3) corresponding to
different ligands. In the calculations of 7, two contributions were considered: magnetic

dipole interaction and charge-transfer contribution.

72



PROCEEDINGS

Because '°F ligands are situated at distances ~ 2 A from paramagnetic ion, one cannot
neglect overlapping of their electronic wave functions. Electrons from 2p or 2s shell of F~ ion
partially transfer to 4/ shell of rare-earth paramagnetic ion, as a result we have hybrid mixed
shell — molecular orbital. When the wave functions of 2p and 2s shells are mixed with 4/ shell
of the rare earth ion, additional interaction of its electronic shell and nuclear spin of F~
appears (Fermi contact interaction). Since the 4f electronic shell is quite compact, the
overlapping is negligible at distances over 3 A. In particular, this contribution wasn’t

considered for ’Li. Because of "Li nuclear spin I = i, one must take to account the quadrupole
Y 3 q p

interaction with the electric field gradient (EFG) of the crystal. Besides, EFG is able to
polarize the electronic shells of "Li, so additional EFG on the site of the nuclear spin appears.
The corresponding quadrupole interaction can be written as follows:

312 -1(1+1)

H, =(1- V. 5
o=(I=medV. = 5)
or
Hy=al’-pE, (6)
1- |4
where E — is the identity operator, o = G )eQVZZ , ﬂzS(?%and (1-n)

antishielding factor [3], [4]. The magnitude of quadrupole momentum of "Li equals O = —4.1 -

10?7 cm? in units of the elementary charge. The longitudinal component of EFG, V.., was

calculated by summation over the crystal lattice. The numerical calculation gives the value a
=0.0859 MHz.

Since Zeeman and SHF interaction prevail over Hq, one can obtain the ENDOR
frequency shifts using the first-order perturbation theory.

The results of the calculations, as well as the experimental ENDOR spectra of Nd**, U**
and Ce*" ions in the frequency domain of Li, are shown below.

B

34 36 38 4 42 44 46 48 5 52 54
RF frequency, MHz

Figure 1. The experimental Mims ENDOR spectrum of Nd*" ion. The calculated frequencies
of transitions are shown with vertical lines.
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Figure 2. The experimental Mims ENDOR spectrum of ion Ce*". The calculated frequencies
of transitions are marked with vertical lines.

et

35 -+ 4.5 5 o]
RF frequency, MHz

Figure 3. The experimental Mims ENDOR spectrum of ion U**. The calculated frequencies
of transitions are marked with vertical lines.

As can be seen from the resulting data, good conformity between experimental and
calculated spectra is observed.
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Magnetic resonance imaging as a method of non-invasive imaging has extremely high
penetration depth of tissue. Moreover, MRI doesn’t use radioactive agents or high-energy
electromagnetic waves as in the case of PET, SPECT and CT. It is known, the time of nuclear
magnetic relaxation of protons is varied for different biological tissues, which makes it
possible to distinguish them on the MRI image (contrasting). However, MRI sensitivity is
relativity low. Thus in early diagnosis stage, the difference between normal and abnormal
regions is usually subtle, and additional contrast is required to highlight the abnormal region.

To achieve this, the following tasks we solved: preparation series of samples of contrast
agents (including synthesis of rare-earth trifluorides nanosized TbF3, DyF3), characterization
of samples, preparation of aqueous colloidal solutions); the measurements of relaxivities Ri,
R and its dependencies on magnetic field (Fig.1), concentration of solutions and size of
dispersed particles; toxicity estimation towards to biological objects; establishment of optimal
parameters proposed contrast agents for practical use.
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Figure 1.Concentration dependences of 'H relaxation rates in TbF3, DyF3 nanosized
solutions.

This work was supported by the Russian Science Foundation (project no. 17-72-10198).
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Application of "'Ga and 27 NMR spectroscopy for the mechanistic studies
of Ga(Ill)-mediated reactions of D—A cyclopropanes with pyrazolines
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Donor-acceptor (D—A) cyclopropanes are very convenient building blocks and are
widely used in organic synthesis, especially in construction of naturally and biologically
active compounds. Therefore, researches in this field are very perspective direction in modern
organic chemistry. Recently, we have developed a new class of multi-component processes of
D-A cyclopropanes based on their reactions with pyrazolines, in particular with
spiro[cyclopropanepyrazolines] (fig.1). [1] These processes are catalyzed by Ga(III) or Al(III)
compounds and have a number of specific features. One of the main features of the process is
the participation of the halide anion from Ga-mediator, [2] which is quite unusual for these
types of reactions. Considering the high synthetic potential of the processes, special
investigations are required to study in details the mechanism, gallium transition complexes,
and transfer of the halide anions.

7 n7 RS
R” R "
R® R7 R" RO GaX; \ 4
EWG' Nu-/ E* _ /TR
M - N e
R EWG? R* x Cl, Br, |
R? R3 R’
EWG?
EWG'

Figure 1. Reactions of D—A cyclopropanes with spiro[cyclopropanepyrazolines] mediated by
Ga(II) salts.

To study the mechanism, we have synthesized the model complexes of GaCl;, GaBr3
and Gal; with sterically hindered D—A cyclopropane with two Me-groups in both ortho-
positions to stabilize of intermediate gallium complexes (fig.2). The assignment of their
structures is a special very complicated challenge, because the X-Ray is completely
inapplicable due to the instability of complexes or their liquid aggregate state. To solve their
structures, we have developed a special approach based on the application of "'Ga NMR
spectroscopy, which was specially optimized for these objectives both in terms of acquisition
and decoding, [3] because the 7'Ga nucleus has a large quadrupole moment and cannot be
used in a conventional manner.
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CO,Me
COMe  GaX;

Me X=Br |

Figure 2. Formation of different types of Ga-complexes using model di-Me D-A
cyclopropane.

We have found that the type of complexes formed dramatically depends on the halide
anion in gallium(III) salt (fig.2). Of particular interest are the complexes with GaBr3; and Gals,
which have ionic structures with a strict 3/4 composition (fig.2), and this type of structures
was not observed before for D—A cyclopropanes. The key feature is the presence in structure
of the GaHals™ anions, which transport the halide anions in the course of the reactions. ’'Ga
NMR spectra have two different signals showing two different types of Ga-atoms, which are
quite easily separated by deconvolution (fig.3). GaHal4™ anions have a high symmetry and
give narrow intense signals in "'Ga spectra. Also, Gals~ anions were detected in '>’I NMR
spectra (fig.3).

o g
g 3 &
| 71Ga NMR -
™M
-
—
1
127I NMR
GaBr4-
W1/2 = 4300 Hz
W1/2 = 29000 Hz
Ga3+
I T T
T T T T T T T T T T 1
200 800 400 0 400 -800 5000 0 -5000 ppm

Figure 3. Key characteristic 'Ga (after deconvolution) and '’ NMR spectra for ionic Ga-
complexes indicated on Fig.2.

Complexes with GaCl; have a different type of structure and are covalent (fig.2). Their
structures in solutions were studied by 1D and 2D multinuclear NMR spectroscopy. These
gallium complexes exist in CD2Cl> solution predominantly in a dimeric form due to the
formation of two Ga-Cl-Ga bridges (fig.4). Formation of the dimeric structures was
investigated using 2D Diffusion Ordered NMR Spectroscopy (DOSY), which allows to
estimate a molecular weight of compounds in solution without its isolation (fig.4).
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Figure 4. '"H DOSY NMR spectra demonstrating the equilibrium monomer—dimer.

Summary, we have developed a new complex approach to the study of the mechanisms
of gallium-catalyzed processes on the example of reactions of D—A cyclopropanes with
pyrazolines, based on the analysis of data of "'Ga NMR spectroscopy, which was specially
adapted and optimized for such objectives. It is an important step on the way to the next
generation of gallium chemistry.

The work was supported by the Russian President’s Council for Grants (grant MK-
3465.2017.3)
References

[1] R.A. Novikov, D.D. Borisov, M.A. Zotova, D.A. Denisov, Y.V. Tkachev, V.A. Korolev,
E.V. Shulishov, Y.V. Tomilov. J. Org. Chem. 2018, 83, 7836—7851.

[2] R.A. Novikov, D.D. Borisov, A.V. Tarasova, Y.V. Tkachev, Y.V. Tomilov. Angew.
Chem. Int. Ed. 2018, 57, 10293-10298.

