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�Z�L�W�K���7�4�7���³�1�X�F�O�H�L�´ 
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11:25 �± 11:40 Gleb Dolgorukov (Kazan, Russia) 
Oral report:  Low field setup for DNP studies in stray field of 
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Oral report:  Magnetic relaxation properties of metal-carbon 
heterostructures 

12:50 �± 13:10 Sergey Vasil'ev (Chernogolovka, Russia) 
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two-spin systems 

13:10 �± 13:30 Georgii Bochkin (Chernogolovka, Russia) 
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13:30 �± 14:10 Yury Bunkov (Moscow, Russia) 
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14:10 �± 15:10 LUNCH  
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POSTER SESSION I (TUESDAY, 16:30-18:30) 

1 Omar Alkhuder Exploring the Ability of the P=O Group to Form Multiple 
Hydrogen Bonds 

2 Anastasiia Antonenko 125Te NMR spectra in Td-phase WTe2 

3 Ekaterina Batueva 
Multifunctional Heptanuclear Iron Complexes: Magnetic 
Properties and Potential Applications in MRI 

4 Aleksandra Sashina 
Phase structure and molecular mobility of drug delivery 
systems based on liposomes with Pluronics by nuclear 
magnetic resonance method 

5 Vyacheslav Gonyalin NMR assignment of eucaryotic initiation translation factor 
5A of Candida albicans 

6 Anastasia Dmitrieva 
�3�R�W�H�Q�W�L�D�O���R�I���1�0�5���V�S�H�F�W�U�R�V�F�R�S�\���I�R�U���D�V�V�H�V�V�L�Q�J�×�W�K�H��
hydrophobicity of microsphere cellulose carriers for 
spiking cancer cells 

7 Ekaterina Dmitrieva Analysis of hyperfine and quadrupole interactions in the 
first coordination sphere of 14N in hexagonal boron nitride 

8 Albina Gafarova Study of conformation of mechanically activated calcium 
gluconate irradiated with gamma quanta 

9 Ekaterina Zaitseva NMR Study of the fibrile-forming peptide SEM1(86-107) 

10 Kristina Gorkovaia 
NMR control of the synthesis of pharmaceutical 
intermediates 

11 Ilya Grishanovich 
The optimization of the conditions of 2D NMR spectra 
registration for the analysis of thermoplastic organic 
compounds in molten state 

12 Roman Haponchyk 
Investigation of the magnonic nonlinear phase shifter based 
on forward volume spin waves 

13 Artem Igonin 
Effect of palladium(II) on NMR spectra of coordinated 
semicarbazones 

14 Dmitry Ivanov Features of the study of the pore space of the core by the 
method of nuclear magnetic resonance 

15 Natalya Karmanova Modelling localization of various statins within a POPC 
bilayer by molecular dynamics and metadynamcs 

16 Daniil Khroshin Modeling of spin-wave spectrum for YIG films at sub-THz 
frequencies 

17 Savelii Levit 
NMR analysis of surfactants characteristics based on 
methacrylic acid. 

18 Daria Malakhova 
Study of intramolecular mobility in ionic liquid 
[BMIM] 2Cd(SCN)4 using NMR relaxation data. 

19 Daria Melnikova 
Effect of the disulfide reducing agent TCEP on the 
translational mobility of �.- and ��-casein and their ability to 
form supramolecular structures 

20 Daria Melnikova 
NMR diffusometry and micellar solubilization using 
biological surfactants 

21 Artem Alexandrov Generator of arbitrary sequences of commands/pulses 

22 Sergey Andronenko The FMR/EPR studies of magnetite/maghemite 
nanoparticles, synthesized by different methods 
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23 Nikolay Anisimov Simultaneous detection of nuclei 13�K, 23Na, 27Al and 55Mn 
at 0.5 Tesla 

24 Nikolay Anisimov 
Construction of sensitivity maps for wireless coils using 
19F MRI 

25 Konstantin Bozhenko 
Quantum-Chemical study of Interactions of Fe2On (n=7, 9) 
Clusters with H2 and O2 Molecules 

26 Nina Djapic Proton attached to nitrogen in porphyrins and tetrapyrroles 

27 Alexey Kiryutin 
Determination of Rotational Correlation Time of and 
Iridium Dihydride Complex in Aqueous Medium by Means 
of NMR Relaxometry with High-resolution 

 

POSTER SESSION II (THURSDAY, 16:30-18:30) 

1 Olga Mikhailovskaya 
Modification approaches to the development of 
pervaporation sodium alginate-based membranes with 
enhanced properties 

2 Marina Mikhalap 
Determination of the spirocyclopropanoxindole fine 
structure using NMR spectroscopy 

3 Anna Mikulan 
Novel blend cellulose nitrate/cellulose acetate 
ultrafiltration membranes for enhanced water treatment 

4 Veronika Minaeva 
Determination of the structure of regioisomeric furan-
containing naphthofuranes based on 1D and 2D NMR 
spectroscopy experiments 

5 Guzel Minnullina 
Conformational behavior of cyclic peptides cyclosporin C 
and alisporivir in acetonitrile and their interaction with 
Dy3+ ions 

6 Dmitriy Mizyulin 
Hydrogen/deuterium isotope effects on the microstructure 
and molecular mobility in the aqueous solution of 
europium nitrate. A molecular dynamics simulation study 

7 Ilya Pilipenko Application of 1H-13C HMBC NMR spectroscopy for 
identification of regioisomeric polycyclic dihydrofurans 

8 Julia Pronina 
The spiro[1-azabicyclo[3.2.0]heptane] frameworks: 
structures determination using NMR methods 

9 Julia Pronina 
The spiro[1-azabicyclo[3.3.0]octane] frameworks: 
structures determination using NMR methods 

10 Andrej Rochev 
Different mechanisms of spin-lattice relaxation of gallium 
in semi-insulator GaAs 

11 Margarita Sadovnikova Effect of rare earth impurities on structural properties of 
calcium phosphate-based materials by EPR spectroscopy 

12 Azamat Samadov Effect of alkaline treatment on structure, morphology, 
CO2 sorption of mesoporous ZSM-5 zeolites 

13 Stepan Galiakhmetov Influence of substitutes and chalcogen atom nature on the 
alkylation of phosphine chalcogenides 

14 Georgiy Shonin 
Synthesis of 4,5-diethynyl-1,2,3-triazoles and structure 
analysis by NMR spectroscopy 

15 Artyom Tarasov 
Spectral characteristics of cyclosporin G and L in 
deuterated acetonitrile with water solution determined by 
NMR spectroscopy 



S��hedule 
 

23 
 

16 Anastasia Troshkina 
The structural features of the fibril-forming peptide 
SEM2(49-107) by NMR spectroscopy and its role in 
enhancing HIV activity 

17 Sergey Cheremensky 
Microstructure and molecular mobility in the ternary 
LiCl-Cs-Cl-H2O system. A molecular dynamics 
simulation study 

18 Valentina Yakovleva 
Study of NV- centers in natural diamonds (carbonado) by 
micron scale scanning spectroscopy 

19 Andrei Komolkin 
NMR 1H/13C study of biocompatible copolymer of 
divinyl ether and maleic anhydride 

20 Yulianela Mengana 
Evaluation of plasma viscosity in patients with 
hyperviscosity syndrome using Proton Magnetic 
Relaxation. 

21 Valerii Bezrodnyi 
Molecular dynamics simulation of C60/C70 fulleren�_ 
complexes with peptide dendrimer containing histidine 
spacers 

22 Igor Neelov Computer simulation of interaction of fullerenes C60 with 
short amyloid peptides 

23 Igor Neelov Investigation of interaction of cyclic peptide with short 
amyloid peptides by computer simulation 

24 Anastasia Nikitina 
Investigation of magnetic characteristics of magnetite 
nanoparticles in various organic shells 

25 Konstantin Tyutyukin Study of slow molecular motions by NMR relaxation 

26 Yamirka Alonso 
Physicochemical characterization of carbon-coated 
magnetic cobalt nanoparticles 
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�7�K�H���6�F�K�R�R�O- �&�R�Q�I�H�U�H�Q�F�H���³�6�S�L�Q�X�V�´���R�I���6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J���6�W�D�W�H��
�8�Q�L�Y�H�U�V�L�W�\ 

�`�H�� �6�W���� �3�H�W�H�U�V�E�X�U�J�� �6�W�D�W�H�� �8�Q�L�Y�H�U�V�L�W�\�� ���6�3�E�6�8���� �K�R�O�G�V�� �,�Q�W�H�U�Q�D�W�L�R�Q�D�O�� �6�F�K�R�R�O-�&�R�Q�I�H�U�H�Q�F�H��
�³�0�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� �D�Q�G�� �L�W�V�� �D�S�S�O�L�F�D�W�L�R�Q�´�� ���6�S�L�Q�X�V���� �V�L�Q�F�H�� ������������ �³�6�S�L�Q�X�V�´�� �L�V�� �R�U�J�D�Q�L�]�H�G�� �L�Q��
�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���V�X�E�M�H�F�W�V���R�I���U�H�V�H�D�U�F�K�H�V���D�Q�G���H�G�X�F�D�W�L�R�Q�D�O���S�U�R�J�U�D�P�V�����Z�K�L�F�K���K�D�Y�H���E�H�H�Q���G�H�Y�H�O�R�S�H�G��
�D�Q�G���L�P�S�O�H�P�H�Q�W�H�G���L�Q���W�K�H���6�3�E�6�8�����,�Q���P�R�G�H�U�Q���S�K�\�V�L�F�V�����W�K�H���W�H�U�P���³�P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H�´���U�H�I�H�U�V���W�R���D��
�V�H�W���R�I���S�K�H�Q�R�P�H�Q�D���D�F�F�R�P�S�D�Q�L�H�G���Z�L�W�K���W�K�H���H�P�L�V�V�L�R�Q���R�U���D�E�V�R�U�S�W�L�R�Q���R�I���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���Z�D�Y�H�V���R�I��
�W�K�H�� �U�D�G�L�R�I�U�H�T�X�H�Q�F�\�� �G�L�D�S�D�V�R�Q�� �E�\�� �T�X�D�Q�W�X�P�� �V�\�V�W�H�P�V�� ���Q�X�F�O�H�L���� �H�O�H�F�W�U�R�Q�V���� �D�W�R�P�V���� �P�R�O�H�F�X�O�H�V���� �H�W�F��������
�`�H�V�H���S�K�H�Q�R�P�H�Q�D�����W�K�H���S�K�\�V�L�F�D�O���Q�D�W�X�U�H���R�I���Z�K�L�F�K���L�V���R�I���L�Q�G�H�S�H�Q�G�H�Q�W���L�Q�W�H�U�H�V�W�����S�U�R�Y�L�G�H�G���W�K�H���E�D�V�L�V��
�R�I�� �U�D�G�L�R�V�S�H�F�W�U�R�V�F�R�S�L�F�� �P�H�W�K�R�G�V�� �I�R�U�� �V�W�X�G�\�L�Q�J�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �P�D�W�W�H�U�� �D�Q�G�� �S�K�\�V�L�F�D�O-�F�K�H�P�L�F�D�O��
�S�U�R�F�H�V�V�H�V�� �L�Q�� �L�W���� �`�H�\�� �D�U�H�� �D�O�V�R�� �X�V�H�G�� �I�R�U�� �W�K�H�� �F�U�H�D�W�L�R�Q�� �R�I�� �T�X�D�Q�W�X�P�� �J�H�Q�H�U�D�W�R�U�V���� �D�P�S�O�L�¿�H�U�V���� �D�Q�G��
�P�D�J�Q�H�W�R�P�H�W�H�U�V���� �)�R�U�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �L�G�H�D�V�� �D�Q�G�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �R�I�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� �V�L�[��
�1�R�E�H�O�� �3�U�L�]�H�V�� �Z�H�U�H�� �D�Z�D�U�G�H�G�� �L�Q�� �W�K�H�� �D�U�H�D�V�� �R�I�� �S�K�\�V�L�F�V���� �F�K�H�P�L�V�W�U�\���� �E�L�R�O�R�J�\���� �S�K�\�V�L�R�O�R�J�\�� �D�Q�G��
�P�H�G�L�F�L�Q�H�����W�K�H���O�D�W�W�H�U���Z�D�V���L�Q���������������� 

Primarily, magnetic resonance methods are: 
�x Nuclear Magnetic Resonance (NMR) 
�x Electron Paramagnetic Resonance (EPR) 
�x Nuclear Quadrupole Resonance (NQR) 
�`�H�V�H���P�H�W�K�R�G�V���� �E�H�L�Q�J���F�R�Q�W�D�F�W�O�H�V�V���� �G�R���Q�R�W���G�H�V�W�U�R�\�� �D�Q���R�E�M�H�F�W���X�Q�G�H�U���D���V�W�X�G�\���� �W�K�D�W���P�D�N�H�V��

�W�K�H�P���X�Q�L�T�X�H���D�Q�G���L�Q���G�H�P�D�Q�G���Q�R�W���R�Q�O�\���L�Q���S�K�\�V�L�F�V���D�Q�G���F�K�H�P�L�V�W�U�\�����E�X�W���D�O�V�R���L�Q���P�H�G�L�F�L�Q�H�����J�H�R�O�R�J�\����
�E�L�R�O�R�J�\�����D�U�F�K�H�R�O�R�J�\�����1�R�Z�����D�Q�\���P�H�G�L�F�D�O���F�H�Q�W�H�U���Z�L�W�K���K�L�J�K���U�H�S�X�W�D�W�L�R�Q���K�D�V���D���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H��
�L�P�D�J�L�Q�J�� ���0�5�,������ �,�Q�� �5�X�V�V�L�D���� �1�0�5�� �L�V�� �X�V�H�G�� �L�Q�� �R�L�O�� �Z�H�O�O�� �O�R�J�J�L�Q�J���� �O�D�E�R�U�D�W�R�U�\�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H��
�S�U�R�G�X�F�W�L�Y�L�W�\�� �R�I�� �R�L�O-�E�H�D�U�L�Q�J�� �U�H�V�H�U�Y�R�L�U�V���� �D�Q�D�O�\�V�L�V�� �R�I�� �R�L�O�� �F�R�Q�W�H�Q�W�� �D�Q�G�� �P�R�L�V�W�X�U�H�� �R�I�� �V�H�H�G�V���� �(�3�5��
�W�H�F�K�Q�L�T�X�H���L�V���X�V�H�G���I�R�U���J�H�R�O�R�J�L�F�D�O���U�H�V�H�D�U�F�K���� �Q�R�Q-�G�H�V�W�U�X�F�W�L�Y�H���F�R�Q�W�U�R�O���R�I�� �S�U�H�F�L�R�X�V���V�W�R�Q�H�V���� �D�V���Z�H�O�O��
�D�V���I�R�U���W�K�H���G�D�W�L�Q�J���R�I���S�D�O�H�R�Q�W�R�O�R�J�L�F�D�O���D�U�W�L�I�D�F�W�V�����W�K�H�U�H���D�U�H���1�4�5���D�S�S�O�L�F�D�W�L�R�Q�V���I�R�U���U�H�P�R�W�H���G�H�W�H�F�W�L�R�Q��
�R�I�� �V�R�O�L�G�� �H�[�S�O�R�V�L�Y�H�V�� �D�Q�G�� �Q�D�U�F�R�W�L�F�V���� �0�D�J�Q�H�W�R�P�H�W�U�\�� �P�H�W�K�R�G�V�� �E�D�V�H�G�� �R�Q�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� �D�U�H��
�L�Q�G�L�V�S�H�Q�V�D�E�O�H���I�R�U���F�D�U�U�\�L�Q�J���R�X�W���D�U�F�K�D�H�R�O�R�J�L�F�D�O���U�H�V�H�D�U�F�K�H�V�� 

�(�D�U�O�L�H�U�� �W�K�H�� �V�F�K�R�R�O�� �R�U�J�D�Q�L�]�H�U�V�� �Z�R�U�N�H�G�� �D�W�� �W�K�H�� �'�H�S�D�U�W�P�H�Q�W�� �R�I�� �T�X�D�Q�W�X�P�� �P�D�J�Q�H�W�L�F��
�S�K�H�Q�R�P�H�Q�D�����4�0�3�K�����R�I���W�K�H���6�W�����3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�����Z�K�L�F�K���Z�D�V���I�R�X�Q�G�H�G���L�Q�������������R�Q���W�K�H��
�L�Q�L�W�L�D�W�L�Y�H���R�I���3�U�R�I�H�V�V�R�U���9�����,�����&�K�L�]�K�L�N���R�Q���W�K�H���E�D�V�L�V���R�I���W�K�H���O�D�E�R�U�D�W�R�U�\�����F�U�H�D�W�H�G���L�Q���W�K�H�������V���R�I���W�K�H���O�D�V�W��
�F�H�Q�W�X�U�\�� �E�\�� �)���� �,���� �6�N�U�L�S�R�Y�� �D�W�� �W�K�H�� �'�H�S�D�U�W�P�H�Q�W�� �R�I�� �5�D�G�L�R�� �3�K�\�V�L�F�V�� ���W�K�H�� �E�U�D�Q�F�K�� �³�4�X�D�Q�W�X�P��
�5�D�G�L�R�S�K�\�V�L�F�V�´�������2�Q���-�D�Q�X�D�U�\���������������������W�K�H���'�H�S�D�U�W�P�H�Q�W���R�I���4�0�3�K���M�R�L�Q�H�G���W�K�H���X�Q�L�W�H�G���'�H�S�D�U�W�P�H�Q�W��
�R�I�� �Q�X�F�O�H�D�U-�S�K�\�V�L�F�V�� �U�H�V�H�D�U�F�K�� �P�H�W�K�R�G�V�� ���+�H�D�G�� �R�I�� �W�K�H�� �'�H�S�D�U�W�P�H�Q�W�� �L�V�� �&�R�U�U�H�V�S�R�Q�G�L�Q�J�� �0�H�P�E�H�U�� �R�I��
�W�K�H���5�X�V�V�L�D�Q���$�F�D�G�H�P�\���R�I���6�F�L�H�Q�F�H�V�����3�U�R�I�H�V�V�R�U���0�L�N�K�D�L�O���.�R�Y�D�O�F�K�X�N�������`�H���4�0�3�K���F�R�O�O�H�F�W�L�Y�H���K�D�V���D��
�Q�X�P�E�H�U�� �R�I�� �S�U�L�R�U�L�W�\�� �Z�R�U�N�V�� �L�Q�� �W�K�H�� �¿�H�O�G�� �R�I�� �Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H���� �2�Q�H�� �R�I�� �W�K�H�� �P�R�V�W��
�V�L�J�Q�L�¿�F�D�Q�W�� �D�F�K�L�H�Y�H�P�H�Q�W�V�� �Z�D�V�� �W�K�H�� �¿�U�V�W�� �L�Q�� �W�K�H�� �Z�R�U�O�G�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� ���L�Q�� ������������ �R�I�� �W�K�H�� �)�R�X�U�L�H�U��
�W�U�D�Q�V�I�R�U�P���R�I���D���I�U�H�H���L�Q�G�X�F�W�L�R�Q���V�L�J�Q�D�O���L�Q���R�U�G�H�U���W�R���R�E�W�D�L�Q���D���1�0�5���V�S�H�F�W�U�X�P�����V�H�H���W�K�H���G�H�W�D�L�O�V���L�Q���>���@������
�&�R�Q�F�X�U�U�H�Q�W�O�\�� �Z�L�W�K�� �W�K�H�� �U�H�V�H�D�U�F�K�� �D�F�W�L�Y�L�W�\���� �W�K�H�� �V�W�D
u�V�� �R�I�� �W�K�H�� �G�H�S�D�U�W�P�H�Q�W�� �D�U�H�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �W�K�H��
�G�H�Y�H�O�R�S�P�H�Q�W���R�I���S�U�D�F�W�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���R�I���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H�����`�H���G�H�S�D�U�W�P�H�Q�W���J�U�D�G�X�D�W�H�V���Z�R�U�N��
�Q�R�W���R�Q�O�\���L�Q���5�X�V�V�L�D���D�Q�G���W�K�H���&�,�6�����E�X�W���D�O�V�R���L�Q���6�Z�H�G�H�Q�����&�K�L�Q�D�����$�X�V�W�U�D�O�L�D�����1�H�Z���=�H�D�O�D�Q�G�����(�Q�J�O�D�Q�G����
�&�X�E�D���� �*�H�U�P�D�Q�\���� �)�U�D�Q�F�H���� �8�6�$���� �,�W�D�O�\���� �7�X�U�N�H�\���� �R�F�F�X�S�\�L�Q�J�� �S�R�V�L�W�L�R�Q�V�� �I�U�R�P�� �D�� �K�L�J�K�O�\�� �D�G�Y�D�Q�F�H�G��
�R�S�H�U�D�W�R�U���R�I���U�D�G�L�R�V�S�H�F�W�U�R�P�H�W�H�U�V���W�R���D���S�U�R�I�H�V�V�R�U�� 

The main research areas developing by the collective: 
�x Nuclear magnetic resonance in liquids ���V�S�H�F�W�U�D�����U�H�O�D�[�D�W�L�R�Q�����G�L�I�I�X�V�R�P�H�W�U�\�����«��; 
�x Nuclear magnetic resonance in solids; 
�x NMR in liquid crystals; 
�x NMR in heterogeneous systems; 
�x Nuclear magnetic resonance in the magnetic field of the Earth; 
�x The quantum magnetometry in archeology and industry; 
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�x Computing modeling in magnetic resonance. 

It is evident from the above that the scope of our research interests is quite wide. We 
are always open for the collaboration with researchers from various fields of science.  

Our team has published a series of monographs, textbooks and training manuals on 
Magnetic Resonance. For example: 

1. Vladimir I. Chizhik, Yuri S. Chernyshev, Alexey V. Donets, Viatcheslav Frolov, 
Andrei Komolkin, Marina G. Shelyapina. Magnetic Resonance and Its 
Applications. 2014, Springer-Verlag. 782 pp. (Now more than 40000 chapters 
download). 

2. �D�\�Z�g�l�h�\�Z�y���j�Z�^�b�h�n�b�a�b�d�Z�����f�Z�]�g�b�l�g�u�c���j�_�a�h�g�Z�g�k���b���_�]�h���i�j�b�e�h�`�_�g�b�y�����M�q�_�[����
�i�h�k�h�[�b�_������-�_���b�a�^�������i�_�j�_�j�Z�[�����I�h�^���j�_�^�����<�����B�����Q�b�`�b�d�Z�����± �K�I�[�������B�a�^-�\�h���K��-�I�_�l�_�j�[����
�m�g-�l�Z�������������������������k�� 

3. �<�� �B�����Q�b�`�b�d�����Y�^�_�j�g�Z�y���f�Z�]�g�b�l�g�Z�y���j�_�e�Z�d�k�Z�p�b�y�����M�q�_�[�����i�h�k�h�[�b�_������-�_���b�a�^�����± �K�I�[������
�B�a�^-�\�h���K��-�I�_�l�_�j�[�����m�g-�l�Z�������������������������k�� 

4. �I�j�Z�d�l�b�d�m�f���i�h���f�Z�]�g�b�l�g�h�f�m���j�_�a�h�g�Z�g�k�m�����M�q�_�[�g�h�_���i�h�k�h�[�b�_�����I�h�^���j�_�^����
�<�� �B�� �Q�b�`�b�d�Z�����± �K�I�[�������B�a�^-�\�h���K��-�I�_�l�_�j�[�����m�g-�l�Z�������������������������k�� 

 
 �7�K�H�� �J�R�D�O�� �R�I�� �³�6�S�L�Q�X�V�´�� �L�V�� �W�R�� �S�U�R�Y�L�G�H�� �D�� �I�R�U�X�P�� �I�R�U�� �\�R�X�Q�J�� �V�F�L�H�Q�W�L�V�W�V�� �W�R�� �G�L�V�F�X�V�V�� �W�K�H�� �X�V�H�� �R�I�� �D�O�O��
aspects of magnetic resonance methods and techniques, as well as computational and 
theoretical approaches, for the solving of fundamental and applied problems in physics, 
chemistry, medicine and biology.  
Annually, selected papers of participants are published in a special issue of the journal 
�³�$�S�S�O�L�H�G���0�D�J�Q�H�W�L�F���5�H�V�R�Q�D�Q�F�H�´ 
 

Welcome �W�R���W�K�H���D�Q�Q�X�D�O���³�6�S�L�Q�X�V�´! 
 
 
 

Dr. Sci., Professor, SPbSU, Denis A. Markelov 
Chairman of Organizing committee of the 22nd School-conference 

 �³�0�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���D�Q�G���L�W�V���D�S�S�O�L�F�D�W�L�R�Q�V�´���6�S�L�Q�X�V-2025 
 
 

 
[1] V.I. Chizhik. On the history of the Fourier transform in NMR spectroscopy. 2018, 
�%�8�/�/�(�7�,�1���'�8���*�5�2�8�3�(�0�(�1�7���$�0�3�(�5�(�������������‹���������������������S����-6. 
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Quantum self-oscillator based on magnon Bose-Einstein 
condensate  

Yury M. Bunkov, Aleksey N. Kuzmichev, Danila A. Samodelrin. 
�0-�*�U�D�Q�D�W�����5�X�V�V�L�D�Q���4�X�D�Q�W�X�P���&�H�Q�W�H�U�����%�����%�R�X�O�H�Y�D�U�G�������������6�N�R�O�N�R�Y�R�����0�R�V�F�R�Z�������������� 
�(-�P�D�L�O�����\���E�X�Q�N�R�Y�#�U�T�F���U�X 

 
�`�H�� �R�E�M�H�F�W�L�Y�H�� �R�I�� �R�X�U�� �U�H�V�H�D�U�F�K�� �L�V�� �W�R�� �F�U�H�D�W�H�� �D�� �Q�D�U�U�R�Z-�E�D�Q�G�� �O�R�Z-�Q�R�L�V�H�� �P�L�F�U�R�Z�D�Y�H��

�J�H�Q�H�U�D�W�R�U���I�R�U���X�V�H���L�Q���F�R�P�S�X�W�L�Q�J���G�H�Y�L�F�H�V���V�X�F�K���D�V���W�K�H���,�V�L�Q�J���0�D�F�K�L�Q�H���D�Q�G���R�U���5�H�V�H�U�Y�R�L�U���&�R�P�S�X�W�H�U����
�`�H�� �E�D�V�L�V�� �R�I�� �W�K�L�V�� �G�H�Y�L�F�H�� �L�V�� �D�� �F�R�K�H�U�H�Q�W�� �T�X�D�Q�W�X�P�� �V�W�D�W�H�� �R�I�� �W�K�H�� �P�D�J�Q�R�Q�� �%�(�&���� �Z�K�L�F�K�� �H�P�L�W�V�� �D��
�F�R�K�H�U�H�Q�W���P�L�F�U�R�Z�D�Y�H���V�L�J�Q�D�O�����`�L�V���V�L�J�Q�D�O���L�V���I�H�G���W�R���D�Q���D�P�S�O�L�¿�H�U���D�Q�G���D���<�,�*���F�U�\�V�W�D�O�����Z�K�L�F�K���O�H�D�G�V���W�R��
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Fig. 1. Fourier analysis of the radiation signal of magnon Bose condensates. Point A is the 
end of a small change in the external field by 1 Oe. B is the formation of the second Bose 

condensate; C is the destruction of the initial Bose condensate. 

 
Fig. 2. Dependence of the amplitude of signals at two frequencies. At 105.0 the magnetic field 

was changed. At 105.5 a signal at the second frequency began to appear. Then the 
coexistence of two frequencies of BEC signal generation is observed. At 106.7 a stable 

coherent signal at the second frequency was formed. 
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determined by MRI 
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Figure 1. �7�K�H���,�Y�D�Q�R�Y�¶�V���S�D�W�H�Q�W���1�R�������������������������³�0�H�W�K�R�G���R�I���L�Q�Y�H�V�W�L�J�D�W�L�Q�J���W�K�H���L�Q�W�H�U�Q�D�O��structure 

�R�I���P�D�W�H�U�L�D�O���E�R�G�L�H�V�´ 
�`�H�� �Q�H�[�W�� �V�W�R�U�\�� �F�R�Q�F�H�U�Q�V�� �W�K�H�� �I�D�W�H�� �R�I�� �D�� �S�D�S�H�U�� �S�X�E�O�L�V�K�H�G�� �L�Q�� ������������ �� �:�H�� �Z�L�O�O�� �R�Q�O�\�� �F�L�W�H�� �D��
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�D���Y�H�U�\���O�R�Q�J���W�L�P�H�����P�D�Q�\���G�D�\�V�����W�R���F�D�O�F�X�O�D�W�H���R�Q�H���V�S�H�F�W�U�X�P�� 

 

 
Figure 2. The first high-resolution NMR spectrum obtained from a free induction decay (FID) 

using the Fourier transform [4]. 
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Use of various NMR techniques in the study of 
mechanism of Rh -catalyzed asymmetric hydrogenation  

Ilya D. Gridnev 
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Figure 1. Hydride signals in the 1H NMR spectrum of the equilibrium mixture (600 MHz, 

CD3OD, 183K) 

Low -temperature hydrogenation of TCFP-Rh catalyst-substrate 
complexes 
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Figure 2. Low-temperature hydrogenation of TCFP-Rh catalyst-substrate complexes 

monitored by NMR 

Detection and  characterization of gaushe -coordinated catalyst-
substrate complex 
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�����&���F�K�H�P�L�F�D�O���I�R�U���W�K�H���J�D�X�V�K�H-�F�R�R�U�G�L�Q�D�W�H�G���G�R�X�E�O�H���E�R�Q�G�� 

�2�W�K�H�U�� �1�0�5�� �V�W�X�G�L�H�V�� �R�I�� �W�K�H�� �L�Q�W�H�U�P�H�G�L�D�W�H�V�� �L�Q�� �5�K-�F�D�W�D�O�\�]�H�G�� �D�V�\�P�P�H�W�U�L�F�� �K�\�G�U�R�J�H�Q�D�W�L�R�Q��
�Z�L�O�O���E�H���G�L�V�F�X�V�V�H�G���L�Q���W�K�H���W�D�O�N�� 



Lectures 

40 
 

 
Figure 3. Comparison of the experimental and computed 13C chemical shifts for complexes 

with different type of the double bond coordination. 
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Abstract 
�(�Q�G�R�S�K�\�W�L�F�� �I�X�Q�J�L�� �D�U�H�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�V�� �W�K�D�W�� �O�L�Y�H�� �Z�L�W�K�L�Q�� �S�O�D�Q�W�� �W�L�V�V�X�H�V�� �Z�L�W�K�R�X�W�� �F�D�X�V�L�Q�J��

�D�Q�\���D�S�S�D�U�H�Q�W���K�D�U�P���W�R���W�K�H���K�R�V�W�����`�H�\���F�D�Q���E�H���I�R�X�Q�G���L�Q���Y�D�U�L�R�X�V���S�O�D�Q�W���V�S�H�F�L�H�V���D�Q�G���K�D�Y�H���J�D�U�Q�H�U�H�G��
�V�L�J�Q�L�¿�F�D�Q�W�� �L�Q�W�H�U�H�V�W�� �L�Q�� �W�K�H�� �¿�H�O�G�� �R�I�� �E�L�R�P�H�G�L�F�D�O�� �U�H�V�H�D�U�F�K�� �G�X�H�� �W�R�� �W�K�H�L�U�� �S�R�W�H�Q�W�L�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V����
�0�L�P�X�V�R�S�V�� �H�O�H�Q�J�L���� �F�R�P�P�R�Q�O�\�� �N�Q�R�Z�Q�� �D�V�� �W�K�H�� �6�S�D�Q�L�V�K�� �F�K�H�U�U�\�� �R�U�� �E�X�O�O�H�W�� �Z�R�R�G���� �L�V�� �D�� �W�U�R�S�L�F�D�O�� �W�U�H�H��
�V�S�H�F�L�H�V�� �W�K�D�W�� �K�D�V�� �V�H�Y�H�U�D�O�� �E�L�R�P�H�G�L�F�D�O�� �D�Q�G�� �S�K�D�U�P�D�F�R�O�R�J�L�F�D�O�� �V�L�J�Q�L�¿�F�D�Q�F�H�V�����0�L�P�X�V�R�S�V�� �H�O�H�Q�J�L��
�F�R�Q�W�D�L�Q�V�� �Y�D�U�L�R�X�V�� �E�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V���� �L�Q�F�O�X�G�L�Q�J�� �À�D�Y�R�Q�R�L�G�V���� �W�D�Q�Q�L�Q�V���� �D�Q�G�� �D�O�N�D�O�R�L�G�V�� �Z�K�L�F�K��
�V�H�H�P�V�� �W�R�� �E�H�� �X�V�H�G�� �D�V�� �D�Q�W�L�P�L�F�U�R�E�L�D�O���� �D�Q�W�L�F�D�Q�F�H�U�� �D�Q�G�� �D�Q�W�L-�L�Q�À�D�P�P�D�W�R�U�\�����$�Q�� �H�Q�G�R�S�K�\�W�L�F�� �I�X�Q�J�X�V��
�$�F�U�H�P�R�Q�L�X�P�� �V�S�� ���6�,�0�$�7�6������������ �L�V�R�O�D�W�H�G�� �I�U�R�P���0�L�P�X�V�R�S�V�� �H�O�H�Q�J�L�� �O�H�D�Y�H�V�� �Z�D�V�� �F�X�O�W�L�Y�D�W�H�G�� �X�Q�G�H�U��
�O�D�U�J�H�� �V�F�D�O�H�� �I�H�U�P�H�Q�W�D�W�L�R�Q�� �L�Q�� �V�R�O�L�G�� �U�L�F�H�� �P�H�G�L�X�P�� �I�R�U�� ������ �G�D�\�V���� �`�H�� �I�X�Q�J�D�O�� �F�X�O�W�X�U�H�� �\�L�H�O�G�H�G�� ������
�G�L
u�H�U�H�Q�W�� �V�H�F�R�Q�G�D�U�\�� �P�H�W�D�E�R�O�L�W�H�V�� �R�I�� �F�O�D�V�V�� �D�O�N�D�O�R�L�G���� �D�Q�G�� �W�H�U�S�H�Q�R�L�G�V�� �D�Q�G�� �L�W�V�� �V�W�U�X�F�W�X�U�D�O��
�F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�� �S�U�H�G�L�F�W�H�G�� �W�K�U�R�X�J�K�� ���+-�1�0�5���� �����&-�1�0�5�� ���������0�+�]���� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �L�W�V�� �F�\�F�O�L�F��
�L�V�R�P�H�U�L�F�� �F�R�P�S�R�X�Q�G�V���� �%�L�R�O�R�J�L�F�D�O�� �V�F�U�H�H�Q�L�Q�J�� �R�I�� �D�O�O�� ������ �L�V�R�O�D�W�H�G�� �F�R�P�S�R�X�Q�G�V�� �U�H�Y�H�D�O�H�G�� �W�K�D�W��
�&�R�P�S�R�X�Q�G-�������$�&���D�Q�G���&�R�P�S�R�X�Q�G���������$�&���K�D�V���V�L�J�Q�L�¿�F�D�Q�W���D�Q�W�L�Y�L�U�D�O���H
u�H�F�W���D�J�D�L�Q�V�W���+�3�9�������Y�L�U�D�O��
�V�W�U�D�L�Q�V���Z�L�W�K���(�&�������Y�D�O�X�H���R�I�����������—�J���P�/�����)�X�U�W�K�H�U���P�R�O�H�F�X�O�D�U���V�F�U�H�H�Q�L�Q�J���R�I���D�Q�W�L�Y�L�U�D�O���H
u�H�F�W���L�V���V�W�L�O�O��
�X�Q�G�H�U���Y�D�O�L�G�D�W�L�R�Q�� 

 

  
Compound 147AC  Compound -149AC  
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�����1�R�Y�R�V�L�E�L�U�V�N���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�����3�L�U�R�J�R�Y�D���6�W�U�H�H�W���������1�R�Y�R�V�L�E�L�U�V�N�������������������5�X�V�V�L�D 
�(-�P�D�L�O�����N�G�L�#�F�D�W�D�O�\�V�L�V���U�X 
���%�R�U�H�V�N�R�Y���,�Q�V�W�L�W�X�W�H���R�I���&�D�W�D�O�\�V�L�V�����6�L�E�H�U�L�D�Q���%�U�D�Q�F�K���R�I���5�X�V�V�L�D�Q���$�F�D�G�H�P�\���R�I���6�F�L�H�Q�F�H�V�����3�U�R�V�S�H�N�W��
�$�N�D�G�H�P�L�N�D���/�D�Y�U�H�Q�W�L�H�Y�D���������1�R�Y�R�V�L�E�L�U�V�N�������������������5�X�V�V�L�D�� 

3Universität Rostock, Institut für Chemie, Abteilung für Physikalische Chemie, Albert-
Einstein-Str. 27, 18059 Rostock 

�/�L�N�H-�F�K�D�U�J�H�� �D�W�W�U�D�F�W�L�R�Q�� �K�D�V�� �E�H�H�Q�� �R�E�V�H�U�Y�H�G�� �L�Q�� �K�\�G�U�R�[�\�O-�� �D�Q�G�� �F�D�U�E�R�[�\�O-�I�X�Q�F�W�L�R�Q�D�O�L�]�H�G��
�L�R�Q�L�F�� �O�L�T�X�L�G�V�� ���,�/�V������ �F�K�D�O�O�H�Q�J�L�Q�J�� �W�K�H�� �J�H�Q�H�U�D�O�� �Z�L�V�G�R�P�� �W�K�D�W�� �³�R�S�S�R�V�L�W�H�� �F�K�D�U�J�H�V�� �D�W�W�U�D�F�W�� �E�X�W�� �O�L�N�H��
�F�K�D�U�J�H�V�� �U�H�S�H�O�´���� �`�H�U�H�L�Q���� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�H�G�� �F�D�W�L�R�Q�L�F�� �F�O�X�V�W�H�U�V�� ���F-�F���� �V�X�F�F�H�V�V�I�X�O�O�\�� �F�R�P�S�H�W�H�� �Z�L�W�K��
�K�\�G�U�R�J�H�Q�� �E�R�Q�G�H�G�� �L�R�Q�� �S�D�L�U�V�� ���F-�D������ �G�H�V�S�L�W�H�� �U�H�S�X�O�V�L�Y�H�� �L�Q�� �W�K�H�� �¿�U�V�W�� �D�Q�G�� �D�W�W�U�D�F�W�L�Y�H�� �&�R�X�O�R�P�E��
�L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���W�K�H���O�D�W�W�H�U���F�D�V�H�����:�H���V�K�R�Z�H�G���W�K�D�W���W�K�H���H�T�X�L�O�L�E�U�L�X�P���E�H�W�Z�H�H�Q���E�R�W�K���W�\�S�H�V���R�I���+-�E�R�Q�G�V��
�L�V���F�R�Q�W�U�R�O�O�D�E�O�H���E�\���W�K�H���V�K�D�S�H�����F�K�D�U�J�H���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���I�X�Q�F�W�L�R�Q�D�O�L�W�\���R�I���W�K�H���L�R�Q�V�����6�X�U�S�U�L�V�L�Q�J�O�\�����W�K�H��
���F-�F���� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�V�� �D�U�H�� �V�W�U�R�Q�J�H�U�� �W�K�D�Q�� ���F-�D���� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�V�� �D�V�� �L�Q�G�L�F�D�W�H�G�� �E�\�� �U�H�G�V�K�L�I�W�H�G�� �2�+��
�I�U�H�T�X�H�Q�F�L�H�V�����V�P�D�O�O�H�U���1�0�5���G�H�X�W�H�U�R�Q���T�X�D�G�U�X�S�R�O�H���F�R�X�S�O�L�Q�J���F�R�Q�V�W�D�Q�W�V���D�Q�G���V�K�R�U�W�H�U���L�Q�W�H�U�P�R�O�H�F�X�O�D�U��
�G�L�V�W�D�Q�F�H�V�� �5���2�������2���� �D�Q�G�� �5���+�������2������ �(�Y�H�Q�� �W�K�H�� �O�L�I�H�� �W�L�P�H�V�� �R�I�� ���F-�F���� �+-�E�R�Q�G�V�� �P�D�\�� �E�H�� �O�R�Q�J�H�U�� �W�K�D�Q��
�W�K�R�V�H���R�I�����F-�D�����K�\�G�U�R�J�H�Q���E�R�Q�G�V�� 

 

We also demonstrate that (c-c) clusters 
influence the dynamics of the cations in a 
characteristic way. Our results confirm that 
the solid-state 2H NMR spectroscopy is 
perfectly suited to study molecular mobility 
of distinct molecular species in complex 
fluids such as the hydrogen-bonded ionic 
liquids. Here we provide valuable 
information about the applicability of well-
accepted relaxation models and show that the 
simple Bloembergen-Purcell-Pound (BPP) 
approach is not suitable to describe the 
dynamics in such complex systems.  
�:�H�� �I�X�U�W�K�H�U�� �V�K�R�Z���� �W�K�D�W�� �W�K�H�� �F�D�U�E�R�[�\�O�L�F-
�I�X�Q�F�W�L�R�Q�D�O�L�]�H�G�� �L�R�Q�L�F�� �O�L�T�X�L�G�V�� �S�U�R�Y�L�G�H�� �V�W�U�R�Q�J�H�U��
�D�Q�G�� �P�R�U�H�� �V�W�D�E�O�H�� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�H�G�� �F�D�W�L�R�Q�L�F��
�F�O�X�V�W�H�U�� �W�K�D�Q�� �W�K�H�� �K�\�G�U�R�[�\�O�D�W�H�G�� �R�Q�H�V���� �Z�K�L�F�K��
�V�S�H�F�L�¿�F�D�O�O�\�� �D
u�H�F�W�V�� �W�K�H�� �L�R�Q�L�F�� �O�L�T�X�L�G�V�� �S�K�D�V�H��
�E�H�K�D�Y�L�R�U�� �D�Q�G�� �O�R�F�D�O�� �L�R�Q�V�� �G�\�Q�D�P�L�F�V�� �L�Q�� �W�K�H��
�O�L�T�X�L�G�V���V�W�D�W�H�� 

�)�L�J�X�U�H������ �+�\�G�R�[�\�O-���D�Q�G���F�D�U�E�R�[�\�O-
�I�X�Q�F�W�L�R�Q�D�O�L�]�H�G���S�L�U�L�G�L�X�P-�E�D�V�H�G���L�R�Q�L�F���O�L�T�X�L�G�V�����,�/�V����
�D�U�H���F�D�S�D�E�O�H���W�R���I�R�U�P���F�D�W�L�R�Q�L�F���F�O�X�V�W�H�U�����Z�K�L�F�K���D�U�H��

�V�W�D�E�L�O�L�]�H�G���E�\���F�D�W�L�R�Q-�F�D�W�L�R�Q�����F-�F�����K�\�G�U�R�Q�J�H�Q��
�E�R�Q�G�V�����Q�R�W�D�E�O�\���V�W�U�R�Q�J�H�U�����W�K�D�W���W�K�H���X�V�X�D�O���F�D�W�L�R�Q-
�D�Q�L�R�Q�����F-�D�����R�Q�H�V�����a�H�V�H���F�O�X�V�W�H�U�V���J�R�Y�H�U�Q���W�K�H���,�/�V��

�O�R�F�D�O���V�W�U�X�F�W�X�U�H�����G�\�Q�D�P�L�F�V���D�Q�G���S�K�D�V�H���E�H�K�D�Y�L�R�U�����:�H��
�S�U�R�Y�L�G�H�G���L�Q-�G�H�S�W�K���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���W�K�H�����F-�D����
�D�Q�G�����F-�F�����K�\�G�U�R�J�H�Q���E�R�Q�G�V���E�\���P�H�D�Q�V���R�I���W�K�H�����+��
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�S�D�W�K�R�O�R�J�L�H�V���� �0�5�,�� �R�I�� �G�R�P�H�V�W�L�F�� �D�Q�L�P�D�O�V��-�� �F�D�W�V���� �G�R�J�V���� �H�W�F���� �L�V�� �X�V�H�G�� �L�Q�� �Y�H�W�H�U�L�Q�D�U�\�� �S�U�D�F�W�L�F�H���� �2�I��
�L�Q�W�H�U�H�V�W�� �D�U�H�� �0�5�� �L�P�D�J�H�V�� �R�I�� �R�W�K�H�U�� �D�Q�L�P�D�O�V�� �L�Q�� �W�K�H�� �V�W�X�G�\�� �R�I�� �P�R�U�S�K�R�O�R�J�\���� �0�5�,�� �R�I�� �S�O�D�Q�W�V�� �L�V�� �D�O�V�R��
�X�V�H�G���� �P�D�L�Q�O�\�� �L�Q�� �W�H�F�K�Q�R�O�R�J�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V��-�� �I�R�U�� �Q�R�Q-�L�Q�Y�D�V�L�Y�H�� �D�V�V�H�V�V�P�H�Q�W�� �R�I�� �W�K�H�� �T�X�D�O�L�W�\�� �R�I��
�S�U�R�G�X�F�W�V�� ���I�U�X�L�W�V���� �E�H�U�U�L�H�V������ �`�L�V�� �S�D�S�H�U�� �S�U�R�Y�L�G�H�V�� �D�� �E�U�L�H�I�� �R�Y�H�U�Y�L�H�Z�� �R�I�� �W�K�H�� �U�H�V�X�O�W�V�� �R�E�W�D�L�Q�H�G�� �L�Q�� �W�K�H��
�S�U�D�F�W�L�F�H���R�I���0�5�,���R�I���O�L�Y�L�Q�J���R�E�M�H�F�W�V���R�Q���D���F�O�L�Q�L�F�D�O���������7���0�5���V�F�D�Q�Q�H�U���%�U�X�N�H�U���7�R�P�L�N�R�Q���6������ 

Immobilization 
�2�I�� �L�Q�W�H�U�H�V�W�� �D�U�H�� �V�R�P�H�� �E�H�K�D�Y�L�R�U�D�O�� �D�V�S�H�F�W�V�� �L�G�H�Q�W�L�¿�H�G�� �L�Q�� �V�R�P�H�� �D�Q�L�P�D�O�V�� �U�H�J�D�U�G�L�Q�J��

�L�P�P�R�E�L�O�L�]�D�W�L�R�Q�����Z�K�L�F�K���D�O�O�R�Z�V���L�Q���V�R�P�H���F�D�V�H�V���W�R���S�H�U�I�R�U�P���0�5�,���Z�L�W�K�R�X�W���D�Q�H�V�W�K�H�V�L�D���±���)�L�J�������� 

 
�)�L�J�X�U�H���������$�Q�L�P�D�O�V���V�F�D�Q�Q�H�G���Z�L�W�K�R�X�W���L�P�P�R�E�L�O�L�]�D�W�L�R�Q�����$���±�����'���0�5�,���R�I���P�R�O�O�X�V�N�����+�H�O�L�[���S�R�P�D�W�L�D�������%��

�D�Q�G���&���±���I�U�R�J�����3�H�O�R�S�K�\�O�D�[���O�H�V�V�R�Q�D�H�������K�H�D�G�����D�[�L�D�O�����D�Q�G�����'���L�P�D�J�H�����'���D�Q�G���(���±���W�X�U�W�O�H�����6�Z�D�P�S��
�W�X�U�W�O�H�������K�H�D�G�����D�[�L�D�O�����D�Q�G���Z�K�R�O�H���E�R�G�\�����V�D�J�L�W�W�D�O�� 

 
�6�R�P�H�� �S�O�D�Q�W�V�� ���5�L�F�F�L�D���� �Z�H�U�H�� �D�O�V�R�� �X�V�H�G�� �W�R�� �L�P�P�R�E�L�O�L�]�H�� �W�K�H�� �D�T�X�D�U�L�X�P�� �L�Q�K�D�E�L�W�D�Q�W�V�� ���¿�V�K����

�P�R�O�O�X�V�N�����H�W�F�������L�Q�V�L�G�H���W�K�H���Z�L�U�H�O�H�V�V���F�R�L�O���� 

Wireless coil without lumped capacitance for underwater MRI  
�,�W�� �W�X�U�Q�H�G�� �R�X�W�� �W�R�� �E�H�� �S�R�V�V�L�E�O�H�� �W�R�� �X�V�H�� �D�� �V�R�O�H�Q�R�L�G�� �D�V�� �D�� �U�H�V�R�Q�D�Q�W�� �Z�L�U�H�O�H�V�V�� �F�R�L�O�� ������������ �0�+�]����

�Z�L�W�K�R�X�W�� �F�R�Q�Q�H�F�W�L�Q�J�� �D�� �F�R�Q�F�H�Q�W�U�D�W�H�G�� �F�D�S�D�F�L�W�\�� �W�R�� �L�W���� �,�W�V�� �I�X�Q�F�W�L�R�Q�V�� �D�U�H�� �S�H�U�I�R�U�P�H�G�� �E�\�� �W�K�H�� �V�H�O�I��
���L�Q�W�H�U�W�X�U�Q�����F�D�S�D�F�L�W�\�����Z�K�L�F�K���L�Q�F�U�H�D�V�H�V���������W�L�P�H�V���L�Q���Z�D�W�H�U���>���@�����)�L�J���������V�K�R�Z�V���W�K�H���X�V�H���R�I���D���V�R�O�H�Q�R�L�G��
�L�P�P�H�U�V�H�G���L�Q���Z�D�W�H�U���I�R�U���0�5�,���R�I���D�Q���X�Q�G�H�U�Z�D�W�H�U���S�O�D�Q�W���� 

 

 
�)�L�J�X�U�H���������$��-���V�R�O�H�Q�R�L�G�����%��-���X�Q�G�H�U�Z�D�W�H�U���S�O�D�Q�W�����&�H�U�D�W�R�S�K�\�O�O�X�P�������&��-���V�R�O�H�Q�R�L�G���L�Q���D���Y�H�V�V�H�O���Z�L�W�K��

�Z�D�W�H�U�����L�Q�V�L�G�H���Z�K�L�F�K���D���S�O�D�Q�W���L�V���S�O�D�F�H�G�����'���±�����'���L�P�D�J�H���R�I���D���Y�H�V�V�H�O���Z�L�W�K���Z�D�W�H�U�����L�Q�V�L�G�H���W�K�H��
�V�R�O�H�Q�R�L�G���W�K�H���V�L�J�Q�D�O���L�V�����������W�L�P�H�V���J�U�H�D�W�H�U���W�K�D�Q���R�X�W�V�L�G�H���L�W�������(��-�����'���L�P�D�J�H���R�I���D���S�O�D�Q�W 

Simultaneous MRI of several objects. Different orientation of 
objects and coils 

�`�H���V�S�H�F�L�¿�F�L�W�\���R�I���D���W�\�S�L�F�D�O���F�O�L�Q�L�F�D�O���V�F�D�Q�Q�H�U���D�V���D�S�S�O�L�H�G���W�R���W�K�H���V�W�X�G�\���R�I���V�P�D�O�O���O�D�E�R�U�D�W�R�U�\��
�D�Q�L�P�D�O�V�� �L�V�� �Q�R�W�H�G�� �L�Q�� �F�R�P�S�D�U�L�V�R�Q�� �Z�L�W�K�� �Z�K�D�W�� �L�V�� �S�R�V�V�L�E�O�H�� �R�Q�� �D�� �W�\�S�L�F�D�O�� �U�H�V�H�D�U�F�K�� �V�F�D�Q�Q�H�U�� �Z�L�W�K���D��
�V�P�D�O�O���J�D�S���� �,�Q���S�D�U�W�L�F�X�O�D�U���� �W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I�� �S�O�D�F�L�Q�J���V�H�Y�H�U�D�O���D�Q�L�P�D�O�V���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���� �D�V�� �Z�H�O�O���D�V��
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�W�K�H�� �S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �F�K�D�Q�J�L�Q�J�� �W�K�H�� �R�U�L�H�Q�W�D�W�L�R�Q�� �R�I�� �W�K�H�� �F�R�L�O�� �D�Q�G�� �W�K�H�� �R�E�M�H�F�W�� �L�W�V�H�O�I�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �%����
�¿�H�O�G�����6�R�P�H�W�L�P�H�V���W�K�L�V���J�L�Y�H�V���D���P�R�U�H���H�Y�H�Q���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���V�H�Q�V�L�W�L�Y�L�W�\���L�Q���W�K�H���D�U�H�D���R�I���L�Q�W�H�U�H�V�W�� 

 

 
 

�)�L�J�X�U�H���������$��-���)�R�X�U���P�L�F�H���L�Q�V�L�G�H���D���O�R�R�S���F�R�L�O�����%���±���a�H�L�U���0�5�,�����&��-���U�D�W�����:�L�V�W�D�U�����L�Q���K�R�U�L�]�R�Q�W�D�O��
�S�R�V�L�W�L�R�Q�����'���D�Q�G���(��-�����0�5�,���R�I���W�K�H���U�D�W�
�V���K�H�D�G���L�Q���D���K�R�U�L�]�R�Q�W�D�O���S�R�V�L�W�L�R�Q���L�Q���W�Z�R���S�U�R�M�H�F�W�L�R�Q�V�����)��-���U�D�W��
�L�Q���Y�H�U�W�L�F�D�O���S�R�V�L�W�L�R�Q�����*���D�Q�G���+��-�����0�5�,���R�I���W�K�H���U�D�W�
�V���K�H�D�G���L�Q���D���Y�H�U�W�L�F�D�O���S�R�V�L�W�L�R�Q���L�Q���W�Z�R���S�U�R�M�H�F�W�L�R�Q�V 

MR I of plant development in real time 
�5�H�D�O-�W�L�P�H�� �0�5�� �Y�L�V�X�D�O�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�� �S�U�R�F�H�V�V�� �R�I�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �D�� �À�R�Z�H�U�L�Q�J�� �S�O�D�Q�W�� �K�D�V��

�E�H�H�Q���L�P�S�O�H�P�H�Q�W�H�G�����)�R�U���W�K�L�V���S�X�U�S�R�V�H�����0�5���V�F�D�Q�Q�L�Q�J���Z�D�V���S�H�U�I�R�U�P�H�G���G�D�L�O�\���I�R�U���D���E�X�O�E���S�O�D�Q�W�H�G���L�Q��
�W�K�H�� �J�U�R�X�Q�G�� �Z�L�W�K�� �L�W�V�� �O�R�F�D�O�L�]�D�W�L�R�Q�� �L�Q�� �U�H�O�D�W�L�R�Q�� �W�R�� �W�K�H�� �F�H�Q�W�H�U�� �R�I�� �W�K�H�� �P�D�J�Q�H�W�����`�H�� �U�H�V�X�O�W�L�Q�J�� �L�P�D�J�H�V��
�Z�H�U�H�� �F�R�P�S�R�V�H�G�� �D�V�� �I�U�D�P�H�V�� �I�R�U�� �D�� �Y�L�G�H�R�� �¿�O�P���� �Z�K�L�F�K�� �V�K�R�Z�V�� �W�K�H�� �J�U�R�Z�W�K�� �R�I�� �W�K�H�� �V�W�H�P���� �O�H�D�Y�H�V����
�E�O�R�V�V�R�P�L�Q�J���R�I���W�K�H���À�R�Z�H�U�����Z�L�W�K���W�K�H���V�X�E�V�H�T�X�H�Q�W���Z�L�W�K�H�U�L�Q�J���R�I���W�K�H���S�O�D�Q�W���±���)�L�J�������� 

 

 
 

�)�L�J�X�U�H���������0�5�,���R�I���W�K�H���F�R�O�F�K�L�F�X�P���S�O�D�Q�W�����V�K�R�Z�L�Q�J���V�W�D�J�H�V���R�I���L�W�V������-�G�D�\���G�H�Y�H�O�R�S�P�H�Q�W���L�Q���D�X�W�X�P�Q 
19 F and 23 Na MRI 

�����)�� �0�5�,�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �Z�L�W�K�� �W�K�H�� �L�Q�M�H�F�W�L�R�Q�� �R�I�� �S�H�U�À�X�R�U�R�R�U�J�D�Q�L�F�� �V�X�E�V�W�D�Q�F�H�V���� �L�Q��
�S�D�U�W�L�F�X�O�D�U�� �3�H�U�I�W�R�U�D�Q���� �L�Q�W�R�� �W�K�H�� �E�R�G�\�� �R�I�� �U�D�W�V�� �>���@���� �$�� �V�H�U�L�H�V�� �R�I�� �H�[�S�H�U�L�P�H�Q�W�V�� �R�Q�������1�D�� �0�5�,�� �Z�H�U�H��
�F�R�Q�G�X�F�W�H�G�� �R�Q�� �I�U�H�V�K�� �¿�V�K�� ���H�X�W�K�D�Q�L�]�H�G�� �D�� �I�H�Z�� �P�L�Q�X�W�H�V�� �E�H�I�R�U�H�� �0�5�� �V�F�D�Q�Q�L�Q�J������ �Z�K�L�F�K�� �P�D�G�H�� �L�W��
�S�R�V�V�L�E�O�H�� �W�R�� �R�E�W�D�L�Q�� �W�K�H�L�U�� �D�Q�D�W�R�P�L�F�D�O�� �L�P�D�J�H�V�� �D�Q�G���� �E�D�V�H�G�� �R�Q�� �W�K�H�� �G�H�F�U�H�D�V�H�� �L�Q�� �W�K�H�������1�D�� �V�L�J�Q�D�O���� �W�R��
�W�U�D�F�N���W�K�H���G�\�Q�D�P�L�F�V���R�I���Q�H�F�U�R�W�L�F���F�K�D�Q�J�H�V���L�Q���Y�D�U�L�R�X�V���R�U�J�D�Q�V���>���@�� 

 

�$�F�N�Q�R�Z�H�O�H�J�P�H�Q�W 
�a�H���V�W�X�G�\���Z�D�V���F�R�Q�G�X�F�W�H�G���X�Q�G�H�U���W�K�H���6�W�D�W�H���$�V�V�L�J�Q�P�H�Q�W���R�I���/�R�P�R�Q�R�V�R�Y���0�R�V�F�R�Z���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�� 
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Introduction 
�1�H�J�D�W�L�Y�H�O�\�� �F�K�D�U�J�H�G���1�9���F�H�Q�W�H�U�V�����6� ������ �L�Q���G�L�D�P�R�Q�G���D�U�H���L�Q�W�H�Q�V�L�Y�H�O�\�� �V�W�X�G�L�H�G�� �G�X�H���W�R���W�K�H�L�U��

�L�P�S�R�U�W�D�Q�F�H�� �I�R�U�� �T�X�D�Q�W�X�P�� �F�U�\�S�W�R�J�U�D�S�K�\���� �F�R�P�S�X�W�L�Q�J���� �R�S�W�L�F�V�� �D�Q�G�� �V�S�L�Q�W�U�R�Q�L�F�V�� �>�������@���� �)�R�U�� �W�K�H�V�H��
�V�D�P�H�� �S�U�D�F�W�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �L�W�� �L�V�� �S�U�R�S�R�V�H�G�� �W�R�� �X�V�H�� �F�R�Q�W�U�R�O�O�H�G�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I���1�9-�� �F�H�Q�W�H�U�V�� �Z�L�W�K��
�R�W�K�H�U�� �G�H�I�H�F�W�V���� �D�V�� �Z�H�O�O�� �D�V�� �1�9���� �F�H�Q�W�H�U�V���� �V�L�Q�F�H�� �W�K�H�\�� �G�R�� �Q�R�W�� �U�H�T�X�L�U�H�� �D�G�G�L�W�L�R�Q�D�O�� �1�� �G�R�Q�R�U�V�����$�F�W�L�Y�H��
�U�H�V�H�D�U�F�K���L�V���E�H�L�Q�J���F�R�Q�G�X�F�W�H�G���R�Q���R�S�W�L�F�D�O���U�H�J�L�V�W�U�D�W�L�R�Q���R�I���F�U�R�V�V-�U�H�V�R�Q�D�Q�F�H�V���D�Q�G���O�H�Y�H�O���D�Q�W�L�F�U�R�V�V�L�Q�J�V��
���/�$�&�V���� �L�Q�� �G�L�D�P�R�Q�G�V�� �J�U�R�Z�Q�� �E�\�� �+�3�+�7�� �D�Q�G�� �&�9�'���� �L�Q�F�O�X�G�L�Q�J�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�L�W�K�R�X�W�� �D�S�S�O�\�L�Q�J��
�P�L�F�U�R�Z�D�Y�H�� �S�R�Z�H�U�� �>�������@���� �G�X�H�� �W�R�� �W�K�H�� �L�P�S�R�U�W�D�Q�F�H�� �R�I�� �W�K�H�� �U�H�V�X�O�W�V�� �R�E�W�D�L�Q�H�G�� �I�R�U�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �R�I��
�V�H�Q�V�R�U�V�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �U�H�J�L�V�W�U�D�W�L�R�Q�� �R�I�� �U�H�V�R�Q�D�Q�W�� �W�U�D�Q�V�L�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �V�S�L�Q�� �O�H�Y�H�O�V�� �Z�L�W�K�R�X�W��
�P�L�F�U�R�Z�D�Y�H�� �S�R�Z�H�U�� ���I�R�U�� �H�[�D�P�S�O�H�� �D�O�O-�R�S�W�L�F�D�O�� �Y�H�F�W�R�U�� �P�D�J�Q�H�W�R�P�H�W�U�\�� �R�Q�� �6�L�&�� �>���@������ �D�Q�G�� �T�X�D�Q�W�X�P��
�L�Q�I�R�U�P�D�W�L�R�Q���S�U�R�F�H�V�V�L�Q�J�����`�H���P�H�W�K�R�G�V���R�I���K�L�J�K-�I�U�H�T�X�H�Q�F�\���(�3�5���D�Q�G���R�S�W�L�F�D�O�O�\���G�H�W�H�F�W�H�G���P�D�J�Q�H�W�L�F��
�U�H�V�R�Q�D�Q�F�H�� �Z�H�U�H�� �S�U�H�Y�L�R�X�V�O�\�� �X�V�H�G�� �W�R�� �V�W�X�G�\�� �W�K�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �1�9�� �G�H�I�H�F�W�V�� �L�Q�� �G�L�D�P�R�Q�G�� �L�Q�� �V�W�U�R�Q�J��
�P�D�J�Q�H�W�L�F���¿�H�O�G�V�����V�H�H���I�R�U���H�[�D�P�S�O�H���>���@���� 

Results 
The results of a study of the NV- centers interaction with nitrogen and nickel spin 

centers in HPHT grown diamond by recording changes in the photoluminescence (PL) signal 
during magnetic field sweep without applying microwave power are presented. The lock-in 
measurements were carried out with magnetic field modulation at a temperature of 150 K 
with a 532 nm laser to excite PL and photodiode to collect. 

The signals of the PL dependences on the magnetic field correspond to the fields at 
which cross-resonances are observed, i.e., the coincidence of the energy gap between the spin 
levels of NV- centers and Ni levels, as well as the levels of N-N pairs (a pair of P1 centers, 
S1,2=1/2) [7] (figure 1). The characteristics of Ni, N and NV- impurity spin centers are 
confirmed by the results of high-frequency EPR measurements at different temperatures. For 
the magnetic field orientation parallel to the [111] crystal axis, several groups of lines are 
observed. The signal in a magnetic field of 26 mT corresponds to the coincidence of the 
energy gap ���r�ç�^ ��
F�s�ç in the NV- center, directed along the [111] axis of the crystal, and the 
gap between the levels with �¿�/�æ
L �u for Ni. In fields of 32�±38 mT, corresponding to the 
second group of signals, coincidences of transition energies are observed between the levels 
���r�ç and ��
F�s�ç for NV- and levels with �¿�/�æ
L �t for Ni, between the levels ���r�ç and ��
F�s�ç for 
NV-, directed along the [111] crystal axis, and the levels ���s�á 
F�s�ç�^ ���s�á�s�ç for the N-N pair, as 
well as between different levels of NV- centers directed along the axes equivalent to [111]. 
Cross-resonance signals between levels of directed along four equivalent axes NV-, Ni levels, 
and levels of N-N pairs are also within the range of 54�±67 mT. The observed line splittings 
for signals in the fields of 32�±38 mT and 54�±67 mT are associated both with the occurrence of 
several cross-resonances in these regions and with the presence of hyperfine splitting of the 
N�±N pair levels due to interaction with the 14N nucleus. Also, at the corresponding 
orientations of the magnetic field, LAC signals for NV- centers are observed, they are 
resolved when the field coincides with the [111] axis of the crystal. 
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Introduction 
�0�X�O�W�L-�S�X�O�V�H�� �1�0�5�� �V�S�L�Q�� �O�R�F�N�L�Q�J�� �>�������@�� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �H
u�H�F�W�L�Y�H�� �P�H�W�K�R�G�V�� �I�R�U�� �D�Q��

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �R�I�� �V�S�L�Q-�O�D�W�W�L�F�H�� �U�H�O�D�[�D�W�L�R�Q�� �L�Q�� �V�R�O�L�G�V���� �,�Q�� �1�0�5�� �V�S�L�Q-�O�R�F�N�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W�V�� �W�K�H�� �V�S�L�Q��
�V�\�V�W�H�P�� �Z�L�W�K�� �W�K�H�� �G�L�S�R�O�H-�G�L�S�R�O�H�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� ���'�'�,���� �H�Y�R�O�Y�H�V�� �I�U�R�P�� �W�K�H�� �L�Q�L�W�L�D�O�� �V�W�D�W�H���� �Z�K�L�F�K�� �L�V��
�G�H�W�H�U�P�L�Q�H�G�� �E�\�� �W�K�H�� �V�S�L�Q�� �S�R�O�D�U�L�]�D�W�L�R�Q���� �W�R�� �T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P�� �V�W�D�W�H�V�� �U�H�D�F�K�H�G�� �D�I�W�H�U�� �W�L�P�H�� �R�Q�� �W�K�H��
�R�U�G�H�U�� �R�I�� �W�K�H�� �L�Q�Y�H�U�V�H�� �R�I�� �G�L�S�R�O�D�U�� �I�U�H�T�X�H�Q�F�\�����ñ�ß�â�Ö

�?�5���� �`�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�� �T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P�� �V�W�D�W�H��
�G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �E�H�W�Z�H�H�Q�� �W�K�H�� �H
u�H�F�W�L�Y�H�� �S�X�O�V�H�� �I�U�H�T�X�H�Q�F�\���ñ�5�� 
L �î���:�t�ì�;�� �D�Q�G���ñ�ß�â�Ö����
�Z�K�H�U�H���T�� �L�V�� �W�K�H�� �S�X�O�V�H�� �À�L�S�� �D�Q�J�O�H�� �L�Q�� �W�K�H�� �U�R�W�D�W�L�Q�J�� �U�H�I�H�U�H�Q�F�H�� �I�U�D�P�H�� ���5�5�)���� �>���@�� �D�Q�G�� ���R�� �L�V�� �D�� �G�H�O�D�\��
�E�H�W�Z�H�H�Q�� �V�H�T�X�H�Q�W�L�D�O�� �S�X�O�V�H�V���� �:�K�H�Q���ñ�5 �� �ñ �ß�â�Ö�� �W�K�H�� �T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P�� �V�W�D�W�H�� �L�V�� �G�H�V�F�U�L�E�H�G�� �E�\�� �R�Q�H��
�W�H�P�S�H�U�D�W�X�U�H���� �D�Q�G�� �Z�K�H�Q���ñ�5 �( �ñ �ß�â�Ö���� �L�W�� �F�D�Q�� �E�H�� �G�H�V�F�U�L�E�H�G�� �E�\�� �W�Z�R�� �W�H�P�S�H�U�D�W�X�U�H�V���� �=�H�H�P�D�Q�� �D�Q�G��
�G�L�S�R�O�D�U�� �>���@���� �`�H�� �W�L�P�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�V�H�� �W�H�P�S�H�U�D�W�X�U�H�V�� �I�R�U���P �( �ñ�ß�â�Ö

�?�5�� �L�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�\��
�3�U�R�Y�R�W�R�U�R�Y���H�T�X�D�W�L�R�Q�V���>���@�����W�K�H���W�H�P�S�H�U�D�W�X�U�H�V���H�Y�H�Q�W�X�D�O�O�\���H�T�X�D�O�L�]�H�� 

�,�W�� �V�K�R�X�O�G�� �E�H�� �Q�R�W�H�G�� �W�K�D�W�� �W�K�H�� �L�Q�L�W�L�D�O�� �V�W�D�W�H�� �R�I�� �W�K�H�� �V�\�V�W�H�P���� �Z�K�L�F�K�� �L�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�\��
�S�R�O�D�U�L�]�D�W�L�R�Q�� �D�O�R�Q�H���� �L�V�� �V�H�S�D�U�D�E�O�H�� �>���@���� �+�R�Z�H�Y�H�U���� �W�K�H�� �T�X�D�Q�W�X�P�� �F�R�U�U�H�O�D�W�L�R�Q�V�� ���T�X�D�Q�W�X�P��
�H�Q�W�D�Q�J�O�H�P�H�Q�W�����T�X�D�Q�W�X�P���G�L�V�F�R�U�G���>���@�����H�P�H�U�J�H���Z�K�L�O�H���W�K�H���T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P���L�V���I�R�U�P�L�Q�J�����`�X�V���Z�H��
�¿�Q�G���D���Q�H�Z���P�H�W�K�R�G���W�R���V�W�X�G�\���T�X�D�Q�W�X�P���F�R�U�U�H�O�D�W�L�R�Q�V�� 

Entanglement in quasi-equilibrium state when �Ô1  ��  �Ôloc  
We consider the simplest multi-pulse experiment [1,2] in which the system of spins 

(s=1/2) connected by the DDI is irradiated by a pulse sequence 90y �� �R �� (�T �� �t�R ��)N, where �T 
denotes a resonance pulse rotating spins by an angle �T  about the x-axis of RRF [3].  The 
equation for the density matrix of the system reads 
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�×��

�×�ç

L �>
F�B�:�P�;�+�ë 
E �*�×�í�á �é�:�P�;�?  (1) 

where f(t) is  
�B�:�P�; 
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E �t�G�ì
F �P�;�¶

�Þ�@�4 , (2) 
and  �*�×�í is the secular part of the DDI relative to the z-axis. It is convenient to express �*�×�í  as 
the sum of the secular part  �*�×�ë and non-secular parts �*�×

�:�6�; and �*�×
�:�?�6�; relative to the x-axis of 

the RRF. This x-axis is considered the new quantization axis from now on [8]: 
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where I�•�= is the spin angular momentum projection operator on the �= axis (�== x,y,z), �+�Þ

G 
L

�+�í�Þ
G �E�+�ì�Þ, �+�ë 
L �Ã �+�Þ�ë�Þ , and dkj is the dipolar interaction constant between spins i and j. 
Switching to the interaction representation in pulses (1) [4,8] 

�é�Û�:�P�; 
L �‡�š�’ �D
F�E �@�ì �B�:�P�ñ�;�@�P�ñ
F �ñ�5�P
�ç

�4
�A �+�ë�E �é�:�P�;�‡�š�’ �D�E �@�ì �B�:�P�ñ�;�@�P�ñ
F �ñ�5�P

�ç

�4
�A �+�ë�E, (5) 

and neglecting the rapidly oscillating terms with frequencies ��
���á

��
�� �:�J 
L 
G�s�á 
G�t�á �å �;, we obtain 

the following equation for the density matrix �é�Û�:�P�;: 

�E
�×���Û�:�ç�;

�×�ç

L 
c�*�ä�Ø�á �é�Û�:�P�;
g, (6) 

where  



Oral Reports 

53 
 

�*�ä�Ø
L 
F�ñ�5�+�ë 
F
�5

�6
�*�×�ë
E

�q�g�l��

��
�@�*�×

�:�6�; 
E �*�×
�:�?�6�;�A. (7) 

�:�K�H�Q���ñ�5 �� �ñ �ß�â�Ö���� �Z�K�H�U�H���&�O�R�F�� �L�V�� �W�K�H�� �O�R�F�D�O�� �G�L�S�R�O�D�U�� �L�Q�W�H�U�D�F�W�L�R�Q�� �I�U�H�T�X�H�Q�F�\���� �R�Q�� �W�K�H�� �W�L�P�H��
�V�F�D�O�H���P�1�s���ñ�ß�â�Ö���D���T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P���L�V���H�V�W�D�E�O�L�V�K�H�G�����D�Q�G���W�K�H���V�\�V�W�H�P���K�D�V���W�K�H���G�H�Q�V�L�W�\���P�D�W�U�L�[ 

�é�ä�Ø
L
�5

�Ó
�A�?�� �Ü�Ð�Á�Ü�Ð�á �< 
L���”�<�A�?�� �Ü�Ð�Á�Ü�Ð�=, (8) 

where �.qe is a parameter which will be found below. 
�`�H�� �L�Q�L�W�L�D�O�� �G�H�Q�V�L�W�\�� �P�D�W�U�L�[�� �L�V�� �G�H�W�H�U�P�L�Q�H�G�� �V�R�O�H�O�\�� �E�\�� �W�K�H�� �=�H�H�P�D�Q�� �L�Q�W�H�U�D�F�W�L�R�Q�� �D�Q�G�� �L�V��
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�7�R�� �L�Q�Y�H�V�W�L�J�D�W�H�� �T�X�D�Q�W�X�P�� �F�R�U�U�H�O�D�W�L�R�Q�V�� �L�Q�� �W�K�H�� �T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P�� �V�W�D�W�H�� ���������� �Z�H�� �U�H�G�X�F�H�� �>���@��

�W�K�H���G�H�Q�V�L�W�\�� �P�D�W�U�L�[�� �������� �R�Y�H�U���D�O�O���V�S�L�Q�V�� �H�[�F�H�S�W���W�K�H�� �¿�U�V�W���W�Z�R���� �4�X�D�Q�W�X�P���H�Q�W�D�Q�J�O�H�P�H�Q�W���L�Q���W�K�H���W�Z�R-
�T�X�E�L�W���P�D�W�U�L�[���é�§�ä�Ø���F�D�Q���E�H���L�Q�Y�H�V�W�L�J�D�W�H�G���Z�L�W�K���V�W�D�Q�G�D�U�G���P�H�W�K�R�G�V���>���@�����`�H���H�L�J�H�Q�Y�D�O�X�H�V���R�I���W�Z�R-�T�X�E�L�W��
�+�D�P�L�O�W�R�Q�L�D�Q���*
%�ä�Ø���R�E�W�D�L�Q�H�G���E�\���U�H�G�X�F�L�Q�J�����������F�D�Q���E�H���H�D�V�L�O�\���I�R�X�Q�G���W�R���E�H 

�ã�5 
L 
F�= 
E
¥�ñ�5
�6 
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L 
F�= 
F
¥�ñ�5

�6 
E �=�6�>�6�á �ã�7 
L �t�=�á �ã�8 
L �r, (9) 

where �= 
L
�5

�8
�@�5�6
L

�5

�8
�@,   �> 
L �u

�q�g�l ��

��
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�7�R���G�H�W�H�U�P�L�Q�H���W�K�H���F�R�Q�F�X�U�U�H�Q�F�H���>�����������@�����Z�K�L�F�K���G�H�V�F�U�L�E�H�V���T�X�D�Q�W�X�P���H�Q�W�D�Q�J�O�H�P�H�Q�W�����I�R�U���W�K�H��
�V�W�D�W�H�������������W�K�H���H�L�J�H�Q�Y�D�O�X�H�V���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J���R�S�H�U�D�W�R�U���Q�H�H�G���W�R���E�H���I�R�X�Q�G�� 

�4 
L 
k�ê�5�ì �T �ê�6�ì
o�é�§�ä�Ø
k�ê�5�ì �T �ê�6�ì
o�é�§�ä�Ø, (10) 

�Z�K�H�U�H���ê�Þ�ì���:�G 
L �s�á�t�;�� �D�U�H�� �W�K�H�� �3�D�X�O�L�� �P�D�W�U�L�F�H�V�� �D�F�W�L�Q�J�� �R�Q�� �V�S�L�Q�V�� ���� �D�Q�G�� ������ �`�H�� �I�R�U�P�X�O�D�� ���������� �W�D�N�H�V��
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�Z�K�H�U�H���é�4���L�V���W�K�H���L�Q�L�W�L�D�O���G�H�Q�V�L�W�\���P�D�W�U�L�[�� 

�é�4
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�6�R�O�Y�L�Q�J���W�K�H���H�T�X�D�W�L�R�Q������������ �Q�X�P�H�U�L�F�D�O�O�\�� �I�R�U�� �D���V�\�V�W�H�P���R�I�� ������ �V�S�L�Q�V���� �J�L�Y�H�Q���T�����X�r�� �D�Q�G���X�s����
�D�O�O�R�Z�V���R�Q�H���W�R���¿�Q�G���=�“�‡���D�Q�G���W�K�H�Q���W�K�H���F�R�Q�F�X�U�U�H�Q�F�H���������)�L�J�������V�K�R�Z�V���W�K�H���W�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H���R�I��
�F�R�Q�F�X�U�U�H�Q�F�H�� �I�R�U���X�r
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I�s�r�x�� �•-�s�� �D�Q�G�� �Y�D�U�L�R�X�V�� �Y�D�O�X�H�V�� �R�I���&���� �D�Q�G���T���� �`�H�� �P�R�V�W�� �L�P�S�R�U�W�D�Q�W��
�F�R�Q�F�O�X�V�L�R�Q���Z�K�L�F�K���F�D�Q���E�H���G�U�D�Z�Q���I�U�R�P���L�W���L�V���W�K�H���H�[�L�V�W�H�Q�F�H���R�I���D���F�U�L�W�L�F�D�O���W�H�P�S�H�U�D�W�X�U�H�����D�E�R�Y�H���Z�K�L�F�K��
�F�R�Q�F�X�U�U�H�Q�F�H�����D�Q�G���H�Q�W�D�Q�J�O�H�P�H�Q�W�����L�V���D�E�V�H�Q�W�����`�H���F�U�L�W�L�F�D�O���W�H�P�S�H�U�D�W�X�U�H���Z�H�D�N�O�\���G�H�S�H�Q�G�V���R�Q���X�����D�Q�G��
�T���D�Q�G���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\���������P�.�� 
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Entanglement in quasi-equilibrium state when �Ô1  �(  �Ôloc  
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�Z�K�H�U�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �=�H�H�P�D�Q���U�H�V�H�U�Y�R�L�U���.�T�H���W���� �D�Q�G�� �W�K�H�� �G�L�S�R�O�D�U���U�H�V�H�U�Y�R�L�U�����T�H���W���� �L�V�� �G�H�W�H�U�P�L�Q�H�G��
�E�\�� �3�U�R�Y�R�W�R�U�R�Y�� �H�T�X�D�W�L�R�Q�V�� �Z�K�H�Q���W�( �7���� �D�Q�G�� �O�H�D�G�V�� �W�R�� �H�T�X�D�O�L�]�D�W�L�R�Q�� �R�I�� �=�H�H�P�D�Q�� �D�Q�G�� �G�L�S�R�O�D�U��
�W�H�P�S�H�U�D�W�X�U�H�V�� 

�&�D�O�F�X�O�D�W�L�R�Q�� �R�I�� �F�R�Q�F�X�U�U�H�Q�F�H�� �L�Q�� �W�K�L�V�� �F�D�V�H�� �V�K�R�Z�V�� �W�K�D�W�� �L�W�� �L�V�� �D�O�Z�D�\�V�� �]�H�U�R���� �L���H���� �W�K�H��
�H�Q�W�D�Q�J�O�H�P�H�Q�W�� �L�V�� �D�E�V�H�Q�W�� �L�Q�� �W�K�L�V�� �F�D�V�H�� ���W�K�H�� �V�\�V�W�H�P�� �L�V�� �V�H�S�D�U�D�E�O�H������ �`�L�V�� �L�V�� �F�D�X�V�H�G�� �E�\�� �W�K�H�� �V�W�U�R�Q�J��
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Conclusion 
�4�X�D�Q�W�X�P���H�Q�W�D�Q�J�O�H�P�H�Q�W���L�Q���T�X�D�V�L�H�T�X�L�O�L�E�U�L�X�P���V�W�D�W�H�V���K�D�V���E�H�H�Q���W�K�H�R�U�H�W�L�F�D�O�O�\���V�W�X�G�L�H�G���L�Q���W�K�H��
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�V�W�D�W�H���L�V���H�Q�W�D�Q�J�O�H�G���Z�K�H�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���G�R�H�V���Q�R�W���H�[�F�H�H�G���W�K�H���F�U�L�W�L�F�D�O���W�H�P�S�H�U�D�W�X�U�H���7�F�U���§���������P�.����
�,�Q���W�K�H���F�D�V�H���&�����( ���&�O�R�F�����W�K�H���U�H�V�X�O�W�L�Q�J���W�Z�R-�W�H�P�S�H�U�D�W�X�U�H���T�X�D�V�L-�H�T�X�L�O�L�E�U�L�X�P���V�W�D�W�H���L�V���V�H�S�D�U�D�E�O�H�����`�H��
�D�E�V�H�Q�F�H���R�I���H�Q�W�D�Q�J�O�H�P�H�Q�W���L�Q���W�K�H���F�D�V�H���&�����( ���&�O�R�F���L�V���G�X�H���W�R���D���V�W�U�R�Q�J���=�H�H�P�D�Q���¿�H�O�G�� 
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�$�� �O�R�W�� �R�I�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �U�H�V�H�D�U�F�K�� �K�D�V�� �E�H�H�Q�� �I�R�F�X�V�H�G�� �R�Q�� �W�K�H�L�U�� �X�V�H�� �L�Q�� �E�L�R�P�H�G�L�F�D�O��

�D�S�S�O�L�F�D�W�L�R�Q�V���� �,�Q�� �W�K�L�V�� �F�D�V�H�� �W�K�H�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �F�D�Q�� �E�H�� �X�V�H�G�� �I�R�U�� �W�D�U�J�H�W�H�G�� �G�U�X�J�� �G�H�O�L�Y�H�U�\���� �D�V�� �D��
�P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���L�P�D�J�L�Q�J�����0�5�,�����D�Q�G���F�R�P�S�X�W�H�U���W�R�P�R�J�U�D�S�K�\�����&�7�����F�R�Q�W�U�D�V�W���D�J�H�Q�W�V�����&�$�������D�V��
�Q�D�Q�R�V�F�D�O�H���W�H�P�S�H�U�D�W�X�U�H���V�H�Q�V�R�U�V���>��-���@�����,�W���L�V���N�Q�R�Z�Q���W�K�D�W���&�$���I�R�U���0�5�,���E�D�V�H�G���R�Q���J�D�G�R�O�L�Q�L�X�P�����*�G����
�F�R�P�S�R�X�Q�G�V���Z�H�U�H���F�U�H�D�W�H�G���I�R�U���O�R�Z-�¿�H�O�G���0�5�,���V�F�D�Q�Q�H�U�V�����`�H���U�����U�H�O�D�[�L�Y�L�W�L�H�V���Y�D�O�X�H�V���R�I���J�D�G�R�O�L�Q�L�X�P-
�E�D�V�H�G�����*�G�����F�R�P�S�R�X�Q�G�V���D�U�H���W�\�S�L�F�D�O�O�\���D�U�R�X�Q�G������ �0�P-���V-�����L�Q���P�D�J�Q�H�W�L�F���¿�H�O�G�V���D�U�R�X�Q�G���� �7���D�Q�G���D�U�H��
�D�O�P�R�V�W�� �X�Q�F�K�D�Q�J�H�G�� �Z�L�W�K�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G�� �>���@���� �+�R�Z�H�Y�H�U���� �W�K�H�U�H�� �L�V�� �D�� �V�K�L�I�W�� �W�R�Z�D�U�G�V�� �K�L�J�K�H�U-�¿�H�O�G��
�W�R�P�R�J�U�D�S�K�V���I�R�U���P�H�G�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �Z�K�L�F�K���V�L�J�Q�L�¿�F�D�Q�W�O�\���L�P�S�U�R�Y�H�V���W�K�H���T�X�D�O�L�W�\���R�I�� �W�K�H���L�P�D�J�H�V��
�R�E�W�D�L�Q�H�G�� �D�Q�G�� �W�K�H�� �D�F�F�X�U�D�F�\�� �R�I�� �P�H�G�L�F�D�O�� �G�L�D�J�Q�R�V�H�V�� �>���@�����`�X�V���� �W�K�H�� �F�U�H�D�W�L�R�Q�� �R�I�� �P�R�U�H�� �H
v�F�L�H�Q�W���&�$��
�I�R�U�� �K�L�J�K-�¿�H�O�G�� �0�5�,�� �L�V�� �D�Q�� �D�F�W�X�D�O�� �W�D�V�N���� �`�H�� �P�D�L�Q�� �F�D�Q�G�L�G�D�W�H�V�� �I�R�U�� �K�L�J�K-�¿�H�O�G�� �0�5�,�� �&�$�V�� �D�U�H��
�V�X�E�V�W�D�Q�F�H�V���Z�L�W�K���D���K�L�J�K���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���D�Q�G���Q�R�W���V�D�W�X�U�D�W�H�G���D�W���V�W�U�R�Q�J���P�D�J�Q�H�W�L�F���¿�H�O�G�V�����$���O�D�U�J�H��
�Q�X�P�E�H�U���R�I���V�W�X�G�L�H�V���V�K�R�Z���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���X�V�L�Q�J���V�X�S�H�U�S�D�U�D�P�D�J�Q�H�W�L�F���Q�D�Q�R�S�D�U�W�L�F�O�H�V���E�D�V�H�G���R�Q���L�U�R�Q��
�J�U�R�X�S�� �H�O�H�P�H�Q�W�V�� �D�V�� �K�L�J�K-�¿�H�O�G�� �0�5�,�� �&�$�� �>���@�����`�H�� �Q�H�[�W�� �R�I�� �W�K�H�� �S�U�R�P�L�V�L�Q�J�� �J�U�R�X�S�V�� �D�U�H�� �F�R�P�S�R�X�Q�G�V��
�Z�L�W�K�� �D�Q�� �X�Q�¿�O�O�H�G�� ���I�� �V�K�H�O�O�� �W�K�D�W�� �K�D�Y�H�� �W�K�H�V�H�� �S�U�R�S�H�U�W�L�H�V�� �>���@�����$�O�O�� �/�Q������ �L�R�Q�V���� �H�[�F�H�S�W�� �/�D������ �D�Q�G�� �/�X��������
�K�D�Y�H���X�Q�S�D�L�U�H�G���H�O�H�F�W�U�R�Q�V���D�Q�G���D�U�H���W�K�X�V���S�D�U�D�P�D�J�Q�H�W�L�F�����+�R�Z�H�Y�H�U�����X�Q�O�L�N�H���W�K�H�L�U���F�K�H�P�L�F�D�O���E�H�K�D�Y�L�R�U����
�W�K�H�L�U�� �P�D�J�Q�H�W�L�F�� �S�U�R�S�H�U�W�L�H�V�� �D�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �W�K�H�L�U�� �H�O�H�F�W�U�R�Q�� �F�R�Q�¿�J�X�U�D�W�L�R�Q�V�� �D�Q�G�� �Y�D�U�\�� �V�K�D�U�S�O�\��
�D�O�R�Q�J�� �W�K�H�� �V�H�U�L�H�V���� �8�Q�S�D�L�U�H�G�� �H�O�H�F�W�U�R�Q�V�� �L�Q�� �S�D�U�D�P�D�J�Q�H�W�L�F�� �/�Q������ �L�R�Q�V�� �R�W�K�H�U�� �W�K�D�Q�� �*�G������ �L�Q�H�Y�L�W�D�E�O�\��
�S�R�S�X�O�D�W�H�� �I�� �R�U�E�L�W�D�O�V�� �D�Q�L�V�R�W�U�R�S�L�F�D�O�O�\���� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �V�W�U�R�Q�J�� �P�D�J�Q�H�W�L�F�� �D�Q�L�V�R�W�U�R�S�\�� �D�Q�G�� �Y�H�U�\�� �V�K�R�U�W��
�H�O�H�F�W�U�R�Q�� �U�H�O�D�[�D�W�L�R�Q�� �W�L�P�H�V�� ���R�Q�� �W�K�H�� �R�U�G�H�U�� �R�I�� �����í������ �V���� �>���@�� �`�L�V���� �L�Q�� �W�X�U�Q���� �O�H�D�G�V�� �W�R�� �D�� �V�L�J�Q�L�¿�F�D�Q�W��
�V�K�R�U�W�H�Q�L�Q�J���L�Q���W�K�H���7�����U�H�O�D�[�D�W�L�R�Q���W�L�P�H���F�R�P�S�D�U�H�G���W�R���7�����>���@�� 

�,�W�� �L�V�� �N�Q�R�Z�Q�� �W�K�D�W�� �P�D�J�Q�H�W�L�F�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �K�D�Y�H�� �D�� �W�H�Q�G�H�Q�F�\�� �W�R�� �D�J�J�O�R�P�H�U�D�W�H�� �D�Q�G�� �V�H�O�I-
�D�V�V�H�P�E�O�H�� �>�����@���� �)�R�U�� �&�$�V�� �E�D�V�H�G�� �R�Q�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �L�W�� �L�V�� �D�O�V�R�� �L�P�S�R�U�W�D�Q�W�� �W�R�� �S�D�\�� �D�W�W�H�Q�W�L�R�Q�� �W�R�� �W�K�H��
�S�U�R�F�H�V�V�H�V���W�K�D�W���R�F�F�X�U���Z�L�W�K�L�Q���W�K�H���V�\�V�W�H�P���G�X�U�L�Q�J���V�\�Q�W�K�H�V�L�V���V�X�F�K���D�V���W�K�H���D�J�J�O�R�P�H�U�D�W�L�R�Q���S�U�R�F�H�V�V�H�V��
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u�H�F�W���R�Q���U�H�O�D�[�L�Y�L�W�\���Y�D�O�X�H�� 

�,�Q���W�K�L�V���Z�R�U�N���W�K�H���H
u�H�F�W���R�I���K�\�G�U�R�W�K�H�U�P�D�O�����F�O�D�V�V�L�F�D�O���D�X�W�R�F�O�D�Y�H���D�Q�G���P�L�F�U�R�Z�D�Y�H���L�U�U�D�G�L�D�W�L�R�Q����
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Introduction 
�2�Y�H�U�� �W�K�H�� �S�D�V�W�� �V�H�Y�H�U�D�O�� �G�H�F�D�G�H�V���� �Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� ���1�0�5���� �K�D�V�� �H�V�W�D�E�O�L�V�K�H�G��

�L�W�V�H�O�I�� �D�V�� �D�� �I�X�Q�G�D�P�H�Q�W�D�O�� �D�Q�D�O�\�W�L�F�D�O�� �W�H�F�K�Q�L�T�X�H�� �L�Q�� �F�K�H�P�L�F�D�O�� �D�Q�G�� �V�W�U�X�F�W�X�U�D�O�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���� �,�W�V��
�F�D�S�D�F�L�W�\�� �W�R�� �S�U�R�Y�L�G�H�� �F�U�L�W�L�F�D�O�� �L�Q�V�L�J�K�W�V�²�U�D�Q�J�L�Q�J�� �I�U�R�P�� �F�O�L�Q�L�F�D�O�� �G�L�D�J�Q�R�V�W�L�F�V�� �W�R�� �W�K�H�� �G�H�W�D�L�O�H�G��
�F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���F�R�P�S�O�H�[���E�L�R�O�R�J�L�F�D�O���P�R�O�H�F�X�O�H�V�²�X�Q�G�H�U�V�F�R�U�H�V���L�W�V���X�Q�L�T�X�H���Y�D�O�X�H���L�Q���U�H�V�H�D�U�F�K�� 

Nevertheless, extending the application of NMR beyond specialized laboratories into 
routine industrial settings remains challenging. The significant financial investment required 
for both the acquisition and upkeep of NMR systems, coupled with the demand for highly 
trained personnel, restricts its broader adoption in the industry. 

Yet, there is considerable potential for integrating NMR methodologies into various 
stages of industrial processes, spanning sectors such as food production and oil refining [1�±3]. 
Although often overlooked, this approach promises to lower production costs and improve 
quality control, thereby offering manufacturers a means to reduce ongoing expenses. The 
principal difficulty lies in reconciling the substantial costs associated with NMR technology 
with its prospective practical benefits. 

In response to these challenges, researchers and industrial innovators have 
increasingly turned their attention to niche applications of NMR, leading to the development 
of benchtop systems. Companies like Magritek, Nanalysis, Oxford Instruments, Resonance 
Systems and Bruker have launched compact devices �²  �H�[�D�P�S�O�H�V���E�H�L�Q�J���0�D�J�U�L�W�H�N�¶�V���6�S�L�Q�V�R�O�Y�H��
�D�Q�G�� �%�U�X�N�H�U�¶�V�� �)�R�X�U�L�H�U�� ������ �² that employ robust electromagnetic coils or permanent magnets 
operating at resonant frequencies between 20 and 90�×�0�+�]�� ���H�T�X�L�Y�D�O�H�Q�W�� �W�R�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G��
strengths of 0.3�±�������×�7�H�V�O�D������ �'�H�V�S�L�W�H�� �W�K�H�L�U�� �U�H�G�X�F�H�G�� �V�L�]�H�� �D�Q�G�� �O�R�Z�H�U�� �F�R�V�W�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�U�D�G�L�W�L�R�Q�D�O��
superconducting spectrometers, these systems still require operators with substantial expertise 
�L�Q���E�R�W�K���W�K�H���L�Q�V�W�U�X�P�H�Q�W�¶�V���I�X�Q�F�Wionality and the underlying principles of physics and chemistry, 
which can be a significant barrier for industrial users. 

Furthermore, a critical shortcoming in the current generation of benchtop NMR 
devices is the lack of dedicated software solutions tailored to industrial applications�² an 
advancement that could markedly improve their utility and impact in practical settings. 

Addressing this critical gap, the �7�T�7�� �³�1�X�F�O�H�L�´�� �S�O�D�W�I�R�U�P has been developed as a 
comprehensive software solution tailored specifically for industrial applications. TqT 
�³�1�X�F�O�H�L�´ bridges the disconnect between advanced NMR hardware and the practical needs of 
non-specialist users by offering a modular, highly customizable framework. It simplifies data 
acquisition, analysis, and interpretation through seamless integration of modern technologies 
such as machine learning, open database connectivity, and multi-vendor compatibility. By 
doing so, �7�T�7�� �³�1�X�F�O�H�L�´ transforms NMR from a niche, research-intensive tool into an 
accessible and efficient technology for routine industrial problem-solving. 
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The Unified NMR  
�+�D�Y�L�Q�J���F�R�O�O�H�F�W�H�G���I�H�H�G�E�D�F�N���I�U�R�P���W�K�H���L�Q�G�X�V�W�U�\���O�H�D�G�H�U�V���R�I���W�K�H���1�0�5���D�Q�D�O�\�V�L�V���E�U�D�Q�F�K�����W�K�H��

�I�R�O�O�R�Z�L�Q�J�� �V�R�I�W�Z�D�U�H�� �I�H�D�W�X�U�H�V�� �Z�H�U�H�� �K�L�J�K�O�L�J�K�W�H�G�� �D�V�� �O�D�F�N�L�Q�J�� �L�Q�� �W�K�H�� �F�X�U�U�H�Q�W�O�\�� �D�Y�D�L�O�D�E�O�H�� �V�R�I�W�Z�D�U�H��
�V�R�O�X�W�L�R�Q�V���R�I���Y�D�U�L�R�X�V���Y�H�Q�G�R�U�V�����U�H�S�U�H�V�H�Q�W�H�G���R�Q���W�K�H���P�D�U�N�H�W�� 

- Extensive data analysis capabilities. Among others, PCA analysis, multivariate 
analysis, automated and semi-automated physical properties extraction; 

- Support of the modern machine learning (ML)-based analysis and automation; 
- Integration with the open knowledge- and databases; 
- Industry-tailored quality-of-life features, such as customizable report generation and 

experiments automation, multi-lingual support; 
- Support of devices and data formats from multiple vendors, eliminating the need for 

employees to (re-)learn the device-specific software. 
The above points have been made the priority of the current development of the 

�7�H�U�U�D�4�X�D�Q�W�7�H�F�K���³�1�X�F�O�H�L�´���S�O�D�W�I�R�U�P. The software has been developed following the modular 
component-based paradigm, tightly integrated with modern scripting languages, allowing for 
a significant degree and ease of consumer-side customization. The software includes a diverse 
range of industry-standard scientific packages, as well as built-in solutions for the common 
challenges posed by the analysis of NMR data.  

Besides the integration with the open databases of NMR signals, which has long been 
the standard in the market of analytical programs for high-resolution NMR - TerraQuantTech 
offers the opportunity to create a fully custom machine-learning solution for any of the User 
problems, following the consent to the anonymized collection of the experimental data. 
 

 
Figure 1. Scree�Q�V�K�R�W���R�I���7�T�7���³�1�X�F�O�H�L�´���$�F�T�X�L�V�L�W�L�R�Q���S�D�J�H���G�H�P�R�Q�V�W�U�D�W�L�Q�J���Y�D�U�L�R�X�V���S�U�H�V�H�W�V�� 
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Figure 2. Screenshot of Sequence page demonstrating T1 inversion-recovery experiment. 