[3] R.A. Novikov, K.V. Potapov, D.N. Chistikov, A.V. Tarasova, M.S. Grigoriev, V.P.
Timofeev, Y.V. Tomilov. Organometallics 2015, 34, 4238-4250.

79



PROCEEDINGS

Experimental investigation of magnetostriction in LiRF4 (R=Yb, Tm) in the
strong magnetic fields.

D.S. Nuzhina!, S. Abe?, S.L. Korableva!, K. Matsumoto?, I.V. Romanova', K. Ubukata?,
M.S. Tagirov'

! Institute of physics, Kazan Federal University, Kazan, 42008, Russia,
2 Physics department, Kanazawa University, Kanazawa, 920-11, Japan

e-mail: nuzh.darya@gmail.com

The magnetoelastic properties of rare-earth double fluorides LiRF4 (R is a rare-earth
ion) have been systematically studied experimentally and theoretically since the 1970s [1-6].
The study of magnetic properties of LiRF4 single crystals is an important problem for the
development of the theory of magnetoelastic effects in magnetically concentrated crystals
containing rare-earth ions. The effect of magnetostriction has been used to generate ultrasonic
vibrations. Materials with a large magnitude of magnetostriction are used to fabricate
magnetostrictive transducers [7]. One of the promising materials may be double fluorides of
rare earths. LiYF4 crystals having the same structure as LiRF4 activated by Ho**, Yb**, Tm*",
and Dy*' ions are good laser materials [8] and used to convert the frequency of radiation in
the infrared and visible spectral regions [9]. The significant influence of magnetic fields on
the structure of the crystal lattice of double fluorides of rare earths was observed [10-12]. This
effect appears only in strong magnetic fields. The LiTmF4 is a dielectric van Vleck
paramagnet [13], a distinguishing feature of which is a strong magnetoelastic interaction, as
evidenced by the giant magnetostriction discovered in ref. [14], and the characteristic
extremum of the temperature dependences of elastic constants [1,15]. However, accurate and
correct data [16] of the magnetostriction as a function of the magnetic field and temperature,
especially in strong magnetic fields (up to 8 T) and at low temperatures, was not observed.
Thus, the study of the dependence of the magnetostriction of double fluorides on the magnetic
field is an actual problem. The single crystal LiYbF4 is an antiferromagnet, the temperature of
the transition to the magnetically ordered state is Tn = 130 mK [17]. The magnetostriction of
LiYDbF4 single crystal has not been measured as of now.

Magnetostriction measurement of LiYbF4, LiTmF4 single crystals have been carried out
on a capacitive dilatometer [18] in static magnetic fields in the range 0-8 T at temperatures of
2,5,and 10 K.

Rare earth ion Hamiltonian possessing nuclear spin I defined in electron-nuclear state
space (2J+1)(2/+1) of the main multiplet with total angular electronic angular momentum J,
can be written as:

H=H,+H, +H,, (1)

where Hj is the ion energy in the crystal field, determined by seven independent parameters

of the crystal field B‘;‘, H_ is the Zeeman energy, H; is the change in the ion energy in the
crystal field under deformation of the lattice, which is determined by the deformation tensor
[19].

The magnetostriction of LiYbF4 single crystal was calculated in the framework of the
exchange-charge model taking into account dipole-dipole and -electron-deformation
interactions (Fig.1). Table 1 and Table 2 show the measured and calculated by diagonalizing
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the Hamiltonian (2) energy levels of the lower sublevels of the main multiplet for LiTmF4 and
LiYDbF, relatively.

H, = BJ0S + BJ0J + Bi0i + B;*0i + BJ0? + B0 + B;*0;, 2)

where B?’j — independent parameters of the crystal field, D; — combination of spherical tensor
operators, which match with the corresponding Stevens operators [20].

Table 1. Energy (cm™!) of the Stark sublevels of the main multiplet of the rare-earth Tm>" ion

in LiTmF3.
Experiment [21] Calculation

I 0 0

4 |31 31

I 56 62

I, 282 281

I 319 313

I 363 361

4 |- 377

4 |- 402

Table 2. Energy (cm™) of the Stark sublevels of the main multiplet of the rare-earth Yb** ion

in LiYbF4.
Experiment [17] | Calculation
[se 0 0
I'7s 235.03 2354
I'7s 371.9 366.08
I'se 442 .64 453.8
6,0x10° | . IIOK ' ' '
ol 5K
5,0x10” . 2K
4,0x10° +
BJ|110
= 3,0x10°F  AL/L[110
3 4
2,0x10° b
1,0x10° | 4
0,0 et
o 2 p 6 8

Figure 1. Magnetostriction as a function of the magnetic field in LiYbF4 single crystal
B||(110), T=2,5,10 K: measured data — points, calculates data — green line.

The work was supported by Russian Foundation for Basic Research (grant Ne 18-42-
160012 p_a).
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The development of current computation technologies is closely related to creation of
new type materials based on the application of quantum states such as metal-organic grids.
Calixarenes doped by rare-earth metal ions are a promising molecular platform for the
realization of metal-organic grids, and accordingly have great potential for use as functional
materials [1].

The investigated substances were BuS4CH>COOH -calixarenes doped by rare-carth
metals ions Lu*", La**, Gd*', Yb**, Er’* and SsCH.COOH doped by Tb**, Dy*". Samples
were synthesized by the Antipin I. S. in Laboratory of Organic Chemistry at the Institute of
Chemistry of KFU [2]. For the EPR studies calixarenes doped by rare-earth ions Lu**, La*",
Tb**, Gd*', Yb*', Er’" and Dy’ were grown in the form of crystals. Important, calixarenes
were doped by rare-earth ions during the synthesis of the molecules in order to allow metal
ions to take place in the inner cavity of the calixarens’ molecule. Then the microcrystals were
grown by evaporating from saturated solution. The average size of the microcrystals of
calixarenes was about 100x100x4 pm (fig. 1).

The EPR spectra were measured by W-band Bruker spectrometer, at a temperature of
15-300K.

e

Figure 1. BuS4CH,COOH calixarenes crystals doped by rare-earth metals ions Lu**

The EPR spectra of BuSsCH,COOH calixarenes doped by Lu**, La*" ions and
SsCH2COOH doped by Tb*" are shown in figure 2. One can see the EPR lines weren’t
observed in the measured spectra, due to Lu®**, La** and Tb*" being nonparamagnetic ions.
Thus unwanted paramagnetic dopants weren’t detected in the samples.
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Figure 2 .Continues wave EPR spectra of BuS4CH,COOH doped by Lu**,La*" ions and
spectra of SsCH,COOH doped by Tb** ions

The EPR spectra of BuS4CHCOOH doped by Gd**, Yb*', Er’" ions and spectra of
SsCH,COOH doped by Dy** ions are shown in figure 3. The shape of the lines was
complicated to calculate spectroscopic parameters directly so, to deal with it, the
approximation was hold. The approximation results are shown in figure 3 by dotted line and
its parameters are presented in table 1.

T T T T T iJ T Y T T T
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Figure 3. Continues wave EPR spectra of BuS4CH,COOH doped by Gd**, Yb**, Er*"ions
and spectra of SsSCH2COOH doped by Dy** ions
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The calculated g-factors of rare-earth metal ions in calixarenes were compared with
the g-factors of free Gd**, Yb**, Er’" , Dy’ ions and g-factors of Gd**, Yb*", Er*’, Dy*" ions
in CaWOg4 [3]. The comparison showed the proximity of the calculated g-factor values to the
values obtained for the ions in CaWQj4 and the strong discrepancy with the g-factor of free
ions values.

Table 1 - Comparison of g-factors

S D g-factors of free| g-factors in
& &y Exx (MHz) ions CaWO,[3]
S8-Tb 3/2 - - - - 1.5 17.7-17.8
S4-Gd 7/2 2.01(1) 1.98(1) 1.98(1) 880(9) 2 1.9915-1.9916
S4-Yb 1/2 4.70(5) 6.95(5) 7.50(5) - 1.1 1.05-3.90
S4-Er 1/2 9.5(1) 13.0(1) 16.8(1) - 1.2 1.25-8.38
19.8(5) 16.5(5) 12.0(5) -
S8-Dy 1/2 1.3 5.5-7.5
13.0(5) 5.7(5) 5.7(5) -

A standard test of a dopant localization inside the microcrystal is the registration of
magnetic field orientation dependencies of the microcrystal.