Conclusion 
�,�Q���F�R�Q�F�O�X�V�L�R�Q�����W�K�H���7�T�7���³�1�X�F�O�H�L�´���S�O�D�W�I�R�U�P���P�D�U�N�V���D���V�L�J�Q�L�¿�F�D�Q�W���D�G�Y�D�Q�F�H�P�H�Q�W���L�Q���P�D�N�L�Q�J��

�1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �E�U�R�D�G�O�\�� �D�F�F�H�V�V�L�E�O�H�� �I�R�U�� �L�Q�G�X�V�W�U�L�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �%�\�� �R�Y�H�U�F�R�P�L�Q�J�� �W�K�H��
�W�U�D�G�L�W�L�R�Q�D�O�� �F�K�D�O�O�H�Q�J�H�V�� �R�I�� �K�L�J�K�� �F�R�V�W�V���� �F�R�P�S�O�H�[�� �P�D�L�Q�W�H�Q�D�Q�F�H���� �D�Q�G�� �W�K�H�� �Q�H�H�G�� �I�R�U�� �V�S�H�F�L�D�O�L�]�H�G��
�H�[�S�H�U�W�L�V�H���� �W�K�L�V�� �P�R�G�X�O�D�U�� �D�Q�G�� �F�X�V�W�R�P�L�]�D�E�O�H�� �V�R�I�W�Z�D�U�H�� �V�R�O�X�W�L�R�Q�� �V�W�U�H�D�P�O�L�Q�H�V�� �G�D�W�D�� �D�F�T�X�L�V�L�W�L�R�Q����
�D�Q�D�O�\�V�L�V���� �D�Q�G�� �L�Q�W�H�U�S�U�H�W�D�W�L�R�Q�� �W�K�U�R�X�J�K�� �W�K�H�� �L�Q�W�H�J�U�D�W�L�R�Q�� �R�I�� �P�D�F�K�L�Q�H�� �O�H�D�U�Q�L�Q�J���� �R�S�H�Q�� �G�D�W�D�E�D�V�H��
�F�R�Q�Q�H�F�W�L�Y�L�W�\���� �D�Q�G�� �P�X�O�W�L-�Y�H�Q�G�R�U�� �V�X�S�S�R�U�W���� �$�V�� �V�X�F�K���� �L�W�� �H
u�H�F�W�L�Y�H�O�\�� �E�U�L�G�J�H�V�� �W�K�H�� �J�D�S�� �E�H�W�Z�H�H�Q��
�D�G�Y�D�Q�F�H�G�� �1�0�5�� �K�D�U�G�Z�D�U�H�� �D�Q�G�� �S�U�D�F�W�L�F�D�O���� �H�Y�H�U�\�G�D�\�� �L�Q�G�X�V�W�U�L�D�O�� �X�V�H���� �I�R�V�W�H�U�L�Q�J�� �H�Q�K�D�Q�F�H�G�� �T�X�D�O�L�W�\��
�F�R�Q�W�U�R�O���D�Q�G���F�R�V�W���H
v�F�L�H�Q�F�\�����`�L�V���Z�R�U�N���O�D�\�V���W�K�H���J�U�R�X�Q�G�Z�R�U�N���I�R�U���W�K�H���H�Y�R�O�X�W�L�R�Q���R�I���1�0�5���I�U�R�P���D��
�Q�L�F�K�H�� �U�H�V�H�D�U�F�K�� �W�R�R�O�� �L�Q�W�R�� �D�� �X�Q�L�Y�H�U�V�D�O�O�\�� �G�H�S�O�R�\�D�E�O�H�� �W�H�F�K�Q�R�O�R�J�\���� �V�H�W�W�L�Q�J�� �D�� �F�O�H�D�U�� �G�L�U�H�F�W�L�R�Q�� �I�R�U��
�I�X�W�X�U�H���G�H�Y�H�O�R�S�P�H�Q�W�V���D�L�P�H�G���D�W���I�X�U�W�K�H�U���H�[�S�D�Q�G�L�Q�J���L�W�V���L�Q�G�X�V�W�U�L�D�O���X�W�L�O�L�W�\�� 

Acknowledgments 
The author would like to thank every team member of TerraQuantTech company and 

express my deepest gratitude for all the hard work that each of you put into our project, and 
for your desire to create and strive for the best despite any external circumstances. N.B. I 
would also like to thank my dear mom and dad for their unquenchable faith in our deed. 
 

References 
���� �³�$�� �5�H�Y�L�H�Z�� �R�I�� �$�S�S�O�L�F�D�W�L�R�Q�V�� �R�I�� �1�0�5�� �6�S�H�F�W�U�R�V�F�R�S�\�� �L�Q�� �3�H�W�U�R�O�H�X�P�� �&�K�H�P�L�V�W�U�\�´�� �-�R�K�Q�� �&����

�(�G�Z�D�U�G�V�����$�6�7�0���%�R�R�N�V�������������� 
���� �³�3�U�R�F�H�V�V�� �D�Q�G�� �4�X�D�O�L�W�\�� �F�R�Q�W�U�R�O�� �L�Q�� �I�R�R�G�� �D�Q�G�� �D�J�U�R�L�Q�G�X�V�W�U�\�� �X�V�L�Q�J�� �7�'-�1�0�5�´���� �'���� �&�R�Q�V�D�O�W�H�U����

�3�U�R�F�H�H�G�L�Q�J�V�� �R�I�� �W�K�H�� �F�R�Q�I�H�U�H�Q�F�H�� �³�%�(�1�&�+�7�2�3�� �1�0�5���� �)�5�2�0�� �$�&�$�'�(�0�,�$�� �7�2��
�,�1�'�8�6�7�5�<�´ 

���� �1�0�5�� �W�R�� �,�Q�G�X�V�W�U�\���� �'�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �P�R�G�H�U�Q�� �X�Q�L�Y�H�U�V�D�O�� �F�R�Q�W�U�R�O�� �V�R�I�W�Z�D�U�H�� �I�R�U�� �7�'-�1�0�5��
�V�S�H�F�W�U�R�P�H�W�H�U�V�����3�U�R�F�H�H�G�L�Q�J�V���R�I���W�K�H���F�R�Q�I�H�U�H�Q�F�H���³�6�S�L�Q�X�V-���������´�����6�W�����3�H�W�H�U�V�E�X�U�J�����5�X�V�V�L�D 

  



Oral Reports 

60 
 

NMR Diffusometry for Studying Ionic Association in 
Plasticized Polymers 

Alexandr V. Ievlev1, Daria A. Chetverikova2, Nadezhda V. Pokhvishcheva2, 

Maria A. Peshkova2 

1Department of Nuclear Physics Research Methods, Saint Petersburg State University, 
1 Ulyanovskaya st., 198504, Petergof, Saint Petersburg, Russia 
2Institute of Chemistry, Saint Petersburg State University, 26 Universitetskiy prospect, 
198504, Petergof, St. Petersburg, Russia  
E-mail: d4verikova@gmail.com 

Introduction 
�1�0�5�� �G�L
u�X�V�R�P�H�W�U�\�� �K�D�V�� �E�H�H�Q�� �G�H�Y�H�O�R�S�H�G�� �D�V�� �D�� �S�R�Z�H�U�I�X�O�� �P�H�W�K�R�G�� �W�R�� �V�W�X�G�\�� �W�U�D�Q�V�O�D�W�L�R�Q�D�O��

�G�L
u�X�V�L�R�Q���>���@�����5�H�F�H�Q�W�O�\�����L�W���K�D�V���E�H�H�Q���D�S�S�O�L�H�G���W�R���W�K�H���V�W�X�G�\���R�I���S�O�D�V�W�L�F�L�]�H�G���S�R�O�\�P�H�U�L�F���P�H�P�E�U�D�Q�H�V���R�I��
�L�R�Q-�V�H�O�H�F�W�L�Y�H�� �S�R�W�H�Q�W�L�R�P�H�W�U�L�F�� �D�Q�G�� �R�S�W�L�F�D�O�� �V�H�Q�V�R�U�V�� �>���@���� �`�H�� �D�X�W�K�R�U�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�K�H�� �G�L
u�X�V�L�R�Q��
�F�R�H
v�F�L�H�Q�W�V���R�I���L�R�Q�L�F���O�L�T�X�L�G�V���L�Q���W�K�H���S�R�O�\�P�H�U�L�F���S�K�D�V�H���D�Q�G���V�K�R�Z�H�G���W�K�D�W���3�)�*���1�0�5���L�V���V�X�L�W�D�E�O�H���I�R�U��
�W�K�H���V�W�X�G�\���R�I���V�X�F�K���F�R�P�S�O�H�[���P�H�G�L�D�����,�Q���W�K�L�V���S�D�S�H�U�����Z�H���I�R�F�X�V���P�R�U�H���R�Q���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���H�P�S�O�R�\�L�Q�J��
�1�0�5�� �G�L
u�X�V�R�P�H�W�U�\�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �U�D�W�L�R�V�� �R�I�� �F�R�P�S�R�Q�H�Q�W�V�� �Z�L�W�K�� �G�L
u�H�U�H�Q�W��
�P�R�E�L�O�L�W�\�����`�H�V�H���G�D�W�D���F�D�Q�� �E�H���X�V�H�I�X�O���L�Q���V�W�X�G�\�L�Q�J���W�K�H���D�V�V�R�F�L�D�W�L�R�Q���R�I���L�R�Q�V���L�Q���L�R�Q-�V�H�O�H�F�W�L�Y�H���V�H�Q�V�R�U��
�P�H�P�E�U�D�Q�H�V�� 

�,�R�Q-�V�H�O�H�F�W�L�Y�H�� �V�H�Q�V�R�U�V�� �D�U�H�� �F�R�P�S�R�V�H�G�� �R�I�� �D�� �K�\�G�U�R�S�K�R�E�L�F�� �P�D�W�U�L�[�� �E�D�V�H�G�� �R�Q�� �D�� �S�O�D�V�W�L�F�L�]�H�G��
�S�R�O�\�P�H�U���D�Q�G���D�F�W�L�Y�H���F�R�P�S�R�Q�H�Q�W�V�����Z�K�L�F�K���D�U�H���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���W�K�H���D�Q�D�O�\�W�H�����L�R�Q���R�U��
�Q�H�X�W�U�D�O�� �P�R�O�H�F�X�O�H���� �D�Q�G�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �D�Q�D�O�\�W�L�F�D�O�� �U�H�V�S�R�Q�V�H���� �,�W�� �L�V�� �Z�H�O�O�� �N�Q�R�Z�Q�� �W�K�D�W�� �L�R�Q�L�F��
�D�V�V�R�F�L�D�W�L�R�Q�� �F�D�Q�� �K�D�Y�H�� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� �H
u�H�F�W�� �R�Q�� �W�K�H�� �V�H�Q�V�R�U�� �U�H�V�S�R�Q�V�H���� �D�Q�G�� �F�R�P�S�O�H�[�� �P�R�G�H�O�V�� �K�D�Y�H��
�E�H�H�Q�� �G�H�Y�H�O�R�S�H�G�� �W�R�� �H�[�S�O�D�L�Q�� �D�Q�G�� �S�U�H�G�L�F�W�� �W�K�L�V�� �H
u�H�F�W�� �>���@���� �`�H�V�H�� �P�R�G�H�O�V�� �X�W�L�O�L�]�H�� �W�K�H�� �D�V�V�R�F�L�D�W�L�R�Q��
�F�R�Q�V�W�D�Q�W�V�� �E�H�W�Z�H�H�Q�� �S�R�O�\�P�H�U�L�F�� �P�H�P�E�U�D�Q�H�� �F�R�P�S�R�Q�H�Q�W�V�� �D�V�� �R�Q�H�� �R�I�� �W�K�H�� �S�D�U�D�P�H�W�H�U�V���� �'�H�V�S�L�W�H�� �W�K�H��
�K�L�J�K���L�P�S�R�U�W�D�Q�F�H���R�I���W�K�H�V�H���T�X�D�Q�W�L�W�L�H�V�����I�H�Z���G�D�W�D���R�Q���W�K�H�P���D�U�H���D�Y�D�L�O�D�E�O�H���L�Q���W�K�H���O�L�W�H�U�D�W�X�U�H�����`�H���V�W�X�G�\��
�R�I�� �H�T�X�L�O�L�E�U�L�X�P�� �L�Q�� �W�K�H�� �S�R�O�\�P�H�U�L�F�� �S�K�D�V�H�� �F�D�Q�� �E�H�� �S�U�R�E�O�H�P�D�W�L�F���� �`�H�� �H�V�W�L�P�D�W�L�R�Q�� �R�I�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��
���R�U�� �D�F�W�L�Y�L�W�L�H�V���� �R�I�� �V�S�H�F�L�H�V�� �L�Q�� �D�� �S�O�D�V�W�L�F�L�]�H�G�� �S�R�O�\�P�H�U�� �L�V�� �D�� �F�K�D�O�O�H�Q�J�L�Q�J�� �W�D�V�N���� �V�R�� �L�Q�G�L�U�H�F�W��
�P�H�D�V�X�U�H�P�H�Q�W�V�� �D�U�H�� �X�V�H�G�� �W�R�� �H�V�W�L�P�D�W�H�� �L�P�S�R�U�W�D�Q�W�� �W�K�H�U�P�R�G�\�Q�D�P�L�F�� �S�U�R�S�H�U�W�L�H�V���� �0�R�V�W�� �Z�R�U�N�V�� �X�W�L�O�L�]�H��
�S�R�W�H�Q�W�L�R�P�H�W�U�L�F���V�W�X�G�L�H�V���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���D�V�V�R�F�L�D�W�L�R�Q���F�R�Q�V�W�D�Q�W�V���L�Q���V�X�F�K���V�\�V�W�H�P�V�����`�H���G�H�Y�H�O�R�S�H�G��
�W�H�F�K�Q�L�T�X�H�V�� �D�U�H�� �O�D�E�R�U�L�R�X�V���� �W�L�P�H-�F�R�Q�V�X�P�L�Q�J���� �D�Q�G�� �Q�R�W�� �Y�H�U�\�� �D�F�F�X�U�D�W�H�� �L�I�� �W�K�H�� �D�V�V�R�F�L�D�W�L�R�Q�� �L�V��
�V�X
v�F�L�H�Q�W�O�\���V�P�D�O�O���>���@�����,�Q�G�L�U�H�F�W���P�H�D�V�X�U�H�P�H�Q�W�V���F�D�Q���D�O�V�R���O�H�D�G���W�R���V�\�V�W�H�P�D�W�L�F���H�U�U�R�U�V���L�Q���W�K�H���R�E�W�D�L�Q�H�G��
�Y�D�O�X�H�V���G�X�H���W�R���X�Q�D�F�F�R�X�Q�W�H�G���X�Q�N�Q�R�Z�Q���I�D�F�W�R�U�V�� 

�7�R�� �F�L�U�F�X�P�Y�H�Q�W�� �V�H�U�L�R�X�V�� �H�U�U�R�U�V���� �L�W�� �L�V�� �L�P�S�R�U�W�D�Q�W�� �W�R�� �D�S�S�U�R�D�F�K�� �W�K�H�� �S�U�R�E�O�H�P�� �I�U�R�P�� �P�X�O�W�L�S�O�H��
�S�H�U�V�S�H�F�W�L�Y�H�V���D�Q�G���X�W�L�O�L�]�H���D���U�D�Q�J�H���R�I���D�S�S�U�R�D�F�K�H�V���E�D�V�H�G���R�Q���X�Q�U�H�O�D�W�H�G���I�X�Q�G�D�P�H�Q�W�D�O���S�U�L�Q�F�L�S�O�H�V�����`�H��
�S�U�H�V�H�Q�W�� �Z�R�U�N�� �D�L�P�V�� �W�R�� �L�Q�W�U�R�G�X�F�H�� �1�0�5�� �G�L
u�X�V�R�P�H�W�U�\�� �L�Q�W�R�� �W�K�H�� �V�W�X�G�\�� �R�I�� �L�R�Q�L�F�� �D�V�V�R�F�L�D�W�L�R�Q�� �W�R��
�D�V�F�H�U�W�D�L�Q���W�K�H���I�H�D�V�L�E�L�O�L�W�\���R�I���W�K�L�V���P�H�W�K�R�G���E�H�L�Q�J���X�V�H�G���L�Q���I�X�U�W�K�H�U���V�W�X�G�L�H�V���W�R���G�H�W�H�U�P�L�Q�H���S�U�R�S�H�U�W�L�H�V���R�I��
�L�Q�W�H�U�H�V�W�� 

Experimental results 
We have chosen some of the lipophilic organic electrolytes widely used in the field of 

ion-selective sensors to study their ionic properties in polyvinyl chloride (PVC) membranes 
plasticized with bis(2-ethylhexyl)sebacate (DOS): bromides of tetrabutylammonium 
(TBABr), tetrahexylammonium (THexABr), tetraheptylammonium (THepABr), 
tetraoctylammonium (TOctABr), and tetradecylammonium (TDecABr); tetraoctylammonium 
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TOctABArF), tetrabutylammonium 
tetrabutylborate (TBATBB) and potassium tetrakis(4-chlorophenyl)borate (KTpClPB) 
(Fig. 1). Noteworthy, the plasticizer DOS serves simultaneously as a liquid solvent for the 
ionic components in the polymeric phase. This type of matrix is commonly used in the area of 
ion-selective sensors. 
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Figure 1. Lipophilic cations and anions under study. 

 
High molecular weight PVC, DOS and volatile solvents tetrahydrofuran (THF) and 

cyclohexanone (CH) were Selectophore grade reagents from Fluka (Switzerland). Liquid 
membrane compositions were prepared by dissolving a weighted portion of PVC and an 
aliquot of DOS (1:2 mass ratio) in the volatile solvent THF. Then a weighted portion of the 
organic salt or an appropriate aliquot of its solution in CH were added to the mixture. Liquid 
compositions were stirred with a roller-mixer (RS-TR 5, Phoenix Instrument, Germany) for 
10 min, and then poured into Petri dishes 32 mm in diameter and covered with filter paper to 
slow down the evaporation of THF. The dishes were left for 2 days until complete 
evaporation of the solvent. The salt concentration in the final membrane was varied in a range 
from 0 to 0.1-0.2 mole per kilogram of DOS. 

To obtain NMR spectra, the membranes were placed into NMR vials. 79Br (for 
quaternary ammonium salts), 19F NMR (for TOctABArF), 1H and 13�K measurements with 
organic salts in THF solution and in PVC-based membranes were carried out at 25 �•C using a 
Bruker Avance III 400 WB NMR spectrometer equipped with diffusion probe DIFF/50 with 
gradient controller GREAT MASTER UNIT E with gradient amplifiers. 

As a general tendency, all the lines in the spectra registered in polymeric matrix are 
broadened as compared to the spectra obtained in solutions (see an example in Fig. 2 for the 
spectrum of DOS). This complicates to some extent the analysis of the spectra, but meanwhile 
the spectrum contour is preserved in terms of the number and location of peaks. 

 

 
Figure 2.13C NMR spectra of the plasticizer in the polymer. 
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The diffusion of the species was investigated by means of pulsed field gradient-

stimulated echo with a bipolar gradient (PFG STEbp technique) where the echo signal, I, is 
given by the well-known Stejscal-Tanner Eq. (1) [1]: 

�+�:�)�; 
L �+�4�‡
�?�½�
�. �À�. �� �. �@�ñ�?


�
�/
�A            (1) 

with D: the diffusion coefficient, I0: the integral intensity, ��: the gyromagnetic ratio, G: 
the gradient amplitude, �/: the equivalent duration of the gradient pulses, and �û: the time 
interval between the gradient pulses. OriginPro 2015 (OriginLab Corporation, Northampton, 
MA, USA), MestReNova 14.2.1 (Mestrelab Research S.L., Santiago de Compostela, Spain) 

were used for data processing. 
The NMR spectra were recorded for all membrane compositions at different values of 

the gradient amplitude. It turned out that even though the obtained dependencies I(G) decay 
exponentially, it was not always possible to approximate them by a single exponential as in 
Eq. (1). This situation occurs when the particle involved in transport phenomena exists in 
more than one form in the studied medium, e. g. in the form of a free ion and an ion pair. In 
this case, the corresponding dependencies are usually fitted with more than one decaying 
exponential [1, 2]. In our case, approximation of the I(G) dependencies by a superposition of 
two exponentials typically gave the optimal fitting output in terms of the adjusted correlation 
coefficient (r2) and the �$2 criterion (modified Stejskal-Tanner equation): 

�+�:�T�; 
L �+�5�‡�š�’�:
F�&�5�T�; 
E �+�6�‡�š�’�:
F�&�6�T�;�â  with �T 
L �Û�6�) �6�Ü�6�@�Â 
F
��

�7
�A      (2) 

The higher values of diffusion coefficients obtained after fitting the dependences of 
the intensity on the gradient amplitude were attributed to single ions. Lower diffusion 
coefficients are assigned to ion pairs, which are considered to be less mobile. The ionization 
(dissociation) degree of the salts can be �R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���I�U�D�F�W�L�R�Q���R�I���³�I�D�V�W�´���F�R�P�S�R�Q�H�Q�W���R�I���W�K�H��
exponential dependence I(x). 

In the present work, we report on the obtained values of the diffusion coefficients of 
the individual ionic species and on their ion pairs in the plasticized polymeric matrix. The 
estimated values of ionization degree and corresponding electrolyte dissociation constants 
will be compared with available from the literature and the applicability of PFG NMR 
diffusometry for direct studies of electrolytic properties in polymeric phase will be discussed. 
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Low field setup for DNP  studies in stray field of 
superconducting magnet 

G.A. Dolgorukov1, V.V. Kuzmin1, A.S. Makarchenko1 
���.�D�]�D�Q���)�H�G�H�U�D�O���8�Q�L�Y�H�U�V�L�W�\�����.�D�]�D�Q�����5�X�V�V�L�D 
�(-�P�D�L�O�����6�D�V�K�D�B�F�K�D�\�D�Q�#�P�D�L�O���U�X 

Introduction 
Nanodiamonds (ND) and other non-toxic nanoparticles are extensively used in biomedical 

applications, including drug delivery, imaging, and subcellular tracking. Recent studies have 
shown that paramagnetic centers on the surface of nanodiamonds can enable dynamic nuclear 
polarization (DNP) of surrounding water solutions, enhancing MRI capabilities at ultra-low 
magnetic fields and room temperature [1]. 

This study aims to validate and expand the applicability of this method to nanodiamonds 
and other nanoparticles with surface defects. For this purpose, a custom experimental setup 
capable of operating across a broad range of magnetic fields has been developed. 

DNP/NMR part of the setup 
This work includes the testing of this setup for ultra-low field DNP in aqueous solutions of 

TEMPOL DNP agent and ND nanoparticles within the 1�±20 mT range. The magnetic field is 
achieved by using the stray field of an unshielded superconducting NMR magnet 3.6 T. The 
setup includes active shim coils, an NMR coil, a loop-gap EPR resonator, a low-frequency 
NMR preamplifier, and a passive RF switch to route microwave and radiofrequency power 
from a single broadband amplifier (Rohde & Schwarz, BBA100, 500 W continuous wave, 9 
kHz�±250 MHz) to the resonator and NMR coil, correspondingly. The NMR transmit/receive 
system of our custom-built broadband NMR spectrometer has been described in our prior 
work [2]. 

The preamplifier was constructed using a low-cost INA-02186 MMIC amplifier (1.8 dB 
noise figure and 31 dB gain) and an AD797 operational amplifier, achieving a total gain of 68 
dB, a bandwidth of 0.05�±1.2 MHz, and a dead time of 180 µs. 

Shim coils design 
The magnetic field gradients produced by magnet alone were measured in three directions 

at a radial distance of 52 to 104 cm from the center of the superconducting magnet in the 
plane perpendicular to its axis, using a Hall sensor from Infineon (3D Magnetic Sensor 2Go 
TLE493D A2B6). The relative gradient values at a distance of 90 cm from the center of the 
magnet were found to be Gy = 3.2 %/cm, Gz = 0.23 %/cm, and Gx = 0.34 %/cm. The shim 
coils generate linear gradients in three directions (0.5 mT/cm/A for the most critical direction) 
to improve magnetic field homogeneity in samples with diameters up to 40 mm. The gradient 
coil dimensions and geometry were optimized for linearity using a Python script based on 
Magpylib library for magnetic field calculations. The gradient coil holders, with external 
dimensions of ~17 cm, were 3D-printed using PETG plastic. A 50-fold improvement in 
magnetic field homogeneity (the ratio of the full width at half maximum (FWHM) in echo 
signals) was achieved in water sample with diameter of 1 cm. The optimal NMR line width 
experimentally obtained is 650 ppm, which is much larger than the calculated value (15 ppm) 
for the developed shimming coils if the external gradients are perfectly linear, but also much 
less than in unshimmed case (32000 ppm). 

Results 
A DNP enhancement factor of 300 was successfully achieved in a test sample containing 

0.7 mL of an aqueous TEMPOL solution at a concentration of 30.5 mmol/L at a microwave 
power of 79.6 W and magnetic field of 4.1 mT. Also, a DNP enhancement factor of 1.91 for a 
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detonation nanodiamonds (DND) aqueous solution (46.4 mg/ml) was achieved at a mw power 
of 38 W and magnetic field of 9 mT. DND powder of 98.3% purity produced by US Research 
Nanomaterials, Inc. (USA) was used as a sample. The declared by manufacturer particle size 
of the powder is 3�±10 nm. 

This setup is suitable for ultra-low field NMR/DNP studies, hyperpolarization experiments 
with noble gases, and, potentially, low-field MRI applications due to its integrated gradient 
system. A photograph of our assembly of the DNP setup is shown in Fig. 1. NMR tank 
circuit, EPR resonator, shim coils, preamplifier and �O/4 are placed inside shielding box that 
stands near the superconducting magnet. 

 
Figure 1.  Photograph of the DNP box with all elements located near the superconducting 

magnet. 
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 Liquid-crystalline additives to liquid electrolytes in electrochemical devices may lead 
to enhanced performances, such as favorable changes in ionic conductivity and suppression of 
self-discharge [1,2]. To understand the molecular level mechanisms leading to such effects, 
the ionic and molecular dynamics and intermolecular interactions in liquid crystals/electrolyte 
mixtures were studied over a wide concentration range. The results of investigations of 
anisotropic diffusion using pulsed field gradient NMR methods [3] and intermolecular cross-
relaxation processes by heteronuclear NOE technique [4] will be discussed.  
 
���� �;�����6�X�����:�����-�L�D�����+�����-�L�����<�����=�K�X���������-�����(�Q�H�U�J�\���6�W�R�U�D�J�H������������������������������������ 
���� �-�����/�L���H�W���D�O���������1�D�Q�R���(�Q�H�U�J�\�������������������������������������� 
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Zero-field cross-relaxation resonances in ensembles of 
NV centers in diamond and fully optical magnetic field 
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�(-�P�D�L�O�����G�H�P�R�Q�U�#�W�X�W���E�\ 
�K�W�W�S�V�������P�D�V�W�H�U���E�D�V�Q�H�W���E�\���O�T�R�� 

Introduction 
�1�L�W�U�R�J�H�Q-�Y�D�F�D�Q�F�\�� ���1�9���� �F�H�Q�W�H�U�V�� �L�Q�� �G�L�D�P�R�Q�G�� �D�U�H�� �D�� �O�H�D�G�L�Q�J�� �S�O�D�W�I�R�U�P�� �I�R�U�� �T�X�D�Q�W�X�P��

�W�H�F�K�Q�R�O�R�J�L�H�V�����Z�L�W�K���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���T�X�D�Q�W�X�P���F�U�\�S�W�R�J�U�D�S�K�\�����F�R�P�S�X�W�L�Q�J�����D�Q�G���V�H�Q�V�L�Q�J�����%�R�W�K���V�L�Q�J�O�H��
�1�9���F�H�Q�W�H�U�V���D�Q�G���1�9���H�Q�V�H�P�E�O�H�V���F�D�Q���D�F�W���D�V���P�D�J�Q�H�W�L�F���V�H�Q�V�R�U�V���X�V�L�Q�J���R�S�W�L�F�D�O�O�\���G�H�W�H�F�W�H�G���P�D�J�Q�H�W�L�F��
�U�H�V�R�Q�D�Q�F�H�� ���2�'�0�5������ �+�R�Z�H�Y�H�U���� �2�'�0�5�� �U�H�T�X�L�U�H�V�� �P�L�F�U�R�Z�D�Y�H�� �U�D�G�L�D�W�L�R�Q���� �L�Q�F�U�H�D�V�L�Q�J�� �V�H�W�X�S��
�F�R�P�S�O�H�[�L�W�\�� �D�Q�G�� �F�R�V�W���� �5�H�F�H�Q�W�� �V�W�X�G�L�H�V�� �>��-���@�� �S�U�R�S�R�V�H�G�� �I�X�O�O�\�� �R�S�W�L�F�D�O�� �P�D�J�Q�H�W�R�P�H�W�U�\�� �P�H�W�K�R�G�V��
�E�D�V�H�G���R�Q���S�K�R�W�R�O�X�P�L�Q�H�V�F�H�Q�F�H���F�K�D�Q�J�H�V���Q�H�D�U���W�K�H���J�U�R�X�Q�G-�V�W�D�W�H���O�H�Y�H�O���D�Q�W�L�F�U�R�V�V�L�Q�J���O�L�Q�H�����*�6�/�$�&������
�`�H�V�H���P�H�W�K�R�G�V�����W�K�R�X�J�K�����G�H�P�D�Q�G���S�U�H�F�L�V�H���F�U�\�V�W�D�O���R�U�L�H�Q�W�D�W�L�R�Q���D�Q�G���V�W�U�R�Q�J���P�D�J�Q�H�W�L�F���¿�H�O�G�V�������������7������
�O�L�P�L�W�L�Q�J���W�K�H�L�U���S�U�D�F�W�L�F�D�O�L�W�\�����`�H���X�V�H���R�I���W�K�H���]�H�U�R-�¿�H�O�G���F�U�R�V�V���U�H�O�D�[�D�W�L�R�Q���O�L�Q�H�����=�)�&�5�/�����>��-���@���P�D�N�H�V��
�L�W�� �S�R�V�V�L�E�O�H�� �W�R�� �H�O�L�P�L�Q�D�W�H�� �W�K�H�� �D�E�R�Y�H-�P�H�Q�W�L�R�Q�H�G�� �G�L�V�D�G�Y�D�Q�W�D�J�H�V�� �D�Q�G�� �L�P�S�U�R�Y�H�� �W�K�H�� �S�H�U�I�R�U�P�D�Q�F�H�� �R�I��
�D�O�O-�R�S�W�L�F�D�O�� �P�D�J�Q�H�W�R�P�H�W�U�L�F�� �V�\�V�W�H�P�V���� �+�H�U�H�� �Z�H�� �L�Q�Y�H�V�W�L�J�D�W�H�� �=�)�&�5�/�� �I�R�F�X�V�L�Q�J�� �R�Q�� �L�W�V�� �G�H�S�H�Q�G�H�Q�F�H��
�R�Q�� �W�K�H�� �V�D�P�S�O�H�� �W�\�S�H���� �1�9�� �F�H�Q�W�H�U�� �G�H�Q�V�L�W�\�� �D�Q�G�� �W�H�P�S�H�U�D�W�X�U�H���� �:�H�� �D�O�V�R�� �H�[�S�O�R�U�H�� �F�U�R�V�V-�U�H�O�D�[�D�W�L�R�Q��
�S�K�H�Q�R�P�H�Q�D���X�Q�G�H�U���G�L
u�H�U�H�Q�W���W�U�D�Q�V�Y�H�U�V�H���P�D�J�Q�H�W�L�F���¿�H�O�G�V�����)�X�U�W�K�H�U�P�R�U�H�����Z�H���G�H�P�R�Q�V�W�U�D�W�H���W�K�H���I�X�O�O�\��
�R�S�W�L�F�D�O���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���D���P�D�J�Q�H�W�L�F���V�H�Q�V�R�U���E�D�V�H�G���R�Q���=�)�&�5�/���L�Q���D�Q���H�Q�V�H�P�E�O�H���R�I���1�9���F�H�Q�W�H�U�V���� 

Experimental 
The observation of ZFCRL was conducted using an experimental setup, the schematic 

of which is shown in Fig. 2(a). Nd:YAG laser beam (532 nm, 20 mW) was focused onto a 
diamond sample using an objective lens. Photoluminescence was collected via an optical fiber 
and directed to a PIN photodiod, preceded by a notch filter to block pump light. A local 
magnetic field was generated by two pairs of Helmholtz coils. One of the coils was supplied 
with a slowly varying sweep voltage at 0.01 Hz from a signal generator through a power 
supply (PS1). Simultaneously, a higher-�I�U�H�T�X�H�Q�F�\�� �V�L�Q�X�V�R�L�G�D�O�� �Y�R�O�W�D�J�H�� ���&� �������� �+�]���� �Z�D�V��
applied, inducing a slight modulation of the magnetic field B1 applied to the sample. This 
modulation resulted in a weak modulation of the optical signal, which was detected by a 
photodetector and a lock-in amplifier (LIA).  

 
 

a b 

�)�L�J�X�U�H�����������(�[�S�H�U�L�P�H�Q�W�D�O���V�H�W�X�S�����D�������G�H�S�H�Q�G�H�Q�F�L�H�V���R�I���W�K�H���O�R�F�N-�L�Q���D�P�S�O�L�¿�H�U���R�X�W�S�X�W���V�L�J�Q�D�O���R�Q��
�W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K���I�R�U���G�L	ü�H�U�H�Q�W���V�D�P�S�O�H�V���R�I���G�L�D�P�R�Q�G���Z�L�W�K���1�9���F�H�Q�W�H�U�V�� 

 
�'�X�U�L�Q�J�� �W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W�V���� �W�K�H�� �P�R�G�X�O�D�W�L�R�Q�� �V�L�J�Q�D�O�� �R�I�� �W�K�H�� �S�K�R�W�R�G�H�W�H�F�W�R�U�� �F�X�U�U�H�Q�W�� �D�W��

�I�U�H�T�X�H�Q�F�\���&���Z�D�V�� �U�H�F�R�U�G�H�G�� �D�V�� �W�K�H�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G�� �%���� �Z�D�V�� �V�P�R�R�W�K�O�\�� �Y�D�U�L�H�G���� �`�X�V���� �W�K�H�� �R�X�W�S�X�W��
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�V�L�J�Q�D�O���R�I���W�K�H���/�,�$���Z�D�V���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���G�H�U�L�Y�D�W�L�Y�H���R�I���W�K�H���V�D�P�S�O�H���À�X�R�U�H�V�F�H�Q�F�H���L�Q�W�H�Q�V�L�W�\���D�V���D��
�I�X�Q�F�W�L�R�Q�� �R�I�� �W�K�H�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G���� �`�H�� �V�H�F�R�Q�G�� �S�D�L�U�� �R�I�� �+�H�O�P�K�R�O�W�]�� �F�R�L�O�V�� �Z�D�V�� �X�V�H�G�� �W�R�� �J�H�Q�H�U�D�W�H�� �D�Q��
�D�G�G�L�W�L�R�Q�D�O���P�D�J�Q�H�W�L�F���¿�H�O�G���%�������'�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�����W�K�H���F�R�L�O�V���Z�H�U�H���S�R�V�L�W�L�R�Q�H�G���W�R���F�U�H�D�W�H��
�D���¿�H�O�G���H�L�W�K�H�U���D�[�L�D�O�O�\���R�U���R�U�W�K�R�J�R�Q�D�O�O�\���D�O�L�J�Q�H�G���Z�L�W�K���W�K�H���S�U�L�P�D�U�\���P�D�J�Q�H�W�L�F���¿�H�O�G���%���� 

�$�V���G�L�D�P�R�Q�G���V�D�P�S�O�H�V���� �Z�H���S�U�L�P�D�U�L�O�\�� �X�V�H�G������ �P�P�ñ�� �P�R�Q�R�F�U�\�V�W�D�O�O�L�Q�H���G�L�D�P�R�Q�G�V�����+�3�+�7��������
�V�\�Q�W�K�H�V�L�]�H�G�� �X�V�L�Q�J�� �W�K�H�� �K�L�J�K-�S�U�H�V�V�X�U�H�� �K�L�J�K-�W�H�P�S�H�U�D�W�X�U�H�� ���+�3�+�7���� �P�H�W�K�R�G���� �Z�L�W�K�� �D�� �K�L�J�K��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���1�9���F�H�Q�W�H�U�V�����D�U�R�X�Q�G�������S�S�P�������2�W�K�H�U���G�L�D�P�R�Q�G���V�D�P�S�O�H�V���L�Q�F�O�X�G�H�G���S�R�O�\�F�U�\�V�W�D�O�O�L�Q�H��
�G�L�D�P�R�Q�G�� �S�R�Z�G�H�U�� ���+�3�+�7�������� �D�V�� �Z�H�O�O�� �D�V�� �L�V�R�W�R�S�L�F�D�O�O�\�� �S�X�U�H�� �G�L�D�P�R�Q�G�� �V�D�P�S�O�H�V�� �������������������������&����
�J�U�R�Z�Q���E�\���F�K�H�P�L�F�D�O���Y�D�S�R�U���G�H�S�R�V�L�W�L�R�Q�����&�9�'�����D�Q�G���&�9�'���������`�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���1�9���F�H�Q�W�H�U�V���L�Q��
�W�K�H�� �&�9�'���� �D�Q�G�� �&�9�'���� �V�D�P�S�O�H�V�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �E�H�� �������� �S�S�P�� �D�Q�G�� ���� �S�S�P���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �)�L�J���� �����E����
�V�K�R�Z�V���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�H�S�H�Q�G�H�Q�F�L�H�V���R�I���W�K�H���/�,�$���R�X�W�S�X�W���V�L�J�Q�D�O���R�Q���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K��
�I�R�U�� �G�L
u�H�U�H�Q�W���G�L�D�P�R�Q�G�� �V�D�P�S�O�H�V�����`�H�� �=�)�&�5�/�� �Z�L�G�W�K�� ���S�H�D�N-�W�R-�S�H�D�N���� �I�R�U�� �W�K�H�� �+�3�+�7���� �D�Q�G�� �&�9�'����
�V�D�P�S�O�H�V�� �Z�D�V�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� ������ �*���� �)�R�U�� �W�K�H�� �&�9�'���� �V�D�P�S�O�H�� �Z�L�W�K�� �W�K�H�� �O�R�Z�H�V�W�� �1�9�� �F�H�Q�W�H�U��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����D���V�L�J�Q�L�¿�F�D�Q�W���U�H�G�X�F�W�L�R�Q���L�Q���E�R�W�K���W�K�H���D�P�S�O�L�W�X�G�H���D�Q�G���Z�L�G�W�K���R�I���=�)�&�5�/�� ���G�R�Z�Q���W�R������
�*���� �Z�D�V�� �R�E�V�H�U�Y�H�G���� �)�R�U���S�R�O�\�F�U�\�V�W�D�O�O�L�Q�H�� �P�D�W�H�U�L�D�O�� ���+�3�+�7���� �V�D�P�S�O�H���� �W�K�H�� �=�)�&�5�/�� �Z�L�G�W�K�� �L�Q�F�U�H�D�V�H�G��
�X�S�� �W�R�� ������ �*���� �:�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �W�K�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�� �=�)�&�5�/�� �Z�L�G�W�K�� �R�Q�� �W�H�P�S�H�U�D�W�X�U�H���� �$�V�� �W�K�H��
�W�H�P�S�H�U�D�W�X�U�H���G�H�F�U�H�D�V�H�G���I�U�R�P���������W�R��-�����R�&�����W�K�H���O�L�Q�H�Z�L�G�W�K���Q�D�U�U�R�Z�H�G���I�U�R�P�������������W�R�������������*�� 

�)�L�J���������S�U�H�V�H�Q�W���G�H�S�H�Q�G�H�Q�F�L�H�V���R�E�W�D�L�Q�H�G���X�Q�G�H�U���G�L
u�H�U�H�Q�W���R�U�L�H�Q�W�D�W�L�R�Q�V���D�Q�G���P�D�J�Q�L�W�X�G�H�V���R�I���D�Q��
�D�G�G�L�W�L�R�Q�D�O�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G���� �D�S�S�O�L�H�G�� �D�[�L�D�O�O�\�� �D�Q�G�� �R�U�W�K�R�J�R�Q�D�O�O�\�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �V�Z�H�H�S�� �P�D�J�Q�H�W�L�F��
�¿�H�O�G�����3�D�U�D�O�O�H�O���R�U�L�H�Q�W�D�W�L�R�Q���R�I���W�K�H���¿�H�O�G�V�����U�H�V�X�O�W�V���L�Q���D���V�K�L�I�W���R�I���W�K�H���=�)�&�5�/���S�R�V�L�W�L�R�Q�����S�U�R�S�R�U�W�L�R�Q�D�O���W�R��
�W�K�H�� �P�D�J�Q�L�W�X�G�H�� �R�I�� �W�K�H�� �D�G�G�L�W�L�R�Q�D�O�� �¿�H�O�G���� �)�R�U�� �P�X�W�X�D�O�O�\�� �R�U�W�K�R�J�R�Q�D�O�� �R�U�L�H�Q�W�D�W�L�R�Q�V���� �W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I��
�W�K�H�� �=�)�&�5�/�� �V�K�D�S�H�� �H�[�K�L�E�L�W�V�� �D�� �P�R�U�H�� �F�R�P�S�O�H�[�� �E�H�K�D�Y�L�R�U���� �,�Q�� �D�� �Z�H�D�N�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G�� ���������� �*������ �W�K�H��
�S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �G�L�V�S�H�U�V�L�R�Q�� �F�X�U�Y�H�� �U�H�P�D�L�Q�V�� �X�Q�F�K�D�Q�J�H�G���� �Z�K�L�O�H�� �L�W�V�� �F�R�Q�W�R�X�U�� �E�U�R�D�G�H�Q�V�� �D�Q�G�� �W�K�H��
�D�P�S�O�L�W�X�G�H���V�O�L�J�K�W�O�\�� �G�H�F�U�H�D�V�H�V�����$���I�X�U�W�K�H�U���L�Q�F�U�H�D�V�H���L�Q���W�K�H���P�D�J�Q�H�W�L�F�� �¿�H�O�G���O�H�D�G�V���W�R���W�K�H���H�P�H�U�J�H�Q�F�H��
�R�I���W�Z�R���D�G�G�L�W�L�R�Q�D�O���U�H�V�R�Q�D�Q�F�H�V�����Z�K�L�F�K���J�U�D�G�X�D�O�O�\���V�H�S�D�U�D�W�H���D�V���W�K�H���¿�H�O�G���V�W�U�H�Q�J�W�K���L�Q�F�U�H�D�V�H�V���� 

  
a b 

Figure 2. LIA signal dependence on the magnetic field strength when additional axial (a) and 
perpendicular (b) magnetic field  are applied. Arrows indicate additional resonances. 

ZFLAC-magnetometry 
The presence of a linear region (B<5G) in the dispersion curve, which relates the 

applied magnetic field to the LIA output signal, makes it possible to use this signal for 
magnetic measurements. At the center of the curve, the LIA signal is zero. The following 
approaches can be used for magnetic measurements: 

Measurement of Weak Magnetic Fields 
No magnetic field sweep is applied. Only a slight modulation of the magnetic field is 

applied (approximately 0.1 G). When the measured magnetic field deviates from zero, its 
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magnitude is directly recorded by the change in the LIA output signal. Fig. 3(a) shows the 
temporal response of the magnetometer to a weak calibration magnetic field (0.5 G) varying 
over time as a square wave. The standard deviation of the signal from its mean value during 
one half-period, averaged over the entire measurement period, was 0.04 G. 

Measurement of Strong Magnetic Fields 
�`�H�� �/�,�$�� �V�L�J�Q�D�O�� �L�V�� �I�H�G�� �W�K�U�R�X�J�K�� �D�� �S�R�Z�H�U�� �D�P�S�O�L�¿�H�U�� �W�R�� �R�Q�H�� �S�D�L�U�� �R�I�� �W�K�H�� �F�R�L�O�V����

�6�L�P�X�O�W�D�Q�H�R�X�V�O�\�����D�Q���D�O�W�H�U�Q�D�W�L�Q�J���Y�R�O�W�D�J�H���D�W���W�K�H���P�R�G�X�O�D�W�L�R�Q���I�U�H�T�X�H�Q�F�\�������������+�]�����L�V���D�S�S�O�L�H�G���W�R���W�K�H��
�V�D�P�H���F�R�L�O�V�����$���V�H�F�R�Q�G���S�D�L�U���R�I���F�R�L�O�V���L�V���D�O�L�J�Q�H�G���F�R�D�[�L�D�O�O�\���Z�L�W�K���W�K�H���¿�U�V�W���D�Q�G���L�V���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���W�K�H��
�P�H�D�V�X�U�H�G�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G���� �,�Q�� �W�K�L�V�� �V�H�W�X�S���� �W�K�H�� �P�H�D�V�X�U�H�G�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G�� �L�V�� �F�R�P�S�H�Q�V�D�W�H�G�� �X�V�L�Q�J��
�S�U�R�S�R�U�W�L�R�Q�D�O�� �F�R�Q�W�U�R�O�� �Z�L�W�K�� �Q�H�J�D�W�L�Y�H�� �I�H�H�G�E�D�F�N���� �`�H�� �/�,�$�� �R�X�W�S�X�W�� �Y�R�O�W�D�J�H�� ���H�U�U�R�U�� �V�L�J�Q�D�O���� �L�V��
�F�R�Q�Y�H�U�W�H�G�� �L�Q�W�R�� �D�� �F�R�Q�W�U�R�O�� �V�L�J�Q�D�O�� �I�R�U�� �W�K�H�� �F�R�P�S�H�Q�V�D�W�L�Q�J�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G���� �`�H�� �¿�H�O�G�V�� �R�I�� �W�K�H�� �F�R�L�O�V��
�S�U�H�F�L�V�H�O�\���F�D�Q�F�H�O���H�D�F�K���R�W�K�H�U���R�X�W�����U�H�V�X�O�W�L�Q�J���L�Q���D���Q�H�W���¿�H�O�G���R�I���]�H�U�R���D�F�W�L�Q�J���R�Q���W�K�H���V�D�P�S�O�H�����)�L�J���������E����
�V�K�R�Z�V�� �W�K�H�� �W�H�P�S�R�U�D�O�� �U�H�V�S�R�Q�V�H�� �R�I�� �W�K�H�� �/�,�$�� �R�X�W�S�X�W�� �V�L�J�Q�D�O�� �W�R�� �D�� �V�P�R�R�W�K�� �F�K�D�Q�J�H�� �L�Q�� �W�K�H�� �P�H�D�V�X�U�H�G��
�P�D�J�Q�H�W�L�F���¿�H�O�G���L�Q���W�K�H���U�D�Q�J�H���R�I�����±�������*���� 

  
a b 

Figure 3. Temporal response of  magnetometer in weak (a) strong (b) magnetic field modes 

Conclusions 
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�$�S�S�U�R�D�F�K�H�V�� �E�D�V�H�G�� �R�Q�� �X�V�L�Q�J�� �K�\�E�U�L�G�� �V�W�U�X�F�W�X�U�H�V�� �E�D�V�H�G�� �R�Q�� �D�� �F�R�P�E�L�Q�D�W�L�R�Q�� �R�I�� �D�� �O�R�Z-

�G�D�P�S�L�Q�J���P�D�J�Q�H�W�L�F�D�O�O�\���R�U�G�H�U�H�G�����P�D�J�Q�R�Q�����P�D�W�H�U�L�D�O���Z�L�W�K���D�Q���(�U-�G�R�S�H�G���F�U�\�V�W�D�O���W�R���U�H�D�O�L�]�H���H
v�F�L�H�Q�W��
�T�X�D�Q�W�X�P�� �W�U�D�Q�V�G�X�F�W�L�R�Q�� �K�D�Y�H�� �E�H�H�Q�� �W�K�H�R�U�H�W�L�F�D�O�O�\�� �V�W�X�G�L�H�G���� �`�H�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �P�D�J�Q�R�Q�� �P�D�W�H�U�L�D�O��
���H���J�����<�,�*�����K�D�V���W�K�H���D�G�Y�D�Q�W�D�J�H���R�I���L�W�V���V�W�U�R�Q�J���F�R�X�S�O�L�Q�J���W�R���P�L�F�U�R�Z�D�Y�H���U�H�V�R�Q�D�W�R�U���P�R�G�H�V�����Z�K�L�O�H���(�U-
�G�R�S�H�G�� �F�U�\�V�W�D�O�� �S�U�R�Y�L�G�H�V�� �D�� �S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �R�E�W�D�L�Q�L�Q�J�� �D�Q�� �H
u�H�F�W�L�Y�H�O�\�� �O�D�U�J�H�� �P�D�J�Q�H�W�R-�R�S�W�L�F�D�O��
�L�Q�W�H�U�D�F�W�L�R�Q�� �G�X�H�� �W�R�� �D�� �V�L�Q�J�O�H�� �L�R�Q�� �F�R�K�H�U�H�Q�F�H�� �W�U�D�Q�V�I�H�U�� �E�H�W�Z�H�H�Q�� �P�D�J�Q�H�W�L�F�� �D�Q�G�� �R�S�W�L�F�� �O�H�Y�H�O�V����
�)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �V�S�L�Q-�Z�D�Y�H�� �R�V�F�L�O�O�D�W�L�R�Q�V�� �F�D�Q�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �F�R�X�S�O�L�Q�J�� �R�I�� �P�L�F�U�R�Z�D�Y�H�� �S�K�R�W�R�Q�V�� �W�R��
�(�U������ �V�S�L�Q-�À�L�S�� �W�U�D�Q�V�L�W�L�R�Q�V�� �I�R�U�� �W�Z�R�� �R�U�G�H�U�V�� �R�I�� �P�D�J�Q�L�W�X�G�H���� �`�H�� �E�D�V�L�F�� �S�D�U�D�P�H�W�H�U�V�� �R�I�� �W�Z�R-�V�W�D�J�H��
�P�L�F�U�R�Z�D�Y�H-�W�R-�R�S�W�L�F�� �W�U�D�Q�V�G�X�F�W�L�R�Q�� �L�Q�� �W�K�H�� �S�U�R�S�R�V�H�G�� �K�\�E�U�L�G�� �V�\�V�W�H�P�� �K�D�Y�H�� �E�H�H�Q�� �W�K�H�R�U�H�W�L�F�D�O�O�\��
�D�Q�D�O�\�]�H�G�����`�H���F�R�Q�G�L�W�L�R�Q�V���Q�H�H�G�H�G���I�R�U���H
v�F�L�H�Q�W���F�R�X�S�O�L�Q�J���E�H�W�Z�H�H�Q���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���O�H�Y�H�O�V���R�I��
�(�U�������L�R�Q�V���D�Q�G���V�S�L�Q���Z�D�Y�H���P�R�G�H�V���K�D�Y�H���D�O�V�R���E�H�H�Q���F�R�Q�V�L�G�H�U�H�G���� 

Introduction 
The most of qubit realizations used for quantum information processing is based on 

the platforms operating at microwave frequencies, while long-distance transmission of 
quantum information is feasible only in the optical (and IR) frequency range. Therefore, 
quantum systems which can serve as units for the conversion (transduction) of quantum 
information from the MW to optical and reverse directions are needed. The work on quantum 
transduction requests the joining efforts of researchers working in various areas (e.g. material 
science, optics and microwave physics) and involves an essentially novel physics having 
profound importance for many other applications [1]. Microwave-to-optical (M-O) quantum 
conversion using rare-earth (RE) doped crystals relies on coherent transfer of quantum states 
between spin-flip MW transitions and optical transitions of the 4f shell of RE ions. There is 
however an issue in RE-based transduction related to a rather moderate strength of coupling 
between Er3+ spin-flip transitions in a diluted crystal and the MW resonator modes. The use of 
magnon material as a mediator has been proposed recently to overcome this issue and, in this 
manner, to increase the efficiency of quantum transduction [2,3]. 

In this work, we consider the use of the magnons in YIG as a possible efficient 
solution for increasing the coupling of microwave photons to Er3+ spin-flip transitions. Firstly, 
the basic parameters of two-stage MW-optic transduction in the proposed Erbium-YIG-based 
HQS have been theoretically analyzed. The conditions which provide the strongest interaction 
of the spin-wave oscillations of YIG with the magnetic resonance levels of Er3+ ions and spin-
wave modes have been also considered. This comprehensive analysis aims to provide a 
deeper understanding of how to achieve optimal and efficient quantum transduction. 
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Basic theory of the two-stage quantum transduction 
The standard input-output formalism has been used to analyze the dynamics of a two-

stage quantum transductor. In this approach, the intermediate and output modes are expressed 
as functions of the input modes [4]. If intra-cavity fields of all the modes denoted as �	�:�P�; 
L
�:�=�á �I�5�á �å �á �I�Ç�á �>�;�Í  where �= and �> represent the input and output modes, and �I �Ü (�E 
L
�s�á �t�á �å �á �0) indicates intermediate modes, the Heisenberg equation of motion for the �0-stage 
conversion system can be expressed in a compact matrix form: 

�ƒ�6�:�P�; 
L ���ƒ�:�P�; 
E ���ƒ�g�l�:�P�;���������������������������������������������������������������������������������������������������������������������������������������������������������:�s�;, 
where �ƒ�g�l�:�P�; 
L �:�=�g�l�á�c�v�r�á �=�g�l�á�g�l�r�á �I�5�g�l�á�g�l�r�á �å �á �I�R�g�l�á�g�l�r�á �>�g�l�á�c�v�r�á �>�g�l�á�g�l�r�;�Í  is the input field, matrices 
��  and ��  �F�D�Q�� �E�H�� �I�R�X�Q�G�� �L�Q�� �W�K�H�� �$�S�S�H�Q�G�L�[�� �R�I�� �W�K�H�� �D�U�W�L�F�O�H�� �>���@���� �7�K�H�� �³�H�[�W�´�� �D�Q�G�� �³�L�Q�W�´�� �L�Q�� �W�K�H�� �V�H�F�R�Q�G��
subscript index denote the external coupling and the intrinsic loss of the ports, respectively, 
and we have assumed that each intermediate mode has only an intrinsic port. Besides, the 
input-output relation is given by: 

�ƒ�m�s�r�:�P�; 
L �� �Í �ƒ�:�P�; 
F �ƒ�g�l�:�P�;���������������������������������������������������������������������������������������������������������������������������������������������������:�t�; 
When combined with the input-output relation, Eq. (1) can be solved in the frequency domain 
and the scattering matrix �6�>�ñ�? (defined by �ƒ�m�s�r�>�ñ�?
L ���6�>�ñ�?�ƒ�g�l�>�ñ�?) can be obtained as: 

�6�>�ñ�?
L �� �Í �>
F�E�ñ���Ç�>�6
F ���?�?�5�� 
F ���Ç�>�8�����������������������������������������������������������������������������������������������������������:�u�; 
where ���Ã is the identity matrix. The elements of the scattering matrix can be used to calculate 
the efficiency of quantum transduction. For the N-stage case, the efficiency is given by: 

�ß�>�ñ�?
L �+���5�á�:�Ç�>�7�;�+
�6


L �+���:�Ç�>�7�;�á�5�+
�6
�����������������������������������������������������������������������������������������������������������������������������������:�v�; 

In our case, since we investigated the efficiency of two-stage (�0 
L �t) system, we interested 
only in ���5�á�9 or  ���9�á�5matrix elements.  
Using this formalism, we have calculated the efficiency of two-stage quantum transduction. 
The result is given below: 

 
where �C�Ü�Ý is the coupling rate, �G�Ø�á�Ø�ë�ç and �G�â�á�Ø�ë�ç represent external coupling rates, �G�â, �G�Ø, �G�à�5, 
and �G�à�6 represent total dissipation rates. 
Analysis of requirements for coupling of single ion ESR and 
collective spin-wave resonance modes  

The conditions of the hybrid system at which the interaction of a hybrid system 
consisting of a magnetic material and rare earth (RE) ions is essentially enhanced have been 
established as given below. Below we consider a specific case of Er3+ ions as RE spin centers 
and yttrium iron garnet (YIG) as magnon material. In this case, the realization of the 
following two basic conditions is required: 1) the spin-wave resonant frequency excited in the 
YIG should nearly coincide with the spin transition resonance frequency of the Er3+ ions, 2) 
the magnitude of RF stray field due to spin wave oscillating should be maximal. 

Following the analysis given in [6], at a fixed magnetic field, spin wave excitations are 
limited to a fixed range of frequencies between the limiting cases �G�ë 
L �r and �G�ë �\ �»  as 
given below: 


¥�ñ�4�:�ñ�4 
E �ñ�Æ�; 
Q �ñ 
Q �ñ�4 
E �ñ�Æ �t�¤ ���������������������������������������������������������������������������������������������������������������������������������������������������������������������� �:�x�; 
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The lower bound at �G�ë 
L �r corresponds to the uniform precession (Kittel) mode, 
where all the spins inside the material precess in phase, while the short wavelength spin 
waves excited close to the upper limit �ñ�æ�ê

�à�Ô�ë
L �ñ�4�� 
E ��
� �¾

�6
 reveal highly non-uniform 

precession. As a result of the non-uniform spin waves, locally highly intense stray RF 
magnetic fields are formed near the magnetic material. The calculations of work [6] have 
revealed �W�K�D�W���H�[�D�F�W�O�\���Q�H�D�U���W�K�H���E�R�X�Q�G�D�U�\���R�I���³�P�D�[�L�P�D�O�´���V�S�L�Q-wave angular frequency �ñ�æ�ê

�à�Ô�ë the 
RF magnetic field acting on Er3+ centers is largely enhanced (100 times and even more). To 
find the conditions where we have strong interaction between two subsystems of the two-
stage hybrid system (Er3+ ions and spin waves in YIG), the dispersion curves of the 
�³�P�D�[�L�P�D�O�´ spin waves (�ñ�æ�ê

�à�Ô�ë�:�*�; 
L �ñ�4�� 
E ��
� �¾

�6
, where �&0�Þ� ����0H �D�Q�G�� �Ö�&M � ���—0M are the 

Larmor and demagnetization anisotropy angular frequencies) and the ESR transitions of Er3+ 
ions (h��ESR�Þ� g��BH, where g-factor value is anisotropic) have to be compared. Taking into 
account the fact that the g-factor of Er3+ ions in various hosts can vary in a broad range 
(typically from 0.5 to 15, depending on crystal symmetry and magnetic field orientation), we 
obtain a requirement for the hybrid system operation. Figure 1 reveals that the dispersion 
�F�X�U�Y�H�� �R�I�� �³�P�D�[�L�P�D�O�´�� �V�S�L�Q�� �Z�D�Y�H�V�� �L�Q�� �<�,�*�� �Z�L�O�O�� �F�U�R�V�V�� �Z�L�W�K�� �W�K�H�� �G�L�V�S�H�U�V�L�R�Q�� �F�X�U�Y�H�� �R�I�� �W�K�H�� �H�U�E�L�X�P��
ESR transition only for the case of Er3+ g-factor values essentially higher than 2. 

 
Fig. 1. The dispersion curves �R�I���³�P�D�[�L�P�D�O�´��frequency for spin waves in YIG and erbium ESR 

transitions for various values of Er3+ g-factors.  
 

Thus, the proper alignment of the crystal doped with Er3+ ions with respect to the thin 
film magnetic material (e.g. YIG shaped as a microstrip) is required. Furthermore, our 
analysis reveals that the Er3+ doped crystals of low symmetry may be advantageous because 
of the possibility of obtaining higher effective g-factor values needed to match the Er3+ and 
YIG microwave transitions  
Conclusion  

A two-stage hybrid system to increase the efficiency of MW-optic quantum 
transduction has been proposed. For solving the issue of weak coupling between rare earth 
(e.g. Er3+) spin transitions and MW resonator modes, an approach based on the use of 
magnetic material (yttrium iron garnet, YIG) close to the rare-earth (RE) doped crystal has 
been theoretically considered. A theory and the basic parameters of two-stage quantum 
transduction based on a combination of RE dopants in various crystal hosts and a thin film 
magnetic material have been outlined. It has been demonstrated that it is possible to use the 
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spin-wave oscillations of magnon material to increase essentially a coupling MW resonator to 
RE spin-flip transitions. The conditions needed for efficient coupling between magnetic 
resonance levels of RE ions and spin wave modes have been also evaluated.   
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Introduction 
�'�H�Q�G�U�R�Q-�W�\�S�H�� �P�D�F�U�R�P�R�O�H�F�X�O�H�V�� �F�D�O�O�H�G�� �G�H�Q�G�U�L�P�H�U�V�� �D�U�H�� �P�X�O�W�L�I�X�Q�F�W�L�R�Q�D�O�� �V�W�U�X�F�W�X�U�H�V�� �Z�L�W�K��

�X�Q�L�T�X�H�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �W�K�D�W�� �G�L�V�W�L�Q�J�X�L�V�K�� �W�K�H�P�� �I�U�R�P�� �R�W�K�H�U�� �S�R�O�\�P�H�U�� �V�\�V�W�H�P�V���� �`�H�L�U�� �V�W�U�X�F�W�X�U�H��
�L�Q�F�O�X�G�H�V���D���F�H�Q�W�U�D�O���S�D�U�W�����F�R�U�H�������I�U�R�P���Z�K�L�F�K���E�U�D�Q�F�K�H�V���R�I���Y�D�U�L�R�X�V���O�H�Q�J�W�K�V���H�[�W�H�Q�G���U�D�G�L�D�O�O�\�����H�Q�G�L�Q�J��
�Z�L�W�K���I�X�Q�F�W�L�R�Q�D�O���J�U�R�X�S�V�����'�X�H���W�R���V�X�F�K���I�H�D�W�X�U�H�V���D�V���F�R�Q�W�U�R�O�O�H�G���V�L�]�H���D�Q�G���V�K�D�S�H���W�K�U�R�X�J�K���J�H�Q�H�U�D�W�L�R�Q�V����
�K�L�J�K���I�X�Q�F�W�L�R�Q�D�O�L�W�\���D�Q�G���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���P�R�G�L�¿�F�D�W�L�R�Q�����V�X�F�K���P�R�O�H�F�X�O�H�V���D�U�H���E�H�F�R�P�L�Q�J���S�U�R�P�L�V�L�Q�J��
�P�D�W�H�U�L�D�O�V���I�R�U���W�K�H���F�U�H�D�W�L�R�Q���R�I���L�Q�Q�R�Y�D�W�L�Y�H���G�U�X�J�V�����Q�H�Z���F�R�P�S�R�V�L�W�H�V���D�Q�G���E�L�R�W�H�F�K�Q�R�O�R�J�L�F�D�O���V�R�O�X�W�L�R�Q�V���� 
Due to their large size and the complexity of the branched structure, even the computer 
simulation faces several difficulties [1]. These include the need to collect a large amount of 
data and a significant increase in calculation time (microseconds with a step in femtoseconds). 
We studied methanol solutions of PAMAM dendrimers (generations G = 2�±6) at 300 K using 
the molecular dynamics (MD) method. 

Computer simulation details and results 
�6�L�P�X�O�D�W�L�R�Q�� �F�H�O�O�� �Z�L�W�K�� �V�L�Q�J�O�H�� �G�H�Q�G�U�L�P�H�U�� �D�Q�G�� �G�L
u�H�U�H�Q�W�� �Q�X�P�E�H�U�� �R�I�� �P�R�O�H�F�X�O�H�V�� �R�I�� �V�R�O�Y�H�Q�W��

���L���H���� �G�L
u�H�U�H�Q�W�� �O�L�Q�H�D�U�� �V�L�]�H�� �R�I�� �F�X�E�L�F�� �V�L�P�X�O�D�W�L�R�Q�� �E�R�[�����/���� �Z�H�U�H�� �V�L�P�X�O�D�W�H�G�� �I�R�U�� �H�D�F�K�� �J�H�Q�H�U�D�W�L�R�Q����
�3�H�U�L�R�G�L�F�� �E�R�X�Q�G�D�U�\�� �F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �W�K�H�� �I�R�U�F�H�� �¿�H�O�G�� �2�3�/�6�$�$�� �>���@�� �Z�H�U�H�� �X�V�H�G�� �L�Q�� �W�K�H�� �*�U�R�P�D�F�V��
�������������� �S�D�F�N�D�J�H�� �>���@�����`�H�� �H�T�X�L�O�L�E�U�D�W�L�R�Q�� �R�I�� �G�H�Q�G�U�L�P�H�U���Z�D�V�� �F�D�U�U�L�H�G���R�X�W�� �I�R�U�� �������Q�V�����$�Q�G���D�I�W�H�U���W�K�H��
�0�'�� �V�L�P�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �F�R�Q�W�L�Q�X�H�G�� �I�R�U�� ���� �P�V�� �W�R�� �F�R�O�O�H�F�W�� �G�D�W�D�� �W�R�� �F�D�O�F�X�O�D�W�H�� �V�\�V�W�H�P�� �S�H�U�I�R�U�P�D�Q�F�H����
�0�D�L�Q���V�L�P�X�O�D�W�L�R�Q�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���L�Q���W�K�H���1�3�7���H�Q�V�H�P�E�O�H���X�V�L�Q�J���%�H�U�H�Q�G�V�H�Q���E�D�U�R�V�W�D�W���>���@���D�Q�G���9-
�U�H�V�F�D�O�H���W�K�H�U�P�R�V�W�D�W���>���@�����%���9���S�D�L�U���� 
From simulation data we calculate diffusion coefficient from mean square displacement, 
MSD using Einstein equation: 

�/�5�&�:�P�; 
L �x�&�P�á��      (1) 

where D is the diffusion coefficient, t is time. 
�$�V�� �Z�H�� �H�[�S�H�F�W�H�G�� �I�R�U�� �H�D�F�K�� �G�H�Q�G�U�L�P�H�U�� �D�� �G�L
u�X�V�L�R�Q�� �F�R�H
v�F�L�H�Q�W�� �J�U�R�Z�V�� �Z�L�W�K�� �L�Q�F�U�H�D�V�L�Q�J��

�V�L�P�X�O�D�W�L�R�Q�� �F�H�O�O���� �,�Q�� �R�U�G�H�U���W�R�� �H�O�L�P�L�Q�D�W�H�� �W�K�L�V�� �P�R�G�H�O�O�L�Q�J�� �D�U�W�H�I�D�F�W�����Z�H�� �F�R�U�U�H�F�W�� �G�L
u�X�V�L�R�Q�� �F�R�H
v�F�L�H�Q�W��
�E�\���X�V�L�Q�J���V�W�D�Q�G�D�U�G���D�S�S�U�R�D�F�K���>���@�� 

�&�Å 
N �&�Æ�½
E �t�ä�z�u�y
�Þ�³ �Í

�:���� �Þ�Ú�×�á�Å
�á��       (2) 

where �&�Å and �&�Æ�Ì�½ are rescaled and MD-derived diffusion coefficients, �ß�æ�â�ß�é is the solvent 
viscosity, �L = 2.837 is hydrodynamic constant, T is  temperature. 

�$�I�W�H�U���W�K�D�W���Z�H���R�E�W�D�L�Q���K�\�G�U�R�G�\�Q�D�P�L�F���U�D�G�L�X�V���R�I���G�H�Q�G�U�L�P�H�U�V���E�\���6�W�R�N�H�V���H�T�X�D�W�L�R�Q�� 

�4�Û 
L
�Þ�³ �Í

�:���� �Þ�Ú�×�á�½
�á��         (3) 

�8�Q�I�R�U�W�X�Q�D�W�H�O�\���� �W�K�L�V���V�W�D�Q�G�D�U�G���D�S�S�U�R�D�F�K���(�T���� ������-�������� �J�L�Y�H�V���U�H�V�X�O�W�V���Z�K�L�F�K���G�R���Q�R�W���F�R�U�U�H�O�D�W�H��
�Z�L�W�K�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �G�D�W�D���� �)�R�U�� �L�Q�V�W�D�Q�F�H���4�Ú���4�Û� � � ��U�D�W�L�R�� �S�U�D�F�W�L�F�D�O�O�\�� �G�R�H�V�� �Q�R�W�� �F�K�D�Q�J�H�V�� �Z�L�W�K��
�G�H�Q�G�U�L�P�H�U�� �J�H�Q�H�U�D�W�L�R�Q�� �Q�X�P�E�H�U�� �L�Q�� �F�R�Q�W�U�D�V�W�� �W�R�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �G�D�W�D���� �`�X�V���� �L�Q�� �R�U�G�H�U�� �W�R�� �V�L�P�X�O�D�W�L�R�Q��
�E�R�[���V�L�]�H���Z�H���X�W�L�O�L�]�H�G���R�W�K�H�U���P�H�W�K�R�G�����Z�K�L�F�K���Z�D�V���G�H�Y�H�O�R�S�H�G���L�Q���Z�R�U�N���>���@�����,�Q���W�K�L�V���P�H�W�K�R�G���4�Û���L�V���W�K�H��
�Y�D�O�X�H���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���G�L
u�X�V�L�R�Q���F�R�H
v�F�L�H�Q�W���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���D�Q���L�Q�¿�Q�L�W�H�O�\�� �G�L�O�X�W�H�G���V�R�O�X�W�L�R�Q��
�D�S�S�U�R�[�L�P�D�W�H�G�� �X�V�L�Q�J�� �D�O�O�� �W�K�H�� �Y�D�O�X�H�V�� �R�E�W�D�L�Q�H�G�� �I�R�U�� �D�� �V�S�H�F�L�¿�F�� �J�H�Q�H�U�D�W�L�R�Q���� �`�L�V�� �P�H�W�K�R�G�� �J�L�Y�H�V���4�Û��
�Y�D�O�X�H�V���Z�K�L�F�K���D�U�H���L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�������� 
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Additionally, we calculate Rh from rotational diffusion of dendrimer. This approach 
gives similar results as approach from work [7]. Moreover, the obtained �4�Û from rotational 
diffusion practically do not depend on L. Thus, we believe that this method are suitable to 
estimate diffusion properties of dendrimers macromolecules. 

Conclusions 
Thus, in this work we investigated the diffusion properties of PAMAM dendrimers in 

methanol solutions using molecular dynamics simulations. Initially, we calculated the 
hydrodynamic radius (�4�Û) using a standard approach, but the results did not align with 
experimental data. To improve accuracy, we applied an alternative method which considers 
an infinitely diluted solution and found better agreement with experiments. Additionally, �4�Û 
values derived from rotational diffusion showed consistency and independence from 
simulation cell size. The findings emphasize the importance of addressing finite-size effects in 
MD simulations and demonstrate the reliability of alternative methods for estimating �4�Û.  
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�8�V�L�Q�J�� �W�K�H�� �F�O�D�V�V�L�F�D�O�� �D�S�S�U�R�D�F�K�� �R�I�� �%�O�R�H�P�E�H�U�J�H�Q�±�3�X�U�F�H�O�O�±�3�R�X�Q�G�� �I�R�U�� �U�H�O�D�[�D�W�L�R�Q�� �W�L�P�H�V��
�F�D�O�F�X�O�D�W�L�R�Q�� �L�V�� �Q�R�W�� �U�H�D�O�O�\�� �W�K�H�� �X�Q�L�I�R�U�P�� �P�H�W�K�R�G�� �I�R�U�� �W�K�R�V�H�� �W�\�S�H�V�� �R�I�� �V�D�P�S�O�H�V�� �W�K�D�W�� �F�R�Q�W�D�L�Q�V�� �S�K�D�V�H�V��
�Z�L�W�K�� �F�R�Q�V�W�U�D�L�Q�H�G�� �W�U�D�Q�V�O�D�W�L�R�Q�D�O�� �P�R�O�H�F�X�O�D�U�� �P�R�E�L�O�L�W�\���� �V�R�� �L�W�� �K�D�V�� �E�H�H�Q�� �V�X�J�J�H�V�W�H�G�� �>���@�� �W�K�H�� �6�H�F�R�Q�G��
�0�R�P�H�Q�W���$�S�S�U�R�[�L�P�D�W�L�R�Q���Z�D�\�� �W�R���X�W�L�O�L�]�H���W�K�H���R�E�V�H�U�Y�H�G���7��

�
�� �D�V�V�X�P�L�Q�J���W�K�D�W���W�K�H���L�Q�L�W�L�D�O���S�D�U�W���R�I�� �I�D�V�W��
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Study of complex ionic liquids according to NMR 
relaxation and diffusion measurements. 
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Results and discussions 
�6�S�H�F�W�U�D 

 Figure 1 show on the left the full 13C spectrum of pure BmimSCN, and on the right the 
stack of spectra of thiocyanate complexes with Hg, Al, Cu, Zn, Cd, in comparison with the 
base IL. It is clearly seen that the carbon line of the SCN anion shifts depending on the 
complexing metal, but remains localized in the region of the imidazole ring lines from 120 to 
140 ppm.  
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Table 1. Summary data on diffusion coefficients at a temperature of 298 K, measurements at 
13C are given. 

Sample �/SCN, ppm DBmim/DSCN 
D×1012,  m2s-1 

Bmim+
average SCN- 

Bmim3 Al(SCN)6 129.11 4.9 0.93 0.19 
Bmim2 Zn(SCN)4 133.11 2.6 11.93 4.52 
Bmim2 Cd(SCN)4 135.39 2.1 4.63 2.21 
Bmim2 Hg(SCN)4 121.76 1.5 15.01 10.08 
Bmim3 Cu(SCN)4 130.28 1.3 7.52 5.86 
Bmim SCN 131.25 0.8 20.31 24.34 
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Figure 4. Temperature dependence of the reorientation time of the carbon nucleus in 
thiocyanate in complexes with metals: Cu, Zn, Cd, Hg, Al. 
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���������������������±�����������K�W�W�S�V�������G�R�L���R�U�J�������������������M���P�R�O�O�L�T�������������������������� 

���� �9���� �9���� �0�D�W�Y�H�H�Y���� �'���$���� �0�D�U�N�H�O�R�Y���� �(���$���� �%�U�X�L���� �9���,���� �&�K�L�]�K�L�N���� �3���� �,�Q�J�P�D�Q���� �(���� �/�l�K�G�H�U�D�Q�W�D���� �����&�� �1�0�5��
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�3�K�\�V�����&�K�H�P�����&�K�H�P�����3�K�\�V���������������������K�W�W�S�V�������G�R�L���R�U�J�������������������F���F�S�����������E�� 

���� �9���� �9���� �0�D�W�Y�H�H�Y���� �'���$���� �0�D�U�N�H�O�R�Y���� �$���� �9���� �,�H�Y�O�H�Y���� �(���$���� �%�U�X�L���� �.���� �9���� �7�\�X�W�\�X�N�L�Q���� �(���� �/�l�K�G�H�U�D�Q�W�D����
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�1�0�5���U�H�O�D�[�D�W�L�R�Q�����0�D�J�Q�����5�H�V�R�Q�����&�K�H�P�������������������������������±�����������K�W�W�S�V�������G�R�L���R�U�J�������������������P�U�F������������ 
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�&�O�R�V�H�� �L�Q�W�H�U�H�V�W�� �W�R�� �L�R�Q�L�F�� �O�L�T�X�L�G�V�� ���,�/���� �K�D�V�� �O�H�G�� �W�R�� �W�K�H�� �W�U�H�P�H�Q�G�R�X�V�� �Q�X�P�E�H�U�� �R�I�� �Q�H�Z��

�F�R�P�S�R�X�Q�G�V���W�K�D�W���K�D�Y�H���E�H�H�Q���V�\�Q�W�K�H�V�L�]�H�G�����$�P�R�Q�J���W�K�H�P���S�K�R�V�S�K�R�Q�L�X�P-�E�D�V�H�G���,�/�V�����3�,�/�V�����E�H�F�R�P�H��
�P�R�U�H���S�R�S�X�O�D�U���S�D�U�W�L�F�X�O�D�U�O�\�� �R�Y�H�U���W�K�H���S�D�V�W���G�H�F�D�G�H���� �&�R�P�S�D�U�H�G���W�R���W�K�H���D�P�P�R�Q�L�X�P-�E�D�V�H�G���,�/�V�����W�K�H�\��
�D�U�H�� �F�R�Q�V�L�G�H�U�H�G�� �W�R�� �K�D�Y�H�� �V�X�S�H�U�L�R�U�� �W�K�H�U�P�D�O�� �V�W�D�E�L�O�L�W�\�� �D�Q�G�� �F�R�Q�G�X�F�W�L�Y�L�W�\�� �>���@�� �D�V�� �Z�H�O�O�� �D�V�� �O�R�Z�H�U��
�Y�L�V�F�R�V�L�W�\���>���������@�� 

�6�H�Y�H�U�D�O���V�W�X�G�L�H�V���W�R�R�N���L�Q�W�H�U�H�V�W���L�Q���W�K�H���U�H�D�V�R�Q�V���R�I���E�H�W�W�H�U���S�H�U�I�R�U�P�D�Q�F�H���R�I���3�,�/�V���F�R�P�S�D�U�H�G���W�R��
�W�K�H�L�U�� �D�P�P�R�Q�L�X�P�� �D�Q�D�O�R�J�X�H�V���� �+�R�Z�H�Y�H�U���� �W�K�H�V�H�� �V�W�X�G�L�H�V�� �D�U�H�� �P�R�V�W�O�\�� �O�L�P�L�W�H�G�� �W�R�� �W�K�H��
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�S�U�R�W�L�F���Y�D�U�L�D�Q�W���R�I�� �W�K�H���S�K�R�V�S�K�R�Q�L�X�P�� �,�/�V���� �V�X�F�K���D�V�� �,�/�V���E�D�V�H�G���R�Q���W�K�H���W�U�L�D�O�N�\�O�S�K�R�V�S�K�R�Q�L�X�P�� �F�D�W�L�R�Q��
�Z�D�V���V�W�X�G�L�H�G���R�Q�O�\���E�\���/�X�R���H�W���D�O���>���@�����E�\���X�V�H���R�I���,�5���V�S�H�F�W�U�R�V�F�R�S�\���W�K�H���D�X�W�K�R�U�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W���1-�+��
�J�U�R�X�S�� �R�I�� �>�2�F�W���1�+�@�>�2�7�I�@�� �L�V�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �W�K�H�� �V�W�U�R�Q�J�� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�L�Q�J�� �Q�H�W�Z�R�U�N���� �Z�K�H�U�H�D�V��
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Introduction 

 Flavonoids are polyphenolic compounds with a general structure of C6-C3-C6. In 
plants, they act as secondary metabolites and exhibit a wide range of protective functions [1]. 
 The relevance of studying flavonoids is due to their broad spectrum of biological 
activities. These compounds exhibit anti-inflammatory, antifungal, and antiviral properties 
and play a significant role in preventing the development of neurodegenerative diseases. In 
most cases, the development of oncological, cardiovascular, and neurodegenerative diseases is 
associated with the effects of free radicals. Free radicals cause damage to cell membranes and 
macromolecules, leading to the emergence of various pathologies [2]. 
 The most important property of flavonoids is their antioxidant activity, which is 
determined by the structure and number of functional groups. The primary mechanisms of 
radical scavenging include the direct neutralization of free radicals and the chelation of 
transition metals, which catalyze the formation of free radicals. In the process of scavenging 
radicals, the hydroxyl groups of ring B and A play a key role [3].  
 The aim of the study is to determine the antioxidant capacity of flavonoids�² quercetin, 
morin, and rutin (Fig. 1)�²  and establish the relationship between the anti-peroxyl radical 
capacity and the structure of the flavonoid. 

�)�L�J�X�U�H���������0�R�O�H�F�X�O�D�U���V�W�U�X�F�W�X�U�H�V���R�I���W�K�H���V�W�X�G�L�H�G���À�D�Y�R�Q�R�L�G�V�����T�X�H�U�F�H�W�L�Q�������������P�R�U�L�Q�������������U�X�W�L�Q���������� 

Method 
�8�V�L�Q�J���W�K�H���N�L�Q�H�W�L�F-�(�3�5���P�H�W�K�R�G���Z�L�W�K���S�X�O�V�H���U�H�D�F�W�D�Q�W���L�Q�M�H�F�W�L�R�Q���>���@���� �W�K�H���U�H�D�F�W�L�R�Q�V���R�I���W�H�U�W-

�E�X�W�\�O�S�H�U�R�[�\�O�� �U�D�G�L�F�D�O�V�� �Z�L�W�K�� �T�X�H�U�F�H�W�L�Q���� �U�X�W�L�Q���� �D�Q�G�� �P�R�U�L�Q�� �Z�H�U�H�� �V�W�X�G�L�H�G���� �`�L�V�� �P�H�W�K�R�G�� �R
u�H�U�V��
�D�G�Y�D�Q�W�D�J�H�V���R�Y�H�U���R�W�K�H�U���E�\���G�L�U�H�F�W���P�H�D�V�X�U�L�Q�J���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\���D�Q�G���D�O�O�R�Z�V���P�R�Q�L�W�R�U�L�Q�J���F�K�D�Q�J�H�V��
�L�Q���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���S�H�U�R�[�\�O���U�D�G�L�F�D�O�V���G�X�U�L�Q�J���W�K�H�L�U���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���W�K�H���D�Q�W�L�R�[�L�G�D�Q�W��  

Results 
The anti-peroxyl radical capacities of the studied flavonoids were measured by 

titration with an excess of tert-butylperoxyl radicals. As a reference antioxidant, the water-
soluble analog of �.-tocopherol, Trolox, was used, for which the anti-peroxyl radical activity 
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is �B 
L �t. Based on the titration curves (Fig. 2) and using equation (1), the antiperoxyl radical 
capacities were calculated and are presented in Table 1. 

�B 
L ��
�¿�>���� �6

�� �?
�>���� �?�4

�� �:�s�; 

where �¿�>���� �6
�� �? �± the amount of the �>���� �6

�� �? radicals consumed during the reaction, �>���� �?�4 �± 
initial concentration of flavonoids. 

�)�L�J�X�U�H���������.�L�Q�H�W�L�F���G�H�F�D�\���R�I���W�H�U�W-�E�X�W�\�O�S�H�U�R�[�\�O���U�D�G�L�F�D�O���G�X�H���W�R���U�H�D�F�W�L�R�Q���Z�L�W�K���W�K�H���L�Q�M�H�F�W�H�G��
�D�Q�W�L�R�[�L�G�D�Q�W�V���T�X�H�U�F�H�W�L�Q�������������P�R�U�L�Q�������������U�X�W�L�Q���������� 

Table 1. Anti-peroxyl radical capacities of the selected flavonoids. 

Antioxidant 
capacity Quercetin Rutin Morin Trolox 

�B 3,55 2,3 1,3 2 
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Introduction 
�`�H�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� �V�W�X�G�\�� �W�K�D�W�� �F�D�Q�¶�W�� �E�H�� �F�D�U�U�L�H�G�� �R�X�W�� �Z�L�W�K�� �V�H�Q�V�R�U�� �V�K�L�H�O�G�L�Q�J�� �L�V�� �D��

�S�D�U�W�L�F�X�O�D�U�� �S�U�R�E�O�H�P���� �(�V�S�H�F�L�D�O�O�\���� �W�K�L�V�� �V�L�W�X�D�W�L�R�Q�� �W�D�N�H�� �S�O�D�F�H�V�� �L�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �Q�X�F�O�H�D�U�� �T�X�D�G�U�X�S�R�O�H��
�U�H�V�R�Q�D�Q�F�H�� ���1�4�5���� �I�R�U�� �H�[�S�O�R�V�L�Y�H�V�� �G�H�W�H�F�W�L�R�Q�� �>���@���� �2�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �I�D�P�R�X�V�� �D�S�S�O�L�F�D�W�L�R�Q�� �I�R�U��
�L�P�S�U�R�Y�L�V�H�G�� �H�[�S�O�R�V�L�Y�H�V�� �L�V�� �X�V�L�Q�J�� �R�I�� �D�P�P�R�Q�L�X�P�� �Q�L�W�U�D�W�H�����$�1���� �L�Q�� �I�H�U�W�L�O�L�]�H�U�V���� �,�Q�� �F�R�P�S�D�U�L�V�R�Q�� �Z�L�W�K��
�P�L�O�L�W�D�U�\���H�[�S�O�R�V�L�Y�H�V���W�K�H���T�X�D�Q�W�L�W�L�H�V���R�I���$�1���F�R�P�S�R�X�Q�G�V���Q�H�H�G���K�L�J�K�H�U���Y�D�O�X�H�V���>���@�����`�H���V�D�P�S�O�H���P�D�V�V��
�P�D�\�� �E�H�� �Q�H�D�U�� ������-�������� �N�J�� �W�R�� �U�H�D�F�K�� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� �H
u�H�F�W���� �`�H�� �G�H�W�H�F�W�L�R�Q�� �P�D�\�� �E�H�� �L�I�� �W�K�H�� �V�H�Q�V�R�U��
�Y�R�O�X�P�H�� �L�V�� �D�� �I�H�Z�� �F�X�E�L�F�� �P�H�W�H�U�V���� �(
u�H�F�W�L�Y�H�� �V�K�L�H�O�G�L�Q�J�� �L�V�� �Y�H�U�\�� �G�L
v�F�X�O�W���I�R�U�� �1�4�5�� �V�H�Q�V�R�U�����`�H�� �R�Q�O�\��
�Z�D�\���W�R���F�R�P�S�H�Q�V�D�W�H���I�R�U���L�Q�W�H�U�I�H�U�H�Q�F�H�V���L�V���E�\���X�V�L�Q�J���X�Q�L�T�X�H���J�H�R�P�H�W�U�\���I�R�U���W�K�H���V�H�Q�V�R�U���D�Q�G���G�H�V�L�J�Q�L�Q�J��
�D�Q�� �H�O�H�F�W�U�R�Q�L�F�� �F�R�P�S�H�Q�V�D�W�L�R�Q�� �V�\�V�W�H�P���� �,�Q�� �W�K�L�V�� �U�H�S�R�U�W���� �Z�H�� �F�R�Q�V�L�G�H�U�� �W�K�H�� �V�H�F�R�Q�G�� �R�Q�H�� �L�Q�� �G�H�W�D�L�O���� �:�H��
�K�D�Y�H���D���W�D�V�N���W�R���V�X�S�S�U�H�V�V���L�Q�G�X�F�H�G���L�Q�W�H�U�I�H�U�H�Q�F�H���R�Q���D���V�L�]�H�D�E�O�H���W�R�U�R�L�G�D�O���V�H�Q�V�R�U���Z�L�W�K���D�Q���R�S�H�Q���V�S�D�F�H��
�I�R�U�� �D�� �V�D�P�S�O�H�� �P�H�D�V�X�U�L�Q�J�� �������[�������[���� �P�H�W�H�U�V���� �,�W�� �L�V�� �D�� �Q�L�W�U�R�J�H�Q-�F�R�Q�W�D�L�Q�L�Q�J�� �I�H�U�W�L�O�L�]�H�U���� �6�L�J�Q�D�O��
�G�H�W�H�F�W�L�R�Q���L�V���F�D�U�U�L�H�G���R�X�W���E�\���W�K�H���1�4�5���P�H�W�K�R�G���Z�L�W�K���D���I�U�H�T�X�H�Q�F�\���R�I�����������N�+�]�����`�L�V���O�R�Z-�I�U�H�T�X�H�Q�F�\��
�W�D�V�N���U�H�T�X�L�U�H�V���F�R�P�S�O�H�[���V�K�L�H�O�G�L�Q�J���I�U�R�P���V�L�J�Q�L�¿�F�D�Q�W���P�D�J�Q�H�W�L�F���F�R�P�S�R�Q�H�Q�W�V�����P�D�L�Q�O�\���L�I���U�H�J�L�V�W�U�D�W�L�R�Q��
�R�F�F�X�U�V���L�Q���D�Q���D�U�H�D���Z�L�W�K���L�Q�G�X�V�W�U�L�D�O���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���S�R�O�O�X�W�L�R�Q�� 

Phase shifting compensate system 
�`�H�� �S�U�L�Q�F�L�S�O�H�� �R�I�� �R�S�H�U�D�W�L�R�Q�� �R�I�� �D�� �F�R�P�S�H�Q�V�D�W�H�G�� �V�\�V�W�H�P�� �L�V�� �W�R�� �R�E�W�D�L�Q�� �W�K�H�� �V�D�P�H�� �W�\�S�H�� �R�I��

�L�Q�W�H�U�I�H�U�H�Q�F�H�� �I�U�R�P�� �W�K�H�� �V�H�Q�V�R�U�� �D�Q�G�� �F�R�L�O�V�� �R�I�� �W�K�H�� �V�\�V�W�H�P�� �D�Q�G�� �V�K�L�I�W�� �W�K�H�L�U���S�K�D�V�H�� �V�R�� �W�K�D�W���W�K�H�� �V�L�J�Q�D�O�V��
�D�U�H���L�Q���W�K�H���D�Q�W�L�S�K�D�V�H���D�Q�G���F�D�Q�F�H�O���H�D�F�K���R�W�K�H�U���R�X�W�� 

�:�H���D�O�U�H�D�G�\���K�D�G���D���S�R�V�L�W�L�Y�H���H�[�S�H�U�L�H�Q�F�H���>���@���Z�L�W�K���R�Q�H���F�R�P�S�H�Q�V�D�W�L�R�Q���F�\�O�L�Q�G�U�L�F�D�O���F�R�L�O���D�Q�G���D��
�S�K�D�V�H-�V�K�L�I�W�L�Q�J���F�L�U�F�X�L�W���I�R�U���D�Q���1�4�5���G�H�Y�L�F�H���Z�L�W�K���D���J�U�D�G�L�R�P�H�W�H�U���F�R�L�O���D�V���D���V�H�Q�V�R�U�����+�R�Z�H�Y�H�U�����W�K�H�U�H��
�D�U�H���S�U�R�E�O�H�P�V���Z�L�W�K���F�R�P�S�H�Q�V�D�W�L�Q�J���5�)���Q�R�L�V�H���I�U�R�P���W�K�H���V�H�Q�V�R�U���D�V���D���W�R�U�R�L�G���Z�L�W�K���D���J�D�S�����¿�J�������� 

 
Fig.1. Image of receiver toroid coil with a gap for sample (right), model of its magnetic field 

(left). 
�7�U�\�L�Q�J�� �W�R�� �F�R�P�S�H�Q�V�D�W�H�� �I�R�U�� �L�Q�W�H�U�I�H�U�H�Q�F�H�� �Z�L�W�K�� �D�� �V�L�P�S�O�H�� �V�R�O�H�Q�R�L�G�� �F�R�L�O�� �K�D�G�� �I�D�L�O�H�G���� �`�L�V�� �L�V��

�G�X�H�� �W�R�� �W�K�H�� �G�L
u�H�U�H�Q�W�� �U�D�G�L�D�W�L�R�Q�� �S�D�W�W�H�U�Q�V�� �R�I�� �F�R�L�O�V�� �Z�L�W�K�� �Y�D�U�L�R�X�V�� �J�H�R�P�H�W�U�L�H�V���� �`�H�� �V�R�O�H�Q�R�L�G�� �K�D�V�� �D��
�E�U�R�D�G�H�U�� �U�D�G�L�D�W�L�R�Q�� �S�D�W�W�H�U�Q���� �8�Q�G�H�U�� �W�K�H�� �V�D�P�H�� �F�R�Q�G�L�W�L�R�Q�V���� �F�\�O�L�Q�G�U�L�F�D�O�� �F�R�L�O�V�� �J�D�L�Q�� �P�R�U�H�� �Q�R�L�V�H�� �W�K�D�Q��
�W�R�U�R�L�G�D�O���F�R�L�O�V���Z�L�W�K���D���J�H�R�P�H�W�U�\���W�K�D�W���F�R�Q�V�L�G�H�U�D�E�O�\���F�R�P�S�H�Q�V�D�W�H�V���I�R�U���L�Q�W�H�U�I�H�U�H�Q�F�H�����8�V�L�Q�J���D���F�R�L�O���R�I��
�W�K�H���V�D�P�H���J�H�R�P�H�W�U�\���D�V���W�K�H���V�H�Q�V�R�U���I�R�U���F�R�P�S�H�Q�V�D�W�L�R�Q���L�V���U�H�D�V�R�Q�D�E�O�H�� 
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Experiment 
�`�H�� �V�\�V�W�H�P�� �Z�H�� �Z�D�Q�W�� �W�R�� �X�V�H�� �W�R�� �F�R�P�S�H�Q�V�D�W�H�� �I�R�U�� �L�Q�W�H�U�I�H�U�H�Q�F�H�� �F�R�Q�V�L�V�W�V�� �R�I�� �W�Z�R�� �F�K�D�Q�Q�H�O�V��

�Z�L�W�K�� �F�R�Q�V�R�O�H�V���� �(�Y�H�U�\�� �F�R�Q�V�R�O�H�� �F�R�Q�W�D�L�Q�V�� �D�Q�� �D�P�S�O�L�¿�H�U�� �D�Q�G�� �U�H�V�R�Q�D�Q�F�H�� �F�L�U�F�X�L�W���� �`�H�� �W�H�U�P�L�Q�D�O��
�U�H�S�U�H�V�H�Q�W�V���W�K�H���D�O�X�P�L�Q�X�P���E�R�[���Z�L�W�K���D���F�R�L�O���R�Q���W�K�H���S�O�D�V�W�L�F���O�H�J�
�V���W�R�S�����¿�J������������ 
 

 
Fig.2. Two console variants with different receiver coils: solenoid on the right and toroid on 

the left. 