At first, the orientation dependence of the thiacalix[4]arenes microcrystal doped by
Gd*" ions was measured (fig.4). The sensitivity of the spectrometer was enough to register the
spectrum of one microcrystal. However, changes in the EPR spectra were poorly expressed
because of the wide width of the lines (.03 — .1 T.). To reduce the spin interaction, and by
extension the line width, the calixarenes containing paramagnetic and nonparamagnetic rare-
earth ions must have a 1:100 ratio or less.

The sensitivity of the spectrometer did not allowed to register the spectrum of EPR
thiacalix[4Jarenes doped by Gd/Lu ions in a 1:99 ratio.
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T T T r
=939 GHz 4 rotation angle
u / 0
T=50 K —
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e 33 34 35

Magnetic field (T)

Figure 4. Magnetic field orientation dependencies of one particle (microcrystal)
BuS4CH>COOH calixarene with Gd** (100%)
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However, the sensitivity of the spectrometer was sufficient to record the EPR spectra of
one thiacalix[4]arenes microcrystal doped by Er/Lu ions in a 1:99 ratio. The spectrums shown
in the figure 5 demonstrate the magnetic field orientation dependencies of the microcrystal
and point out the localization of dopants inside the microcrystal.
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Figure 5. Magnetic field orientation dependencies of one particle (microcrystal)
BuS4CH>COOH calixarene with Er** (1%)
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The quasy-2D antiferromagnet Ba;MnGe;O7; was recently studied by neutron
scattering and thermodynamic methods [1]. Crystallographic structure features planes of
magnetic (S=5/2) manganese ions, which are separated from each other by planes of
nonmagnetic barium ions. Therefore, as far as magnetic properties are of interest, sample is
considered to be quasi-two-dimensional. Based on the analysis of the inelastic neutron
scattering data [1], the exchange integrals inside the plane J; and between the planes J, were
determined. They differ approximately by a factor of 30: J;=27.8 peV and Jo=IpeV.
Ba;MnGe;07 orders antiferromagnetically at 4.2K, antiferromagnetic phase was identified as
a collinear antiferromagnet with easy-plane anisotropy [1].

Electron spin resonance spectroscopy is a powerful tool to study antiferromagnetically
ordered phases. Its routine energy resolution of 1 GHz (5 peV) allows to identify magnon
gaps and to find anisotropy parameters with high accuracy. We have performed series of
measurements at different microwave frequencies from 9 to 30 GHz at the external magnetic
field applied along the main anisotropy axis and orthogonal to it. The sample was mounted on
the bottom of the microwave resonator and immersed in a helium-4 or helium-3 cryostat
equipped with a cryomagnet. The microwave radiation from the generator along enters the
resonator with the sample via one waveguide, leaves the resonator via second waveguide and
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Figure 1. An example of ESR absorption data recorded at a frequency of
9.5 GHz for a field applied perpendicular to the anisotropy axis at
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Figure 2. Temperature dependence of resonance field and |inewidth for the
field applied perpendicular the main anisotropy axis at 9.67GHz. Triangles:

hits the detector. If absorption occurs in the sample, the power that falls on the detector falls
off. This power is recorded as a function of the magnetic field produced by the solenoid,
which yields a line of magnetic resonance at a certain frequency.

Crystallographic structure of Ba:MnGe20O7 is tetragonal, fourth order symmetry axis
(c-axis) is the main anisotropy axis of the antiferromagnetic phase. We will denote this axis as
Z in further calculations and we denote second order axes orthogonal to Z as X and Y.

For the magnetic field applied along the anisotropy axis H || [001] observed evolution
of ESR absorption is in agreement with the model of collinear easy-plane antiferromagnet.
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Figure 3. Modeled frequency-field diagrams for the tetragonal easy-plane
antiferromagnet with in-plane anisotropy. Amplitude of in-plane anisotropy is
strongly exaggerated for better presentation. Left panel: field parallel to

tha main anientranv avie riocht nanal® fiald annlied alanoe N1NT and 1101

88



PROCEEDINGS

We have determined frequency-field dependence of antiferromagnetic resonance and derived
the gap value, which is approximately 24 GHz (0.1 meV).

The Figure 1 shows an example of recorded magnetic resonance lines in a sample at a
frequency of 9.5 GHz at different temperatures for a field applied perpendicular to the
anisotropy axis. An absorption line is visible, which slightly shifts at the temperature below
4.2 K. This line can be fitted with a Lorentz resonance line. The results of fitting are shown in
the Figure 2. The transition temperature is marked by the sharp change of the resonance field
and by the maximum of the linewidth. Such a displacement at a field applied perpendicular to
the axis of anisotropy is atypical for an antiferromagnet of the "easy plane" type: it is known
that the magnetic resonance line for a field applied perpendicular to the axis of anisotropy
should not be displaced if only axial anisotropy is present (which is expected for tetragonal
case). Observed shift of the resonance absorption can be interpreted as a small zero-field gap
of approx. 3 GHz.

The origin of this small gap is unclear, the likely candidates are fourth order
anisotropy in the plane perpendicular to the main anisotropy axis and hyperfine interaction
with Mn nuclear subsystem.

We analyzed effect of fourth order anisotropy on the AFMR spectra using the theory,
developed by Andreev and Marchenko [2]. It can be included to the anisotropy energy as

U, = bl +al lf., here lis an antiferromagnetic order parameter (|l| = 1), b = 0 corresponds
to main easy-plane anisotropy and & > 0 describes in-plane anisotropy, which favors 11X or

1| ¥. The modeled frequency-field diagrams are shown on the Figure 3. For the case when
the field is directed along the main anisotropy axis, one of the frequencies is independent of
the field and equals zero if there is no anisotropy in the plane. The second frequency grows
with the applied field. For a field lying in a plane, two variants are considered for the field
applied along [100] and [110]. We have found that accounting for the 4-order anisotropy does

result in the opening of small gaps,in the magnon spectrum. However, modeling predicts that
resonance frequencies should deviate from the position of paramagnetic resonance in different
directions for HJ|[100] and HJ|[110] (right panel of Figure 3). This prediction contradicts to
experimental observations (see Figure 2).

To check whether the hyperfine coupling is responsible for the observed effect we
have performed AFMR measurements using helium-3 cryostat down to 450 mK. We have
observed that resonance line continue to shift even below 1K, which is well below Neel
temperature. This behavior is in qualitative agreement with the model of hyperfine coupling
between electron and nuclear subsystems since magnetization of nuclear subsystem continues
to increase on cooling.

Thus, we have studied antiferromagnetic resonance in quasy-2D antiferromagnet
Ba2MnGe207. We have determined value of the gap in the magnon spectrum (approx. 24
GHz) and we have observed another smaller gap (approx. 3 GHz), which is supposedly due to
hyperfine coupling between nuclear and electronic subsystems.
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Hydroxyapatite (HAP) Caio(PO4)s(OH)2 used for medicine application: restoration of
bone tissue, as implants, for orthopedic and so on. The development of synthesis method of
hydroxyapatite with preset properties is an actual task.

Purpose of the work is description of temperature dependence of spin-lattice relaxation
of NO3> -complex in synthetic hydroxyapatite powders with particles size 30 and 1000 nm.
These samples were synthesized on the Faculty of Science of New Materials at Moscow State
University.

Temperature dependence of spin-lattice relaxation rate NO3* -complex is shown in
Figure 1. In the temperature range from 10 to 100 K the dependence is proportional to 7%
This value deviates from the usually dependencies T° for Kramers ions [1, 2].

X-band

‘F H=343.4 mT T
Hwydroxyapatite
1um

Figure 1. Temperature dependence of spin-lattice relaxation rate in magnetic field
H=343.4mT
According to Orbach's theory, the spin-lattice relaxation rate is the sum of the rates of
direct single-phonon and two-phonon processes.

To describe the spin-lattice relaxation rate of a one-phonon direct process, we use the
calculations from [1]:
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where du- energy difference between levels [b> and |a>, k — Boltzmann coefficient, 7 — lattice

temperature, peys — crystal density, vy — sound’s speed in a crystal, [{a| T, ,, V2 |b}|- matrix
element.