  
Fig.3. Compensation system diagram 

 
�'�H�V�S�L�W�H���L�G�H�Q�W�L�F�D�O���U�D�G�L�D�W�L�R�Q���S�D�W�W�H�U�Q�V�����V�S�H�F�W�H�U�V���R�I���Q�R�L�V�H���L�Q���V�L�J�Q�D�O�V���I�U�R�P���W�K�H���V�H�Q�V�R�U���D�Q�G���W�K�H��

�F�R�P�S�H�Q�V�D�W�L�Q�J�� �F�R�L�O�� �G�L�G�� �Q�R�W�� �P�D�W�F�K���� �:�H�� �I�R�X�Q�G�� �R�Q�O�\�� �R�Q�H�� �U�H�D�V�R�Q�� �I�R�U�� �W�K�H�� �S�U�R�E�O�H�P���� �6�H�Q�V�R�U�V�� �D�Q�G��
�F�R�P�S�H�Q�V�D�W�L�R�Q���F�R�L�O�V���K�D�Y�H���G�L
u�H�U�H�Q�W���4-�I�D�F�W�R�U�V�����,�Q�G�H�H�G�����D���V�L�]�H�D�E�O�H���V�L�Q�J�O�H-�W�X�U�Q���F�R�S�S�H�U���I�R�L�O���F�R�L�O���K�D�V��
�D���Y�H�U�\���K�L�J�K���4���R�I���D�E�R�X�W�������������Z�K�L�O�H���D���F�R�P�S�H�Q�V�D�W�L�R�Q���F�R�L�O�����R�Q���W�K�H���F�R�Q�W�U�D�U�\�����K�D�V���D�E�R�X�W�����������`�H���R�Q�O�\��
�R�S�W�L�R�Q���W�R���L�Q�F�U�H�D�V�H���W�K�H���T�X�D�O�L�W�\���I�D�F�W�R�U���R�I���W�K�H���F�R�L�O���L�V���W�R���W�D�N�H���D���W�K�L�F�N�H�U���Z�L�U�H�����%�X�W���L�Q���R�X�U���F�D�V�H�����L�W���Z�L�O�O��
�P�D�N�H���W�K�H�� �F�R�L�O���E�X�O�N�\���� �%�X�W���W�K�H�U�H���L�V�� �D�Q�R�W�K�H�U�� �Z�D�\�����:�H���F�D�Q���X�V�H���D�Q���H�O�H�F�W�U�R�Q�L�F�� �¿�O�W�H�U���Z�L�W�K�� �D���Q�D�U�U�R�Z��
�E�D�Q�G�Z�L�G�W�K�����:�H���D�U�H���D�W���W�K�L�V���V�W�D�J�H���Q�R�Z�� 

�)�R�U�� �H�O�H�F�W�U�R�Q�L�F�� �G�H�V�L�J�Q���� �Z�H�� �F�K�R�V�H�� �W�K�H�� �D
u�R�U�G�D�E�O�H�� �F�K�L�S�� �F�R�P�S�R�Q�H�Q�W�� �$�'���������� �,�W�� �K�D�V�� �W�Z�R��
�R�S�H�U�D�W�L�R�Q�D�O�� �D�P�S�O�L�¿�H�U�V�� �L�Q�� �W�K�H�� �K�R�X�V�L�Q�J�� �D�Q�G�� �D�� �Z�L�G�H�� �E�D�Q�G�Z�L�G�W�K�� �R�I�� ���� �0�+�]���� �`�H�� �F�R�Q�V�R�O�H�� �E�R�[��
�F�R�Q�W�D�L�Q�V���R�Q�H���R�I�� �W�K�H�V�H���F�K�L�S���F�R�P�S�R�Q�H�Q�W�V�����`�H�� �¿�U�V�W���H�O�H�P�H�Q�W���R�I�� �W�K�H�� �F�K�L�S���L�V���X�V�H�G���D�V���D�Q���D�P�S�O�L�¿�H�U����
�D�Q�G���W�K�H���V�H�F�R�Q�G���H�O�H�P�H�Q�W���L�V���W�K�H���E�D�V�L�V���R�I���W�K�H���D�F�W�L�Y�H���¿�O�W�H�U�� 

�6�L�J�Q�D�O�V�� �I�U�R�P�� �F�R�Q�V�R�O�H�V�� �H�Q�W�H�U�� �W�K�H�� �F�R�Q�W�U�R�O�� �G�H�Y�L�F�H�� �Y�L�D�� �F�R�D�[�L�D�O�� �F�D�E�O�H�V�����`�H�� �F�R�Q�W�U�R�O�� �G�H�Y�L�F�H��
�F�R�P�S�U�L�V�H�V�� �S�K�D�V�H�� �V�K�L�I�W�H�U�V�� �D�Q�G�� �S�R�W�H�Q�W�L�R�P�H�W�H�U�V�� �I�R�U�� �F�R�Q�W�U�R�O�O�L�Q�J�� �D�P�S�O�L�W�X�G�H�V�� �R�I�� �V�L�J�Q�D�O�V�� �D�Q�G��
�V�X�P�P�H�U�� 
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�:�H���D�U�H���Q�R�W���V�X�U�H���W�K�D�W���D���F�R�P�S�H�Q�V�D�W�L�R�Q���V�\�V�W�H�P���Z�L�O�O���F�R�P�S�O�H�W�H�O�\���H�O�L�P�L�Q�D�W�H���L�Q�W�H�U�I�H�U�H�Q�F�H�����,�W��
�P�D�\�� �E�H�� �Q�H�F�H�V�V�D�U�\�� �W�R�� �X�V�H�� �S�D�U�W�L�F�X�O�D�U�� �V�K�L�H�O�G�L�Q�J�� �I�R�U�� �W�K�H�� �J�D�S�� �R�I�� �W�K�H�� �W�R�U�R�L�G�D�O�� �F�R�L�O���� �+�R�Z�H�Y�H�U����
�V�K�L�H�O�G�L�Q�J�� �Z�L�O�O�� �Q�R�W�� �U�H�T�X�L�U�H�� �P�X�F�K�� �P�D�W�H�U�L�D�O�� �R�U�� �L�Q�F�X�U�� �P�D�Q�\�� �F�R�V�W�V�� �L�I�� �W�K�H�� �F�R�P�S�H�Q�V�D�W�L�R�Q�� �V�\�V�W�H�P��
�Z�R�U�N�V���H
u�H�F�W�L�Y�H�O�\�� 

Conclusion 
�`�X�V�����Z�H���G�H�V�L�J�Q�H�G���W�K�U�H�H���F�K�D�Q�Q�H�O���V�H�Q�V�R�U���V�\�V�W�H�P�V���I�R�U���D�W�W�H�Q�X�D�W�L�R�Q���R�I���R�X�W�V�L�G�H���L�Q�W�H�U�I�H�U�H�Q�F�H����

�8�V�H���H�Y�H�U�\���D�G�G�L�W�L�R�Q�D�O���F�K�D�Q�Q�H�O���D�O�O�R�Z�V���G�H�F�U�H�D�V�L�Q�J���R�Q�H���I�U�H�T�X�H�Q�F�\���L�Q�W�H�U�I�H�U�H�Q�F�H���V�L�J�Q�D�O���D�W���O�H�D�V�W������-
������ �G�E���� �6�X�P�P�D�U�\�� �D�W�W�H�Q�X�D�W�L�R�Q�� �P�D�\�� �U�H�D�F�K�� ����-������ �G�E���� �+�R�Z�H�Y�H�U���� �L�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �P�X�O�W�L�S�O�H��
�I�U�H�T�X�H�Q�F�L�H�V�� �L�Q�W�H�U�I�H�U�H�Q�F�H�� �V�L�J�Q�D�O�V���� �Z�H�� �Q�H�H�G�� �W�R�� �W�X�Q�H�� �H�Y�H�U�\�� �F�K�D�Q�Q�H�O�� �I�R�U�� �L�Q�G�L�Y�L�G�X�D�O�� �I�U�H�T�X�H�Q�F�L�H�V����
�(�[�S�H�U�L�P�H�Q�W�D�O���H�V�W�L�P�D�W�L�R�Q�V���S�U�R�G�X�F�H���Q�H�D�U���������G�E���D�W�W�H�Q�X�D�W�L�R�Q�� 
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Introduction  
�`�H���X�V�H���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�V�����1�3�V�����D�Q�G���Q�D�Q�R�P�D�W�H�U�L�D�O�V���L�Q���P�H�G�L�F�L�Q�H���K�D�V���V�L�J�Q�L�¿�F�D�Q�W�O�\ 

�H�[�S�D�Q�G�H�G���W�K�H�L�U���S�R�W�H�Q�W�L�D�O���I�R�U���W�K�H���W�U�H�D�W�P�H�Q�W���R�I���G�L�V�H�D�V�H�V���D�Q�G���R�S�H�Q�H�G���X�S���Q�H�Z���R�S�S�R�U�W�X�Q�L�W�L�H�V���L�Q���W�K�H��
�G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �Q�H�Z�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O�V���� �G�U�X�J�� �G�H�O�L�Y�H�U�\�� �V�\�V�W�H�P�V���� �D�Q�G�� �W�L�V�V�X�H�� �U�H�J�H�Q�H�U�D�W�L�R�Q�� �>���@����
�$�P�L�Q�R�� �D�F�L�G-�I�X�Q�F�W�L�R�Q�D�O�L�]�H�G�� ���$�$���� �P�H�W�D�O�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� ���1�3�V���� �K�D�Y�H�� �V�L�J�Q�L�¿�F�D�Q�W�� �S�U�R�V�S�H�F�W�V����
�+�R�Z�H�Y�H�U���� �W�R�� �L�P�S�U�R�Y�H�� �W�K�H�� �P�H�W�K�R�G�V�� �R�I�� �P�R�O�H�F�X�O�D�U�� �G�H�V�L�J�Q�� �D�Q�G�� �I�X�U�W�K�H�U�� �V�W�X�G�\�� �R�I�� �W�K�H�� �$�$-�1�3�V��
�V�\�V�W�H�P���� �D�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �P�H�F�K�D�Q�L�V�P�V���� �G�\�Q�D�P�L�F�� �S�U�R�S�H�U�W�L�H�V����
�D�Q�G�� �V�W�U�X�F�W�X�U�D�O�� �F�K�D�Q�J�H�V�� �W�K�D�W�� �R�F�F�X�U�� �L�Q�� �R�U�J�D�Q�L�F�� �P�R�O�H�F�X�O�H�V�� �X�Q�G�H�U�� �W�K�H�� �L�Q�À�X�H�Q�F�H�� �R�I�� �P�H�W�D�O�� �1�3�V�� �L�V��
�U�H�T�X�L�U�H�G���� �9�D�U�L�R�X�V�� �D�Q�D�O�\�W�L�F�D�O�� �P�H�W�K�R�G�V���� �L�Q�F�O�X�G�L�Q�J�� �H�O�H�F�W�U�R�Q�� �D�E�V�R�U�S�W�L�R�Q�� �V�S�H�F�W�U�R�V�F�R�S�\���� �5�D�P�D�Q��
�V�S�H�F�W�U�R�V�F�R�S�\���� �)�R�X�U�L�H�U�� �W�U�D�Q�V�I�R�U�P�� �L�Q�I�U�D�U�H�G�� �V�S�H�F�W�U�R�V�F�R�S�\�� ���)�7�,�5������ �D�Q�G�� �K�L�J�K-�U�H�V�R�O�X�W�L�R�Q�� �ï�+�� �1�0�5��
�V�S�H�F�W�U�R�V�F�R�S�\�� �K�D�Y�H�� �E�H�H�Q�� �X�V�H�G�� �W�R�� �V�W�X�G�\�� �W�K�H�� �H
u�H�F�W�� �R�I�� �P�H�W�D�O�� �1�3�V�� �R�Q�� �V�R�P�H�� �D�P�L�Q�R�� �D�F�L�G�V���� �,�W�� �Z�D�V��
�I�R�X�Q�G�� �W�K�D�W�� �D�P�L�Q�R�� �D�F�L�G�� �P�R�O�H�F�X�O�H�V�� �D�U�H�� �D�G�V�R�U�E�H�G�� �R�Q�� �W�K�H�� �V�X�U�I�D�F�H�� �R�I�� �1�3�V���� �I�R�U�P�L�Q�J�� �D�� ���S�U�R�W�H�L�Q��
�F�U�R�Z�Q����-�� �D�� �V�R�O�X�E�O�H�� �G�\�Q�D�P�L�F�� �F�R�P�S�O�H�[���� �`�H�� �J�H�R�P�H�W�U�\�� �D�Q�G�� �D�G�V�R�U�S�W�L�R�Q�� �U�D�W�H�� �R�I�� ������ �D�P�L�Q�R�� �D�F�L�G�V��
�Q�H�D�U���W�K�H���V�X�U�I�D�F�H���R�I���$�X���1�3�V���Z�H�U�H���P�R�G�H�O�H�G�����>���@���1�0�5���V�S�H�F�W�U�R�V�F�R�S�\���Z�D�V���D�O�V�R���V�X�F�F�H�V�V�I�X�O�O�\���X�V�H�G��
�W�R�� �V�W�X�G�\�� �V�D�P�S�O�H�V�� �F�R�Q�W�D�L�Q�L�Q�J�� �P�H�W�D�O�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �:�H�� �X�V�H�G�� �G�L
u�X�V�L�R�Q-�R�U�G�H�U�H�G�� �1�0�5��
�V�S�H�F�W�U�R�V�F�R�S�\�� ���'�2�6�<���� �W�R�� �V�W�X�G�\�� �W�K�H�� �G�\�Q�D�P�L�F�V�� �R�I�� �D�T�X�H�R�X�V�� �W�\�U�R�V�L�Q�H�� �V�R�O�X�W�L�R�Q�� �V�D�P�S�O�H�V�� ���$�6�7���� �L�Q��
�W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I���$�X�� �1�3�V�� �D�Q�G�� �S�O�D�W�L�Q�X�P�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� ���3�W�� �1�3�V���� �>���@���� �,�Q�� �>���@���� �W�K�H�� �H
u�H�F�W�� �R�I�� �P�H�W�D�O��
�Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �R�Q�� �W�K�H�� �W�U�D�Q�V�O�D�W�L�R�Q�D�O�� �P�R�E�L�O�L�W�\�� �R�I�� �$�6�7�� �Z�D�V�� �V�W�X�G�L�H�G���� �D�Q�G�� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H��
�K�\�G�U�R�G�\�Q�D�P�L�F�� �U�D�G�L�X�V�� �R�I�� �$�$�� �P�R�O�H�F�X�O�H�V�� �Z�H�U�H�� �I�R�X�Q�G�� �G�X�U�L�Q�J�� �D�G�V�R�U�S�W�L�R�Q�� �Q�H�D�U�� �W�K�H�� �V�X�U�I�D�F�H�V�� �R�I��
�Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �+�R�Z�H�Y�H�U���� �L�W�� �V�K�R�X�O�G�� �E�H�� �Q�R�W�H�G�� �W�K�D�W�� �W�K�H�U�H�� �D�U�H�� �V�R�P�H�� �G�L
v�F�X�O�W�L�H�V�� �L�Q�� �G�H�W�H�U�P�L�Q�L�Q�J��
�L�Q�W�H�U�Q�X�F�O�H�D�U���G�L�V�W�D�Q�F�H�V�� �D�Q�G�� �V�W�U�X�F�W�X�U�D�O�� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �X�V�L�Q�J�� �1�2�(�6�<��
�P�H�W�K�R�G�V�� �G�X�H�� �W�R�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �V�S�L�Q-�V�S�L�Q�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�U�R�W�R�Q�V�� �R�I�� �W�K�H�� �&�+���� �J�U�R�X�S��
�D�Q�G�� �W�K�H�� �&�+�� �V�L�G�H�� �F�K�D�L�Q�� �R�I�� �/-�W�\�U�R�V�L�Q�H���� �Z�K�L�F�K�� �F�D�Q�Q�R�W�� �E�H�� �F�R�P�S�O�H�W�H�O�\�� �V�X�S�S�U�H�V�V�H�G���� �`�L�V�� �S�D�S�H�U��
�S�U�H�V�H�Q�W�V���W�K�H���U�H�V�X�O�W�V���R�I���V�W�X�G�L�H�V���R�I���$�6�7���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���$�X���1�3�V���R�I���G�L
u�H�U�H�Q�W���V�K�D�S�H�V�����V�S�K�H�U�L�F�D�O����
�U�R�G-�V�K�D�S�H�G���D�Q�G���V�W�D�U-�V�K�D�S�H�G�����D�Q�G���3�W���1�3�V�����S�H�U�I�R�U�P�H�G���X�V�L�Q�J�����+���1�0�5���V�S�H�F�W�U�R�V�F�R�S�\���� 

Samples. 
In this work, aqueous solutions of the amino acid L-tyrosine (AST) in combination 

with three types of gold nanoparticles (Au NPs) differing in their geometric shape and 
platinum nanoparticle (Pt NPs) were studied. Gold NPs of three geometric shapes were used: 
spherical, star-shaped and rod-shaped. �7�R�������������O���R�I��AST�������������O���R�I���D���V�R�O�X�W�L�R�Q���F�R�Q�W�D�L�Q�L�Q�J��Au 
�1�3�V���R�I���H�D�F�K���R�I���W�K�H���V�K�D�S�H�V���G�H�V�F�U�L�E�H�G���D�E�R�Y�H���Z�H�U�H���D�G�G�H�G�������������O���R�I���G�H�X�W�H�U�D�W�H�G���Z�D�W�H�U���Z�H�U�H���D�G�G�H�G��
to the samples to stabilize the resonance conditions and DSS as an internal standard. Also, 
�����������O���R�I���Z�D�W�H�U���Z�H�U�H���D�G�G�H�G���W�R���D�O�O���V�D�P�S�O�H�V�����7�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���W�K�H���D�P�L�Q�R���D�F�L�G���/-tyrosine in 
all samples was 10-2 mol/l. 
1H NMR Experiments 

�$�O�O�� ���+�� �1�0�5�� �H�[�S�H�U�L�P�H�Q�W�V�� �V�X�F�K�� �D�V�� �'�(�3�7���� �&�2�6�<�� �D�Q�G�� �1�2�(�6�<�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �R�Q�� �D��
�9�D�U�L�D�Q�����������0�+�]���1�0�5���V�S�H�F�W�U�R�P�H�W�H�U���Z�L�W�K���D���F�R�Q�V�W�D�Q�W���P�D�J�Q�H�W�L�F���¿�H�O�G���R�I���%����� �������7�����`�H���V�S�H�F�W�U�D�O��
�Z�L�G�W�K���Z�D�V���F�K�R�V�H�Q���W�R���E�H�������������S�S�P�����W�K�H���Q�X�P�E�H�U���R�I���D�F�F�X�P�X�O�D�W�L�R�Q�V���Z�D�V�������������D�Q�G���W�K�H���U�H�O�D�[�D�W�L�R�Q��
�G�H�O�D�\���Z�D�V�������V�H�F�R�Q�G�����`�H���L�Q�W�H�Q�V�H���Z�D�W�H�U���V�L�J�Q�D�O���Z�D�V���V�X�S�S�U�H�V�V�H�G���X�V�L�Q�J���W�K�H���S�X�O�V�H���V�H�T�X�H�Q�F�H���©�:�D�W�H�U��
�(�6�ª�����0�H�V�W�5�H�1�R�Y�D���V�R�I�W�Z�D�U�H���Z�D�V���X�V�H�G���W�R���S�U�R�F�H�V�V���W�K�H���1�0�5���V�S�H�F�W�U�D�����1�2�(�6�<���H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H��
�S�H�U�I�R�U�P�H�G���D�W���G�L
u�H�U�H�Q�W���P�L�[�L�Q�J���W�L�P�H�V���R�I���������������������D�Q�G�����������P�V�� 
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Results and discussion 
The results of the DEPT and COSY experiments allowed us to identify the spin-spin 

coupling scheme and assign signals in the 1H NMR spectra of AST with nanoparticles. The 
presence of spin-spin interaction was found not only between the spins of the protons of the 
CH2 group and the H- in the side chain, but also between the protons of the benzene ring and 
the protons of the side chain in samples of AST in the presence of star-shaped Au NPs. To 
clarify the optimal mixing parameters and determine the errors affecting the determination of 
the cross-relaxation coefficients, the dynamics of magnetizations in the scalar coupled spin 
system ABC1C2D was studied. Two cases were considered. The first case was the dynamics 
of magnetizations of independent spins, caused only by cross-relaxation processes, specified 
by a system of differential equations in the form: 
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where A,B,C1,C2 and D are z- magnetizations of a,b,c1,c2 and d spins in tyrosine [3]. The 
second case was the dynamics of magnetization of scalar-coupled spins. The differential 
system of equations for the scalar-coupled spin system ABDC1C2 of protons (a, b, d, c1, c2) 
for the second case was obtained taking into account the works [4]. Solutions of the system of 
equations revealed the presence of a negative NOE effect. The intensities of cross-relaxation 
peaks such as �+�Ô�Ô�6, �+�Õ�Ô�5, �+�×�Ô�6�á�+�×�Ô�5exhibit a nonlinear dependence on time. Moreover, the linear 
section for �+�Ô�Ô�6, ���`�Ô�5 was observed up to 300 ms, whereas for ���×�Ô�6�á���×�Ô�5the minimum values 
were observed at 1000 ms. The optimal value in the experiments was chosen to be 500 ms. In 
order to minimize errors in the correct determination of cross-relaxation rates and 
determination of internuclear distances from the data of cross-relaxation peak intensities, the 
experiments were carried out at mixing times of 300 ms, 500 ms, and 700 ms. In the 
approximation of a linear increase in the cross-peak intensities, the relationships between the 
internuclear distances of two pairs of protons i j and kl are given by the approximate 
relationship: rkl =r ij  [I ij(t)/Ikl(t)]

1/6[4]. 
�`�H���1�0�5���D�Q�D�O�\�V�L�V���R�I���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���R�I���$�6�7���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���1�3�V���V�K�R�Z�H�G���W�K�D�W���W�K�H��

�F�R�Q�I�R�U�P�D�W�L�R�Q���D�Q�G���P�R�E�L�O�L�W�\���R�I���W�\�U�R�V�L�Q�H���F�K�D�Q�J�H�V���Q�H�D�U���W�K�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V�����`�L�V���L�V���L�Q�G�L�F�D�W�H�G���E�\���W�Z�R��
�I�D�F�W�R�U�V�����W�K�H���R�S�S�R�V�L�W�H�O�\���G�L�U�H�F�W�H�G���V�K�L�I�W���R�I���W�K�H���F�K�H�P�L�F�D�O���V�K�L�I�W�V���R�I���W�K�H���S�U�R�W�R�Q�V���R�I���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J��
�D�Q�G���V�L�G�H���F�K�D�L�Q���� �+�G���D�Q�G�� �+�F������ �+�F���� �L�Q���W�K�H���&�+���� �J�U�R�X�S���D�Q�G���W�K�H�� �F�K�D�Q�J�H���L�Q���W�K�H���Q�R�U�P�D�O�L�]�H�G���F�U�R�V�V-
�U�H�O�D�[�D�W�L�R�Q���U�D�W�H�V���R�I���$�6�7���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���1�3�V�����`�X�V�����L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I�� �3�W���1�3�����W�K�H���F�K�H�P�L�F�D�O��
�V�K�L�I�W�V���R�I���S�U�R�W�R�Q�V���D���D�Q�G���E���V�K�L�I�W���E�\�������������S�S�P���W�R�Z�D�U�G���W�K�H���Z�H�D�N���¿�H�O�G�����D�Q�G���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���V�W�D�U-
�V�K�D�S�H�G���$�X���1�3�����W�K�H�\���V�K�L�I�W���E�\�������������S�S�P�������E���S�U�R�W�R�Q�����`�L�V���I�D�F�W���L�Q�G�L�F�D�W�H�V���D���G�H�F�U�H�D�V�H���L�Q���W�K�H���H�O�H�F�W�U�R�Q��
�F�K�D�U�J�H���G�H�Q�V�L�W�\���L�Q���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J�����`�H���J�U�H�D�W�H�V�W���F�K�D�Q�J�H�V���L�Q���F�K�H�P�L�F�D�O���V�K�L�I�W�V���Z�H�U�H���R�E�V�H�U�Y�H�G���L�Q��
�W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �V�W�D�U-�V�K�D�S�H�G�� �J�R�O�G�� �1�3�V���� �,�I�� �W�K�H�� �V�L�J�Q�D�O�V�� �R�I�� �D�U�R�P�D�W�L�F�� �S�U�R�W�R�Q�V�� �D�Q�G�� �W�K�H�� �&�+���� �J�U�R�X�S��
�V�K�L�I�W�H�G���W�R���W�K�H���Z�H�D�N�� �¿�H�O�G���U�H�J�L�R�Q���� �W�K�H�Q���W�K�H���V�L�J�Q�D�O���R�I�� �W�K�H���S�U�R�W�R�Q���L�Q���W�K�H���V�L�G�H���F�K�D�L�Q���V�K�L�I�W�H�G���W�R���W�K�H��
�V�W�U�R�Q�J�� �¿�H�O�G�� �U�H�J�L�R�Q���� �&�R�P�S�D�U�L�V�R�Q�� �R�I�� �W�K�H�� �R�E�W�D�L�Q�H�G�����+�� �1�0�5�� �V�S�H�F�W�U�D�O�� �S�D�U�D�P�H�W�H�U�V�� �R�I�� �W�K�H�� �V�W�X�G�L�H�G��
�V�D�P�S�O�H�V�� �Z�L�W�K�� �W�K�H�� �G�D�W�D�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �V�F�L�H�Q�F�H-�L�Q�W�H�Q�V�L�Y�H�� �G�D�W�D�E�D�V�H�V�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �V�X�F�K��
�F�R�Q�I�R�U�P�D�W�L�R�Q�V���R�I���W�\�U�R�V�L�Q�H���D�U�H���Q�R�W���G�H�V�F�U�L�E�H�G���L�Q���W�K�H���O�L�W�H�U�D�W�X�U�H�����`�H���V�S�H�F�W�U�D�O���G�D�W�D�E�D�V�H�V���G�H�V�F�U�L�E�H������
�G�L
u�H�U�H�Q�W���F�R�Q�I�R�U�P�H�U�V���R�I���W�\�U�R�V�L�Q�H�����G�L�V�W�L�Q�J�X�L�V�K�H�G���E�\���G�L
u�H�U�H�Q�W���S�R�V�L�W�L�R�Q�V���R�I���W�K�H���V�L�G�H���F�K�D�L�Q���U�H�O�D�W�L�Y�H��
�W�R�� �W�K�H�� �E�H�Q�]�H�Q�H�� �U�L�Q�J�� �>���@���� �%�X�W�� �Q�R�Q�H�� �R�I�� �W�K�H�P�� �F�R�L�Q�F�L�G�H�� �Z�L�W�K�� �R�X�U�� �G�D�W�D���� �7�R�� �H�V�W�L�P�D�W�H�� �W�K�H�� �U�H�O�D�W�L�Y�H��
�L�Q�W�H�U�Q�X�F�O�H�D�U���G�L�V�W�D�Q�F�H�V���L�Q���W�\�U�D�]�L�Q�H�����W�K�H���U�H�O�D�W�L�Y�H���Y�D�O�X�H�V���R�I���W�K�H���F�U�R�V�V-�U�H�O�D�[�D�W�L�R�Q���F�R�H
v�F�L�H�Q�W�V���Z�H�U�H��
�F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���I�R�U�P�X�O�D���>���@�� 

�P�g�æ�W�k 
L �:
���g�æ�:�–�k �;

�•�g���g�Ü�:�–�k �;

E

���q�Ü�:�–�k �;

�•�q���q�æ�:�–�k �;
�;���t 
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Here �+�Ü�Ü, �+�æ�æ, ���Ü�Ý���D�U�H���W�K�H���L�Q�W�H�Q�V�L�W�L�H�V���R�I���G�L�D�J�R�Q�D�O�����L�L�����M�M�����D�Q�G���F�U�R�V�V�í�U�H�O�D�[�D�W�L�R�Q���S�H�D�N�V�����L�M������

respectively, �W�à  is the mixing time. 

Conclusions 
�%�D�V�H�G�� �R�Q�����+�� �1�0�5�� �V�S�H�F�W�U�D�O�� �D�Q�G�� �F�U�R�V�V-�S�H�D�N�� �L�Q�W�H�Q�V�L�W�\�� �G�D�W�D�� �L�Q�� �1�2�(�6�<���� �Z�H�� �F�D�Q�� �G�U�D�Z��

�F�R�Q�F�O�X�V�L�R�Q�V�� �D�E�R�X�W�� �W�K�H�� �P�X�O�W�L�G�L�U�H�F�W�L�R�Q�D�O�� �H
u�H�F�W�� �R�I���$�X�� �1�3�V�� �R�I�� �G�L
u�H�U�H�Q�W���V�K�D�S�H�V�� �D�Q�G�� �S�O�D�W�L�Q�X�P�� �R�Q��
�$�6�7�����F�D�X�V�L�Q�J���F�R�Q�I�R�U�P�D�W�L�R�Q�D�O���F�K�D�Q�J�H�V�����,�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���V�W�D�U-�V�K�D�S�H�G���$�X���1�3�V�����W�K�H���V�L�G�H���F�K�D�L�Q��
�U�R�W�D�W�H�V���W�R�Z�D�U�G���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J�����P�R�Y�L�Q�J���D�S�D�U�W���W�K�H���D���D�Q�G���E���S�U�R�W�R�Q�V���R�I���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J�����Z�K�L�O�H��
�W�K�H���S�U�R�W�R�Q�V���L�Q���W�K�H���&�+�����J�U�R�X�S���P�R�Y�H���F�O�R�V�H�U�����Z�K�L�O�H���E�H�L�Q�J���V�\�P�P�H�W�U�L�F�D�O�O�\���O�R�F�D�W�H�G���U�H�O�D�W�L�Y�H���W�R���W�K�H���D��
�S�U�R�W�R�Q�V���R�I���W�K�H���E�H�Q�]�H�Q�H���U�L�Q�J�����2�Q�H���R�I���W�K�H���S�U�R�R�I�V���R�I���W�K�H���V�L�G�H���F�K�D�L�Q���U�R�W�D�W�L�R�Q���W�R�Z�D�U�G���W�K�H���E�H�Q�]�H�Q�H��
�U�L�Q�J���L�V���W�K�H���D�S�S�H�D�U�D�Q�F�H���R�I���D���F�U�R�V�V���S�H�D�N���E�H�W�Z�H�H�Q���W�K�H���D���D�Q�G���G���S�U�R�W�R�Q�V���L�Q���1�2�(�6�<�����:�K�H�U�H�D�V���L�Q���W�K�H��
�S�U�H�V�H�Q�F�H���R�I���$�X���1�3�V���L�Q���W�K�H���I�R�U�P���R�I���U�R�G�V�����W�K�H���D���D�Q�G���E���S�U�R�W�R�Q�V���P�R�Y�H���F�O�R�V�H�U���D�Q�G���D�Z�D�\���I�U�R�P���W�K�H��
�V�L�G�H�� �F�K�D�L�Q���� �Z�K�L�O�H�� �W�K�H�� �F�U�R�V�V-�S�H�D�N�� �E�H�W�Z�H�H�Q�� �W�K�H�� �D�� �D�Q�G�� �G�� �S�U�R�W�R�Q�V�� �G�L�V�D�S�S�H�D�U�V���� �D�Q�G�� �W�K�H�� �S�U�R�W�R�Q�V�� �R�I��
�W�K�H���&�+�����J�U�R�X�S���P�R�Y�H���D�Z�D�\���I�U�R�P���H�D�F�K���R�W�K�H�U�� 
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Introduction 
            Proton (1H) Magnetic Relaxation studies of protein solutions have been successfully 
used to develop medical applications [1-3]. To improve these medical applications or to create 
new applications a proper understanding of proton magnetic relaxation (PMR) in protein 
solutions is needed.

  �,�Q�� �W�K�L�V�� �Z�R�U�N�� �Z�H�� �S�U�H�V�H�Q�W�� �D�Q�G�� �G�L�V�F�X�V�V�� �W�K�H�� �U�H�V�X�O�W�V�� �R�E�W�D�L�Q�H�G�� �L�Q�� �+�X�P�D�Q�� �6�H�U�X�P���$�O�E�X�P�L�Q��
���+�6�$�����X�V�L�Q�J���D���W�Z�R���V�W�H�V���Z�D�W�H�U���H�[�F�K�D�Q�J�H���P�R�G�H�O�������6�:�(�0�����X�Q�G�H�U���W�K�H���F�R�Q�V�L�G�H�U�D�W�L�R�Q���R�I���V�S�K�H�U�L�F�D�O��
�D�Q�G�� �H�O�O�L�S�V�R�L�G�D�O�� �� �J�H�R�P�H�W�U�L�H�V���� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �Z�H�� �F�R�P�S�D�U�H�� �W�K�H�� �R�E�W�D�L�Q�H�G�� �U�H�V�X�O�W�V�� �Z�L�W�K�� �W�K�R�V�H��
�S�U�H�Y�L�R�X�V�O�\���R�E�W�D�L�Q�H�G���I�R�U���+�E���>���@��

 

Materials and Methods 
            Lyophilized  HSA were obtained from SIGMA Aldrich and diluted in Buffer Saline 
Phosphate (PBS, pH 7.4) to obtain samples 0f 50 mg/ml. A Fast Field Cycling NMR 
Relaxometer (Stelar FFC 2000 Spinmaster) was used, in the range from 20 KHz to 10 MHz, 
to obtain the PMR dispersion (1HMRD) profiles at 310 K. Additional points at 20 MHz and 
60 MHz were added after measuring the samples in the Mq20 and Mq60 NMR analyzers 
(Minispec) from Bruker [4].  

Results and discussion 
                Figure 1 shows the typical 1HMRD profile obtained in HSA solutions at 310 K. The 
parameters resulting from the fit of the experimental 1HMRD profiles to 2SWEM were 
summarized in Table 1. Despite the 2SWEM with ellipsoidal geometry fits the 1HMRD 
profiles better than the same model considering spherical geometry; the uncertainties in the 
physical parameters obtained from the ft is bigger for the consideration of ellipsoidal 
geometry than for spherical geometry.       
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Figure 1. Typical 1HMRD profile in HSA solutions at 310 K. The profile has been fitted using 

the two sites water  exchange model with spherical and ellipsoidal geometries. 
 
Table 1. Parameters obtained from the fit of the experimental 1H MRD profiles (310 K) to the 
2SWEM  in  samples of HSA considering spherical and ellipsoidal geometries. 

Parameters 2SWEM 
Sphere 

2SWEM Ellipsoid 

�4�5�ê
�„�—�Ž�• (s-1) 0.405 ± 0.021 0.383 ± 0.027 

�Ü�5x107 (s-2) 1.18 ± 0.161 0.518 ± 0.346 
tRx10-8 (s) 4.26 ± 0.377  
tR1x10-8 (s)  5.11 ± 4.12 
tR2x10-8 (s)  1.15 ± 1.25 
tR3x10-8 (s)  1.09 ± 1.26 

�`�H�� �Y�D�O�X�H�V�� �R�I��t�5� � � ��R�E�W�D�L�Q�H�G�� �I�R�U�� �W�K�H�� �+�6�$�� ���&� �����P�J���P�O���� �V�D�P�S�O�H�V���� �X�V�L�Q�J�� ���6�:�(�0���� �D�U�H��
�V�L�J�Q�L�¿�F�D�Q�W�O�\�� �O�R�Z�H�U�� �W�K�D�Q�� �W�K�R�V�H�� �R�E�W�D�L�Q�H�G�� �L�Q�� �S�U�H�Y�L�R�X�V�� �Z�R�U�N�V�� �I�R�U�� �L�Q�W�U�D�F�H�O�O�X�O�D�U�� �+�E�� �F�R�Q�F�H�Q�W�U�D�W�H�G��
���&� �������� �P�J���P�O���� �V�R�O�X�W�L�R�Q�V���>���@���� �`�L�V�� �U�H�V�X�O�W�� �L�V�� �F�R�P�S�O�H�W�H�O�\�� �L�Q�� �D�J�U�H�H�P�H�Q�W�� �Z�L�W�K�� �W�K�H�� �S�U�H�G�L�F�W�L�R�Q�V�� �R�I��
�W�K�H�� �P�R�G�H�O�V�� �R�I�� �0�R�R�Q�H�\�� ���(�T���� ���������� �D�Q�G�� �'�H�E�\�H�� ���(�T������������ �I�R�U�� �W�K�H�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �D�E�V�R�O�X�W�H�� �G�\�Q�D�P�L�F��
�Y�L�V�F�R�V�L�W�\���R�I���W�K�H���S�U�R�W�H�L�Q���V�R�O�X�W�L�R�Q��(hP�������D�Q�G��t�5���U�H�V�S�H�F�W�L�Y�H�O�\�����>���@���� 
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           where �K0 is the absolute dynamic viscosity of the solvent and the constants A and B are 
related with the geometry of the protein and the intermolecular interactions respectively [6]. 
Moreover, rP is the radius of the protein molecule, k �W�K�H�� �%�R�O�W�]�P�D�Q�Q�¶�V�� �F�R�Q�V�W�D�Q�W�� �D�Q�G��T the 
absolute temperature [5]. From Eqs. (1) and (2) is clear that the increased value of C in 
concentrated Hb justifies the increasing in tR for Hb with respect to the HSA. The values of rP 
are 27 Amstrong for HSA and 32 Amstrong for Hb, which also supports the differences of tR 
between HSA and Hb. The �K0 and T values are the same for both proteins. A similar result is 
obtained for the value of the major correlation time of the HSA molecule descrbed as an 
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ellipsoid (tR1), which is lower than the values of the corresponding correlation time for the 
protein molecule at the Hb concentrated solution considering an ellipsoidal geometry for the 
macromolecule (tdata not shown). 

Conclusions 
�'�H�V�S�L�W�H���W�K�H�����6�:�(�0���Z�L�W�K���H�O�O�L�S�V�R�L�G�D�O���J�H�R�P�H�W�U�\���¿�W�V���W�K�H�����+���0�5�'���S�U�R�¿�O�H�V���E�H�W�W�H�U���W�K�D�Q���W�K�H��

�V�D�P�H�� �P�R�G�H�O�� �F�R�Q�V�L�G�H�U�L�Q�J�� �V�S�K�H�U�L�F�D�O�� �J�H�R�P�H�W�U�\���� �W�K�H�� �X�Q�F�H�U�W�D�L�Q�W�L�H�V�� �L�Q�� �W�K�H�� �S�K�\�V�L�F�D�O�� �S�D�U�D�P�H�W�H�U�V��
�R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���I�W���L�V���E�L�J�J�H�U���I�R�U���W�K�H���F�R�Q�V�L�G�H�U�D�W�L�R�Q���R�I���H�O�O�L�S�V�R�L�G�D�O���J�H�R�P�H�W�U�\���W�K�D�Q���I�R�U���V�S�K�H�U�L�F�D�O��
�J�H�R�P�H�W�U�\�����`�H���Y�D�O�X�H�V���R�I���W�K�H���F�R�U�U�H�O�D�W�L�R�Q���W�L�P�H�V���I�R�U���W�K�H���+�6�$���U�R�W�D�W�L�R�Q�D�O���P�R�Y�H�P�H�Q�W���R�E�W�D�L�Q�H�G���I�U�R�P��
�W�K�H���¿�W�����I�R�U���E�R�W�K���J�H�R�P�H�W�U�L�H�V�����D�U�H���O�R�Z�H�U���W�K�D�Q���W�K�R�V�H���Y�D�O�X�H�V���R�E�W�D�L�Q�H�G���I�R�U���F�R�Q�F�H�Q�W�U�D�W�H�G���K�H�P�R�J�O�R�E�L�Q��
�V�R�O�X�W�L�R�Q�V�����Z�K�L�F�K���L�V���L�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���W�K�H���P�R�G�H�O�V���R�I���0�R�R�Q�H�\���D�Q�G���'�H�E�\�H�� 
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�1�X�F�O�H�D�U���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H�����1�0�5�����D�Q�G���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���L�P�D�J�L�Q�J�����0�5�,�����D�U�H���E�R�W�K��
�F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���D���O�R�Z���O�H�Y�H�O���R�I���V�H�Q�V�L�W�L�Y�L�W�\���Z�K�L�F�K���L�V���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���O�R�Z���W�K�H�U�P�D�O���S�R�O�D�U�L�]�D�W�L�R�Q��
�R�I�� �Q�X�F�O�H�D�U�� �V�S�L�Q�V���� �1�X�F�O�H�D�U�� �V�S�L�Q�� �K�\�S�H�U�S�R�O�D�U�L�]�D�W�L�R�Q�� �S�U�R�Y�L�G�H�V�� �D�� �K�L�J�K�O�\�� �H
u�H�F�W�L�Y�H�� �V�R�O�X�W�L�R�Q�� �I�R�U��
�L�P�S�U�R�Y�L�Q�J���W�K�H���V�H�Q�V�L�W�L�Y�L�W�\���R�I���1�0�5���D�Q�G���0�5�,���X�S���W�R���V�H�Y�H�U�D�O���R�U�G�H�U�V���R�I���P�D�J�Q�L�W�X�G�H�����Z�K�L�F�K���L�V���E�D�V�H�G��
�R�Q�� �W�K�H�� �S�U�H�S�D�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �Q�R�Q-�H�T�X�L�O�L�E�U�L�X�P�� �Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�]�D�W�L�R�Q���� �3�D�U�D�K�\�G�U�R�J�H�Q�� �,�Q�G�X�F�H�G��
�3�R�O�D�U�L�]�D�W�L�R�Q�� ���3�+�,�3���� �>���@�� �L�V�� �D�� �K�\�S�H�U�S�R�O�D�U�L�]�D�W�L�R�Q�� �W�H�F�K�Q�L�T�X�H�� �W�K�D�W�� �X�V�H�V�� �S�D�U�D�K�\�G�U�R�J�H�Q���� �D�� �Q�R�Q-
�P�D�J�Q�H�W�L�F�� �V�S�L�Q�� �L�V�R�P�H�U�� �R�I�� �P�R�O�H�F�X�O�D�U�� �K�\�G�U�R�J�H�Q���� �D�V�� �D�� �P�H�D�Q�V�� �W�R�� �H�Q�K�D�Q�F�H�� �1�0�5�� �V�L�J�Q�D�O�V���� �'�H�V�S�L�W�H��
�E�H�L�Q�J�� �1�0�5-�V�L�O�H�Q�W���� �S�D�U�D�K�\�G�U�R�J�H�Q�� �S�R�V�V�H�V�V�H�V�� �Q�X�F�O�H�D�U�� �V�S�L�Q�� �R�U�G�H�U�� �W�K�D�W�� �F�D�Q�� �E�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �W�R�� �W�K�H��
�Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�� �W�D�U�J�H�W�� �P�R�O�H�F�X�O�H���� �`�L�V���� �L�Q�� �W�X�U�Q���� �U�H�T�X�L�U�H�V�� �S�D�U�D�K�\�G�U�R�J�H�Q�� �W�R�� �E�H��
�L�Q�Y�R�O�Y�H�G���L�Q���D���V�\�P�P�H�W�U�\-�E�U�H�D�N�L�Q�J���F�K�H�P�L�F�D�O���S�U�R�F�H�V�V�����,�Q���K�\�G�U�R�J�H�Q�D�W�L�Y�H���3�+�,�3�����W�K�H���V�X�E�V�W�U�D�W�H���Z�L�W�K��
�X�Q�V�D�W�X�U�D�W�H�G�� �E�R�Q�G�V�� �L�V�� �K�\�G�U�R�J�H�Q�D�W�H�G�� �E�\�� �S�D�U�D�K�\�G�U�R�J�H�Q�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �D�� �K�R�P�R�J�H�Q�H�R�X�V�� �R�U��
�K�H�W�H�U�R�J�H�Q�R�X�V�� �F�D�W�D�O�\�V�W���� �`�L�V�� �J�L�Y�H�V�� �U�L�V�H�� �W�R�� �V�W�U�R�Q�J�� �H�Q�K�D�Q�F�H�P�H�Q�W�� �R�I�� �W�K�H�����+�� �1�0�5�� �V�L�J�Q�D�O�V�� �R�I�� �W�K�H��
�K�\�G�U�R�J�H�Q�D�W�L�R�Q���S�U�R�G�X�F�W�����,�Q���V�L�J�Q�D�O���D�P�S�O�L�¿�F�D�W�L�R�Q���E�\���U�H�Y�H�U�V�L�E�O�H���H�[�F�K�D�Q�J�H�����6�$�%�5�(�����>���@�����Z�K�L�F�K���L�V��
�D�O�V�R���W�H�U�P�H�G���D�V���Q�R�Q-�K�\�G�U�R�J�H�Q�D�W�L�Y�H���3�+�,�3�����D���S�D�U�D�K�\�G�U�R�J�H�Q���D�Q�G���V�X�E�V�W�U�D�W�H���P�R�O�H�F�X�O�H���S�D�U�W�L�F�L�S�D�W�H���L�Q��
�U�H�Y�H�U�V�L�E�O�H���L�Q�W�H�U�D�F�W�L�R�Q�V���Z�L�W�K���D�Q���,�U-�E�D�V�H�G���F�D�W�D�O�\�W�L�F���F�R�P�S�O�H�[�����D�V���G�H�P�R�Q�V�W�U�D�W�H�G���L�Q���)�L�J���������D���� 

 
Figure 2. a) Schematics of SABRE hyperpolarization of 3-methyl-[1,2,4]-selenadiazolo-[4,5-a]-

pyridine-4-ium chloride (SDAP). Parahydrogen (pH2) and SDAP participate in reversible interactions 
with Ir-based polarization transfer complex (PTC). DMSO stands for dimethyl-sulfoxide, S stands for 

the second equatorial ligand of the PTC (S = �%�H�? or DMSO), IMes stands for 1,3-bis(2,4,6-
trimethylphenyl)-imidazole-2-ylidene. In the complex, 77Se (s=½) nucleus of SDAP acquires 

polarization via spin-order transfer from pH2-nascent protons. Dissociation of hyperpolarized SDAP 
from the PTC results in formation of free hyperpolarized SDAP in solution. b) SABRE-SHEATH 

experimental protocol used for hyperpolarization of 77Se nuclei of SDAP. The sample is transferred 
from magnetic field of the NMR spectrometer (B0) to the ultralow magnetic field (BULF) of a microtesla 
range. The sample is bubbled with pH2, and its spin-order is transferred to 77Se nuclei. Hyperpolarized 

77Se NMR spectrum is acquired at high magnetic field of the NMR spectrometer using a 90�¹ pulse. 
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�'�X�U�L�Q�J�� �W�K�H�� �W�U�D�Q�V�L�H�Q�W���E�R�Q�G�L�Q�J�� �R�I�� �W�K�H�� �V�X�E�V�W�U�D�W�H���D�Q�G�� �S�D�U�D�K�\�G�U�R�J�H�Q�� �Z�L�W�K�� �W�K�H�� �S�R�O�D�U�L�]�D�W�L�R�Q��
�W�U�D�Q�V�I�H�U�� �F�R�P�S�O�H�[�� ���3�7�&������ �W�K�H�� �V�X�E�V�W�U�D�W�H�� �D�F�T�X�L�U�H�V�� �S�R�O�D�U�L�]�D�W�L�R�Q�� �G�X�H�� �W�R�� �W�K�H�� �--�F�R�X�S�O�L�Q�J�V�� �Z�L�W�K�� �W�K�H��
�K�\�G�U�L�G�H�����+���Q�X�F�O�H�L���V�W�H�P�P�H�G���I�U�R�P���D���S�D�U�D�K�\�G�U�R�J�H�Q���P�R�O�H�F�X�O�H�����`�H���I�R�O�O�R�Z�L�Q�J���G�L�V�V�R�F�L�D�W�L�R�Q���R�I���W�K�H��
�V�X�E�V�W�U�D�W�H���I�U�R�P���W�K�H���3�7�&���O�H�D�G�V���W�R���I�R�U�P�D�W�L�R�Q���R�I���W�K�H���K�\�S�H�U�S�R�O�D�U�L�]�H�G���V�X�E�V�W�U�D�W�H���L�Q���E�X�O�N�����7�\�S�L�F�D�O�O�\����
�K�H�W�H�U�R�Q�X�F�O�H�D�U�� �S�R�O�D�U�L�]�D�W�L�R�Q�� �W�U�D�Q�V�I�H�U�� �E�\�� �6�$�%�5�(�� �R�F�F�X�U�V�� �L�Q�� �P�D�J�Q�H�W�L�F�� �V�K�L�H�O�G�V���� �`�L�V�� �P�H�W�K�R�G�� �L�V��
�W�H�U�P�H�G���D�V���6�$�%�5�(-�6�+�(�$�7�+�����6�+�L�H�O�G���(�Q�D�E�O�H�V���$�O�L�J�Q�P�H�Q�W���7�U�D�Q�V�I�H�U���W�R���+�H�W�H�U�R�Q�X�F�O�H�L�����>���@�����Z�K�L�F�K��
�L�Q�Y�R�O�Y�H�V�� �W�U�D�Q�V�I�H�U�U�L�Q�J�� �W�K�H�� �V�D�P�S�O�H�� �I�U�R�P�� �W�K�H�� �1�0�5�� �V�S�H�F�W�U�R�P�H�W�H�U�� �W�R�� �D�� �]�R�Q�H�� �Z�L�W�K�� �D�Q�� �X�O�W�U�D�O�R�Z��
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Figure 3. a) Different isotopologues of SDAP observed in the 15N and 77Se NMR spectra: 15N-77Se 

SDAP (0.028% of natural abundance), 15N-*Se SDAP (0.336 % of natural abundance, *Se stands for 
all stable non-magnetic isotopes of selenium), 14N-77Se SDAP (7.60% of natural abundance). NMR 
signals from different isotopologues of SDAP are highlighted by the corresponding colors. b), c) 

SABRE-SHEATH hyperpolarized (BULF = 0.4 ���7) 15N NMR spectrum of SDAP. b) The central signal 
belongs to hyperpolarized 15N-*Se SDAP. c) Two sidebands with the splitting of 87 Hz belong to 

hyperpolarized 15N-77Se SDAP (JN-Se = 87 Hz). d) SABRE-SHEATH hyperpolarized (BULF = 0.4 ���7) 
77Se NMR spectrum of SDAP acquired with 8 signal accumulations. The central signal corresponds to 

14N-77Se SDAP (P = 0.0040 
G 0.0003 %, not shown). The signals with the splitting of 87 Hz 
correspond to hyperpolarized 15N-77Se SDAP (JN-Se = 87 Hz). e) Thermal 77Se NMR spectrum of SDAP 

acquired with 5000 signal accumulations at B0 = 9.4 T (scaled by a factor 20). The thermal signal 
corresponds to 14N-77Se SDAP. In panels b)-d) the temperature of the sample was equal to 15 �( , in 

panel e) the temperature was equal to 25 �( . 
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Introduction 
The range of practical applications for nanoparticles across various fields continues to 

expand each year. Advanced multifunctional nanoparticles are employed for targeted drug 
delivery, fluorescence imaging of body tissues, as MRI contrast agents, biological markers, 
disease sensors, and in the treatment of specific types of cancer [1-3]. By adjusting synthesis 
parameters, it is possible to modify particle size, shape, and other characteristics, which in 
turn significantly influence their chemical and physical properties [4]. 

Real-time tracking of nanoparticles growth 
To obtain nanoparticles with predefined properties, it is crucial to monitor and control 

synthesis processes in real time. The primary techniques used for real-time analysis include 
TEM, FRET, DLS, XRD, NMR and UV spectroscopy. Since no single method provides a 
universal solution, the choice of technique depends on the specific research objectives and the 
compatibility of the method with the materials and experimental conditions. 

NMR is recognized as a noninvasive and highly informative tool for studying 
synthesis kinetics. However, its application presents challenges due to the complexity of 
NMR probe design, where reagents are mixed. Variations in the filling volume of the NMR 
probe, along with initial NMR settings such as pulse parameters and homogeneity, can change 
during the reaction. Furthermore, many chemical reactions occur rapidly, making them 
difficult to track. As a result, new high-speed NMR techniques are being developed to capture 
fast reaction dynamics [5, 6]. 

Novel monitoring technique 
Previous studies have predominantly focused on slow chemical reactions and 

nanoparticle nucleation processes. Chemical reactions are typically performed using either a 
reagent drip system or flow microreactors, which introduce additional challenges in NMR 
signal acquisition. In classical coprecipitation synthesis from colloidal solutions, reactions 
occur almost instantaneously. The use of NMR relaxometry to investigate nanoparticle 
nucleation, growth, and colloidal system evolution is limited by the extremely short relaxation 
times. To extend reaction durations, viscous media are often utilized. 

In this study, the formation of fluoride nanoparticles in a capillary tube was 
investigated. Real-time measurements longitudinal magnetization recovery during the 
chemical reaction were performed. The dynamics of fluoride and chloride components 
throughout the reaction were examined.  

Thus, a method for tracking nanoparticle nucleation based on the capillary effect has 
been proposed.  
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Abstract 
Molecular dynamics of various liquids can be probed by Time-Domain Nuclear 

Magnetic Resonance (TD-NMR) through the measurements of the spin-lattice (T1) and spin-
spin relaxation time (T2). In this study, the relaxation times T1 and T2 of the cotton oil-diesel 
fuel mixtures in various ratios from pure diesel fuel to pure cotton oil using Bruker Minispec 
mq-20 TD-NMR device. We have demonstrated that the TD-NMR can be applied as an 
effective method for online monitoring of the ratio of cotton oil to diesel fuel in a biofuel 
mixture, and, in general, to control fuel quality and its basic parameters in combustion 
vehicles.  

Introduction 
�*�O�R�E�D�O�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�� �I�U�R�P�� �I�R�V�V�L�O�� �I�X�H�O�V�� �L�V�� �U�L�V�L�Q�J�� �T�X�L�F�N�O�\�� �G�X�H�� �W�R�� �S�R�S�X�O�D�W�L�R�Q��

�J�U�R�Z�W�K�� �D�Q�G�� �L�Q�G�X�V�W�U�L�D�O�L�]�D�W�L�R�Q���� �`�L�V�� �P�R�W�L�Y�D�W�H�V�� �U�H�V�H�D�U�F�K�H�U�V�� �W�R�� �V�H�D�U�F�K�� �I�R�U�� �Q�R�Y�H�O�� �³�J�U�H�H�Q�´�� �D�Q�G��
�V�X�V�W�D�L�Q�D�E�O�H���D�O�W�H�U�Q�D�W�L�Y�H���H�Q�H�U�J�\���V�R�X�U�F�H�V�����2�Q�H���R�I���D�O�W�H�U�Q�D�W�L�Y�H���H�Q�H�U�J�\���V�R�X�U�F�H�V���L�V���W�K�H���X�V�H���R�I���E�L�R�I�X�H�O�V��
���H���J�����Y�H�J�H�W�D�E�O�H���R�L�O�V�����E�L�R�G�L�H�V�H�O�����H�W�K�D�Q�R�O�����H�W�F�������L�Q���W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���D�Q�G���D�J�U�L�F�X�O�W�X�U�H���Y�H�K�L�F�O�H�V���L�Q�V�W�H�D�G��
�R�I�� �S�H�W�U�R�O�H�X�P-�E�D�V�H�G�� �I�X�H�O�V���� �`�H�L�U�� �L�P�S�D�F�W�� �F�D�Q�� �E�H�� �V�L�J�Q�L�¿�F�D�Q�W�� �I�U�R�P�� �D�Q�� �H�F�R�Q�R�P�L�F�� �D�Q�G�� �V�F�L�H�Q�W�L�¿�F��
�V�W�D�Q�G�S�R�L�Q�W���� �0�D�Q�\�� �V�W�X�G�L�H�V�� �S�U�R�Y�H�� �W�K�D�W�� �Y�H�J�H�W�D�E�O�H�� �R�L�O�V�� �F�D�Q�� �E�H�� �X�V�H�G�� �L�Q�� �G�L�H�V�H�O�� �H�Q�J�L�Q�H�V�� �D�V�� �D�� �I�X�H�O��
�V�X�E�V�W�L�W�X�W�H���I�R�U���I�R�V�V�L�O���I�X�H�O�V���>���������@�����5�H�V�H�D�U�F�K�H�U�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W���X�V�L�Q�J���Y�H�J�H�W�D�E�O�H���R�L�O�V���G�L�U�H�F�W�O�\���L�Q��
�H�Q�J�L�Q�H�V���F�D�Q���O�H�D�G���W�R���O�R�Q�J-�W�H�U�P���L�V�V�X�H�V���E�H�F�D�X�V�H���W�K�H�L�U���Y�L�V�F�R�V�L�W�\���L�V���D�U�R�X�Q�G���W�H�Q���W�L�P�H�V���W�K�D�W���R�I���G�L�H�V�H�O��
�I�X�H�O�� �>���@���� �7�R�� �O�R�Z�H�U�� �W�K�H�L�U�� �Y�L�V�F�R�V�L�W�\�� �W�R�� �P�D�N�H�� �W�K�H�P�� �V�X�L�W�D�E�O�H�� �I�R�U�� �G�L�H�V�H�O�� �H�Q�J�L�Q�H�V���� �D�� �I�H�Z�� �E�D�V�L�F��
�F�K�H�P�L�F�D�O�� �W�H�F�K�Q�L�T�X�H�V�� �K�D�Y�H�� �E�H�H�Q�� �S�U�R�S�R�V�H�G�� �>���@���� �`�H�V�H�� �W�H�F�K�Q�L�T�X�H�V�� �L�Q�F�O�X�G�H�� �G�L�O�X�W�L�R�Q���� �F�U�H�D�W�L�Q�J��
�P�L�F�U�R�H�P�X�O�V�L�R�Q���� �E�R�Q�G�� �E�U�H�D�N�L�Q�J���� �D�Q�G�� �H�V�W�H�U�L�¿�F�D�W�L�R�Q�� �>���@���� �(�D�F�K�� �N�L�Q�G�� �R�I�� �Y�H�J�H�W�D�E�O�H�� �R�L�O�� �L�V��
�F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\�� �D�� �V�S�H�F�L�¿�F�� �D�Y�H�U�D�J�H�� �F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �I�D�W�W�\�� �D�F�L�G�V���� �`�H�� �P�R�V�W�� �F�R�P�P�R�Q�� �W�H�F�K�Q�L�T�X�H��
�I�R�U���D�Q�D�O�\�]�L�Q�J���W�K�H���F�R�Q�W�H�Q�W���R�I���I�D�W�W�\���D�F�L�G�V���L�V���J�D�V���F�K�U�R�P�D�W�R�J�U�D�S�K�\�����*�&�������2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����R�Y�H�U��
�W�K�H���S�D�V�W�������� �\�H�D�U�V�����+���1�0�5���D�S�S�U�R�D�F�K���K�D�V���D�O�V�R���J�D�L�Q�H�G���L�P�S�R�U�W�D�Q�F�H���L�Q���W�K�H���I�D�W�W�\���D�F�L�G���D�Q�D�O�\�V�L�V���R�I��
�E�L�R�I�X�H�O�V�>���±���@�����+�R�Z�H�Y�H�U�����L�Q���P�D�Q�\���S�U�D�F�W�L�F�D�O���F�D�V�H�V�����7�L�P�H-�'�R�P�D�L�Q���1�X�F�O�H�D�U���0�D�J�Q�H�W�L�F���5�H�V�R�Q�D�Q�F�H��
���7�'-�1�0�5�����F�D�Q���E�H���D�O�V�R���D�S�S�O�L�H�G���L�Q�V�W�H�D�G���K�L�J�K-�U�H�V�R�O�X�W�L�R�Q���1�0�5���W�H�F�K�Q�L�T�X�H���G�X�H���W�R���L�W�V���O�R�Z�H�U���F�R�V�W��
�D�Q�G�� �P�D�L�Q�W�H�Q�D�Q�F�H�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �)�R�U�� �E�L�R�I�X�H�O�V���� �R�Q�H�� �R�I�� �W�K�H�� �H�D�V�L�H�V�W�� �Z�D�\�V�� �W�R�� �G�H�F�U�H�D�V�H�� �W�K�H�L�U��
�Y�L�V�F�R�V�L�W�\�� �P�D�N�L�Q�J�� �W�K�H�P�� �V�X�L�W�D�E�O�H�� �I�R�U�� �X�V�H�� �L�Q�� �P�R�W�R�U�� �H�Q�J�L�Q�H�V�� �L�V�� �W�R�� �P�D�N�H�� �D�� �P�L�[�W�X�U�H�� �R�I�� �I�X�H�O�� �Z�L�W�K��
�G�L�H�V�H�O���R�L�O�����,�Q���W�K�L�V���F�D�V�H�����K�R�Z�H�Y�H�U�����Z�H���P�H�W���D�Q���L�V�V�X�H���R�I���F�R�Q�W�U�R�O�O�L�Q�J���W�K�H���U�D�W�L�R���R�I���P�L�[�W�X�U�H���Z�L�W�K���V�R�P�H����
�S�U�H�I�H�U�D�E�O�\���O�R�Z-�F�R�V�W���D�Q�G���S�U�D�F�W�L�F�D�O���W�H�F�K�Q�L�T�X�H���� 

In this study, spin-spin  (T2) and spin-lattice (T1) relaxation times of cotton oil-diesel 
fuel mixtures have been measured by TD- NMR in a whole range of the oil/fuel 
concentrations.  

Experimental procedures 
In this study, Bruker Minispec mq-20 Time-Domain NMR (TD-NMR) device was used 

to measure the relaxation times of diesel fuel, cotton oil and their mixtures. All samples were 
maintained in the NMR apparatus for at least 10 minutes before each measurement to reach 
the temperature equilibrium and to minimize the effect of convection. The Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence was used to probe the T2 relaxation time, while the 
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inversion recovery sequence was used to measure the T1 relaxation time. Different echo times 
were tested to assess the impact of self-diffusion. The echo time was finally to set at 0.5 ms 
for the minimization diffusion term.  

Experimental results and their discussion 
The relaxation curves for spin-lattice (T1) and spin-spin (T2) for each sample are 

presented in Figures 1a and 1b.  
 

 
�)�L�J�X�U�H���������6�S�L�Q-�O�D�W�W�L�F�H�����S�D�Q�H�O-�D�����D�Q�G���V�S�L�Q-�V�S�L�Q�����S�D�Q�H�O-�E�����U�H�O�D�[�D�W�L�R�Q���F�X�U�Y�H�V 

The T1 and T2 values were determined by applying exponential fitting to each sample's 
relaxation time curve. The dependence of T1 and T2 on mixture ratio is presented in Figure 2.  

 

 
�)�L�J�X�U�H���������6�S�L�Q-�O�D�W�W�L�F�H�����7�������D�Q�G���V�S�L�Q-�V�S�L�Q�����7�������U�H�O�D�[�D�W�L�R�Q���W�L�P�H�V���I�R�U���Y�D�U�L�R�X�V���F�R�W�W�R�Q���R�L�O-�G�L�H�V�H�O��

�P�L�[�W�X�U�H�V�� 

As expected, the T1 values are consistently higher than the T2 values for all 
concentrations. It is well known that the relaxation times are inversely proportional to a liquid 
viscosity, that is the shorter relaxation times correspond to the higher viscosity. It is known 
that the viscosity of cotton oil is higher than diesel fuel [9], therefore the relaxation time of oil 
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is expected to be shorter than that of diesel fuel. The steady decrease in the relaxation times 
reflects the increase in the viscosity value of the mixture with the amount of cotton oil. This 
means that the oil/fuel ratio in a specific biofuel at some preset temperature can be accurately 
established by TD NMR measurements.  

Thus, we demonstrated that the TD NMR technique can be applied to control both the 
oil/fuel ratio in a biofuel at some preset temperature as well as to probe the biofuel mixture 
viscosity. Taking into account recent enormous progress in the development of mobile and 
low-cost TD NMR devices, the TD NMR control devices can be implemented for online 
monitoring of biofuels (in general, any kind of fuels) both at gas stations and in the concept of 
smart cars.  
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Introduction 
�7�L�W�D�Q�L�X�P�� �G�L�R�[�L�G�H�� ���7�L�2������ �L�V�� �D�� �V�H�P�L�F�R�Q�G�X�F�W�R�U�� �P�D�W�H�U�L�D�O�� �Z�L�W�K�� �D�� �E�D�Q�G�� �J�D�S�� �R�I�� �������� �H�9�� ���I�R�U��

�D�Q�D�W�D�V�H������ �G�X�H�� �W�R�� �Z�K�L�F�K�� �L�W�� �L�V�� �Z�L�G�H�O�\�� �X�V�H�G�� �L�Q�� �S�K�R�W�R�F�D�W�D�O�\�V�L�V�� �X�Q�G�H�U�� �X�O�W�U�D�Y�L�R�O�H�W�� �L�U�U�D�G�L�D�W�L�R�Q����
�(�[�S�D�Q�G�L�Q�J���W�K�H���V�S�H�F�W�U�D�O���U�D�Q�J�H���R�I���7�L�2�����W�R���Y�L�V�L�E�O�H���O�L�J�K�W���L�V���S�R�V�V�L�E�O�H���E�\���U�H�G�X�F�L�Q�J���W�K�H���Z�L�G�W�K���R�I���W�K�H��
�J�D�S���� �,�W�� �L�V�� �N�Q�R�Z�Q�� �W�K�D�W�� �G�R�S�L�Q�J�� �7�L�2���� �Z�L�W�K�� �)�H�� �D�W�R�P�V�� �F�D�Q�� �O�H�D�G�� �W�R�� �D�� �G�H�F�U�H�D�V�H�� �L�Q�� �E�D�Q�G�� �J�D�S�� �D�Q�G��
�F�R�Q�W�U�L�E�X�W�H���W�R���D�Q���L�Q�F�U�H�D�V�H���L�Q���S�K�R�W�R�F�D�W�D�O�\�W�L�F���D�F�W�L�Y�L�W�\���L�Q���W�K�H���E�R�W�K���X�O�W�U�D�Y�L�R�O�H�W���D�Q�G���Y�L�V�L�E�O�H���U�H�J�L�R�Q�V���� 

Synthesis and Structure 
�1�D�Q�R�S�D�U�W�L�F�O�H�V�� �R�I�� �7�L�2���� �Z�H�U�H�� �S�U�H�S�D�U�H�G�� �E�\�� �F�R�S�U�H�F�L�S�L�W�D�W�L�R�Q�� �I�U�R�P�� �D�T�X�H�R�X�V�� �V�R�O�X�W�L�R�Q�V�� �R�I��

�7�L�&�O���� �D�Q�G���)�H�&�O������ �Y�D�U�\�L�Q�J���W�K�H�� �)�H���7�L���U�D�W�L�R���L�Q���W�K�H���L�Q�L�W�L�D�O���V�R�O�X�W�L�R�Q���I�U�R�P������ �W�R������ �D�W���������$�Q�� �D�T�X�H�R�X�V��
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Introduction  
�3�U�H�Y�L�R�X�V�O�\���� �D�� �S�R�O�\�P�H�U�� �J�H�O�� �H�O�H�F�W�U�R�O�\�W�H�� �Z�D�V�� �V�\�Q�W�K�H�V�L�]�H�G�� �E�D�V�H�G�� �R�Q�� �S�R�O�\�H�W�K�\�O�H�Q�H�� �J�O�\�F�R�O��

�G�L�D�F�U�\�O�D�W�H���� �/�L�%�)���� �V�D�O�W�� �L�Q�� �H�W�K�\�O�H�Q�H�� �F�D�U�E�R�Q�D�W�H���� �D�Q�G�� ��-�H�W�K�\�O-��-�P�H�W�K�\�O�L�P�L�G�D�]�R�O�L�X�P��
�W�H�W�U�D�À�X�R�U�R�E�R�U�D�W�H�����(�0�,�%�)�������������L�R�Q�L�F���O�L�T�X�L�G�����,�/�������,�W���H�[�K�L�E�L�W�H�G���W�K�H�U�P�D�O���V�W�D�E�L�O�L�W�\���X�S���W�R�����������ƒ�&���>���@����
�E�X�W���W�K�H���O�L�W�K�L�X�P���G�L
u�X�V�L�R�Q���F�R�H
v�F�L�H�Q�W�V���L�Q���W�K�L�V���V�\�V�W�H�P���Z�H�U�H���O�R�Z���>���@�����`�H���D�L�P���R�I���W�K�L�V���Z�R�U�N���Z�D�V���W�R��
�L�Q�Y�H�V�W�L�J�D�W�H�� �W�K�H�� �L�Q�À�X�H�Q�F�H�� �R�I�� �W�K�H�� �V�R�O�Y�D�W�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �R�I�� �W�K�H�� �/�L���� �F�D�W�L�R�Q�� �R�Q�� �W�K�H�� �L�R�Q�� �W�U�D�Q�V�S�R�U�W��
�S�U�R�S�H�U�W�L�H�V���L�Q���D���S�R�O�\�P�H�U���J�H�O���H�O�H�F�W�U�R�O�\�W�H���Z�L�W�K���W�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���D�Q���L�R�Q�L�F���O�L�T�X�L�G����������-�'�L�R�[�R�O�D�Q�H��
���'�2�/�������G�L�J�O�\�P�H�����*���������W�H�W�U�D�J�O�\�P�H�����*�������� �D�Q�G���H�W�K�\�O�H�Q�H���F�D�U�E�R�Q�D�W�H�����(�&�����Z�H�U�H���F�K�R�V�H�Q���D�V���V�R�O�Y�H�Q�W��
�P�R�O�H�F�X�O�H�V���V�R�O�Y�D�W�L�Q�J���W�K�H���/�L�����F�D�W�L�R�Q�� 

�`�H�� �S�X�O�V�H�G�� �¿�H�O�G�� �J�U�D�G�L�H�Q�W�� �1�0�5�� ���3�)�*�� �1�0�5���� �H�Q�D�E�O�H�V�� �W�K�H�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �R�I�� �W�K�H�� �S�D�U�W�L�D�O��
�F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���H�D�F�K���F�K�D�U�J�H���W�\�S�H�����F�D�W�L�R�Q���R�U���D�Q�L�R�Q�����W�R���W�K�H���W�R�W�D�O���L�R�Q�L�F���P�R�E�L�O�L�W�\���>���@�����&�R�P�S�D�U�L�V�R�Q��
�R�I���W�K�H���U�H�V�X�O�W�V���R�I���G�L
u�H�U�H�Q�W���P�H�W�K�R�G�V���Z�L�O�O���S�U�R�Y�L�G�H���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���P�R�O�H�F�X�O�D�U���D�Q�G���L�R�Q�L�F���W�U�D�Q�V�S�R�U�W����
�D�V�� �Z�H�O�O�� �D�V�� �W�U�D�Q�V�O�D�W�L�R�Q�D�O�� �P�R�E�L�O�L�W�\�� �D�W�� �G�L
u�H�U�H�Q�W�� �V�S�D�W�L�D�O�� �V�F�D�O�H�V���� �`�L�V�� �Z�L�O�O�� �S�U�R�Y�L�G�H�� �D�� �G�H�H�S�H�U��
�X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���W�K�H���F�D�W�L�R�Q�L�F���W�U�D�Q�V�S�R�U�W���S�U�R�F�H�V�V�H�V���L�Q���W�K�H���S�R�O�\�P�H�U���J�H�O-�H�O�H�F�W�U�R�O�\�W�H���V�\�V�W�H�P�� 

Materials  
�`�H�� �S�R�O�\�P�H�U�� �H�O�H�F�W�U�R�O�\�W�H�V�� �Z�H�U�H�� �V�\�Q�W�K�H�V�L�]�H�G�� �Y�L�D�� �U�D�G�L�F�D�O�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q�� �R�I�� �3�(�*�'�$�� �L�Q��

�W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �W�K�H�� �L�Q�L�W�L�D�W�R�U�� �E�H�Q�]�R�\�O�� �S�H�U�R�[�L�G�H�� ���3�%������ �`�H�� �F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �S�R�O�\�P�H�U�L�]�D�E�O�H��
�P�L�[�W�X�U�H�� �Z�D�V�� �D�V�� �I�R�O�O�R�Z�V���� �3�(�*�'�$���� �/�L�%�)������ �'�2�/���*�����*�����(�&���� �(�0�,�%�)������ �D�Q�G�� ���� �Z�W������ �3�%�� �I�R�U�� �W�K�H��
�H�Q�W�L�U�H���V�D�P�S�O�H�����`�H���F�X�U�L�Q�J���R�I���W�K�L�V���P�L�[�W�X�U�H���Z�D�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���D���V�W�H�S�Z�L�V�H���P�H�F�K�D�Q�L�V�P���������ƒ�&���±��
�����K���������ƒ�&���±�������K���������ƒ�&���±�������K���>���@�����3�(���F�R�P�S�R�V�L�W�L�R�Q�V�� 

�x �3�(�������3�(�*�'�$-�/�L�%�)��-�,�/-�'�2�/�������������������� 
�x �3�(�������3�(�*�'�$-�/�L�%�)��-�,�/-�*���������������������� 
�x �3�(�������3�(�*�'�$-�/�L�%�)��-�,�/-�*���������������������� 
�x �3�(�������3�(�*�'�$-�/�L�%�)��-�,�/-�(�&�������������������� 

Methods 

High resolution NMR 
�+�L�J�K-�U�H�V�R�O�X�W�L�R�Q�� �1�0�5�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H�� �S�R�O�\�P�H�U���H�O�H�F�W�U�R�O�\�W�H�������+�������/�L���������%���������&���������)���� �Z�H�U�H��

�U�H�F�R�U�G�H�G�� �R�Q�� �W�K�H�� �$�9�$�1�&�(-�,�,�,-�������� �%�U�X�N�H�U�� �1�0�5�� �V�S�H�F�W�U�R�P�H�W�H�U�� ���S�U�R�W�R�Q�� �/�D�U�P�R�U�� �I�U�H�T�X�H�Q�F�\�� �R�I��
���������0�+�]�������`�H���P�H�D�V�X�U�H�P�H�Q�W���I�U�H�T�X�H�Q�F�L�H�V���Z�H�U�H�������������������������������������������D�Q�G�����������0�+�]���I�R�U�����+�������/�L����
�����%���������&�����D�Q�G�������)�����U�H�V�S�H�F�W�L�Y�H�O�\�����D�Q�G���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H����������
�“�������ƒ�&�������`�H���F�K�H�P�L�F�D�O���V�K�L�I�W���V�F�D�O�H���Z�D�V���F�D�O�L�E�U�D�W�H�G���X�V�L�Q�J���W�K�H���'�0�6�2-�G�����V�L�J�Q�D�O���L�Q���W�K�H���F�D�S�L�O�O�D�U�\���D�V��
�D�Q���H�[�W�H�U�Q�D�O���V�W�D�Q�G�D�U�G���������������S�S�P���I�R�U�����+���� 

Pulsed field gradient NMR 
�`�H�� �V�H�O�I-�G�L
u�X�V�L�R�Q�� �F�R�H
v�F�L�H�Q�W�V�� �Z�H�U�H�� �P�H�D�V�X�U�H�G�� �R�Q�����+�������/�L���� �D�Q�G�������)�� �Q�X�F�O�H�L�� �E�\�� �W�K�H�� �S�X�O�V�H�G�� �¿�H�O�G��
�J�U�D�G�L�H�Q�W�� �W�H�F�K�Q�L�T�X�H�� �D�W�� �W�K�H�� �I�U�H�T�X�H�Q�F�L�H�V�� ���������� �������������� �D�Q�G�� ������������ �0�+�]���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �`�H��
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�P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �R�Q�� �%�U�X�N�H�U�� �$�9�$�1�&�(-�,�,�,-�������� �1�0�5�� �V�S�H�F�W�U�R�P�H�W�H�U���� �H�T�X�L�S�S�H�G��
�Z�L�W�K���W�K�H���G�L
u�������J�U�D�G�L�H�Q�W���X�Q�L�W�����`�H���S�X�O�V�H�G���¿�H�O�G���J�U�D�G�L�H�Q�W���V�W�L�P�X�O�D�W�H�G���H�F�K�R���V�H�T�X�H�Q�F�H���Z�D�V���X�V�H�G�� 

Results and discussion  
�`�H���G�L
u�X�V�L�R�Q���F�R�H
v�F�L�H�Q�W�V�����'�V�����R�Q�����+�������/�L�����D�Q�G�������)���Q�X�F�O�H�L���I�R�U���D�O�O���3�(���F�R�P�S�R�V�L�W�L�R�Q�V���Z�H�U�H��

�P�H�D�V�X�U�H�G���E�\���3�)�*���1�0�5�����$�O�O���R�E�W�D�L�Q�H�G���G�L
u�X�V�L�R�Q���G�H�F�D�\�V���H�[�K�L�E�L�W�H�G���D�Q���H�[�S�R�Q�H�Q�W�L�D�O���G�H�S�H�Q�G�H�Q�F�H����
�0�H�D�V�X�U�H�P�H�Q�W�V���R�I���'�V���R�Q���G�L
u�H�U�H�Q�W���Q�X�F�O�H�L���S�U�R�Y�L�G�H���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���W�K�H���P�R�E�L�O�L�W�\���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J��
�L�R�Q�V�� �D�Q�G�� �P�R�O�H�F�X�O�H�V���� �R�Q�����+�� �Q�X�F�O�H�L�� �²�� �(�0�,���� �F�D�W�L�R�Q�V�� �D�Q�G�� �V�R�O�Y�H�Q�W�� �P�R�O�H�F�X�O�H�V���� �R�Q�����/�L�� �Q�X�F�O�H�L�� �²��
�O�L�W�K�L�X�P���F�D�W�L�R�Q�V�����D�Q�G���R�Q�������)���²�� �%�)��-���D�Q�L�R�Q�V���� 

Table 1. Diffusion coefficients of 1H (EMI+, solvent), 7Li (Li+), 19F (BF4-) at 22.5 °C 

Compositions D7Li �����f
2���k D19F�����f

2���k D1H(EMI +�������f2���k D1H(Sol), �f 2���k 

PE1 (DOL) 4.09�u10-12 1.36�u10-11 1.93�u10-11 4.46�u10-11 

PE2 (G2) 6.64�u10-12 1.34�u10-11 1.72�u10-11 2.05�u10-11 

PE3 (G4) 4.53�u10-12 8.41�u10-12 1.18�u10-11 6.78�u10-12 

PE4 (EC) 1.81�u10-12 1.32�u10-11 1.83�u10-11 3.08�u10-11 

The highest diffusion mobility of Li+ cations was observed for the PE2 composition 
containing G2. In general, the mobility of the Li+ cation decreases in the PE series: 2>3~1>4. 
It is worth noting that for PE3, where the lowest mobility of EMI+ and BF4- ions was 
observed compared to other compositions, the diffusion of lithium cations was only slightly 
lower than that in the PE2 composition.  

Temperature experiments were also carried out to measure the diffusion coefficients 
Ds on the nuclei 1H, 7Li and 19F in the temperature range from 0 to 60 °C. The dependencies 
follow Arrhenius behavior. The activation energies of diffusion were calculated.  

The activation energy of EMI+ diffusion in pure IL was 21 kJ/mol, and in cross-linked 
PEGDA, this value was higher for all the studied polymer electrolytes PE1-4, since the 
diffusion of IL in the cross-linked polymer matrix is hindered.  

For compositions containing diglyme or tetraglyme as a solvent (Ea = 26.7 and 22.4 
kJ/mol, respectively), significantly lower activation energies for the diffusion of lithium 
cations were observed compared to compositions with DOL and EC (Ea = 30.6 and 35.5 
kJ/mol). At the same time, the Ea of diffusion of solvent molecules was higher for PE2 and 
PE3 (Ea = 28.8 and 27.5 kJ/mol) than for PE1 and PE4 (Ea = 24.1 and 23.6 kJ/mol). 

To understand the processes of competitive ion transport, the hydrodynamic radius of 
all ions and molecules was calculated from the diffusion coefficients on all nuclei using the 
Stokes-Einstein equation: 

�& 
L
�Þ�Í

�Ö���¡�å�Ä
      (1) 

where c is a constant, �k is the viscosity, and rs is the Stokes radius for diffusing 
particles. 
Figure 1a shows the dependence of the relative hydrodynamic radius of the lithium cation on 
temperature for four solvents. 
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(a) (b) 

�)�L�J�X�U�H���������7�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H���R�I���D�����W�K�H���U�H�O�D�W�L�Y�H���K�\�G�U�R�G�\�Q�D�P�L�F���U�D�G�L�X�V���R�I���W�K�H���O�L�W�K�L�X�P��
�F�D�W�L�R�Q�����E�����W�K�H���G�L	ü�X�V�L�R�Q���F�R�H	ý�F�L�H�Q�W�V���R�I�����/�L���I�R�U���3�(���F�R�P�S�R�V�L�W�L�R�Q�V����-�������a�H���Q�X�P�E�H�U�V���F�R�U�U�H�V�S�R�Q�G���W�R��

�W�K�H���3�(���F�R�P�S�R�V�L�W�L�R�Q�V�� 

As can be seen from Fig. 1a, the relative hydrodynamic radius of the lithium cation for 
systems with small molecules (EC, DOL, and diglyme) decreases with increasing 
temperature. This is consistent with the existence of both the first and second coordination 
spheres of the solvent molecules around the lithium cation. The effective solvation radius 
decreases with increasing temperature due to the increased lability of the second coordination 
sphere. The largest slope was observed in the case of cyclic molecules, whereas for diglyme, 
it was practically absent.    

In the case of tetraglyme, this dependence is reversed, i.e., with increasing 
temperature, the solvation shell increases. This is probably due to the re-solvation of the 
lithium cation from the polymer matrix to tetraglyme. The anomalous slope angles of the 
temperature dependence of the hydrodynamic radius, as well as the diffusion coefficients for 
lithium (Fig. 1b), can be attributed to the different solvation environment of the lithium cation 
in the polymer-tetraglyme system at different temperatures. Thus, at low temperatures, RLi+ in 
this system, as calculations have shown, decreases. This can be explained by the coordination 
of the lithium cation along the polymer matrix, then Li+ passes into the Li+(G4) complex and, 
with increasing temperature, into its more stable complex (G4)Li+(G4), as was shown in [4]. 
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Influence of the shape of gold nanoparticles on the 
structural and dynamical properties of L-tyrosine 
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�,�Q�V�W�L�W�X�W�H���R�I���3�K�\�V�L�F�V�����0�D�W�K�H�P�D�W�L�F�V���D�Q�G���,�Q�I�R�U�P�D�W�L�R�Q���7�H�F�K�Q�R�O�R�J�\�����,�P�P�D�Q�X�H�O���.�D�Q�W���%�D�O�W�L�F �)�H�G�H�U�D�O��
�8�Q�L�Y�H�U�V�L�W�\���������������������.�D�O�L�Q�L�Q�J�U�D�G�����5�X�V�V�L�D 
�(-�P�D�L�O�����V�P�L�U�Q�R�Y���P�D�U�N���������#�\�D�Q�G�H�[���U�X  
�K�W�W�S�������N�D�Q�W�L�D�Q�D���U�X 

Introduction 
This work is devoted to the study of NMR parameters of the aromatic amino acid L-

tyrosine in the presence of noble metal NPs of different shapes by high-resolution NMR 
spectroscopy and NMR relaxometry methods [1, 2].  

The results obtained will be useful for the development of biocompatible materials 
based on metal nanoparticles for medicine. A stable and long-lived «amino acid-nanoparticle» 
system is required for medical applications, including fluorescent tag delivery, theranostics, 
etc. 

Experiment 
High-resolution 1H NMR spectra of aqueous solution of L-tyrosine (AST) were 

obtained on a Varian 400 MHz NMR spectrometer with a constant magnetic field B0=9.4 T. 
The spectral width was chosen to be 16.1 ppm, the number of scans was 512, and the 
relaxation delay was 1 second. The intense water signal was suppressed using the pulse 
sequence «Water ES». 

The Inversion-Recovery pulse sequence was used to measure T1 relaxation times. The 
following experiment parameters were used: the relaxation delay was 10 seconds, the number 
of scans was 256. The time of the experiment was 15 hours and 20 minutes. The «Presat» 
pulse sequence was used to suppress the water signal in the relaxation experiment. 

Samples 
In the study, AST was studied in 

combination with three types of gold 
nanoparticles differing in their geometrical 
shape. Gold nanoparticles of three geometric 
shapes were used: 

1. Spherical; 
2. Star-shaped;  
3. Rod-shaped. 

Gold nanoparticles were visualised by 
electron microscopy on a Zeiss Crossbeam 
540 dual-beam station. A star-shaped image 
of gold nanoparticles is presented in Fig.1 
(a), and a similar image of rod-shaped NPs 
is presented in Fig.1 (b). 

 

Figure 1 (�Z). Scanning electron microscope 
image of star-shaped gold nanoparticles 

 To 120 µl of AST was added 48 µl of a solution containing gold NPs of each of 
the forms described above. 60 µl of deuterated water was added to the samples. Sodium 
trimethylsilylpropanesulfonate (DSS) was used as an internal NMR standard. Also, 370 µl of 
water was added to all samples. The concentration of the amino acid L-tyrosine in all samples 
was 10^-2 mol/L. 
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Results 
The high-resolution 1H NMR spectra of both AST alone and with the addition of three 

different types of gold nanoparticles are presented in Figure 2. The assignment of signals in 
the 1H NMR spectrum to individual molecular fragments of the tyrosine molecule was 
performed on the basis of COSY and TOCSY experiments according to [3]. The structural 
formula of L-tyrosine is also presented in Fig. 2.    

Analysis of 1H NMR spectra (see Fig.2) reveals multidirectional changes of chemical 
shifts of tyrosine signals in the presence of gold NPs of different shapes. 

The chemical shifts of AST signals in the presence of star-shaped gold NPs shift to the 
strong-field region by 0.01 ppm. This trend is observed for all molecular fragments without 
exception. 
When adding a solution containing gold NPs 
in the form of rods, a much more 
complicated situation is observed. The 
proton doublet of the benzene ring a is 
shifted by 0.07 ppm to the strong field 
region, while b has a shift of 0.09 to 0.10 
ppm. The quartet of the CH group shows a 
shift to the strong-field region by 0.09 ppm. 
The proton C1 quartet of the CH2 group is 
shifted by 0.07 ppm, and the C2 quartet 
shows a similar shift to the strong field 
region of 0.08 ppm.  
Fig.3 shows the distribution diagram of 
longitudinal relaxation times T1 of four 
tyrosine samples.  

 
Figure1 (b). Scanning electron microscope 
image of rod-shaped gold nanoparticles. 

 
Based on the presented data, the tendency that the addition of gold NPs first of all 

affects the relaxation time of the protons of the benzene ring a and b of the tyrosine molecule 
is clearly visible. The addition of spherically shaped gold particles leads to an increase in the 
relaxation time of the proton of the benzene ring a by 0.13 - 0.16 s, and that of the proton b by 
0.26 - 0.31 s. 

 
Figure 2. 1H NMR spectra of AST and AST with the addition of spherical, star-shaped and 

rod-shaped gold nanoparticles. 
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When rod-shaped gold NPs are added, a diametrically opposite situation is observed. 
The T1 time of proton a is reduced by 0.05 - 0.12 s, and b by 0.13 - 0.29 s relative to tyrosine 
without NPs. A similar situation is observed in the tyrosine sample with the addition of star-
shaped NPs. The T1 time for proton a decreases by 0.04 - 0.11 s, and for b by 0.14 - 0.34 s. 

It is worth noting that the addition of any type of NPs has an extremely weak effect on 
the relaxation time of the protons of the CH2 group, and this tendency is especially noticeable 
for the proton of C2. 

 

 
Figure 3. Distribution of T1 relaxation times of four investigated tyrosine samples 
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�S�O�D�W�L�Q�X�P���Q�D�Q�R�S�D�U�W�L�F�O�H�V���Z�L�W�K���/-�W�\�U�R�V�L�Q�H���L�Q���D�T�X�H�R�X�V���V�R�O�X�W�L�R�Q�����&�R�Q�I�R�U�P�D�W�L�R�Q�D�O���D�Q�G���G�\�Q�D�P�L�F��
�F�K�D�Q�J�H�V���� �-�R�X�U�Q�D�O�� �R�I�� �P�R�O�H�F�X�O�D�U�� �O�L�T�X�L�G�V�� ���4�������� �9�R�O�X�P�H�� �������� ���������������� ��������������
�'�2�,�������������������M���P�R�O�O�L�T������������������������ 

���� �6�P�L�U�Q�R�Y�� �0���/������ �=�\�X�E�L�Q�� �$���<�X������ �'�H�P�L�V�K�N�H�Y�L�F�K�� �(���$������ �.�X�S�U�L�\�D�Q�R�Y�D�� �*���6���� ���+�� �1�0�5��
�5�K�R�G�D�P�L�Q�H�� �L�Q�� �D�V�L�Q�� �V�L�O�Y�H�U�� �V�R�O�X�W�L�R�Q���� �;�,�;�� �,�1�7�(�5�1�$�7�,�2�1�$�/�� �6�&�,�(�1�7�,�)�,�&��
�&�2�1�)�(�5�(�1�&�(�� ���,�1�1�2�9�$�7�,�2�1�� �,�1�� �6�&�,�(�1�&�(���� �(�'�8�&�$�7�,�2�1�� �$�1�'��
�(�1�7�5�(�3�5�(�1�(�8�5�6�+�,�3�� �±�� �������������� �6�(�&�7�,�2�1�� ���3�+�<�6�,�&�6�� �2�)�� �&�2�1�'�(�1�6�(�'�� �6�7�$�7�(������
�3�U�R�F�H�H�G�L�Q�J�V���� �.�D�O�L�Q�L�Q�J�U�D�G�� �6�W�D�W�H�� �7�H�F�K�Q�L�F�D�O�� �8�Q�L�Y�H�U�V�L�W�\���� ������������ �������� �S�S���� �,�6�%�1�� ������-��-��������-
��������-�� 

���� �3�X�E�&�K�H�P�� �>�,�Q�W�H�U�Q�H�W�@���� �%�H�W�K�H�V�G�D�� ���0�'������ �1�D�W�L�R�Q�D�O�� �/�L�E�U�D�U�\�� �R�I�� �0�H�G�L�F�L�Q�H�� ���8�6������ �1�D�W�L�R�Q�D�O��
�&�H�Q�W�H�U�� �I�R�U�� �%�L�R�W�H�F�K�Q�R�O�R�J�\�� �,�Q�I�R�U�P�D�W�L�R�Q���� ��������-���� �3�X�E�&�K�H�P�� �&�R�P�S�R�X�Q�G�� �6�X�P�P�D�U�\�� �I�R�U�� �&�,�'��
�������������������� �/-�7�\�U�R�V�L�Q�H-�����&������ �>�F�L�W�H�G�� ���������� �)�H�E���� �����@���� �$�Y�D�L�O�D�E�O�H��
�I�U�R�P�� �K�W�W�S�V�������S�X�E�F�K�H�P���Q�F�E�L���Q�O�P���Q�L�K���J�R�Y���F�R�P�S�R�X�Q�G���/-�7�\�U�R�V�L�Q�H-�����&�� 
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�(-�P�D�L�O�����D���V�Q�D�G�L�Q�#�W�R�P�R���Q�V�F���U�X 

Introduction 
�$�G�L�D�E�D�W�L�F�� �W�H�F�K�Q�L�T�X�H�V�� �L�Q�� �1�0�5�� �D�Q�G�� �(�3�5�� �R
u�H�U�� �Q�H�Z�� �R�S�S�R�U�W�X�Q�L�W�L�H�V�� �W�R�� �F�R�Q�W�U�R�O�� �D�Q�G��

�P�R�G�X�O�D�W�H�� �V�S�H�F�W�U�D�� �L�Q�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H���� �Z�K�L�F�K�� �R�S�H�Q�V�� �Q�H�Z�� �G�R�R�U�V�� �I�R�U�� �U�H�V�H�D�U�F�K�� �L�Q�� �P�D�W�H�U�L�D�O�V��
�V�F�L�H�Q�F�H���� �E�L�R�O�R�J�\�� �D�Q�G�� �F�K�H�P�L�V�W�U�\���� �$�G�L�D�E�D�W�L�F�� �S�X�O�V�H�V�� �D�U�H�� �D�� �F�O�D�V�V�� �R�I�� �D�P�S�O�L�W�X�G�H-�� �D�Q�G�� �I�U�H�T�X�H�Q�F�\-
�P�R�G�X�O�D�W�H�G�� �5�)���P�L�F�U�R�Z�D�Y�H�� �S�X�O�V�H�V�� �W�K�D�W�� �D�U�H�� �U�H�O�D�W�L�Y�H�O�\�� �L�Q�V�H�Q�V�L�W�L�Y�H�� �W�R�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G��
�L�Q�K�R�P�R�J�H�Q�H�L�W�\���D�Q�G���R
u-�U�H�V�R�Q�D�Q�F�H���H
u�H�F�W�V�����$���Q�R�W�D�E�O�H���I�H�D�W�X�U�H���R�I���D�G�L�D�E�D�W�L�F���L�Q�Y�H�U�W�L�Q�J���S�X�O�V�H�V���L�V���W�K�H��
�S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �U�H�F�W�D�Q�J�X�O�D�U�� �V�S�L�Q�� �L�Q�Y�H�U�V�L�R�Q�� �R�Y�H�U�� �D�� �O�D�U�J�H�� �I�U�H�T�X�H�Q�F�\�� �U�D�Q�J�H���� �Z�K�L�F�K�� �D�O�O�R�Z�V�� �W�K�H�L�U��
�L�Q�Y�R�O�Y�H�P�H�Q�W���L�Q���P�H�G�L�F�D�O���F�O�L�Q�L�F�D�O���0�5�,���V�W�X�G�L�H�V���I�R�U���V�K�D�U�S�H�U���V�H�O�H�F�W�L�R�Q���R�I���V�S�D�W�L�D�O���V�O�L�F�H�V���� 

�$�W���S�U�H�V�H�Q�W�����R
u�V�H�W-�L�Q�G�H�S�H�Q�G�H�Q�W���D�P�S�O�L�W�X�G�H�����2�,�$�����>���@���S�X�O�V�H�V���D�U�H���D�P�R�Q�J���W�K�H���P�R�V�W���S�R�S�X�O�D�U����
�Z�L�W�K���W�K�H���D�G�L�D�E�D�W�L�F�L�W�\���S�D�U�D�P�H�W�H�U���¿�[�H�G���I�R�U���D�O�O���L�V�R�F�K�U�R�P�D�W�V���R�I���D���J�L�Y�H�Q���V�S�H�F�W�U�D�O���F�R�Q�W�R�X�U�����E�X�W���R�Q�O�\��
�I�R�U�� �D�� �V�L�Q�J�O�H�� �P�R�P�H�Q�W�� �R�I�� �W�L�P�H���� �Z�K�H�Q�� �W�K�H�� �F�X�U�U�H�Q�W�� �I�U�H�T�X�H�Q�F�\�� �R�I�� �W�K�H�� �S�X�O�V�H�� �F�R�L�Q�F�L�G�H�V�� �Z�L�W�K�� �W�K�H��
�I�U�H�T�X�H�Q�F�\�� �R�I�� �W�K�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �L�V�R�F�K�U�R�P�D�W���� �'�H�V�S�L�W�H�� �W�K�H�L�U�� �S�R�S�X�O�D�U�L�W�\���� �W�K�H�V�H�� �S�X�O�V�H�V�� �K�D�Y�H�� �S�R�R�U��
�S�H�U�I�R�U�P�D�Q�F�H�� �L�Q�� �V�R�P�H�� �F�D�V�H�V���� �U�H�T�X�L�U�L�Q�J�� �K�L�J�K�� �S�H�D�N�� �S�R�Z�H�U�� �R�I�� �W�K�H�� �%���� �¿�H�O�G�� �D�P�S�O�L�W�X�G�H�� �D�Q�G�� �E�H�L�Q�J��
�V�R�P�H�W�L�P�H�V�� �F�R�P�S�O�H�W�H�O�\�� �L�Q�H
v�F�L�H�Q�W���� �,�Q�� �D�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\�� �>���@���� �Z�H�� �S�U�R�S�R�V�H�G�� �D�Q�� �D�O�W�H�U�Q�D�W�L�Y�H��
�D�S�S�U�R�D�F�K�� ���&�$���� �I�R�U���F�R�Q�V�W�U�X�F�W�L�Q�J�� �D�G�L�D�E�D�W�L�F���S�X�O�V�H�V�����`�L�V���D�S�S�U�R�D�F�K�� �H�Q�V�X�U�H�V�� �F�R�Q�V�W�D�Q�W���D�G�L�D�E�D�W�L�F�L�W�\��
�I�R�U���W�K�H���F�H�Q�W�U�D�O���L�V�R�F�K�U�R�P�D�W���W�K�U�R�X�J�K�R�X�W���W�K�H���S�X�O�V�H���D�Q�G���H�Q�K�D�Q�F�H�V���H
v�F�L�H�Q�F�\�����H�Y�H�Q���L�Q���F�D�V�H�V���Z�K�H�U�H��
�W�K�H���S�X�O�V�H���G�X�U�D�W�L�R�Q���L�V���O�L�P�L�W�H�G�� 

Methods  
In this paper, we have developed inverting MCA pulses that combine CA and OIA 

opportunities. We derived and solved the differential equations for the time dependencies of 
the RF field amplitude and frequency offset, which provide these two conditions. We then 
studied and compared the spectral selectivity and stability of the constructed pulses by scaling 
the RF field amplitude with those of other popular adiabatic inverting pulses. The MCA 
pulses obtained exhibited notable stability and superior performance in comparison to other 
OIA pulses under conditions of low adiabaticity. Additionally, a script has been provided to 
generate a shape pulse file for the TopSpin program utilizing our adiabatic inverting pulse for 
incorporation into the experimental procedures [3]. 

The proposed MCA pulses were also verified experimentally on an NMR spectrometer, 
which confirms the numerical simulation results. 
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���)�D�F�X�O�W�\���R�I���3�K�\�V�L�F�V�����6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�����6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J�����5�X�V�V�L�D 
���5�H�V�R�X�U�F�H���F�H�Q�W�H�U�����3�K�\�V�L�F�D�O���P�H�W�K�R�G�V���R�I���V�X�U�I�D�F�H���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�������6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J���6�W�D�W�H��
�8�Q�L�Y�H�U�V�L�W�\���5�H�V�H�D�U�F�K���S�D�U�N�����6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J�����5�X�V�V�L�D 

���,�Q�V�W�L�W�X�W�H���R�I���&�K�H�P�L�V�W�U�\�����6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�����6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J�����5�X�V�V�L�D 
�(-�P�D�L�O�����Y���F�K�L�]�K�L�N�#�V�S�E�X���U�X 

Introduction 

In recent decades, ionic liquids (ILs) have attracted considerable attention of the 
scientific community due to their unique physical and chemical properties. It makes them as a 
distinct and prominent area of research [1]. Ethylammonium nitrate (EAN), the first example 
of a protic ionic liquid (PIL), has drawn considerable interest because of its wide-ranging 
potential applications across various fields. 

While lithium salts have been the most effective materials for electrochemical devices 
to date, there is increasing interest in electrolytes that incorporate divalent and trivalent ions. 
These salts offer significantly higher energy density compared to lithium-based systems. 
Several studies have examined the physical and chemical properties of solutions containing 
aluminum nitrate in EAN in order to study such systems in more detail. Research using the 1H 
NMR method revealed that these solutions retain water (it originates from aluminum 
crystallohydrates) within the first solvation shell of the Al3+ cation, even after standard drying 
processes. This bound water cannot be easily detected using conventional Karl Fischer 
titration. The aim of this study is to explore whether it is possible or impossible to eliminate 
�Z�D�W�H�U�� �I�U�R�P�� �W�K�H�� �³�,�R�Q�L�F�� �/�L�T�X�L�G�� �(�$�1���$�O���1�23)3/H2�2�´�� �V�\�V�W�H�P�� �D�Q�G�� �W�R�� �D�Q�D�O�\�]�H�� �K�R�Z�� �W�K�H�� �V�W�D�W�H�� �R�I��
water in the system changes with variations in temperature and aluminum salt concentration.  