In the case when the spin S=' it is required to use the second order perturbation theory
[3] for calculating the matrix element in (1), as for two-phonon relaxation process.

For two-phonon relaxation process use results from [3]:

1 4mh? (b|vD|a)® pomax_ _ .
—= — 3 T Al + 1w p dew,
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)
e _ & . hw
where Ai(fi + 1) = it T W
Acryst — energy up to an excited level, 1:b|‘i-"':13'|a} — matrix element (spin-phonon interaction
parameter).
We introduce the coefficient Ka:
z 0] a1
K, = = _BV7le) (3)
= Peryst¥s  Seryst
The rate of spin-lattice relaxation observed in experiments can be described by the sum
of direct and two-phonon processes:
o I}
1 max g kT .
— =K, T+ K, J. ———w’pidw C))
T o (kT —1)2
Consider the case of describing the rate of the spin-lattice relaxation using the Debye
model [2], wherein the density of phonon spectra has the form p(w) = 30*/(2 z*v* ). Substitute
o % into (5) and make a change of variables we obtain a relaxation rate for the two-phonon
process proportional to [3]:
1 kT’ [T0/T g=x®
R L (R (6)
T, \h (e¥ —1)°

o

The result of the description of the experimental temperature dependence of the spin-
lattice relaxation rate using the Debye model is shown in Figure 2, the Debye temperature is
determined. The spin-lattice relaxation rate curve describes well the experimental points, but
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the Debye temperature determined from the approximation lower by about 60 degrees
compared with the Debye temperature, defined in [4] by the heat capacity (Tp = 389K).

We calculate the relaxation rate using the phonon spectrum obtained in [5] to check the
cause of temperature differences.

The results of the calculation are shown in Figure 2. The calculated curve also describes
well the experimental points, and the temperature of Debye (Tp = 378K +£30K) corresponds to
the Debye temperature (Tp = 389K), obtained from the heat capacity [4].

An analogous approximation using the calculated phonon spectrum was made for a
nanopowder. The curve also describes well the experimental points with the Debye
temperature Tp=378K. Figure 3 shows a comparison of the descriptions of the spin-lattice
relaxation rates using the phonon spectrum at the Debye temperature Tp = 378 K.
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Figure 2. Temperature dependence of the spin-lattice relaxation rate of nitrogen complexes
in hydroxyapatite, with an average particle size of 1 um. The solid line shows the
approximation in the Orbach model (Tp = 328 K), dash line - using the real phonon spectrum
(Tp =378 K)
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Figure 3. Approximation of the temperature dependence T1! for microsize and nanosized
powders with a calculated phonon spectrum and the Debye temperature Tp = 378 K. The dash
line is a microsize powder, the solid line is a nanosized powder.

It is obvious that the changes in the rate of spin-lattice relaxation in nanoparticles are
mainly due to the coefficients K; and K in (1) and (4).These coefficients are given in Table 1.

Table 1. The values of the approximation coefficients at the Debye temperature Tp = 378 K.

Size Ki (a.u) K; (a.u)
micro 0.4645 6.1282
nano 0.8052 9.6794
nano/micro 1.73 1.58
V173 =112 Y1.58=112

It is seen that the coefficient before the integral K> is 1.58 times and the coefficient for
the direct process K is 1.73 times larger for the micro sample.

It can be assumed from (1) and (4) that the change in the coefficients for samples of
different sizes is associated with a change in the speed of sound vy, taking into account the

V1,73 =112 and /1,58 = 1.12, we can conclude that the speed of sound in nanoparticles
slows down by 12%.

Conclusion

The spin-lattice relaxation rate curve, which has an inclination proportional toT* in the
range of average temperatures (below 100K) is well described using the Debye model, where
p(w) = 30*/(27%v?). Since in the experiment obtained the temperature dependence of the spin-
lattice relaxation rate deviates from the theoretical T° for Kramers ions, and the resulting
value of the Debye temperature deviates from the value Tp=389K, determined from the heat
capacity in[4], then to describe this dependence it is necessary to take the integral directly,
using the calculated phonon spectrum, close to reality.

The rate of spin-lattice relaxation in nanosamples increases in comparison with micro
samples. Given the changes in the coefficients K before the temperature T and K> before the
integral for the direct and two-phonon processes, we supposed in the nanopowder, the speed
of sound decreases by 12%.
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Aerogels are subjects of many recent scientific studies. Due to their high porosity and
low thermal conductivity they are widely used in space technology, for example as a thermal
insulator and a Cherenkov radiation detectors [1]. Aerogels are materials with very low
diamagnetic constant which allows to use them in microelectronic for reducing the stray
wiring capacitance. It is known, that diamagnetic constant of aerogels depends on porosity
[1]. *He is a one of the best probe for studies of the magnetic properties of nanosized porous
samples at low temperatures due to sufficiently long relaxation times and the absence of a
nuclear quadrupole moment. It is known that the aerogels has effect on certain properties of
3He nuclei at very low temperatures. Nowadays, interest in the study of the *He superfluidity
in aerogels has recently increased due to discovery of polar superfluid phases in fibers
aerogels. [2, 3]. The ballistic mean-free path (mfp) in an aerogel Asero iS an important
parameter for theoretical models of *He superfluidity and can be determined by diffusion
experiments, for instance, via magnetic resonance experiments with gradients.

In this article, the results of *He gas diffusion experiments in four types of ordered
AL O3 aerogel with different density (82, 125, 180, 597 and 920 mg/cm?) are represented. The
samples with higher 597 and 920 mg/cm?® densities were fabricated from 82 and 125 mg/cm?
samples, respectively, by procedure described in [4]. It included the soaking of aerogel in the
water for 20 minutes and drying at the room temperature during 48 hours.

A series of gas pressure dependencies versus amount of *He in the samples with
different types of surfaces (raw and modified by N or “He) are measured at 4.2 K. It is known
that *He atoms build a monolayer on substrate surface at a temperature of 4.2 K and changes
negligibly at pressures higher than 50 mbar amount of adsorbed *He not depends on gas
pressure. The gas density obtained from experimental data is higher than density expected for
ideal gas and magnification factor depends on surface-to-volume ratio of the samples.

The *He gas diffusion study was carried out using gradient pulsed NMR methods at
temperature of T = 4.2 K with constant magnetic field gradient of G = 2.2 mT/cm and at
frequency of fo = 16 MHz (Ho = 490 mT).

The samples were placed into the probe cell created from “Pyrex 77407 (82, 125, 180
and 597 mg/cm?®) and “Stycast 1266 (920 mg/cm?) with horizontal orientation of fibers. The
study was carried out with different directions of application of gradient G and constant
external magnetic field By relatively to the samples fibers.

The values of diffusion coefficient were obtained from analysis of transverse
magnetization decay curves, which were fit using a following function:

¥(21) = Yoexp()exp (- (21)°) (1)

where Y(21) is the spin-echo amplitude at moment t = 21, Yo is the signal amplitude that
corresponds to initial magnetization, T is the spin-spin relaxation time of *He nuclei, D is the
diffusion coefficient and y = 21x32.43 MHZzT"! is the gyromagnetic ratio of *He atom.

The measured diffusion coefficient of *He atoms in aerogels are significantly
suppressed by the immobile adsorbed layer of *He (the estimated diffusion coefficient in the
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adsorbed layer lies between 10 and 10 cm?s™! depending on the layer coverage [5, 6]. This
is confirmed by two facts: 1) the diffusion coefficient anomalously drops at low pressures in
opposition to that expected for free gas diffusion; 2) the covering of the aerogel surface with
an approximate monolayer of “He significantly increases the measured gaseous *He diffusion
coefficient at low pressures.

In addition, it was found that measured self-diffusion coefficient of *He atoms is vary
with different directions of applied constant external magnetic field relatively to the aerogels
fibers. The value of this “anisotropy” of self-diffusion increases with the increase of samples
density, i. e. depends on surface-to-volume ratio.

Following refs. [7] and [8] the apparent diffusion in aerogels is just weighted diffusion
between that in the adsorbed layer and that in the gas phase. As diffusion in the gas phase is
much faster than in the adsorbed layer the apparent diffusion in the aerogel is assumed to be
governed by a “‘fast exchange’’ process [9]:

D= Daern'_\‘ie:_!_i_ D Nads (2)

gas ads Ny

where DZ3.° and D4, are self-diffusion coefficients in gas phase and adsorbed layer of 3He,
respectively, and Ngas, Nags and No are amounts of *He in gas phase, adsorbed layer and total
amount in the cell, respectively. The model of two-phases “fast-exchange” process is correct
in case, when the lifetime of *He atom in each phase is much shorter than measured time. This
condition is always obeyed in present work, as the estimated typical lifetime of *He atom in
adsorbed layer is 1 ns and in gas phase is 10 ns. Both values are much shorter than typical
measured time.

Note that self-diffusion in adsorbed layer, which plays an important role in some gases
at high pressure, will be ignored further as being totally negligible. This is based on the fact
that value of diffusion coefficient of *He atom in filled adsorbed layer varies in range of
10 - 10® cm?s™!. Thus, this is possible to estimate of self-diffusion coefficient of *He atoms
in gas phase using eq. 2.

It was found that values of diffusion coefficient of *He atoms in gas phase are less than
values expected for ideal gas at low pressure range, where the fraction of adsorbed atoms is

large. In addition, the computed values of Dg2-® not depend on type of sample surface (raw or
covered by N> or *He). Therefore, the observed effect of slow gas diffusion cannot be
explained by the influence of surface diffusion.

On the other hand, the observed gas density is higher than expected for ideal gas at all
pressure range. Reliability of the estimated gas density by NMR calibration is confirmed by
the expected diffusion (for a given density) approaching the experimental diffusion at high
pressures. This occurs when the fraction of adsorbed layer becomes negligible. Muller et. al.
in [10] have observed such densification of CO2 by a factor of 2 in an aerogel and refer this
effect to the gas liquation in micropores. In the case of *He at low temperatures it is known
that adsorption in micropores is completed at relatively low pressures of a few mbars [11].
Thus, the *He densification can be explaned by changing of property of the gas because of
far-ranging adsorbtion potential of the fibers.

One of the possible reason of slow gas diffusion are also collisions between *He atoms
and aerogels fibers. This is known as the Knudsen diffusion which appears when the mfp in
the gas phase, due to atom—atom collisions is longer or of the order of the geometrical
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ballistic mfp in an aerogel (haero). In that case, diffusion coefficient in gas phase determined by

free-gas Dg;f-‘ and Knudsen Dy, diffusion:

1 1 1

CE )
i 1.
Dgn = ;"“'aernvgasﬂ “)

where Aaero is mfp of *He atom in aerogel and Vs is the atom velocity.

However, Knudsen model cannot explain such strong reducing of apparent diffusion. In
addition, after excluding the influence of adsorbed layer of *He on gas diffusion the variation
of diffusion coefficient with different directions of application of external magnetic field
relatively to aerogels fibers also appears.

More details will be presented in oral report.
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Introduction

The opportunities of exploitation of the quantum mechanical systems for the
information processing have been studied extensively over the recent years. Nuclear spins
have long been considered as instructive illustration of qubits[1]. In particular spin-1/2 nuclei
possesses the qubit’s simple two-state structure and are well isolated from the environment.
The latter feature is expected to ensure the long coherence lifetimes and hence allow for the
large number of logic operation in a quantum device to be performed. Solid crystal devices
hold promise for the scalable implementations. Some proposals using spin 1/2 nuclei as the
qubits which are located in relatively isolated atomic chains are known from the literature [2,
3]. The interaction between spins is provided by the magnetic dipole-dipole coupling. The
regularity of the lattice creates identical nuclear dipole coupling throughout the crystal and
allows addressing of the nuclei within each chain by a large magnetic field gradient.

Large scale quantum information processing systems will require the preparation and
control of multi-qubit states. Multiple quantum (MQ) NMR [4] is of special interest in the
investigation of multi-qubit coherent states since it allow creation of these states and
observation of the relaxation due to the action of a correlated spin reservoir [5-8].

The strength of the dipolar coupling is responsible for the number of spins in correlated
cluster created in MQ experiment [5-8] and affects the rate of their relaxation [6-9]. The
specific arrangement of spins in linear chain allow to “tune” the dipolar coupling between
spins at will by the adjustment of the angle between the external magnetic field and the chain.
Physical example of a one-dimensional chain of '°F nuclear spins is a crystal of fluorapatite
Cas(PO4)3F (FAp). In the present study we investigate the influence of the strength of the
dipolar coupling in quasi-one-dimensional spin chain of '°F in a single crystal FAp on the
NMR spectra and MQ NMR dynamics.

Experimental

The experiments were performed on a Bruker Avance III spectrometer with the static
magnetic field of 9.4 T (the corresponding frequency on '°F nuclei is 376.6 MHz). A probe
with a solenoid coil for 2.5 mm o.d. NMR sample tubes was used. The dimensions of the
sample (FAp crystal) were approximately 3.8x1.5%1.5 mm. The orientation of c-axis was
perpendicular to the larger faces of the sample. The orientation of the sample with respect to
external magnetic field was achieved by the rotation of the sample tube around the solenoid
axis at an angle 0. The duration of n/2 pulses was 0.8 ps. The accuracy of rotation was
estimated to be 2°. Chemical shift values are reported relative to CFCl3;. Hexafluorobenzene
(CeFe6) at -160 ppm was used as an external reference. A phase incremented even-order
selective pulse sequence [10] was used for MQ NMR experiments.

Results
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Figure 1. The changes of the 19F NMR Figure 2. The dependence of the
spectra of FAp due to the rotation of the linewidth (top) and chemical shift
crystal c-axis about an axis perpendicular to (bottom) on the angle 0 for the single-
the external magnetic field. crystal FAp.

The one-dimensional linear structure of FAp has been recognized since early NMR
experiments [11, 12]. FAp is hexagonal crystal with space group pe3/m and lattice parameters a
=9.367(1) A and c (the hexagonal axis) = 6.884(1) A with one formula unit of Ca1o(POs)cF2
per unit cell. The structure contains parallel chains of F ions along the c-axis of the crystal.
The distance between neighboring chains is about three times larger than the distance between
the nearest ions in a chain. Such an arrangement of the '°F spins results in the 40 times larger
dipolar coupling between the nearest spins in the chain than the largest interaction with the
spins of the neighboring chains (when the c-axis is aligned along the field direction). The '°F
NMR absorption line of the FAp is known to be strongly anisotropic [13]. For the case of an
axially symmetric chemical shift tensor one expect the following dependence on angle 6

8=5,sin”0+3 cos’0 =5, +Adcos’ 0 )
where ¢ is an effective chemical shift, d,= 611= 622 and &= 633 are components of the tensor,
and AS is the chemical shift anisotropy. The '°F chemical shift of the fluoride anion is very
sensitive to the cations to which it is bound. The orientation of the Ca triangles surrounding F-
ions with respect to external magnetic field strongly affects the '°F chemical shift. The
parallel orientation of the '°F spin chains results in the most deshielded position of the line
while the perpendicular orientation shows the biggest upfield shift (fig. 1.). The chemical shift
anisotropy parameters were determined using eq. 2 (solid lines in fig. 1 and lower part of fig.
2). The obtained parameters diso =-97+1 ppm and Ad = 8§7+1.5 ppm are in agreement with the
data reported for mineral FAp’s in literature [13].

The linewidth of the '°F resonance also undergo strong changes during rotation. The
dipolar coupling constant between spins i and j can be written as

2

n
D :72/?(1—30052 0) = b, (1-3cos’ 6)
ij

i

)

where v is the gyromagnetic ratio and » is the distance between spins. The experimentally
observed variation of the linewidth in the FAp crystal follows the dependence
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Av ~|D,|~ A[1-3cos’
1% | U| | 3cos 0| 3)
where A is the constant and 0 is the angle between chain and the external magnetic field. The
approximation of the experimental data with eq. 3 is shown in fig. 2 with the solid line. This
result indicates the dominating influence of the intrachain dipolar interactions on the
lineshape.