Experimental 

The samples were prepared using EAN and crystalline hydrate Al(NO3)3·9H2O (purity 
�•�������������������(�$�1���Z�D�V���V�\�Q�W�K�H�V�L�]�H�G���I�U�R�P���D�T�X�H�R�X�V���V�R�O�X�W�L�R�Q�V���R�I�������������H�W�K�\�O�D�P�L�Q�H���D�Q�G�������������Q�L�W�U�L�F��
acid by mixing equimolar amounts of these chemical agents in an ice bath: 

���� �7���� �6���� �6 
E ������ �7 �8 �>���� �7���� �6���� �7�?�> 
E���>���� �7�?�?���:�‹�•���™�ƒ�–�‡�”�;�ä 
�`�H���V�R�O�Y�H�Q�W�����(�$�1���F�R�Q�W�D�L�Q�L�Q�J���D���P�R�G�H�U�D�W�H���D�P�R�X�Q�W���R�I���Z�D�W�H�U�����Z�D�V���X�V�H�G���W�R���S�U�H�S�D�U�H���P�L�[�W�X�U�H�V���Z�L�W�K��
�$�O���1�2�����������+���2���������N�J���R�I���V�R�O�Y�H�Q�W���F�R�Q�W�D�L�Q�V�������������P�R�O�H�V���R�I���(�$�1���D�Q�G�������������P�R�O�H�V���R�I���+���2�� 

�`�H���V�D�P�S�O�H�V���Z�H�U�H���S�U�H�S�D�U�H�G���E�\���J�U�D�Y�L�P�H�W�U�L�F���P�H�W�K�R�G�����:�D�W�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���Z�H�U�H���Y�H�U�L�¿�H�G��
�X�V�L�Q�J�� �L�Q�W�H�J�U�D�O�� �L�Q�W�H�Q�V�L�W�L�H�V�� �R�I�� �W�K�H�����+�� �V�S�H�F�W�U�D�O�� �O�L�Q�H�V�� �R�I�� �(�$�1�� �D�Q�G�� �Z�D�W�H�U���� �,�W�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�K�H��
�I�R�O�O�R�Z�L�Q�J�� �P�R�O�D�U�� �F�R�P�S�R�V�L�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �³�(�$�1���$�O���1�2���������+���2�´�� �P�L�[�W�X�U�H�V���� ���$�O�����±��
���������>�(�$�@���� �±�� ���������>�1�2���@

�±�� �±�� ���������+���2�� ���§�������� �P�R�O�� �R�I�� �$�O���1�2�����������+���2�� �����N�J�� �R�I�� �W�K�H�� �V�R�O�Y�H�Q�W���� �D�Q�G��
���$�O�����±���������>�(�$�@�����±�����������>�1�2���@

�±���±�����������+���2�����§���������P�R�O���R�I���$�O���1�2�����������+���2�������N�J���R�I���W�K�H���V�R�O�Y�H�Q�W�������$��
�G�U�\�L�Q�J�� �S�U�R�F�H�G�X�U�H�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�Q�G�H�U�� �W�K�H�� �S�U�H�V�V�X�U�H�� �R�I�� ����-���� �P�E�D�U�� �D�Q�G�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� ������ �•����
�`�H�� �D�L�P�� �R�I�� �W�K�L�V�� �S�U�R�F�H�G�X�U�H�� �L�V�� �W�R�� �F�K�H�F�N�� �W�K�H�� �S�R�V�V�L�E�L�O�L�W�\���L�P�S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �U�H�P�R�Y�L�Q�J�� �Z�D�W�H�U�� �I�U�R�P��
�V�D�P�S�O�H�V�� 

�1�0�5���P�H�W�K�R�G���Z�D�V���D�S�S�O�L�H�G���L�Q���W�K�H���S�U�H�V�H�Q�W���V�W�X�G�\�����`�H���S�R�Z�H�U�I�X�O���F�D�S�D�E�L�O�L�W�L�H�V���R�I�� �1�0�5���W�R��
�L�Q�Y�H�V�W�L�J�D�W�H�� �R�I�� �,�/�V�� �D�U�H�� �S�H�U�I�H�F�W�O�\�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �>���@���� �$�O�O�� �1�0�5�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W��
�X�V�L�Q�J���%�U�X�N�H�U���$�Y�D�Q�F�H���,�,�,�����������0�+�]���6�S�H�F�W�U�R�P�H�W�H�U���D�W�����������0�+�]���I�R�U�����+���Q�X�F�O�H�L�������������0�+�]���I�R�U�������$�O����
�D�Q�G�������������0�+�]���I�R�U�������1�����6�S�L�Q-�O�D�W�W�L�F�H���U�H�O�D�[�D�W�L�R�Q���W�L�P�H�V�����7�������Z�H�U�H���P�H�D�V�X�U�H�G���X�V�L�Q�J���W�K�H���³�L�Q�Y�H�U�V�L�R�Q-
�U�H�F�R�Y�H�U�\�´�� �W�H�F�K�Q�L�T�X�H���� �`�H�� �W�H�P�S�H�U�D�W�X�U�H�� �U�D�Q�J�H�� �E�H�W�Z�H�H�Q�� �������� �D�Q�G�� �������� �.�� �L�Q�� �L�Q�F�U�H�P�H�Q�W�V�� �R�I�� ������ �.��
�Z�H�U�H���X�V�H�G�����`�H���D�F�F�X�U�D�F�\���R�I���W�H�P�S�H�U�D�W�X�U�H���V�W�D�E�L�O�L�]�D�W�L�R�Q���Z�D�V���“�����������.�� 
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Results 
�`�H�� �$�O������ �F�D�W�L�R�Q�V�� �S�U�H�G�R�P�L�Q�D�Q�W�O�\�� �H�[�L�V�W�� �L�Q�� �D�Q�� �R�F�W�D�K�H�G�U�D�O�� �D�T�X�H�R�X�V�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �Z�L�W�K��

�������“�������� �Z�D�W�H�U���P�R�O�H�F�X�O�H�V���L�Q���W�K�H�� �¿�U�V�W���F�R�R�U�G�L�Q�D�W�L�R�Q���V�K�H�O�O���D�W���D�� �U�H�O�D�W�L�Y�H�O�\�� �K�L�J�K���Z�D�W�H�U�� �F�R�Q�W�H�Q�W���D�Q�G��
�U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�������$�O�����±���������>�(�$�@���±���������>�1�2���@�q�±���������+���2�������`�H���K�\�G�U�R�J�H�Q���H�[�F�K�D�Q�J�H���W�L�P�H�����2�P����
�L�Q���W�K�L�V���V�X�E�V�W�U�X�F�W�X�U�H���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\�����������P�V���D�W���������±���������.�����`�L�V���W�L�P�H���G�H�F�U�H�D�V�H�V���V�L�J�Q�L�¿�F�D�Q�W�O�\���D�W��
�K�L�J�K�H�U���W�H�P�S�H�U�D�W�X�U�H�V�����$�V���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�L�V�H�V�����F�R�P�S�O�H�[�H�V���F�R�Q�W�D�L�Q�L�Q�J�����±�����Q�L�W�U�D�W�H���D�Q�L�R�Q�V���E�H�J�L�Q��
�W�R�� �D�S�S�H�D�U���� �D�Q�G�� �W�K�H�L�U�� �U�H�O�D�W�L�Y�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �D�W�� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �������� �.���� �F�D�O�F�X�O�D�W�H�G�� �I�U�R�P�� �W�K�H��
�L�Q�W�H�J�U�D�O���L�Q�W�H�Q�V�L�W�L�H�V���R�I���W�K�H�������$�O���O�L�Q�H�V�����L�V���D�S�S�U�R�[�L�P�D�W�H�O�\�����������±�������������`�H���H�[�L�V�W�H�Q�F�H���R�I���G�L�V�W�L�Q�F�W�������$�O��
�1�0�5�� �O�L�Q�H�V�� �H�Y�H�Q�� �D�W�� �������� �.�� ���V�H�H�� �)�L�J���� ������ �L�Q�G�L�F�D�W�H�V�� �V�O�R�Z�� �D�Q�L�R�Q�� �H�[�F�K�D�Q�J�H���� �Z�L�W�K�� �H�[�F�K�D�Q�J�H�� �W�L�P�H��
�P�R�U�H�� �W�K�D�Q�� �������� �P�V���� �`�L�V�� �V�X�J�J�H�V�W�V�� �W�K�D�W�� �Q�L�W�U�D�W�H�� �D�Q�L�R�Q�V�� �U�H�P�D�L�Q�� �F�R�R�U�G�L�Q�D�W�H�G�� �W�R���$�O������ �F�D�W�L�R�Q�V�� �I�R�U�� �D��
�O�R�Q�J�H�U���G�X�U�D�W�L�R�Q���F�R�P�S�D�U�H�G���W�R���W�K�H���H�[�F�K�D�Q�J�H���W�L�P�H���R�I���K�\�G�U�R�J�H�Q���D�W�R�P�V���L�Q���Z�D�W�H�U���P�R�O�H�F�X�O�H�V���� 

 
�)�L�J�X�U�H�����������a�H�������$�O���V�S�H�F�W�U�D���I�R�U���W�K�H���P�L�[�W�X�U�H�������$�O���� �±���������>�(�$�@�� �±���������>�1�2���@�Q�±���������+���2�����D�W�����������.�� 

�`�H�� �L�Q�W�H�J�U�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �������� �S�S�P�� �O�L�Q�H�� �L�Q�G�L�F�D�W�H�� �D�Q�� �D�Y�H�U�D�J�H�� �R�I�� �������“�������� �Z�D�W�H�U��
�P�R�O�H�F�X�O�H�V���L�Q���W�K�H���$�O�������F�R�R�U�G�L�Q�D�W�L�R�Q���V�S�K�H�U�H���Z�K�H�Q���W�K�H���D�P�R�X�Q�W���R�I���Z�D�W�H�U���P�R�O�H�F�X�O�H�V���S�H�U���$�O�������F�D�W�L�R�Q��
�L�V�� �U�H�G�X�F�H�G�� �����$�O�����±�������>�(�$�@���±���������>�1�2���@�q�±���������+���2������ �`�L�V�� �L�P�S�O�L�H�V�� �W�K�D�W���� �X�Q�G�H�U�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I��
�O�R�Z�H�U�� �Z�D�W�H�U�� �F�R�Q�W�H�Q�W���� �Z�K�L�O�H�� �W�K�H�� �P�D�M�R�U�L�W�\�� �R�I�� �F�R�P�S�O�H�[�H�V�� �U�H�W�D�L�Q�� �W�K�H�� �R�F�W�D�K�H�G�U�D�O�� �V�W�U�X�F�W�X�U�H��
�$�O���1�2�����������+���2���� �V�R�P�H�� �F�R�P�S�O�H�[�H�V�� �I�R�U�P�� �Z�K�H�U�H�� �Q�L�W�U�D�W�H�� �D�Q�L�R�Q�V�� �S�D�U�W�L�D�O�O�\�� �U�H�S�O�D�F�H�� �Z�D�W�H�U��
�P�R�O�H�F�X�O�H�V���� 

�7�R�� �D�V�V�H�V�V�� �W�K�H�� �S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �U�H�P�R�Y�L�Q�J�� �Z�D�W�H�U�� �I�U�R�P�� �W�K�H�� �V�\�V�W�H�P���� �D�� �V�W�D�Q�G�D�U�G�� �G�U�\�L�Q�J��
�S�U�R�F�H�G�X�U�H���Z�D�V���F�R�Q�G�X�F�W�H�G���I�R�U���������K�R�X�U�V�����`�H�����+���Z�D�W�H�U���V�S�H�F�W�U�D���F�R�Q�V�L�V�W���R�I���W�K�H���P�D�L�Q���V�L�Q�J�O�H���O�L�Q�H�����L�Q��
�W�K�H�� �U�D�Q�J�H�� �R�I�� ���·������ �S�S�P���� �I�U�R�P�� �Z�D�W�H�U�� �P�R�O�H�F�X�O�H�V�� �Q�H�D�U�� �W�K�H�� �$�O������ �F�D�W�L�R�Q�V�� �D�Q�G�� �Y�H�U�\�� �Z�H�D�N�� �O�L�Q�H��
���D�U�R�X�Q�G�� �������� �S�S�P���� �I�U�R�P�� �Z�D�W�H�U�� �L�Q�� �W�K�H�� ���P�R�V�D�L�F���� �R�I�� �(�$�1�� �L�R�Q�V�� �D�W�� �D�O�O�� �W�H�P�S�H�U�D�W�X�U�H�V���� �`�H�� �D�Y�H�U�D�J�H��
�Q�X�P�E�H�U���R�I���Z�D�W�H�U���P�R�O�H�F�X�O�H�V���Q�H�D�U���W�K�H���$�O�������F�D�W�L�R�Q���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G�����������“�������������I�U�R�P���W�K�H���L�Q�W�H�J�U�D�O��
�L�Q�W�H�Q�V�L�W�\�� �R�I�� �W�K�H�� �P�D�L�Q�� �Z�D�W�H�U�� �O�L�Q�H���� �`�H�U�H�� �L�V�� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� ���Q�R�W�� �F�R�P�S�O�H�W�H���� �G�L�V�S�O�D�F�H�P�H�Q�W�� �R�I�� �Z�D�W�H�U��
�P�R�O�H�F�X�O�H�V���E�\�� �D�Q�L�R�Q�V���>�1�2���@�q�����`�L�V���¿�Q�G�L�Q�J���L�V���I�X�U�W�K�H�U���V�X�S�S�R�U�W�H�G���E�\�� �W�K�H�������$�O���1�0�5���V�S�H�F�W�U�D�����V�H�H��
�D�O�V�R���>���@������ 

�7�R�� �L�Q�W�H�U�S�U�H�W�� �W�K�H�� �1�0�5�� �V�S�H�F�W�U�D�� �W�K�H�� �T�X�D�Q�W�X�P-�F�K�H�P�L�F�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �H�O�H�F�W�U�R�Q��
�V�K�L�H�O�G�L�Q�J�� �F�R�Q�V�W�D�Q�W�V�� �I�R�U�� �W�K�H�����+�� �D�Q�G�������$�O�� �Q�X�F�O�H�L�� �L�Q�� �P�L�[�H�G�� �F�D�W�L�R�Q-�D�Q�L�R�Q�� �F�R�P�S�O�H�[�H�V�� �Z�H�U�H��
�L�Q�Y�R�O�Y�H�G���� �4�X�D�Q�W�X�P-�F�K�H�P�L�F�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �*�D�X�V�V�L�D�Q�� ������ �5�H�Y�L�V�L�R�Q�� �'��������
�>���@�����6�W�U�X�F�W�X�U�D�O���S�D�U�D�P�H�W�H�U�V���R�I���I�X�O�O�\�� �R�S�W�L�P�L�]�H�G���J�H�R�P�H�W�U�L�H�V���R�E�W�D�L�Q�H�G���X�V�L�Q�J���%���/�<�3���>���������@���D�Q�G����-
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���������*���G���S���� �E�D�V�L�V�� �V�H�W���� �`�H�� �H�O�H�F�W�U�R�Q�� �V�K�L�H�O�G�L�Q�J�� �F�R�Q�V�W�D�Q�W�V�� �I�R�U�� �H�D�F�K�� �V�X�E�V�W�U�X�F�W�X�U�H�� �X�Q�G�H�U��
�F�R�Q�V�L�G�H�U�D�W�L�R�Q���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���Z�L�W�K���W�K�H���J�D�X�J�H-�L�Q�F�O�X�G�L�Q�J-�D�W�R�P�L�F-�R�U�E�L�W�D�O�����*�,�$�2�����I�R�U�P�D�O�L�V�P���>������
���@�� �D�W�� �W�K�H�� �%���/�<�3����-���������*���G���S���� �S�R�S�X�O�D�U�� �P�R�G�H�O�� �O�H�Y�H�O���� �`�H�� �G�L
u�H�U�H�Q�F�H�� �L�Q�� �W�K�H�� �H�O�H�F�W�U�R�Q�� �V�K�L�H�O�G�L�Q�J��
���E�\�� �W�K�H�� �T�X�D�Q�W�X�P-�F�K�H�P�L�F�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V���� �R�I�� �W�K�H�������$�O�� �Q�X�F�O�H�L�� �L�Q�� �W�K�H�� �R�F�W�D�K�H�G�U�D�O�� �F�R�P�S�O�H�[�� �D�Q�G��
�R�W�K�H�U�V���L�V���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���V�S�O�L�W�W�L�Q�J���� 

One of the goals of this work was to analyze how the presence of the aqua complex 
near the aluminum cation ([Al(H2O)6]

3+) affects the microstructure and molecular mobility in 
the mixture of EAN and aluminum nitrate. Molecular dynamics simulation method was 
chosen as the research method, since it allows one to monitor the evolution of a system at the 
molecular level. �7�K�H�� �V�L�P�X�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �³EAN + [Al(H2O)6]

3+[�:���� �7
�?�;�7�@�´�� �V�\�V�W�H�P��was carried 

out using the molecular dynamics method applying the MDynaMix v5.0 software package [9] 
in a cubic cell with periodic boundary conditions in an NPT ensemble at the temperature of 
298 K and atmospheric pressure (Nose-Hoover thermostat [10, 11] and  Hoover barostat 
[12]). The potential proposed in the works [13, 14] was employed to describe the interaction 
of EA+ cations.  A model nitrate anion was treated as a 4-site planar structure with the central 
nitrogen atom and three oxygen atoms at the distance of 1.22 Å with all O-N-O angles of 120o 
[15]. The sum of Coulomb and Lennard-Jones (12-6) potentials described the interaction of 
the model nitrate-anion and other particles. Two potential parameter sets of nitrate-anion were 
considered (see Refs. [13, 16]). The potential parameters of the model Al3+ ion were described 
in Ref. [17]. Three-site SPC/E [18] water model was considered in the present study. 
Simulation time was 1 ns. Residual water appearing during the preparation of mixtures with 
aluminum salts can strongly influence the structure and properties of a system, and this effect 
should be taken into account in practice of designing mixtures for different applications.  
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���� �/�\�X�E�D�U�W�V�H�Y���$�����3�������/�D�D�N�V�R�Q�H�Q���$�����±���&�R�P�S�����3�K�\�V�����&�R�P�P�����������������������������±���������������������� 
������ �1�R�V�H���6�����±���0�R�O�����3�K�\�V���������������������������������������������������� 
������ �0�D�U�W�\�Q�D���*�����-�������7�R�E�L�D�V���'�����-�������.�O�H�L�Q���0�����/�����±���-�����&�K�H�P�����3�K�\�V���������������������������������������������������������� 
������ �0�D�U�W�\�Q�D���*�����-�������7�X�F�N�H�U�P�D�Q���0�����(�������7�R�E�L�D�V���'�����-�������H�W���D�O�����±���0�R�O�����3�K�\�V�������������������������������������������������������� 
������ �8�P�H�E�D�\�D�V�K�L���<�������&�K�X�Q�J���:��-�/�������0�L�W�V�X�J�L���7�������H�W���D�O�����±���-�����&�R�P�S�X�W�����&�K�H�P�����-�S�Q���������������������������������������������������� 
������ �&�K�R�H���-�������.�L�P���.�������&�K�D�Q�J���6�����±���%�X�O�O�����.�R�U�H�D�Q���&�K�H�P�����6�R�F���������������������������±���������������������� 
������ �(�E�Q�H�U���&�������6�D�Q�V�R�Q�H���5�������+�H�Q�J�U�D�V�P�H�H���6�������H�W���D�O�����±���,�Q�W�����-�����4�X�D�Q�W�����&�K�H�P�������������������±������������������������ 
������ �0�H�J�\�H�V���7�������%�D�O�L�Q�W���6�������3�H�W�H�U���(�������H�W���D�O�����±���-�����3�K�\�V�����&�K�H�P�����%������������������������������������������������������������ 
������ �)�D�U�R���7�����0�����&�������`�L�P���*�����3�������6�N�D�I���0�����6�����±�����-�����&�K�H�P�����3�K�\�V�������������������������������������������� 
������ �%�H�U�H�Q�G�V�H�Q�����+�����-�����&�������*�U�L�J�H�U�D�����-�����5�������6�W�U�D�D�W�V�P�D�����7�����3�����±���-�����3�K�\�V�����&�K�H�P���������������������������������������������������������� 
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Introduction 
Metals and metallic alloys with particular orientations of the crystalline axes in the 

grains and controllable microtextures are of exceptional importance for various technological 
applications [1,2]. The orientation of a single oriented crystalline phase upon solidification of 
tin was observed by nuclear magnetic resonance [3,4]. The latter method of proving the 
alignment of crystalline axes along particular directions has the advantage over other methods 
as it can be done within the magnet of the NMR spectrometer at different temperatures due to 
strong angular dependence of the resonance line position. In the present study we used the 
commercial NMR spectrometer supplied with a superconducting magnet to demonstrate the 
directional solidification of metallic gallium in the strong magnetic field. 

Experiment 
�`�H�� �V�D�P�S�O�H�� �Z�D�V�� �D�� �J�D�O�O�L�X�P�� �E�D�O�O�� �R�I�� ���� �P�P�� �L�Q�� �G�L�D�P�H�W�H�U�� �Z�U�D�S�S�H�G�� �L�Q�� �D�� �7�H�À�R�Q�� �W�D�S�H�� �W�R��

�S�U�H�Y�H�Q�W�� �W�R�X�F�K�L�Q�J�� �Z�L�W�K�� �W�K�H�� �F�H�U�D�P�L�F�� �1�0�5�� �F�R�L�O�� �L�Q�V�H�U�W�� �D�Q�G�� �F�K�D�Q�J�L�Q�J�� �W�K�H�� �V�K�D�S�H�� �X�S�R�Q�� �P�H�O�W�L�Q�J����
�*�D�O�O�L�X�P���K�D�V���W�Z�R���V�W�D�E�O�H���L�V�R�W�R�S�H�V���������*�D���D�Q�G�������*�D�����Z�L�W�K���U�D�W�K�H�U���V�L�P�L�O�D�U���D�E�X�Q�G�D�Q�F�H�V�����%�R�W�K���L�V�R�W�R�S�H�V��
�K�D�Y�H�� �W�K�H�� �V�S�L�Q�� �H�T�X�D�O�� �W�R�� ���������� �`�H�L�U�� �J�\�U�R�P�D�J�Q�H�W�L�F�� �U�D�W�L�R�V������ �D�Q�G�� �T�X�D�G�U�X�S�R�O�H�� �P�R�P�H�Q�W�V���4�� �D�U�H��
������� ���������Â����-���� �U�D�G�Â�7-���V-�������4����� ������������ �E�D�U�Q���D�Q�G��������� ���������Â����-���� �U�D�G�Â�7-���V-�������4����� ������������ �E�D�U�Q���I�R�U�������*�D��
�D�Q�G�������*�D���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �0�R�V�W�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �Z�R�U�N�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �I�R�U�� �E�R�W�K��
�J�D�O�O�L�X�P���L�V�R�W�R�S�H�V�� 

Studies were carried out using a Bruker Avance 400 NMR pulse spectrometer at 
magnetic field 9.4 T within a temperature range from 150 to 350 K. We observed NMR 
signals for both gallium isotopes. The NMR spectra were recorded at different temperatures 
when gallium was in the liquid, solid, or supercooled states as Fourier transforms of the free 
induction signals after a 90-degree pulse. The frequency shifts of the resonance lines were 
referenced to NMR lines of the gallium isotopes for the GaAs single crystal at room 
temperature. 

Results 
The melting temperature of the stable �. modification of gallium is 302.9 K. An 

example of the NMR line for 71Ga at 314 K is shown in Fig. 1,a (left panel). Gallium is easy 
to be supercooled. The resonance lines for the supercooled gallium are similar to those above 
the melting point. The integral intensity of the lines is proportional to the amount of melted 
gallium. Fig. 1,a (right panel) demonstrates a temperature dependence of the integral intensity 
of the 71Ga resonance line relevant to the gallium melt when the sample was first heated up to 
314 K, then cooled down to 156 K well below the complete gallium freezing, and 
subsequently warmed up to the initial temperature. As can be seen in Fig. 1,a (right panel) the 
intensity of the NMR signal from supercooled gallium became zero at 270.9 K. At the same 
temperature two Gaussians emerge in the NMR spectra of 71Ga centered at 1280 and 210 ppm 
(Fig. 1,b).  

To understand the directions of the �.-Ga crystalline axes in the oriented parts with 
respect to the magnetic field we studied the angular dependences of the resonance line 
positions (Fig 2). The quadrupole shifts of the resonance lines due to the central transitions in 
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a strong field of 9.4 T can be calculated using the perturbation theory of the second order [5]. 
The quadrupole shift �/Q for the spin 3/2 can be written as a sum of the isotropic and 
anisotropic contributions: 

 
Fig. 1. (a) Left panel: 71Ga NMR line for the melted gallium at 314 K, right panel: 

temperature dependence of the intensity of the NMR signal from melted gallium at cooling 
(blue solid circles) and warming (red open circles). The dashed lines are guides for the eye. 

(b) 71Ga NMR spectrum for oriented �D-Ga at 270 K 
 

 
(1) 

where ��L is the Larmor frequency, ��Q is the quadrupole frequency, �� is asymmetry, �� and �3 are 
the polar angles specifying the magnetic field direction with respect to the principle axes of 
the EFG tensor. The coefficients in the second term are given by: 

 

(2) 

Neglecting the anisotropy of the Knight shift, we can write the expression for the total shift �/ 
as: 

 (3) 
where Kiso is the isotropic Knight shift in �.-Ga. The rotation angle �� was set to zero in the 
initial position of the sample. 

 
Fig. 2. Dependences of the NMR line shifts in the oriented �D-Ga on the rotation angle ��. Open 
and closed symbols correspond to 69Ga and 71Ga, respectively. Solid and dashed lines are fits 

using Relationships 1 �± 3. 
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According to the fit, the oriented parts of gallium have their crystalline a-axis directed 
along the external magnetic field. The angle �� is then the angle between the magnetic field 
and the crystalline a-axis. The energetically favorable orientations of the crystalline axes in 
magnetic field correspond to the minimization of the magnetic energy of the nuclei formed 
upon cooling the melt. The correlations between the orientation of the crystalline nuclei and 
magnetic energy are established due to anisotropy of the magnetization tensor. 

In another thermal cycle we heated the gallium sample up to 340 K and started the 
cooling process. Gallium was frozen at 257 K in contrast to 270.9 K during the previous 
thermal cycles. Then the sample was cooled down to 233 K and warmed up. The whole 
sample was melted at 267 K, which is relevant for ��-Ga. The dependence of the integral 
intensity of the 71Ga NMR signal in the melt is shown in Fig. 3. Starting from 257 K at 
cooling and up to 267 K at warming, a single narrow signal was observed, which is 
unambiguously caused by oriented ��-Ga.  

 
Fig. 3. Temperature dependence of the 71Ga NMR signal intensity from melted gallium at 
cooling from 340 K (blue solid circles) and subsequent warming (red open circles). The 

dashed lines are guides for the eye. The inset shows the 71Ga NMR line for the oriented �E-Ga 
at 257 K. 

 
The lines corresponded to the central +1/2�l -1/2 transition for both �.- and ��-gallium 

were observed in different thermal cycles. The intensity of the lines and the angular 
dependences of the line frequency shifts suggested that more than 1/3 of the gallium volume 
had ordered crystalline axes. The results were quite reproducible for particular cooling-
warming thermal cycles. It was found that the NMR signals from the oriented ��-Ga 
disappeared below 230 K due to the polymorph transition into �.-Ga. 
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Introduction 
�`�H�� �/�L�Q�G�E�O�D�G�� �H�T�X�D�W�L�R�Q�� �>���@�� �L�V�� �Z�L�G�H�O�\�� �X�V�H�G�� �I�R�U�� �V�R�O�Y�L�Q�J�� �S�U�R�E�O�H�P�V�� �R�I�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I��

�R�S�H�Q���V�S�L�Q���V�\�V�W�H�P�V���Z�L�W�K���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W���>�������@�����`�H���/�L�Q�G�E�O�D�G���H�T�X�D�W�L�R�Q���F�R�Q�V�H�U�Y�H�V���D�O�O���S�U�R�S�H�U�W�L�H�V��
�R�I�� �W�K�H�� �G�H�Q�V�L�W�\�� �P�D�W�U�L�[�� �G�X�U�L�Q�J�� �W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �V�\�V�W�H�P�V���� �,�Q�� �S�D�U�W�L�F�X�O�D�U���� �W�K�H�� �S�R�V�L�W�L�Y�H��
�G�H�¿�Q�L�W�H�Q�H�V�V�� �R�I�� �W�K�H�� �G�H�Q�V�L�W�\�� �P�D�W�U�L�[�� �>���@�� �L�V�� �F�R�Q�V�H�U�Y�H�G�� �L�Q�� �W�K�H�� �F�R�X�U�V�H�� �R�I�� �H�Y�R�O�X�W�L�R�Q�����$�O�W�K�R�X�J�K�� �W�K�H��
�/�L�Q�G�E�O�D�G�� �D�S�S�U�R�D�F�K�� �F�D�Q�� �E�H�� �D�S�S�O�L�H�G�� �W�R�� �V�\�V�W�H�P�V�� �Z�L�W�K�� �D�Q�� �D�U�E�L�W�U�D�U�\�� �Q�X�P�E�H�U�� �R�I�� �V�S�L�Q�V���� �D�Q�D�O�\�W�L�F�D�O��
�V�R�O�X�W�L�R�Q�V�� �D�U�H�� �S�R�V�V�L�E�O�H�� �L�Q�� �V�S�H�F�L�D�O�� �F�D�V�H�V�� �R�Q�O�\���� �:�H�� �F�R�Q�V�L�G�H�U�� �W�K�H�� �G�H�S�K�D�V�L�Q�J�� �U�H�O�D�[�D�W�L�R�Q�� �L�Q�� �D�� �W�Z�R-
�V�S�L�Q�� �V�\�V�W�H�P�� �L�Q�� �P�X�O�W�L�S�O�H�� �T�X�D�Q�W�X�P�� ���0�4���� �1�0�5�� �>�������@�� �Z�K�H�Q�� �D�Q�� �H�[�D�F�W�� �V�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �/�L�Q�G�E�O�D�G��
�H�T�X�D�W�L�R�Q���F�D�Q���E�H���R�E�W�D�L�Q�H�G�����:�H���V�K�R�Z���W�K�D�W���W�K�H���V�S�H�F�W�U�X�P���R�I���0�4���1�0�5���F�R�K�H�U�H�Q�F�H�V���F�R�Q�V�L�V�W�V���R�I���W�K�H��
�]�H�U�R�W�K-�� �D�Q�G�� �S�O�X�V���P�L�Q�X�V�� �V�H�F�R�Q�G�� �R�U�G�H�U�V�� �R�Q�O�\�� �L�Q�� �D�� �V�\�V�W�H�P�� �Z�L�W�K�� �G�H�S�K�D�V�L�Q�J�� �U�H�O�D�[�D�W�L�R�Q���� �`�H��
�G�H�S�H�Q�G�H�Q�F�L�H�V�� �R�I�� �W�K�H�� �L�Q�W�H�Q�V�L�W�L�H�V�� �R�I�� �0�4�� �1�0�5�� �F�R�K�H�U�H�Q�F�H�V�� �R�Q�� �W�K�H�� �U�H�O�D�[�D�W�L�R�Q�� �U�D�W�H�� �D�U�H�� �D�O�V�R��
�R�E�W�D�L�Q�H�G�� 

�2�Q���W�K�H���E�D�V�L�V���R�I���T�X�D�Q�W�X�P���G�\�Q�D�P�L�F�V���L�Q���0�4���1�0�5���Z�H���L�Q�Y�H�V�W�L�J�D�W�H���T�X�D�Q�W�X�P���F�R�U�U�H�O�D�W�L�R�Q�V��
�>���@�����T�X�D�Q�W�X�P���H�Q�W�D�Q�J�O�H�P�H�Q�W�����L�Q���W�K�H���F�R�Q�V�L�G�H�U�H�G���V�\�V�W�H�P�����:�H���R�E�W�D�L�Q���W�K�H���G�H�S�H�Q�G�H�Q�F�H���R�I���T�X�D�Q�W�X�P��
�H�Q�W�D�Q�J�O�H�P�H�Q�W���R�Q���W�K�H���U�H�O�D�[�D�W�L�R�Q���U�D�W�H�� 

MQ NMR in a two-spin system with the dephasing relaxation 
We consider the Lindblad equation [1] for a two-spin system in the conditions of 

multiple quantum (MQ) experiment [7] with dephasing relaxation. The equation for the 
density matrix for this case reads 
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�6 � ���������S�H�U�I�R�U�P�L�Q�J���W�K�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q 
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Then we can rewrite Eq. (1) in the following form 
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At t=0 the system is in the thermodynamic equilibrium state and its density matrix is  

 �^ �`(0) ,   .
z

z

I
Ie

Z Tr e
Z

�E
�E�U �  �   ������ 

It is possible to obtain an analytical solution of Eq.(3) with the initial state (4). As a result, the 
density matrix has the X-form [6] and can be represented as 
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 where the matrix elements a11, a14, a22 , a33 , a41 , a44 are 
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The density matrix of Eq.(5) allows us to obtain the intensities of MQ NMR coherences. 
The intensity of the MQ NMR coherence of the zeroth order is  

 

2
2 2

2 2
0 2 2
( ) tanh cos sin .

2 4 42 4
gtg g g

J t D t D t e
D g

�E ��
� § � ·
� ¨ � ¸� �� �� ��
� ¨ � ¸��� © � ¹

 ������ 

The intensities of the MQ NMR coherences of the plus/minus second order are 
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If the dephasing relaxation is absent these MQ NMR intensities are  

 2 2
0 2

1
( ) tanh cos   ,  ( ) tanh sin .

2 2 2
J t Dt J t Dt

� E � E
�r�  �   ������ 

It is interesting to notice that the oscillations of MQ NMR coherences are determined 

by 2 2 4D g��  but not D as in the case without relaxation. The reduction of the oscillation 
frequency as compared with D was observed experimentally in [7]. 

Quantum entanglement in a two-spin system with dephasing 
relaxation  

�7�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �F�R�Q�F�X�U�U�H�Q�F�H�� �>�������@���� �Z�K�L�F�K�� �G�H�V�F�U�L�E�H�V�� �T�X�D�Q�W�X�P�� �H�Q�W�D�Q�J�O�H�P�H�Q�W���� �I�R�U�� �W�K�H��
�V�W�D�W�H�������������W�K�H���H�L�J�H�Q�Y�D�O�X�H�V���R�I���W�K�H���I�R�O�O�R�Z�L�Q�J���R�S�H�U�D�W�R�U���Q�H�H�G���W�R���E�H���I�R�X�Q�G�� 

 �� �� �� �� *
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where �ê�Þ�ì���:�G 
L �s�á�t�; are the Pauli matrices acting on spins 1 and 2. The density matrix  �é�§�Û�:�P�; 
is the complex conjugate of �é�§�:�P�;. Using the Wootters formula [9] for the concurrence, we 
obtain 
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Fig.1 demonstrates the dependence of the concurrence on the dimensionless evolution 
time �ì 
L �&�P for different rates of dephasing relaxation g/D at ��=1.5. Dephasing relaxation 
destroys the quantum correlations. 

 
�)�L�J�X�U�H���������a�H���G�H�S�H�Q�G�H�Q�F�H���R�I���W�K�H���F�R�Q�F�X�U�U�H�Q�F�H���R�Q���W�K�H���G�L�P�H�Q�V�L�R�Q�O�H�V�V���H�Y�R�O�X�W�L�R�Q���W�L�P�H���D�W���G�L	ü�H�U�H�Q�W��

�U�D�W�H�V���R�I���W�K�H���G�H�S�K�D�V�L�Q�J���U�H�O�D�[�D�W�L�R�Q�� 

Conclusion 
�`�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�� �L�Q�W�H�Q�V�L�W�L�H�V�� �R�I�� �0�4�� �1�0�5�� �F�R�K�H�U�H�Q�F�H�V�� �R�Q�� �W�K�H�� �U�D�W�H�� �R�I�� �G�H�S�K�D�V�L�Q�J��
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Silicon-enhanced incorporation of boron into AlPO- 11  
framework according to 11 B solid-state NMR  
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�0�R�G�H�U�Q�� �K�H�W�H�U�R�J�H�Q�H�R�X�V�� �F�D�W�D�O�\�V�W�V�� �R�I�W�H�Q�� �U�H�T�X�L�U�H�� �À�H�[�L�E�L�O�L�W�\�� �L�Q�� �W�K�H�L�U�� �F�D�W�D�O�\�W�L�F�� �S�U�R�S�H�U�W�L�H�V����
�2�Q�H�� �R�I�� �W�K�H�� �Q�R�W�D�E�O�H�� �H�[�D�P�S�O�H�V�� �R�I�� �V�X�F�K�� �À�H�[�L�E�O�H�� �F�D�W�D�O�\�W�L�F�� �V�\�V�W�H�P�V�� �D�U�H�� �W�K�H�� �I�D�P�L�O�\�� �R�I��
�D�O�X�P�L�Q�R�S�K�R�V�S�K�D�W�H�����$�O�3�2�����P�R�O�H�F�X�O�D�U���V�L�H�Y�H�V���W�K�D�W���F�D�Q���E�H���X�V�H�G���D�V���F�D�W�D�O�\�V�W�V���D�Q�G���F�D�W�D�O�\�V�W���V�X�S�S�R�U�W�V��
�L�Q�� �Y�D�U�L�R�X�V�� �L�Q�G�X�V�W�U�L�D�O�O�\�� �L�P�S�R�U�W�D�Q�W�� �S�U�R�F�H�V�V�H�V���� �9�D�U�L�R�X�V�� �K�H�W�H�U�R�D�W�R�P�V�� �F�D�Q�� �E�H�� �L�Q�W�U�R�G�X�F�H�G�� �L�Q�W�R�� �W�K�H��
�$�O�3�2�� �I�U�D�P�H�Z�R�U�N�� �L�Q�� �R�U�G�H�U�� �W�R�� �W�X�Q�H�� �L�W�V�� �F�D�W�D�O�\�W�L�F�� �S�U�R�S�H�U�W�L�H�V���� �2�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �Z�L�G�H�O�\�� �X�V�H�G��
�V�X�E�V�W�L�W�X�W�L�R�Q�V�� �L�V�� �3���� �:�� �6�L�������� �+���� �Z�K�L�F�K�� �F�U�H�D�W�H�V�� �V�W�U�R�Q�J�� �%�U�R�Q�V�W�H�G�� �D�F�L�G�� �V�L�W�H�V���� �+�R�Z�H�Y�H�U���� �D�Q��
�H�[�F�H�V�V�L�Y�H���D�P�R�X�Q�W���R�U���V�W�U�H�Q�J�W�K���R�I���D�F�L�G���V�L�W�H�V���P�D�\���O�H�D�G���W�R���X�Q�G�H�V�L�U�D�E�O�H���U�H�V�X�O�W�V���V�X�F�K���D�V���K�\�G�U�R�F�D�U�E�R�Q��
�F�U�D�F�N�L�Q�J���L�Q���W�K�H���L�V�R�P�H�U�L�]�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V���R�U���H�Y�H�Q���F�D�U�E�R�Q�L�]�D�W�L�R�Q���D�Q�G���G�H�D�F�W�L�Y�D�W�L�R�Q���R�I���W�K�H���F�D�W�D�O�\�V�W����
�`�H�� �D�F�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �U�H�V�X�O�W�L�Q�J�� �I�U�D�P�H�Z�R�U�N�� �F�D�Q�� �E�H�� �¿�Q�H�O�\�� �W�X�Q�H�G�� �E�\�� �L�Q�W�U�R�G�X�F�W�L�R�Q�� �R�I�� �D�Q�R�W�K�H�U��
�H�O�H�P�H�Q�W�����H���J�����E�R�U�R�Q�� 
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�I�R�U�� �V�X�F�K�� �D�� �Z�H�D�N�� �L�Q�W�H�U�D�F�W�L�R�Q�� �L�V�� �W�K�H�� �S�D�U�W�L�F�X�O�D�U�O�\�� �R�U�G�H�U�H�G�� �F�K�D�U�D�F�W�H�U�� �R�I�� �K�\�G�U�D�W�L�R�Q�� �R�I�� �W�K�L�V��
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�5�H�V�R�Q�D�Q�F�H�����������������9�����������3���������±�������� 

���� �<�D�N�R�Y�O�H�Y�� �,���9������ �6�K�X�E�L�Q�� �$���$������ �3�D�S�X�O�R�Y�V�N�L�\�� �(���6������ �7�R�N�W�D�U�H�Y�� �$���9������ �/�D�S�L�Q�D�� �2���%���� �5�H�S�X�O�V�L�Y�H��
�/�D�W�H�U�D�O���,�Q�W�H�U�D�F�W�L�R�Q���R�I���:�D�W�H�U���0�R�O�H�F�X�O�H�V���D�W���W�K�H���,�Q�L�W�L�D�O���6�W�D�J�H�V���R�I���$�G�V�R�U�S�W�L�R�Q���L�Q���0�L�F�U�R�S�R�U�R�X�V��
�$�O�3�2��-�������$�F�F�R�U�G�L�Q�J���W�R�������$�O���1�0�5���D�Q�G���'�)�7���/�D�Q�J�P�X�L�U�����������������9�����������1���������3�����������±���������� 
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Introduction 
�'�H�Y�H�O�R�S�P�H�Q�W�V�� �R�I�� �Q�H�Z�� �F�R�P�S�R�V�L�W�H�� �Q�D�Q�R�V�W�U�X�F�W�X�U�H�V�� �I�R�U�� �E�L�R�P�H�G�L�F�L�Q�H�� �D�U�H�� �D�L�P�H�G�� �I�R�U��

�H�[�S�D�Q�G�L�Q�J���W�K�H���G�L�D�J�Q�R�V�W�L�F���F�D�S�D�E�L�O�L�W�L�H�V���R�I���G�U�X�J�V���Z�K�H�Q���F�R�P�E�L�Q�H�G���Z�L�W�K���D���W�K�H�U�D�S�H�X�W�L�F���H
u�H�F�W���>��-���@����
�`�L�V���L�Q�Y�R�O�Y�H�V���V�H�D�U�F�K�L�Q�J���I�R�U���R�S�S�R�U�W�X�Q�L�W�L�H�V���W�R���P�D�[�L�P�L�]�H���E�R�W�K���I�D�F�W�R�U�V�����G�L�D�J�Q�R�V�W�L�F�����W�K�H�U�D�S�H�X�W�L�F�����E�\��
�R�S�W�L�P�D�O�O�\�� �F�R�P�E�L�Q�L�Q�J�� �W�K�H�� �E�H�Q�H�¿�F�L�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �V�H�O�H�F�W�H�G�� �F�R�P�S�R�Q�H�Q�W�V�� �D�Q�G�� �H�Q�V�X�U�L�Q�J�� �W�D�U�J�H�W�H�G��
�G�H�O�L�Y�H�U�\���R�I���G�U�X�J�V���W�K�D�W���F�D�Q���E�H���S�O�D�F�H�G���R�Q���V�S�H�F�L�D�O�O�\���V�H�O�H�F�W�H�G���S�O�D�W�I�R�U�P�V�����T�X�D�Q�W�X�P���G�R�W�V�����L�U�R�Q���R�[�L�G�H��
�Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �J�R�O�G���D�Q�G���L�W�V���V�K�H�O�O-�W�\�S�H���V�W�U�X�F�W�X�U�H�V������ �F�D�S�D�E�O�H�����D�P�R�Q�J���R�W�K�H�U���W�K�L�Q�J�V�����R�I���V�W�L�P�X�O�D�W�L�Q�J��
�W�K�H���D�F�W�L�Y�L�W�\���R�I���G�U�X�J�V���>���@�� 

���7�R���V�R�O�Y�H���W�K�H�V�H���S�U�R�E�O�H�P�V�����P�H�W�D�O���R�[�L�G�H�V���D�Q�G���P�H�W�D�O-�R�U�J�D�Q�L�F���I�U�D�P�H�Z�R�U�N�V�����L�Q�F�O�X�G�L�Q�J���J�R�O�G����
�V�L�O�L�F�R�Q�� �D�Q�G�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �Z�L�W�K�� �O�D�Q�W�K�D�Q�L�G�H�V�� �D�U�H�� �X�V�H�G�� �>���@���� �6�X�F�K�� �R�E�M�H�F�W�V�� �D�U�H�� �L�Q�� �G�H�P�D�Q�G�� �I�R�U��
�Q�X�P�H�U�R�X�V�� �D�S�S�O�L�F�D�W�L�R�Q�V�� ���G�U�X�J�� �G�H�O�L�Y�H�U�\���� �J�H�Q�H�� �F�K�H�P�R-���� �S�K�R�W�R-�� �D�Q�G�� �S�K�R�W�R�G�\�Q�D�P�L�F�� �W�K�H�U�D�S�\����
�K�\�S�H�U�W�K�H�U�P�L�D���� �S�K�R�W�R�D�F�R�X�V�W�L�F�V���� �X�O�W�U�D�V�R�X�Q�G�� �L�P�D�J�L�Q�J���� �E�L�R�V�H�S�D�U�D�W�L�R�Q���� �W�L�V�V�X�H�� �H�Q�J�L�Q�H�H�U�L�Q�J���� �>�������@����
�$�P�R�Q�J�� �S�U�R�P�L�V�L�Q�J�� �E�L�R�P�H�G�L�F�D�O�� �P�D�W�H�U�L�D�O�V���� �Q�D�Q�R�G�L�D�P�R�Q�G�V�� �Z�L�W�K�� �X�Q�L�T�X�H�� �F�K�H�P�L�F�D�O-�P�H�F�K�D�Q�L�F�D�O��
�S�U�R�S�H�U�W�L�H�V���D�W�W�U�D�F�W���D�W�W�H�Q�W�L�R�Q���D�V���S�U�R�P�L�V�L�Q�J���S�O�D�W�I�R�U�P�V���I�R�U���W�K�H���G�H�V�L�J�Q���R�I���W�K�H�U�D�S�H�X�W�L�F���F�R�P�E�L�Q�D�W�L�R�Q�V��
�L�Q���S�H�U�V�R�Q�D�O�L�]�H�G���P�H�G�L�F�L�Q�H���W�D�V�N�V���>���@�����0�H�W�K�R�G�V���D�U�H���E�H�L�Q�J���G�H�Y�H�O�R�S�H�G���I�R�U���W�K�H���D�V�V�R�F�L�D�W�L�R�Q���R�I���G�U�X�J�V��
�Z�L�W�K�� �Q�D�Q�R�G�L�D�P�R�Q�G�V�� �D�Q�G�� �W�K�H�L�U�� �K�\�E�U�L�G�V�� �Z�L�W�K�� �Q�D�Q�R�S�R�U�R�X�V�� �V�L�O�L�F�R�Q���� �F�D�U�E�R�Q�� �Q�D�Q�R�W�X�E�H�V�� �D�Q�G��
�I�X�O�O�H�U�H�Q�H�V���I�R�U���W�D�U�J�H�W�H�G���G�H�O�L�Y�H�U�\���D�Q�G���R�Y�H�U�F�R�P�L�Q�J���F�H�O�O�X�O�D�U���U�H�V�L�V�W�D�Q�F�H���W�R���V�H�U�L�D�O���G�U�X�J�V���>���@���� 

�,�Q���W�K�L�V���Z�R�U�N���Z�H���K�D�Y�H���V�\�Q�W�K�H�V�L�]�H�G���I�X�Q�F�W�L�R�Q�D�O���K�H�W�H�U�R�V�W�U�X�F�W�X�U�H�V���Z�L�W�K���P�D�J�Q�H�W�L�F���P�R�O�H�F�X�O�H�V��
�E�H�L�Q�J���H�Q�G�R�I�X�O�O�H�U�H�Q�R�O�V���0�#�&���Q���2�+���; �������Q���•�����������;���a�����������Z�L�W�K�����I���D�Q�G�����G���P�H�W�D�O���D�W�R�P�V�����0�����>���������@��
�`�H�V�H�� �P�R�O�H�F�X�O�H�V�� �Z�H�U�H�� �S�O�D�F�H�G�� �R�Q�� �W�K�H�� �V�X�U�I�D�F�H�� �R�I�� �G�H�W�R�Q�D�W�L�R�Q�� �Q�D�Q�R�G�L�D�P�R�Q�G�V�� ���'�1�'���� �I�R�U�� �W�K�H��
�D�S�S�O�L�F�D�W�L�R�Q�V�� �L�Q�� �0�D�J�Q�H�W�L�F�� �5�H�V�R�Q�D�Q�F�H�� �,�P�D�J�L�Q�J�� ���0�5�,������ �3�K�R�W�R�G�\�Q�D�P�L�F�� �`�H�U�D�S�\�� ���3�'�7������ �D�Q�G��
�Q�X�F�O�H�D�U���P�H�G�L�F�L�Q�H�� �D�O�V�R���� �`�H�� �V�S�H�F�L�¿�F�� �I�H�D�W�X�U�H�� �R�I�� �H�Q�G�R�I�X�O�O�H�U�H�Q�R�O�V�� �L�V�� �D�� �V�W�U�R�Q�J�� �F�D�S�W�X�U�L�Q�J�� �R�I�� �K�H�D�Y�\��
�P�D�J�Q�H�W�L�F���D�W�R�P�V���L�Q�V�L�G�H���D���G�X�U�D�E�O�H���F�D�U�E�R�Q���F�D�J�H���Z�L�W�K�R�X�W���D�Q�\���U�L�V�N�V���R�I���R�U�J�D�Q�L�V�P���L�Q�W�R�[�L�F�D�W�L�R�Q���Z�K�H�Q��
�W�K�H�� �H�Q�F�D�S�V�X�O�D�W�H�G�� �D�W�R�P�V�� �F�R�Q�V�H�U�Y�H�� �W�K�H�� �R�U�L�J�L�Q�D�O�� �X�V�H�I�X�O�� �S�K�\�V�L�F�D�O�� �D�Q�G�� �F�K�H�P�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���� �:�H��
�D�L�P�H�G�� �W�R�� �U�H�D�F�K�� �D�� �S�R�V�L�W�L�Y�H�� �H
u�H�F�W�� �L�Q�� �W�K�H�� �H�Q�K�D�Q�F�H�P�H�Q�W�� �R�I�� �U�H�O�D�[�L�Y�L�W�\�� �P�D�J�Q�H�W�L�F�� �P�H�W�D�O�� �L�R�Q�V�� �D�V�� �D��
�U�H�V�X�O�W�� �R�I�� �W�K�H�� �D�W�W�D�F�K�P�H�Q�W�� �R�I�� �I�X�O�O�H�U�H�Q�R�O�V�� �D�W�� �G�L�D�P�R�Q�G�� �V�X�U�I�D�F�H�� �W�R�� �S�U�R�Y�L�G�H�� �D�� �¿�Q�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I��
�W�K�H�V�H�� �P�R�O�H�F�X�O�H�V�� �D�Q�G�� �R�U�J�D�Q�L�]�H�� �W�K�H�L�U�� �H
u�H�F�W�L�Y�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �Z�D�W�H�U�� �V�X�U�U�R�X�Q�G�L�Q�J�� �W�R�� �J�H�W�� �I�D�V�W�H�U��
�S�U�R�W�R�Q�� �V�S�L�Q�� �U�H�O�D�[�D�W�L�R�Q�� �D�Q�G�� �J�X�D�U�D�Q�W�H�H�� �D�� �K�L�J�K�� �F�R�Q�W�U�D�V�W�L�Q�J�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �Q�R�Y�H�O�� �G�H�Y�H�O�R�S�H�G��
�S�U�H�S�D�U�D�W�L�R�Q�V���� 