When the orientation of the chains is parallel to the orientation of external magnetic
field the linewidth is maximal and the resonance is symmetrically split up into three lines. The
lineshape could be roughly interpreted as the splitting of the resonance due to the two nearest
neighboring spins. The splitting due to a single nearby spin amounts to 6. This value is equal
to the highest possible splitting for the dipolar pair. Taking into account the identical
interaction with another neighboring spin we obtain the triplet with the spacing of the outer
pair of lines of 126 and the relative intensities of the components 1:2:1. More accurate
calculations for the infinite evenly spaced spins arranged in a linear chain which take into
account all nearest and the next nearest neighbor interactions lead to the complex multiplet
pattern [11]. A detailed fine-structure of the splitting is masked by the other line-broadening
interactions such as interactions between spin chains, interactions with far neighbors along a
spin chain and heteronuclear interactions, but the distinctive triplet structure is conserved. The
experimentally observed splitting of the outer lines of the triplet (15.7+0.4 kHz) is in excellent
agreement with value calculated from the structural data (125=15.72 kHz). The inclination of
the chain from the direction of the magnetic field results in a gradual disappearance of the fine
structure (fig. 1). The dashed line in fig. 2 shows the dependence of the expected splitting
(12b).

Fig. 3 shows the results of the MQ NMR experiments with variable duration of the
preparation period for different angles. The experimental data points are presented using the
scaled preparation time:

ITZT(I—?)COSZ 0) (4)

In such coordinates the matching of
. & the experimental MQ coherence intensities
z x 7 with the theoretical predictions for a linear
g 421471: chain [14] (solid line in fig. 3) indicate that
56° the spin dynamics is determined by the
° ;2 . nearest neighbor dipolar coupling between

04 118°e29  Spins in the same chain.
Eoz R 122 22; Obvious discrepancies are observed
B o v 175 (59) for the orientations close to the magic angles
’ % 160 150 20 (56° and 118°) where the dipolar coupling

Preparation time (us)

between spins in chain is small and limits of
Fig. 3. Intensities of MQ NMR coherences:  validity of the theory are violated. The most
top - zero-quantum, bottom — double of the data point coincide with the
quantum theoretical predictions. Small deviations are
observed for the angles 44° and 135° which
are still close to the magic angle. These could be ascribed to the larger influence of the angle
setting error hence the changes of the dipolar constant in this range is the biggest. Orientation
of the chain close to the perpendicular to the external magnetic field does not show significant
deviations of MQ intensities despite the fact that the intrachain dipolar coupling is reduced
twice while the interchain coupling is maximal.
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Conclusions

We experimentally investigated the chemical shift anisotropy, line shape and dynamics
of the MQ NMR coherences for different sample orientations relative to the external magnetic
field on quasi-one-dimensional system of !°F spins in a single crystal of FAp. The results
show that the dynamics is governed predominantly by the dipole-dipole interactions of the
spins belonging to the same chain regardless of the orientation excepting the small vicinity of
the magic angle. Specifically MQ NMR experiments show that the interactions between
nearest neighbors in the chain are most important in multi-spin dynamics.
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The method to solve equation of elasticity for cubic media developed by I. M. Lifshitz
and L. N. Rozentsveig [1] was used to obtain an expression for elastic interaction energy of
two particles with spherical symmetry including impact of small anisotropy of elastic cubic
field (up to quadratic terms). The works [2], [3], [4] proved applicability of classical elastic
theory to describe interaction between impurity centers via acoustic (long wavelength)
phonon field.

The problem of elastic interaction in cubic media is of a very general interest. A long
story begins with significant contributions were made in such monographs as Landau L.D.,
Lifshitz E.M. Course of Theoretical Physics [5], Stoneham [6], Eshelby [7] and continues in
recent works. It can be applied naturally to pair interactions of different sort of particles like
point defects [6] or impurity centers [4].

Several solutions of this problem have been proposed on the assumption that the
medium is isotropic, however, the impact of anisotropy can be very important, for instance in
a case of two spherical particles. Elastic interaction for the latter one does not occur in neglect

of anisotropic media. The anisotropy parameter is d = ¢;3 — ¢y, — 2¢y,, Where ¢;; is elastic
stiffness constants. The latest solutions proposed by [8], [9] assume d as a small quantity, but
obtained expressions could not be reduced to each other’s.

While the theory of interaction via phonon field had been developed the interest to
classical theory raised. Two different approaches to study interaction between two impurity
centers through lattice: considering of exchange by phonons and interaction via deformation
field based on theory of elasticity provide exactly same results [2], [3], [4] in a case of a long
wavelength of phonons and neglecting retardation. The classical elastic theory provides more
compact analytical expressions.

The general expression of interaction via elastic field of two particles (placed on r; and

r; respectively) is written as [4]
H i J.'F"'F:G ro—r.) 41
ij Urx,ﬁ’”yé‘ B¥E n:}r[:ri r_;l')r ( )
where o, — operators describe character of interaction between particle and lattice; G, —
Green’s tensor which is the solution of general elastic equation [1].

We used the method had been proposed by Lifshitz and L. N. Rozentsveig [1] to obtain

an expression of G, assuming small anisotropy, our results agree with [9]. We have
calculated also the energy interaction in a case, when both particles have spherical symmetry

i.e. when tensor g;; = 4;;0,.

Derived by us expression is written as
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Figure 1. Areas of attraction and
repulsion in XY plane for the case
d>0.

#(2)

It has opposite sign in front with
respect given in [7], but in agreement with
obtained in recent work [9]. In addition we
have derived correction to the energy
interaction which are proportional to square

with respect anisotropy parameter d-.

Areas of attraction and repulsion in
cubic media are shown in fig’s below. Fig 1
shows results in linear approximation, then
in fig 2 nonlinear corrections are taken into
account for the case of >0 and d<0.

It shows the areas of attraction and
repulsion in XY plane. One of particle is
placed at the origin of coordinate system,
while other can be in all possible positions.
Yellow regions correspond to attraction

blue colors mean negative value of interaction energy — particles attract to each other

corresponding to directions [1 1 0], [1 I 0]. These could be Mn*¥ ions in CaF, for instance.

However, the sign of d significantly changes the situation when nonlinear correction
considered. Fig 2, 3 show two different cases: if d is positive quadratic term will split and
reduce attraction region, otherwise it will conversely amplify the latter without splitting.

Figure 2. Areas of attraction and
repulsion in XY plane for the case

for d = 0 with quadratic term.

0.010
0.0:05

-0.005
-0.010
-0.015

-0.020
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Figure 3. Areas of attraction and
repulsion in XY plane for the case
for d = 0 with quadratic term.
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Introduction

The existing methods of sorption purification of industrial wastewater do not reach a
satisfactory level of water quality at minimal cost. Therefore, the actual task is to improve
such processes. Search and investigation of sorbents that based on available materials with
low cost is of considerable interest. Thermally expanded graphite (TEG) can be used as such
material [1].

In this paper, TEG was obtained by the thermal shock mode of heating of graphite
nitrate cointercalation compound. The sorption properties of TEG in relation to dissolved in
water organic pollutants were investigated. Concentrations of solvents were analyzed by 'H
NMR spectroscopy method.

Experimental part

In the study as a sorbent was used the thermally expanded graphite. As a starting
material for TEG was used graphite nitrate cointercalation compound (GNCC). GNCC was
obtained by treatment of the sample of natural flake graphite GT-1 (Zavalie Graphite Works,
Kirovograd region, Ukraine) with nitric acid with a density of 1.502 g/cm® (98%) for 10 min
at 25°C. Then graphite nitrate was modified with two co-intercalants in equal amounts —
etylformate and acetic acid. The mixture was stirred again for 10 min. The consumptions of
nitric acid and the co-intercalants were 0.6 and 6 cm?® per 1 g of graphite, respectively. Further
product was separated by filtration and dried at 25°C until the sample mass became constant.

TEG was obtained by the thermal shock mode of heating. A stainless cuvette of
150 cm® was placed into a muffle furnace preheated up to 900 °C. About 0.2 g of the GNCC
was inserted into the heated cuvette and has been kept in the furnace for 120 s. Then the
cuvette with TEG was removed from the furnace.

The TEG was used as a sorbent for investigation of water purification from organic
pollutants (acetone, acetonitrile, 1,4-dioxane). The studied pollutants solutions of various
concentrations were prepared for the adsorption process investigation. About 0.05 g of TEG
was added to 100 cm?® of each solution, the mixture was stirred and conditioned for 24 hours.
After, the sorbent saturated with pollutant was filtered and the pollutants concentration in the
filtrate was established by "H NMR spectroscopy method at 25 °C.

The '"H NMR spectra of pollutants solutions were recorded on a Bruker Avance II 400
spectrometer (400 MHz), external standard — acetone-de. The change of protons chemical
shift of the investigated pollutant was used (Ad, ppm) for the experimental data processing.

AS = 80— 6,
‘ (1)

where 0o — proton chemical shift of the original pollutant, ppm;

d; — proton chemical shift of the pollutant in solution, ppm.
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Acetone, (CH3)CO. '"H NMR (400 MHz, (CD3)2CO): § = 2,97 ppm (s, 6 H, (CH3)>-).

Acetonitrile, CH;CN. '"H NMR (400 MHz, (CD3)2CO): & = 2,53 ppm, (s, 3 H, CH3-).

1,4-dioxane, O(CH2CH>)20. (400 MHz, (CD3)2CO): 6 = 3,79 ppm (s, 3 H, CHs-).

The sorption capacity of the TEG was determined from the relation (2):

_Cy-C
m

S -V, (2)

where S — sorption capacity of the TEG, g/g of the sorbent;
Co — initial concentration of the pollutant, mol/dm?;
C — equilibrium concentration of the pollutant, mol/dm?;
m — weight of the TEG, g;
V — volume of the solution, dm”.

Results and Discussions

The obtained TEG is a black material with granules of vermicular porous structure.
Bulk density of the TEG is 1.5-2.0 g/dm’ and thermal expansion coefficient is
Ky =380 cm®/g. The detailed description of the thermal expansion coefficient determination
of the corresponding GNCC can be found in [2].

b)

ll.Sl

(RARA SRR RS SRR SRR RS R RN R |
25 2.0 1.5 25 2.0 1.5

Chemical shift, ppm

Figure 1. "H NMR spectra fragments of acetonitrile aqueous solutions before (a)
and after (b) adsorption process
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Organic pollutants — acetone, acetonitrile, 1,4-dioxane — were used for the sorption
capacity investigation. Initial and equilibrium concentrations were determined by 'H NMR
spectroscopy method. Fig.1 illustrates the fragments of 'H NMR spectra of acetonitrile
aqueous solutions before (a) and after (b) its sorption by TEG.

Decrease in acetonitrile concentration in the solutions leads to a monotonic upfield shift
of the protons signal. The relationship between concentration of pollutants in solutions and
change of protons chemical shift illustrated at fig.2.

A8, ppm

1 \
0,9
0,8 4 Acetone
0,7 M Acetonitrile

1,4-dioxane
0,6
0,5
04
03 B A
\\\

0,2 —A
0,1

0

0 2 4 6 8 10 12 14 16
C, mol/dm?

Figure 2. Protons chemical shift change vs pollutants concentration

The value of sorption capacity was determined from the relation (2). The adsorption
isotherms, based on obtained values of the sorption capacity, are shown at fig. 3.

A, mol/g
1,2
o]
°« - "
1
08
0,6
04 ¢ Acetone
® Acetonitrile
0.2 1,4-dioxane
0
0 2 4 6 8 10 12 14 16

C, mol/dm3

Figure 3. Competitive adsorption isotherms of acetone, acetonitrile and 1,4-dioxane on the
thermally expanded graphite at 25 °C

The graphs (fig.3) are Type-1 isotherms that describe monolayer adsorption process.
Adsorption isotherms were explained using Langmuir and Freundlich models (table 1). The
values of Gibbs free energy were also calculated. The strong correlation (0,9 <r < 1) between
concentration and adsorption capacity shows that adsorption process can be described using
both Langmuir and Freundlich models. The Gibbs free energy is negative, therefore the
adsorption process is spontaneous. The values of maximum sorption volume were determined
by the Langmuir model (table 2).
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Table 1. Langmuir and Freundlich equations constants and the values of Gibbs free energy

Equations constants
Pollutant Freundlich equation Langmuir equation AG,
o, Am, kl/mol
I/n r K r
mol/g mol/g
Acetone 0,49 0,49 0,99 0,97 1,08 0,93 -0,20
Acetonitrile 0,71 0,17 0,96 1,06 2,03 0,90 -1,75
1,4-dioxane 0,17 0,39 0,97 0,29 1,49 0,98 -0,99
Table 2. Maximum sorption volume of the TEG
Pollutant Maximum sorption volume of the TEG, g/g

Acetone 56,35

Acetonitrile 43,51

1,4-dioxane 25,55

The sorption volume of the thermally expanded graphite decreases in the order of
acetone > acetonitrile > 1,4-dioxane.

Conclusions

The thermally expanded graphite was prepared from graphite nitrate sequentially
cointercalated with ethylformate and acetic acid by the thermal shock mode of heating. The
adsorption capacity of the TEG was investigated by 'H NMR spectroscopy method. The
obtained sorbent demonstrates good sorption capacity in relation to dissolved in water organic
pollutants. It was shown, that '"H NMR spectroscopy method can be used to obtain pollutants
concentrations values in sorption capacity investigations.
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Introduction

Nuclear magnetic resonance cryoporometry can be applied to the measurement of the
pore sizes and the construction of the pore distribution from 1 to 100 nm. It is well known that
the physical properties of a liquid confined in small pores can strongly differ from the
properties of the bulk liquid [1]. A liquid that fills the free space of a porous medium always
has a relatively large number of surface atoms. One of the relevant consequences is the
decrease in the melting temperature. This effect is the basis of the cryoporometry method for
studying the structural parameters of porous media, which uses the relation between the
melting temperature of the liquid introduced into the pores and the pore size. It is convenient
to determine the fractions of the solid and liquid phases of this substance from pulsed nuclear
magnetic resonance data, since the solid phase has the shorter spin—spin relaxation time T»
than the liquid phase [2].

Materials and methods

The LaF3 nanoparticles samples #1-5 were synthesized using following technology:

Sample 1: LaCls + 3NaF =2, 3NaCl + LaFs.

H.0
140°C,pH=2,24h

v

H.0 160°C,pH=2,24h

v

Samples 2-4: LaCl; + 3NaF 3NaCl + LaFs.

180°C,pH=2,24h

»
»

Sample 5: LaCl; + 3NaF _80C.pH=224h 3NaCl + LaFs.
D:0
The synthesized samples #2-4 contain clusters of water inside. Sample 5 also contains

clusters of heavy water inside. Size of samples #1-5 was determined by transmission electron
microscopy (TEM).

The average diameters of samples #1-5 respectively are di =31 nm, d> =37 nm, d3 =46
nm, d4 = 35 nm, ds = 40 nm. It follows from the experiment that the average diameter of
nanoparticles LaF3 increases with increasing temperature of hydrothermal treatment.

Pores size (for sample 3) was estimated by NMR cryoporometry. The characteristic size
is 6-15 A.
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Larmor precession is the precession of the magnetic moment of an object about an
external magnetic field has laid the ground for measuring magnetic field. POS-1 sensor made
by QM Laboratory allows to measure magnetic field's module with high accuracy, firmly
connected by gyromagnetic proton's ratio with frequency of free precession of nuclear
magnetization's total vector [1-2]. Measuring this frequency by a special algorithm [3]
magnetometer provides the data about magnetic field to a user, however most of amplitude
and time characteristics in the measuring mode stay hidden. The report is about software &
hardware solution (stand), adapted for POS-1, and developed for detailed research such
characteristics.

Structure of measuring stand is presented on the Fig.1. Hardware part includes ADC
E20-10 produced by L-Card (up to 10 MHz), computer u DLPOS (optionally). Software part
consists of a LabView's program for analysis of digitized signal and a program for controlling
of POS-1 sensor (in case of absence of control unit DLPOS) Depending on the task demands
the program will allow to set required frequency of signal's digitization.

computer |

ADC

-ADC control pane] [l

________________ i
! 1
oy 1
I signal ,
| i naiad ranalvsis |
: processingd&analysis |
1

POS-1

h -
#

Figure 1. Structural stand’s scheme.
Program of analysis will perform following tasks:
- selection of the free precession’s signal;

- building curve for a signal (using Hilbert transformation) for further relaxation time
evaluation;

- calculation relaxation time through exponential regression;

- collection and display of statistics of signal's transition through zero, with following
evaluation of amount of precession periods’ standard deviation.

Program’s interface (fig.2 and fig.3) shows signal's parameters received in
homogeneous field.
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Figure 2. Panel showing the signal and its main characteristics.
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Figure 3. Panel of statistics analysis of signal's transitions through zero level.
Developed stand has many functions:
- help in setting the sensor at the production stage, namely the determination of the

initial amplitude of the signal, which should be optimized when tuning the high-frequency
generator of the electron pumping of the magnetometer;

- the study of the characteristics of the working substance of the primary converter,
namely the determination of the proton relaxation time, which should be in the range 0.3-1.5
seconds, depending on the type of instrument. By the relaxation time and the amplitude of the
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precession signal, the state of the sensors received for repair after a long period of operation is
determined;

- study of the characteristics of the signal of free nuclear precession under conditions of
a high-gradient magnetic field in order to determine the gradient-stability parameter, that is,
the ability of the magnetometer to operate in the presence of strongly magnetic objects [4];

- As a following - measuring of degree of magnetic field's homogeneity at a point
(narrowness of the stripe of the periods allocation tells about homogeneity of the measured
field).

It is assumed that the developed stand will be useful for magnetic observatories using
the POS-1 magnetometer everywhere, in particular to monitor the presence of impulse noise
due to temperature stabilization systems.

In the future, it is planned to develop the presented stand to the level of the spectrometer
of nuclei dynamic polarization for studying solutions of stable radicals, which are working
substances of Overhauser magnetometers. The stand will be equipped with a special sensor
with replaceable ampoules and a control unit for the low-frequency and high-frequency
polarization fields.
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In the last decade it became known, that proteins have functional activity not only in
globular condition, but in partly or whole disordered form [1]. The intrinsically disordered
proteins functional role could be bound to the need of molecular plasticity for more effective
identification by the partner-molecules [2, 3].

The degree of compactness of the polypeptide chain depends on the amino acid residue
composition of a given protein and on environmental conditions, including the concentration
of the protein itself and/or the crowders. Hence, there is a great interest to understand how the
intrinsically disordered proteins (IDPs) behave in the wide range of concentrations, from
dilute to highly concentrated solutions. In particular, understanding the translational diffusion
of IDPs, which is the major mode of macromolecular transport in biological or chemical
systems (e.g., the self-diffusion, hereafter denoted simply as diffusion), becomes important.

The purpose of current work was to study structural and dynamical features of
translational mobility of the intrinsically disordered protein a - casein in water solutions in a
wide range of concentrations by NMR with pulsed field gradient (PFG).

This work was supported by the Faculty Research Grant from the University of North
Carolina to I.V.N. NMR measurement were carried out on the equipment of the Federal
Centre of Shared Facilities at Kazan Federal University.
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The achievements of the laboratory of quantum magnetometry in the field of signal
processing algorithms, the development of a proton-containing liquid, made it possible to
establish the production of quantum magnetometers of various designs [1-3]. These devices
are widely used in various scientific and engineering fields:

- geological exploration works (magnetic prospecting);

- aero geophysical work (thanks to the sensor modification for reducing the size, with equal
metrological characteristics);

- marine magnetometric studies (towed magnetometers - gradiometers, buoy-mounted
monitoring stations, magnetometers for search as part of autonomous underwater vehicles);

- tracking geomagnetic activity in magnetic observatories (vector Overhauser magnetometer);
- support for inclined drilling (monitoring magnetometer) [4].

Modern methods of contactless magnetometric work and interpretation of the obtained
data [5], required the design of a multichannel magnetometer, allowing to measure together
with the magnetic field module, the components of its gradient. This configuration has been
successfully tested [6], as a result of which it is possible to highlight the advantages of using
data on components and the gradient module of the magnetic field module with respect to
magnetic anomalies created by ferromagnetic objects:

- the transformation of the anomaly into an everywhere positive signal having maxima
centered over sources of magnetic field anomalies;

- independence of the result from the configuration of the geomagnetic field;

- insusceptibility of the result to the distortion of anomalies caused by the constant
magnetization of the sources;

- in comparison with long-wave geomagnetic ones, the amplitude of high-frequency
anomalies characteristic for ferromagnetic objects is large. [7].

Fig. 1 shows an example of magnetic anomalies observed with a magnetic survey by a
magnetometer and a gradiometer. In this example, anomalies from magnetic dipoles are
considered, since they are one of the trivial sources that are often used to describe real
magnetic anomalies. As can be seen from the figure, when using a scalar magnetometer due
to the imposition of anomalies of two dipoles, it is difficult to determine their location without
preliminary calculations. The gradient modulus does not have this drawback, which makes it
useful for magnetometric studies. As a result, the use of a multichannel system greatly
simplifies the shape of the anomalies (fig. 1), which allows some work to be done to find
ferromagnetic objects in real time.

It is worth noting that, having a priori information about the nature of the source and the
external magnetic field (geographic location of the survey), it is possible to apply simple
calculations to the coordinates of the maxima of the gradient module to obtain the source
coordinates [8].
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Field [nT] Gradient [nT/m]

(b)

Figure 1. Magnetic anomaly from two buried, arbitrarily oriented dipoles, in the external
magnetic field of the Ural latitudes. a — the field modulus, b — the modulus of gradient the

field modulus (the width of the red region corresponds to the half-width of the anomaly,
which is approximately equal to the depth of dipoles ~ 2 m).

Thus, using the modulus of the field modulus gradient becomes even more efficient.
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ESR and electrophysical properties of oil fractions
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Oil dispersed systems are promising organic material, since they contain substituted

naphthenic aromatic, polyconjugated aromatic fragments and unpaired electrons present in
organic electrically conductive structures. This allows us to consider them as a perspective
object of nanotechnology.

The aim of the work is the research of the EPR spectra and electrophysical properties of

high-boiling oil fractions of Kungur oil, that are used for the producing of industrial oils.

Kungur oil was used as objects of the research. This oil was divided into 20-degree oil

fractions.

In consequence of the research the oil spectra and its fractions by using the EPR

method, it was established:

1.

W

In the initial oil and in fractions> 500, two types of paramagnetic centers of the
vanadylporphyrin complexes (VPCs) and free radical (FR) were detected with the
following parameters:

FR: g =2.0059 + 0.001,
VO?*: g L= 1.987+0.002, g||= 1.966 + 0.003, A=58.3+£02G, Al|= 165+ 2 G.

In the fraction below 500 and up to 400°C only the free radical line is detected. In the
lighter fractions below 400 degrees, the signal FR was not observed.

Relative intensity of FR signal as the temperature decreases.

The overwhelming majority of paramagnetic VPCs are concentrated in heavy oil
fractions. Absolute concentrations of paramagnetic VPCs were determined.

FR: initial oil - 3000 * 10" spin / mg, fraction> 500 - 402 * 10'3 spin / mg
VO?*: initial oil - 1760 * 10" spin / mg, fraction> 500 - 365 * 10'3 spin / mg

In oil dispersed systems with a large number of unpaired electrons, the phenomena of
spin-spin and spin-lattice relaxation are essentional, which explain the features and
shapes of the EPR signal. By the reduction the sublimation temperature of the fractions
absorption line shape changes from the Lorentzian to the Gaussian.

The vanadylporphyrin complex influences on the width of the lines (the relaxation rate)
of FR in the oil-dispersed systems, which may indicate the participation of the VPCs in
the asphaltene aggregation processes.

In consequence of the research of electrophysical properties, it was established:

Electrical conductivity rises with increasing temperature, and the rate of conduction
growth in heavy fractions is higher than in light ones.

The general trend towards the decline of electrical conductivity with increasing boiling
point of the fraction. This is explained by the increasing of the density, and, as a
consequence, the viscosity.

There is a noticeable deviation from this trend for a fraction with a boiling point of 440-
460 °C. A similar deviation in the concentration of free hydrocarbon radicals is
noticeable for the same fraction in other measurements within the framework of this
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paper, which allows us to relate the change in electrical conductivity not only with the
change in viscosity, but also with the concentration of free hydrocarbon radicals.

On the basis of experimental data on the electrical conductivity, it can be concluded that
the density and viscosity of the distillate structures exert a greater influence on the electrical
conductivity than the concentration of free radicals. However, the increase of the temperature
gradually increases the contribution of the concentration of radicals to the electrical
conductivity of the distillate fractions.
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