Samples and NMR experiments  
�)�X�O�O�H�U�H�Q�R�O�V���Z�H�U�H���S�U�R�G�X�F�H�G���E�\�� �K�\�G�U�R�[�\�O�D�W�L�R�Q���R�I�� �H�Q�G�R�I�X�O�O�H�U�H�Q�H�V���V�\�Q�W�K�H�V�L�]�H�G���L�Q���H�O�H�F�W�U�L�F��

�D�U�F�� �>���������@���� �`�H�� �Q�D�Q�R�G�L�D�P�R�Q�G�V�� ���V�L�]�H�� ��-���� �Q�P���� �Z�H�U�H�� �F�K�H�P�L�F�D�O�O�\�� �S�X�U�L�¿�H�G�� �D�Q�G�� �D�Q�Q�H�D�O�H�G�� �L�Q�� �D�� �K�R�W��
�À�R�Z�� �R�I�� �K�\�G�U�R�J�H�Q�� ���D�L�U������ �R�E�W�D�L�Q�L�Q�J�� �'�1�'�=���� �D�Q�G�� �'�1�'�=-�� �F�U�\�V�W�D�O�V�� �Z�L�W�K�� �S�R�V�L�W�L�Y�H�� ���Q�H�J�D�W�L�Y�H����
�S�R�W�H�Q�W�L�D�O�V���L�Q���Z�D�W�H�U��������-�������P�9�������Z�K�L�F�K���H�Q�V�X�U�H�G���W�K�H���V�W�D�E�L�O�L�W�\���R�I���G�L�D�P�R�Q�G���F�R�O�O�R�L�G�V���Z�L�W�K���D���O�D�U�J�H��
�V�S�H�F�L�¿�F�� �V�X�U�I�D�F�H�� �D�U�H�D�� �R�I�� �S�D�U�W�L�F�O�H�V�� ���a�������� �P�����J���>�����@���� �,�Q�� �D�T�X�H�R�X�V�� �P�H�G�L�D���� �W�K�H�� �0�#�&���Q���2�+���; ��
�P�R�O�H�F�X�O�H�V���I�R�U�P�H�G���K�\�G�U�R�J�H�Q���E�R�Q�G�V���Z�L�W�K���W�K�H���K�\�G�U�R�S�K�L�O�L�F���J�U�R�X�S�V�����+�����2�+�����&�2�2�+�����R�I���G�L�D�P�R�Q�G�V��
�Y�L�D���K�\�G�U�R�[�\�O�V�����`�H���D�V�V�R�F�L�D�W�L�R�Q���R�I���F�R�P�S�R�Q�H�Q�W�V���Z�D�V���H�Q�K�D�Q�F�H�G���E�\���K�\�G�U�R�S�K�R�E�L�F���D�Q�G���H�O�H�F�W�U�R�V�W�D�W�L�F��
�L�Q�W�H�U�D�F�W�L�R�Q�V���� �Z�K�L�F�K�� �D�O�O�R�Z�H�G�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �F�R�P�S�O�H�[�H�V�� �0�#�&���Q���2�+���; ���'�1�'�=������
�0�#�&���Q���2�+���; ���'�1�'�= -���� �`�H�� �I�R�O�O�R�Z�L�Q�J�� �D�T�X�H�R�X�V�� �V�R�O�X�W�L�R�Q�V�� �Z�H�U�H�� �V�W�X�G�L�H�G�� �L�Q�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�V����
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�����'�1�'�=�������������� ���� �Z�W�������� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� ���� �P�J���P�O���� ������ �'�1�'�=-������������������ �������� �P�J���P�O���� ������ �'�1�'�=-
������������ �������*�G�#�&�������2�+���[�� ���;�� �a�� �������� ������������ �������� �������� �P�J���P�O���� ������ �'�1�'�=������������ �������*�G�#�&�������2�+���[��
������������ �������� �������� �P�J���P�O���� �����*�G�#�&�������2�+���; �� ������������ �������� ���� �P�J���P�O���� ������ �+���2���� �����+�R�#�&���Q���2�+�����������Q�� �a��
���������� ������������ �������� ���� �P�J���P�O���� ������ �'�1�'�=-������������ ������ ���� �+�R�#�&���Q���2�+�������� ������������ �������� �������� �P�J���P�O���� ������
�'�1�'�=������������ ������ ���� �+�R�#�&���Q���2�+�������� ������������ �������� ���������P�J���P�O���� �������� �)�H�#�&���Q���2�+���[�����Q���a���������� �;�� �a����������
������������ �������� �������� �P�J���P�O���� �������� �'�1�'�=-������������ ������ ���� �)�H�#�&���Q���2�+���[�� �����Q�� �a�� �������� �;�� �a�� �������� ������������ �������� ��������
�P�J���P�O�������������'�1�'�=�����������������������)�H�#�&���Q���2�+���; �������Q���a�����������;���a���������������������������������������P�J���P�O�� 

�0�D�J�Q�H�W�L�F�� �U�H�O�D�[�D�W�L�R�Q�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �D�T�X�H�R�X�V�� �G�L�V�S�H�U�V�L�R�Q�V�� �R�I�� �F�R�P�S�O�H�[�H�V�� �Z�L�W�K�� �P�D�J�Q�H�W�L�F��
�D�W�R�P�V�����*�G���� �+�R���� �)�H���� �Z�H�U�H���V�W�X�G�L�H�G���L�Q���1�0�5���H�[�S�H�U�L�P�H�Q�W�V���D�W�� �D�P�E�L�H�Q�W���W�H�P�S�H�U�D�W�X�U�H������������ �.���� �Z�L�W�K��
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Introduction 

One of the central issues of nuclear magnetic resonance (NMR) and magnetic 
resonance imaging (MRI) techniques is their intrinsically low sensitivity. Hyperpolarization 
techniques allow to successfully overcome this problem and amplify the signal of up to 
several orders of magnitude [1]. ParaHydrogen-Induced Polarization (PHIP) is rapidly 
developing hyperpolarization method, which is based on the catalytic pairwise parahydrogen 
(p-H2) addition to an unsaturated precursor. Pairwise addition of p-H2 breaks the singlet 
symmetry of 1H spins, making it possible to detect enhanced NMR signals of the resultant 
molecule. There are two protocols for hyperpolarization by PHIP. PASADENA protocol 
employs hydrogenation at a high magnetic field, where Zeeman interaction prevails over spin-
spin coupling, and results in multiplet polarization of nascent p-H2 protons. In the second 
protocol, ALTADENA, a precursor reacts with p-H2 �D�W���D���O�R�Z���I�L�H�O�G�����H���J�������(�D�U�W�K�¶�V���R�Q�H�����D�Q�G���D�I�W�H�U��
it polarization transfer proceeds adiabatically to an NMR spectrometer probe resulting in net 
polarization of 1H spins [2].  
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Results and discussion 
Both PASADENA and ALTADENA protocols were used to generate RASER. In the 
PASADENA protocol hydrogenation occurred in the NMR spectrometer probe via p-H2 
bubbling through the preheated solution. In the ALTADENA protocol p-H2 addition was 
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Fig. 1. Sample cell for electrokinetic 
NMR experiments [4] 

Fig. 2. The NMR pulse program for measuring the 
electro-osmotic drift velocity[4] 
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Fig. 3. 1H NMR spectra obtained from Nafion 

membrane sample swollen in aqueous 
solution with 0.10 mole fraction methanol [4]  

Fig. 4. The NMR pulse program for 
measuring the electro-osmotic drift velocity 

[4] 
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�F�K�H�P�L�V�W�U�\���� �'�L
u�H�U�H�Q�W�� �V�X�U�I�D�F�W�D�Q�W�V�� �D�V�� �P�L�F�H�O�O�D�U�� �F�D�W�D�O�\�W�L�F�� �V�\�V�W�H�P�V�� �H�Q�D�E�O�H�� �W�R�� �S�H�U�I�R�U�P�� �R�U�J�D�Q�L�F��
�U�H�D�F�W�L�R�Q�V���� �I�R�U�� �H�[�D�P�S�O�H���� �6�X�]�X�N�L�� �F�U�R�V�V�� �F�R�X�S�O�L�Q�J�� �U�H�D�F�W�L�R�Q���� �X�V�L�Q�J�� �R�Q�O�\�� �Z�D�W�H�U�� �D�V�� �D�� �V�R�O�Y�H�Q�W����
�&�D�W�D�O�\�W�L�F�� �H
u�H�F�W�� �R�I�� �V�X�F�K�� �V�\�V�W�H�P�V�� �L�V�� �D�F�K�L�H�Y�H�G�� �E�\�� �L�Q�F�U�H�D�V�L�Q�J�� �R�I�� �W�K�H�� �O�R�F�D�O�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I��
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Synthesis and catalysis 
Monomers were synthesized in 3 stages (Fig. 1). The polymerization was carried out in 

water, so series of polymers with different concentrations of dipicolinic acid units was 
obtained. The real percentage of dipicolinic units was determined by UV spectroscopy. 
Suzuki reaction of phenylboronic acid and 1-bromo-4-nitrobenzene with PdCl2 as catalyst was 
performed in water with different concentrations of polyelectrolytes. The conversion of the 
functional groups was measured using 1H NMR spectroscopy. 
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NMR-related services 
Repair and upgrade of NMR spectrometer; repair of 
NMR hardware 

�x Upgrade of AVANCE I to AVANCE III or HD generations 

�x Upgrade of PC workstation with Windows and Linux-
based system (AlmaLinux) with the most modern 
Topspin version that fits the present Bruker system 

�x Repair of AVANCE I �± HD hardware (SGU boards, HPPR 
units, power supplies, amplifiers, and MAS and 
temperature controllers 

Repair, upgrade, and modification of the NMR 
probes: 

�x Repair of the gradient coil for high-resolution liquid 
probes  

�x Replacing broken glassware  

�x �5�H�S�D�L�U���R�I���W�K�H���$�7�0�$���V�\�V�W�H�P�¶�V���I�O�R�D�W�L�Q�J���D�Q�G���S�H�U�P�D�Q�H�Q�W��
faults 

�x Repair of MAS probes; supply of MAS consumables 

�x Upgrade of NMR probes to different bore sizes and (or) 
NMR frequency 

�x Production of the exchangeable insert for the DIFF family 
gradient probe  
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Generator of arbitrary sequences of commands/pulses 
Artem S. Alexandrov, Daria L. Melnikova, Vladimir D. Skirda 
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Exploring the Ability of the P=O Group to Form Multiple 
Hydrogen Bonds 

Omar Alkhuder1, Mikhail A. Kostin1, Peter M. Tolstoy1 
���,�Q�V�W�L�W�X�W�H���R�I���&�K�H�P�L�V�W�U�\�����6�W�����3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�����6�W�����3�H�W�H�U�V�E�X�U�J�����5�X�V�V�L�D 
�(-�P�D�L�O�����R�P�D�U���D�O�N�K�X�G�H�U���������#�J�P�D�L�O���F�R�P 

Introduction 
�`�H���I�R�U�P�D�W�L�R�Q���D�Q�G���V�W�U�H�Q�J�W�K�H�Q�L�Q�J���R�I�� �K�\�G�U�R�J�H�Q���E�R�Q�G�V���O�H�D�G���W�R���F�K�D�Q�J�H�V���L�Q���W�K�H���J�H�R�P�H�W�U�L�F��

�D�Q�G�� �V�S�H�F�W�U�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �F�R�P�S�O�H�[�H�V�� �>���@���� �`�H�V�H�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �D�U�H�� �E�H�V�W�� �G�H�V�F�U�L�E�H�G�� �E�\���W�K�H�L�U��
�H�O�H�F�W�U�R�Q�L�F���V�W�U�X�F�W�X�U�H�����Z�L�W�K���R�W�K�H�U���S�D�U�D�P�H�W�H�U�V���O�L�N�H���H�Q�H�U�J�\���D�Q�G���J�H�R�P�H�W�U�\���E�H�L�Q�J���F�R�Q�V�H�T�X�H�Q�F�H�V�����'�X�H��
�W�R�� �G�L
v�F�X�O�W�L�H�V�� �L�Q�� �H�[�W�U�D�F�W�L�Q�J�� �G�H�W�D�L�O�H�G�� �H�O�H�F�W�U�R�Q�L�F�� �L�Q�I�R�U�P�D�W�L�R�Q���� �V�S�H�F�W�U�R�V�F�R�S�L�F�� �S�D�U�D�P�H�W�H�U�V�� ���H���J������
�1�0�5���D�Q�G���,�5�����E�H�F�R�P�H���H�V�V�H�Q�W�L�D�O���S�U�R�E�H�V���D�Q�G���P�D�U�N�H�U�V���I�R�U���W�K�H���S�U�R�S�H�U�W�L�H�V���R�I���F�R�P�S�O�H�[�H�V�����V�X�F�K���D�V��
�W�K�R�V�H���L�Q�Y�R�O�Y�L�Q�J���D���3� �2���I�X�Q�F�W�L�R�Q�D�O���J�U�R�X�S���D�F�W�L�Q�J���D�V���D���S�U�R�W�R�Q���R�U���K�D�O�R�J�H�Q���D�F�F�H�S�W�R�U���>���@�� 

Phosphine oxides as probes 
Recent studies have shown that the spectral characteristics of the P=O group can act as 

probes, providing valuable information for diagnosing the main hydrogen bond characteristics 
in complexes. The P=O group is highly useful in NMR spectroscopy due to the presence of 
the 31P, which confers high sensitivity and effectiveness for chemical shift to the P=O group 
in forming and studying non-covalent interactions. Previously, the P=O group has been used 
in numerous studies for characterizing the acceptor properties of solvents and other 
compounds exhibiting Lewis acidity (known as the Gutmann-Beckett scale of acceptor 
numbers, AN), Brønsted acidity, or combined Lewis and Brønsted acidity  [3]. 

In all previous works, complexes with a single hydrogen bond were studied despite 
experimental and theoretical evidence of multiple hydrogen bonds forming with the same 
P=O group, whether in solutions or in the crystalline state [4, 5]. 

Mechanisms of Hydrogen Bond Formation by the P=O Group  
�,�Q�� �W�K�L�V�� �Z�R�U�N���� �Z�H�� �S�U�H�V�H�Q�W�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �D�Q�G�� �W�K�H�R�U�H�W�L�F�D�O�� �H�Y�L�G�H�Q�F�H�� �G�H�P�R�Q�V�W�U�D�W�L�Q�J�� �W�K�H��

�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �3� �2�� �J�U�R�X�S�� �W�R�� �I�R�U�P�� �P�X�O�W�L�S�O�H�� �K�\�G�U�R�J�H�Q�� �E�R�Q�G�V�� �L�Q�� �V�R�O�X�W�L�R�Q�����`�L�V�� �V�W�X�G�\�� �H�O�X�F�L�G�D�W�H�V��
�W�K�H���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���K�\�G�U�R�J�H�Q���E�R�Q�G���V�W�U�H�Q�J�W�K���D�Q�G���W�K�H���F�K�H�P�L�F�D�O���V�K�L�I�W���R�I�� �W�K�H�������3���I�R�U���3�K���3�2��
���)�L�J�������D�����F�R�P�S�O�H�[�H�V���Z�L�W�K���V�X�E�V�W�L�W�X�W�H�G���S�K�H�Q�R�O�V�����)�L�J�������E���� 

 
�)�L�J�X�U�H���������D�����7�U�L�S�K�H�Q�\�O�S�K�R�V�S�K�L�Q�H���R�[�L�G�H�����3�K���3�2�������E�����6�X�E�V�W�L�W�X�W�H�G���S�K�H�Q�R�O�V�� 

�,�Q�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �V�H�F�W�L�R�Q���� �W�K�H�� �F�R�P�S�O�H�[�H�V�� �Z�H�U�H�� �V�W�X�G�L�H�G�� �L�Q�� �D�� �S�R�O�D�U�� �D�S�U�R�W�L�F�� �V�R�O�Y�H�Q�W��
���O�L�T�X�H�¿�H�G�� �I�U�H�R�Q�L�F���P�L�[�W�X�U�H���&�'�)�����&�'�)���&�O������ �Z�K�L�F�K���L�V���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\�� �F�K�H�P�L�F�D�O���L�Q�H�U�W�Q�H�V�V���� �O�R�Z��



Poster Session 

135 
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�P�R�O�H�F�X�O�H�V���U�H�P�D�L�Q�L�Q�J�� �D�V�� �V�K�R�Z�Q���L�Q�� �)�L�J���� ���D�����`�L�V���O�H�D�G�V���W�R���W�K�H���G�H�Y�L�D�W�L�R�Q���R�I�� �W�K�H���F�R�P�S�O�H�[�H�V���I�U�R�P��
�W�K�H�� �J�H�Q�H�U�D�O�� �F�R�U�U�H�O�D�W�L�R�Q���� �(�[�D�P�S�O�H�V�� �R�I�� �W�K�H�� �F�D�O�F�X�O�D�W�H�G�� �V�W�U�X�F�W�X�U�H�V�� �D�U�H�� �V�K�R�Z�Q�� �L�Q�� �)�L�J���� ���E�����$��
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Introduction 
�&�R�E�D�O�W�� �D�Q�G�� �F�R�E�D�O�W�� �R�[�L�G�H�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� ���1�3�V���� �V�K�R�Z�� �S�U�R�S�H�U�W�L�H�V�� �V�X�F�K�� �D�V�� �D�Q�W�L�P�L�F�U�R�E�L�D�O����

�D�Q�W�L�F�D�Q�F�H�U���� �F�D�W�D�O�\�W�L�F���� �D�Q�W�L�R�[�L�G�D�Q�W���� �D�Q�W�L�I�X�Q�J�D�O���� �D�Q�G�� �F�D�S�D�E�O�H�� �R�I�� �L�Q�K�L�E�L�W�L�Q�J�� �H�Q�]�\�P�H�V���� �W�K�L�V��
�Y�H�U�V�D�W�L�O�L�W�\�� �K�D�V�� �O�H�D�G�H�G�� �D�� �J�U�R�Z�L�Q�J�� �Q�X�P�E�H�U�� �R�I�� �E�L�R�P�H�G�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V�����`�H�� �V�W�X�G�\�� �R�I�� �W�K�H�� �Q�H�Z��
�S�U�R�S�H�U�W�L�H�V�� �R�I�� �1�3�� �D�O�O�R�Z�V�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �Y�D�U�L�R�X�V�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �L�Q�� �Y�D�U�L�R�X�V�� �V�S�K�H�U�H�V���� �S�D�U�W�L�F�X�O�D�U�O�\�� �L�Q��
�E�L�R�P�H�G�L�F�L�Q�H�� �>���@�����:�H�� �S�O�D�Q�� �W�R�� �X�V�H�� �F�R�P�P�H�U�F�L�D�O�� �F�D�U�E�R�Q-�F�R�D�W�H�G�� �F�R�E�D�O�W�� �1�3�V�� ���7�X�U�E�R�%�H�D�G�V�7�0��
�&�D�U�E�R�[�\�����L�Q���E�L�R�P�H�G�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V�����E�X�W�����W�K�H�V�H���S�D�U�W�L�F�O�H�V���D�U�H���Q�R�W���D�G�H�T�X�D�W�H�O�\���F�K�D�U�D�F�W�H�U�L�]�H�G�����V�R��
�Z�H�� �S�U�R�S�R�V�H�� �W�R�� �G�H�Y�H�O�R�S�� �W�K�H�� �S�K�\�V�L�F�R�F�K�H�P�L�F�D�O�� �F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�V�H�� �F�R�D�W�H�G�� �1�3�V�� �E�\��
�V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�U�L�F���D�Q�G���P�D�J�Q�H�W�L�F���U�H�O�D�[�D�W�L�R�Q���W�H�F�K�Q�L�T�X�H�V�� 

Materials and Methods 

Preparation of carbon-coated cobalt magnetic NP suspension stabilized with 
sodium citrate  

�$���V�W�R�F�N���V�R�O�X�W�L�R�Q�����������P�J���P�/�����R�I���F�D�U�E�R�Q-�F�R�D�W�H�G���F�R�E�D�O�W���1�3�V�����7�X�U�E�R�%�H�D�G�V�7�0���&�D�U�E�R�[�\�����$�O�G�U�L�F�K����
�Z�D�V�� �S�U�H�S�D�U�H�G�� �L�Q�� ���0�� �3�%�6���� �S�+�� ���������� �S�O�X�V�� ���� �P�0�� �V�R�G�L�X�P�� �F�L�W�U�D�W�H�� �W�R�� �V�W�D�E�L�O�L�]�H�� �W�K�H�� �1�3�V�� �V�X�V�S�H�Q�V�L�R�Q���� �`�H��
�V�X�V�S�H�Q�V�L�R�Q���Z�D�V���V�R�Q�L�F�D�W�H�G���L�Q���D�Q���X�O�W�U�D�V�R�Q�L�F���E�D�W�K�������������:�����������P�L�Q�X�W�H�V���� 

UV-visible absorption spectrum of carbon-coated cobalt NPs 
�`�H�� �8�9-�9�L�V�� �V�S�H�F�W�U�X�P�� �R�I�� �F�D�U�E�R�Q-�F�R�D�W�H�G���F�R�E�D�O�W���1�3�V���V�X�V�S�H�Q�V�L�R�Q������������ �P�J���P�/���� �Z�D�V�� �G�H�W�H�F�W�H�G���E�\��

�P�H�D�V�X�U�L�Q�J���W�K�H���D�E�V�R�U�E�D�Q�F�H���D�W���G�L
u�H�U�H�Q�W���Z�D�Y�H�O�H�Q�J�W�K�V���E�H�W�Z�H�H�Q�����������D�Q�G�����������Q�P���L�Q���D���V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U����
�`�H���D�E�V�R�U�E�D�Q�F�H���Y�D�O�X�H���R�I���W�K�H���V�R�O�Y�H�Q�W���L�V���X�V�H�G���D�V���D���U�H�I�H�U�H�Q�F�H�� 

Calibration curve of absorbance as a function of carbon-coated cobalt NPs 
concentration 

�$���F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H���R�I���D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�D�G�H���D�W���W�K�H���Z�D�Y�H�O�H�Q�J�W�K���R�I���P�D�[�L�P�X�P���D�E�V�R�U�S�W�L�R�Q�����D�V���D��
�I�X�Q�F�W�L�R�Q���R�I���1�3���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��������������-�������������P�J���P�/������ 

Calibration curve of transverse relaxation time (T2) as a function of carbon-
coated cobalt nanoparticles concentration 

�$���7�����F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H���Z�D�V���S�H�U�I�R�U�P�H�G���D�V���D���I�X�Q�F�W�L�R�Q���R�I���1�3���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q���U�D�Q�J�H����
���������W�R�������������P�J���P�/�����D�W���������ž�&�����X�V�L�Q�J���D���/�D�S�1�0�5���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���F�R�Q�V�R�O�H�����7�H�F�P�D�J�����+�R�X�V�W�R�Q�����8�6�$������
�F�R�X�S�O�H�G���Z�L�W�K���D���S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�����%����� �����������7����������� �������������0�+�]�������`�H���&�D�U�U-�3�X�U�F�H�O�O-�0�H�L�E�R�R�Q-�*�L�O�O���S�X�O�V�H��
�V�H�T�X�H�Q�F�H���������Û���D�Q�G���������Û���U�D�G�L�R�I�U�H�T�X�H�Q�F�\���S�X�O�V�H�V���R�I�������D�Q�G�����������V���U�H�V�S�H�F�W�L�Y�H�O�\���������������H�F�K�R�H�V���D�Q�G���H�F�K�R���W�L�P�H��
�R�I�������������V�����Z�D�V���X�V�H�G���I�R�U���7�����P�H�D�V�X�U�H�P�H�Q�W�� 

Data processing and statistical analysis 

�7�����Z�D�V���F�D�O�F�X�O�D�W�H�G���E�\���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���W�K�H���H�F�K�R�H�V���P�D�[�L�P�X�P���D�P�S�O�L�W�X�G�H���R�Q���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H��
�V�L�J�Q�D�O���X�V�L�Q�J���W�K�H���S�U�R�S�U�L�H�W�D�U�\���0�D�W�O�D�E���O�L�Q�H���F�R�G�H�����'�D�W�D���S�U�R�F�H�V�V�L�Q�J���D�Q�G���V�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V���Z�H�U�H���S�H�U�I�R�U�P�H�G��
�X�V�L�Q�J���0�L�F�U�R�V�R�I�W���(�[�F�H�O������������ 
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Results and Discussion 

Preparation of stabilized carbon-coated cobalt NPs suspension  
�`�H���V�W�R�F�N���V�R�O�X�W�L�R�Q���R�I���F�D�U�E�R�Q-�F�R�D�W�H�G���F�R�E�D�O�W���1�3�V�����������P�J���P�/�����L�Q�����0���3�%�6�����S�+�������������Z�D�V���V�R�Q�L�F�D�W�H�G��

�D�W�� �������� �:�� �G�X�U�L�Q�J�� ������ �P�L�Q�X�W�H�V���� �,�W�� �Z�D�V�� �R�E�W�D�L�Q�H�G�� �D�� �Y�H�U�\�� �X�Q�V�W�D�E�O�H�� �1�3�V�� �V�X�V�S�H�Q�V�L�R�Q���� �Z�K�R�V�H�� �S�D�U�W�L�F�O�H�V��
�U�H�P�D�L�Q�H�G���V�X�V�S�H�Q�G�H�G���I�R�U���D�E�R�X�W���������P�L�Q�X�W�H�V�� 

�&�D�U�E�R�Q���F�R�D�W�H�G���F�R�E�D�O�W���1�3�V���K�D�Y�H���J�U�H�D�W�H�U���V�W�D�E�L�O�L�W�\���L�Q���V�R�P�H���S�K�\�V�L�F�D�O���D�Q�G���F�K�H�P�L�F�D�O���F�R�Q�G�L�W�L�R�Q�V���>���@����
�K�R�Z�H�Y�H�U�����F�D�U�E�R�Q���O�D�\�H�U���G�H�F�U�H�D�V�H�V���W�K�H���V�R�O�X�E�L�O�L�W�\���R�I���W�K�H���1�3�V���L�Q���S�R�O�D�U���V�R�O�Y�H�Q�W�V�����Z�K�L�F�K���I�D�Y�R�U�V���S�U�H�F�L�S�L�W�D�W�L�R�Q����
�:�H�� �F�K�R�V�H�� ���� �P�0�� �V�R�G�L�X�P�� �F�L�W�U�D�W�H�� �D�V�� �W�K�H�� �V�W�D�E�L�O�L�]�L�Q�J�� �D�J�H�Q�W�� �I�R�U�� �W�K�H�� �1�3�� �V�X�V�S�H�Q�V�L�R�Q�� �X�V�H�G�����D�V�� �F�D�Q�� �E�H��
�R�E�V�H�U�Y�H�G���L�Q���)�L�J�����������`�H���V�X�V�S�H�Q�V�L�R�Q���Z�L�W�K�������P�0���V�R�G�L�X�P���F�L�W�U�D�W�H�����%�����L�V���P�R�U�H���K�R�P�R�J�H�Q�H�R�X�V���W�K�D�Q��
�V�X�V�S�H�Q�V�L�R�Q�� �Z�L�W�K�R�X�W�� �V�R�G�L�X�P�� �F�L�W�U�D�W�H�� ���$������ �`�H�� �H
u�H�F�W�� �R�I�� �V�W�D�E�L�O�L�]�D�W�L�R�Q�� �R�I�� �1�3�� �V�X�V�S�H�Q�V�L�R�Q�V�� �E�\��
�V�R�G�L�X�P�� �F�L�W�U�D�W�H�� �L�V�� �G�X�H�� �W�R�� �W�K�H�� �F�L�W�U�D�W�H�� �D�Q�L�R�Q�V�� �F�R�Y�H�U�� �W�K�H�� �V�X�U�I�D�F�H�� �R�I�� �H�D�F�K�� �1�3���� �W�K�H�� �H�O�H�F�W�U�R�V�W�D�W�L�F��
�U�H�S�X�O�V�L�R�Q���R�I���W�K�H���D�Q�L�R�Q�L�F���O�D�\�H�U���S�U�H�Y�H�Q�W�V���W�K�H���D�J�J�O�R�P�H�U�D�W�L�R�Q���R�I���W�K�H���1�3�V���>���@���� 

UV-visible absorption spectrum of carbon-coated cobalt NPs 

�8�O�W�U�D�Y�L�R�O�H�W-�Y�L�V�L�E�O�H�� �V�S�H�F�W�U�R�V�F�R�S�\�� �L�V�� �D�� �S�R�Z�H�U�I�X�O�� �W�H�F�K�Q�L�T�X�H�� �I�R�U�� �Y�D�U�L�R�X�V�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �:�K�H�Q�� �D��
�V�X�E�V�W�D�Q�F�H���D�E�V�R�U�E�V���P�D�[�L�P�X�P���O�L�J�K�W���D�W���D���J�L�Y�H�Q���Z�D�Y�H�O�H�Q�J�W�K�����D���X�Q�L�T�X�H���U�H�O�D�W�L�R�Q�V�K�L�S���L�V���F�U�H�D�W�H�G���E�H�W�Z�H�H�Q���W�K�H��
�V�X�E�V�W�D�Q�F�H���D�Q�G���L�W�V���F�K�D�U�D�F�W�H�U�L�V�W�L�F���V�S�H�F�W�U�X�P���W�K�D�W���D�O�O�R�Z�V���T�X�D�O�L�W�D�W�L�Y�H���D�Q�D�O�\�V�L�V���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���S�U�H�V�H�Q�F�H���R�I��
�F�H�U�W�D�L�Q���V�X�E�V�W�D�Q�F�H�V���D�Q�G���T�X�D�Q�W�L�W�D�W�L�Y�H���D�Q�D�O�\�V�L�V���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���T�X�D�Q�W�L�W�L�H�V���R�I���V�D�L�G���V�X�E�V�W�D�Q�F�H�� 

  
�%�H�I�R�U�H���V�R�Q�L�F�D�W�L�R�Q �$�I�W�H�U���V�R�Q�L�F�D�W�L�R�Q 

Fig. 1 Preparation and stabilization of NP suspensions without sodium citrate (tube A, left) 
and with 3 mM sodium citrate (tube B, right), before and after sonication. 

 
Fig. 2. UV-visible absorption spectrum of a suspension of NPs stabilized with sodium citrate 

at 0.1 mg/mL (wavelength between 200 and 900 nm). 
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Calibration curve absorbance vs. concentration 
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Fig. 3. Calibration curve of absorbance at 

281 nm in NP concentration range 
Fig.4 Calibration curve of T2 in NP concentration 

range between 0.5 and 50.0 mg/mL. 
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between 0.02 and 0.40 mg/mL. 

Calibration curve of transverse relaxation time (T2) as a function of carbon-
coated cobalt nanoparticles concentration 
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�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �U�H�V�X�O�W�� �L�Q�� �V�L�J�Q�L�¿�F�D�Q�W�� �F�K�D�Q�J�H�V�� �L�Q�� �U�H�V�S�R�Q�V�H���� �$�� �K�L�J�K�� �L�Q�W�H�U�F�H�S�W�� �L�Q�G�L�F�D�W�H�V���W�K�D�W���� �H�Y�H�Q�� �L�Q�� �W�K�H��
�D�E�V�H�Q�F�H�� �R�I�� �W�K�H�� �1�3���� �W�K�H�U�H�� �L�V�� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� �U�H�V�S�R�Q�V�H���� �`�L�V�� �P�D�\�� �E�H�� �D�� �V�L�J�Q�� �R�I�� �E�D�F�N�J�U�R�X�Q�G�� �Q�R�L�V�H�����G�X�H�� �W�R��
�S�U�R�W�R�Q���G�H�Q�V�L�W�\���R�I���W�K�H���V�R�O�Y�H�Q�W�����$���K�L�J�K���L�Q�W�H�U�F�H�S�W���F�D�Q���P�D�V�N���W�K�H���1�3���V�L�J�Q�D�O�����E�X�W���L�W���L�V���Q�R�W���S�R�V�V�L�E�O�H���W�R���D�Y�R�L�G�� 

�5�����V�K�R�Z�V���D���J�R�R�G���¿�W���D�Q�G���W�K�H���U�H�J�U�H�V�V�L�R�Q���P�R�G�H�O���L�V���D�E�O�H���W�R���D�G�H�T�X�D�W�H�O�\���H�[�S�O�D�L�Q���W�K�H���Y�D�U�L�D�W�L�R�Q���L�Q���W�K�H��
�U�H�V�S�R�Q�V�H���Y�D�U�L�D�E�O�H�� 

 

 
Fig. 5 Calibration curve of T2 in NP concentration range between 1.0 and 10.0 mg/mL. 

Comparison of spectrophotometric and NMR methods for determining NP 
concentration 

�%�R�W�K�� �F�D�O�L�E�U�D�W�L�R�Q�� �F�X�U�Y�H�V�� �F�D�Q�� �E�H�� �X�V�H�G�� �D�V�� �D�� �P�H�W�K�R�G�V�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �1�3�� �X�Q�N�Q�R�Z�Q��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �E�\�� �L�Q�W�H�U�S�R�O�D�W�L�R�Q���� �E�X�W�� �Z�L�W�K�� �G�L
u�H�U�H�Q�W�� �S�H�U�I�R�U�P�D�Q�F�H�V���� �`�H�� �V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�U�L�F��
�P�H�W�K�R�G�� �L�V�� �P�R�U�H�� �U�H�O�L�D�E�O�H�� �G�X�H�� �W�R�� �L�W�V�� �L�Q�W�H�U�F�H�S�W�� �R�I�� �]�H�U�R���� �K�R�Z�H�Y�H�U���� �L�W�� �K�D�V�� �D�� �O�R�Z�H�U�� �V�H�Q�V�L�W�L�Y�L�W�\�� �W�R��
�F�K�D�Q�J�H�V���L�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� 
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The FMR/EPR studies of magnetite/maghemite 
nanoparticles, synthesized by different methods 

Andronenko S.I.1, Nikolaev A.M.2,3, Suharzhevsky S.M.4, Sinelnikov A.A.5, Kovalenko A.S.2, 
Abiev R.Sh.2,6, Ivanova A.G.2,3, Shilova O.A.2,3,6 
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�(-�P�D�L�O�����V�H�U�J�H�\���D�Q�G�U�R�Q�H�Q�N�R�#�J�P�D�L�O���F�R�P 
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�,�U�R�Q�� �R�[�L�G�H�V�� �K�D�Y�H�� �E�H�H�Q�� �N�Q�R�Z�Q�� �I�R�U�� �D�� �O�R�Q�J�� �W�L�P�H�� �E�X�W�� �W�K�H�\�� �V�W�L�O�O�� �D�W�W�U�D�F�W�� �G�H�¿�Q�L�W�H�� �D�W�W�H�Q�W�L�R�Q����

�0�D�J�Q�H�W�L�F�� �L�U�R�Q�� �R�[�L�G�H�V�� ���P�D�J�Q�H�W�L�W�H�� �)�H���2���� �D�Q�G�� �P�D�J�K�H�P�L�W�H�� ��-�)�H���2������ �S�R�V�V�H�V�V�� �D�� �Z�L�G�H�� �U�D�Q�J�H�� �R�I��
�X�V�H�I�X�O���S�U�R�S�H�U�W�L�H�V�����`�H�L�U���Q�D�Q�R�S�D�U�W�L�F�O�H�V���F�D�Q���E�H���X�V�H�G���D�V���P�D�J�Q�H�W�L�F���D�J�H�Q�W�V���L�Q���P�H�G�L�F�L�Q�H���D�Q�G���E�L�R�O�R�J�\��
�I�R�U�� �P�D�U�N�L�Q�J�� �E�L�R�P�D�W�H�U�L�D�O�V���� �I�R�U�� �S�H�Q�H�W�U�D�W�L�Q�J�� �F�H�O�O�V�� �R�I�� �O�L�Y�L�Q�J�� �R�U�J�D�Q�L�V�P�V���� �R�U�� �I�R�U�� �O�R�F�D�O�� �K�H�D�W�L�Q�J����
�(�O�H�F�W�U�R�Q���S�D�U�D�P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H�����(�3�5�����V�W�X�G�\���Z�D�V���D�S�S�O�L�H�G���W�R���L�Q�Y�H�V�W�L�J�D�W�H���P�D�J�Q�H�W�L�F���S�U�R�S�H�U�W�L�H�V��
�R�I���W�K�H�V�H���P�D�J�Q�H�W�L�W�H���P�D�J�K�H�P�L�W�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V�����`�H���(�3�5���V�S�H�F�W�U�R�P�H�W�H�U���%�U�X�N�H�U���(�O�H�[�V�\�V���(�����������;-
�E�D�Q�G���� ���������� �*�+�]���� �Z�D�V�� �X�V�H�G�� �W�R�� �V�W�X�G�\�� �W�K�H�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �R�I�� �P�D�J�Q�H�W�L�W�H���� �P�D�J�K�H�P�L�W�H�� �D�W�� �Y�D�U�L�R�X�V��
�W�H�P�S�H�U�D�W�X�U�H���I�U�R�P�����������W�R�����������.�� 

 
Synthesis and Structure 

Magnetic magnetite/maghemite nanoparticles has been obtained by co-precipitation 
using 0,5 �F solutions of iron chlorides (II) and (III). 12.5% aqueous solution of ammonia was 
used as precipitator. Precipitation was carried out either by dripping (samples #2 [1] and #3 
[2-4]) or in the microreactor with intensively swirling flows (sample #1 [1]). �6�D�P�S�O�H�� �‹������
Synthesis in the microreactor MRISF-�������G�U�\�L�Q�J���L�Q���W�K�H���Y�D�F�X�X�P�����6�D�P�S�O�H���‹�������%�X�Ebling with Ar 
at the 60�q�&�����G�U�\�L�Q�J���L�Q���W�K�H���Y�D�F�X�X�P�����6�D�P�S�O�H���‹����������-hour aging of the precipitate in the mother 
liquor, drying in the air. Experimental results obtained by X-ray powder diffraction and 
scanning electron microscopy are given in the Table 1.  

Table 1. Data from X-ray phase analysis and scanning electron microscopy of magnetic 
nanopowders [1-4]. 

Sample 

SEM XRD 

Particle size, nm 
Unit cell 

parameter, Å 
 

Cation 
vacancies 

per unit cell 

Fe2+/Fe3+ 
ratio 

# 1 ~5 �± 10 8.362 (3) 
 

0.18 
 

0.46/2.36 
 

# 2 ~10 �± 20 8.369 (3) 0,15 0.55/2.30 

# 3 ~10 �± 25 8.367 (3) 0.16 0.52/2.32 

Note: all the powders were extracted from the solution with magnet and dried at 100 �q�K. 
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Figure 1. EPR/FMR signals of the samples 1, 2 and 3, at 100 K. The insets show additional 

EPR signals. 

The  interpretation of  EPR /FMR spectra  
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Table 2. SH parameters for the samples of Fe3O4 at T = 100 K and �L = 300 K. The 
lineshapes are Voight for all samples. 
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�Y�D�F�D�Q�F�L�H�V���� �F�D�Q�� �I�R�U�P�� �L�Q�� �W�K�H�L�U�� �F�U�\�V�W�D�O�� �V�W�U�X�F�W�X�U�H���� �6�X�F�K�� �D�� �Y�D�F�D�Q�F�\�� �E�H�F�R�P�H�V�� �S�D�U�D�P�D�J�Q�H�W�L�F�� �E�\��
�H�O�H�F�W�U�R�Q�� �W�U�D�S�S�L�Q�J���� �`�H�\�� �D�U�H�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\�� �Q�D�U�U�R�Z�� �(�3�5�� �O�L�Q�H�V�� �Z�L�W�K���C 
L �t�á�r���� �D�Q�G�� �W�K�H�L�U��
�R�E�V�H�U�Y�D�W�L�R�Q�� �L�V�� �S�R�V�V�L�E�O�H�� �R�Q�O�\�� �D�W�� �W�H�P�S�H�U�D�W�X�U�H�V�� �F�O�R�V�H�� �W�R�� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �O�L�T�X�L�G�� �Q�L�W�U�R�J�H�Q����
�+�R�Z�H�Y�H�U���� �W�K�H�V�H�� �V�L�J�Q�D�O�V�� �Z�H�U�H�� �Q�R�W�� �V�W�D�E�O�H�� �D�Q�G�� �L�I�� �R�[�\�J�H�Q�� �Y�D�F�D�Q�F�\�� �O�R�V�W�� �W�K�H�� �H�O�H�F�W�U�R�Q���� �W�K�H�� �(�3�5��
�V�L�J�Q�D�O�� �G�L�V�D�S�S�H�D�U�V���� �H�Y�H�Q�� �L�I�� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �Y�D�F�D�Q�F�L�H�V�� �G�R�H�V�� �Q�R�W�� �F�K�D�Q�J�H���� �`�H�U�H�I�R�U�H���� �W�K�H�� �V�L�J�Q�D�O�� �D�W��
�����������*�����J��� �������������Z�D�V���Q�R�W���R�E�V�H�U�Y�H�G���L�Q���W�K�H���V�D�P�S�O�H�V�����������`�L�V���F�R�X�O�G���K�D�S�S�H�Q���S�U�R�E�D�E�O�\���W�R���W�K�H���D�J�L�Q�J��
�I�R�U���������K���L�Q���P�R�W�K�H�U���O�L�T�X�L�G 
EPR/FMR lineshape 

�,�Q�� �V�X�S�H�U�S�D�U�D�P�D�J�Q�H�W�V���� �W�K�H�U�H�� �P�X�V�W�� �E�H�� �V�R�P�H�� �N�L�Q�G�� �R�I�� �P�L�[�W�X�U�H�� �R�I�� �K�R�P�R�J�H�Q�H�R�X�V�� �D�Q�G��
�L�Q�K�R�P�R�J�H�Q�H�R�X�V�� �E�U�R�D�G�H�Q�L�Q�J���� �U�H�À�H�F�W�H�G�� �L�Q�� �9�R�L�J�K�W�� �V�K�D�S�H���� �9�R�L�J�W�� �O�L�Q�H�V�K�D�S�H�� �L�V�� �D�� �F�R�Q�Y�R�O�X�W�L�R�Q�� �R�I��
�*�D�X�V�V�L�D�Q���D�Q�G���/�R�U�H�Q�W�]�L�D�Q���V�K�D�S�H�����$�W���O�R�Z���W�H�P�S�H�U�D�W�X�U�H�V�����I�H�U�U�R�P�D�J�Q�H�W�L�F���S�U�R�S�H�U�W�L�H�V���D�U�H���P�D�Q�L�I�H�V�W�H�G��
�D�V�� �D�� �U�H�V�X�O�W�� �R�I�� ���I�U�H�H�]�L�Q�J���� �R�I�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�V�� �D�Q�G���� �D�F�F�R�U�G�L�Q�J�O�\���� �(�3�5�� �O�L�Q�H�� �K�D�V�� �O�D�U�J�H��
�F�R�Q�W�U�L�E�X�W�L�R�Q�� �R�I�� �W�K�H�� �/�R�U�H�Q�W�]�� �O�L�Q�H�V�K�D�S�H���� �$�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H���� �S�D�U�D�P�D�J�Q�H�W�L�F�� �E�H�K�D�Y�L�R�U�� �L�V��
�P�D�Q�L�I�H�V�W�H�G�����Z�K�L�F�K���U�H�À�H�F�W�H�G���L�Q���S�U�H�I�H�U�D�E�O�H���*�D�X�V�V�L�D�Q���O�L�Q�H�V�K�D�S�H�����`�H���O�L�Q�H�V�K�D�S�H���R�I���W�K�H���V�D�P�S�O�H�V��������
�D�Q�G�� ������ �L�V�� �L�V�R�W�U�R�S�L�F���� �Z�K�L�F�K�� �L�P�S�O�L�H�V�� �Y�H�U�\�� �Q�D�U�U�R�Z�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �Q�D�Q�R�S�D�U�W�L�F�O�H�� �V�L�]�H�V�� �D�Q�G�� �W�K�H�L�U��
�V�S�K�H�U�L�F�D�O���V�K�D�S�H�����`�H���O�L�Q�H�V�K�D�S�H���R�I���W�K�H���V�D�P�S�O�H���������L�V���V�L�P�L�O�D�U���W�R���W�K�D�W�����R�E�V�H�U�Y�H�G���L�Q���W�K�H���S�U�H�Y�L�R�X�V�O�\��
�V�W�X�G�L�H�G�� �>���@�� �D�Q�G�� �K�L�J�K�O�\�� �D�Q�L�V�R�W�U�R�S�L�F���� �,�W�� �F�R�X�O�G�� �P�H�D�Q�� �Y�H�U�\�� �E�U�R�D�G�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �S�D�U�W�L�F�O�H�� �V�L�]�H�� �I�R�U��
�W�K�L�V�� �V�D�P�S�O�H�� �D�Q�G�� �W�K�H�L�U�� �Q�R�Q�V�S�K�H�U�L�F�L�W�\���� �W�K�D�W�� �F�R�X�O�G�� �E�H�� �F�D�X�V�H�G�� �E�\�� �W�K�H�� �D�J�L�Q�J�� �I�R�U�� ������ �K�� �L�Q�� �P�R�W�K�H�U��
�O�L�T�X�L�G���� �7�K�H�� �D�J�L�Q�J�� �D�O�O�R�Z�H�G�� �W�K�H�� �J�U�R�Z�W�K�� �D�Q�G�� �S�D�U�W�L�D�O�� �R�[�L�G�D�W�L�R�Q�� �R�I�� �V�R�P�H�� �S�D�U�W�L�F�O�H�V���� �Z�K�L�O�H�� �I�D�V�W��
�V�\�Q�W�K�H�V�L�V���R�I���W�K�H���V�D�P�S�O�H�V�������D�Q�G�������S�U�H�Y�H�Q�W�H�G���W�K�H���I�R�U�P�L�Q�J���R�I���G�L�I�I�H�U�H�Q�W-�V�L�]�H�G���S�D�U�W�L�F�O�H�V�����7�K�H���V�K�L�I�W��
�R�I�� �J-�Y�D�O�X�H�� �W�R�� �O�R�Z�H�U���U�H�V�R�Q�D�Q�F�H�� �I�L�H�O�G�V�� �I�R�U�� �O�R�Z�� �W�H�P�S�H�U�D�W�X�U�H�V�� �L�V�� �G�X�H�� �W�R���W�K�H�� �L�Q�F�U�H�D�V�H�� �L�Q�� �P�D�J�Q�H�W�L�F��
�P�R�P�H�Q�W�� �R�I�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �7�H�P�S�H�U�D�W�X�U�H�� �G�H�S�H�Q�G�H�Q�F�L�H�V�� �R�I�� �L�Q�W�H�J�U�D�W�H�G�� �L�Q�W�H�Q�V�L�W�\�� �R�I�� �)�0�5�� �O�L�Q�H�� �I�R�U��
�D�O�O�� �W�K�U�H�H�� �V�D�P�S�O�H�V�� �D�U�H�� �V�L�P�L�O�D�U�� �D�Q�G�� �U�R�X�J�K�O�\�� �F�R�U�U�H�V�S�R�Q�G�� �W�R�� �=�)�&�� ���]�H�U�R�� �I�L�H�O�G�� �F�R�R�O�L�Q�J����
�P�D�J�Q�H�W�L�]�D�W�L�R�Q���R�I���P�D�J�Q�H�W�L�W�H���V�D�P�S�O�H�V���Z�L�W�K���P�D�[�L�P�X�P���D�W���D�E�R�X�W��������-���������.�� 

 Acknowledgements 
�a�L�V���Z�R�U�N���L�V���F�D�U�U�L�H�G���R�X�W���Z�L�W�K�L�Q���W�K�H���I�U�D�P�H�Z�R�U�N���R�I���W�K�H���U�H�V�H�D�U�F�K���W�R�S�L�F���R�I���W�K�H���V�W�D�W�H���W�D�V�N���R�I��

�W�K�H�� �1�5�&�� �³�.�X�U�F�K�D�W�R�Y�� �,�Q�V�W�L�W�X�W�H�´�� �±�� �3�1�3�,�� �±�� �,�F�K�6�� �1�R���� ��������������������������-��-������������ ���3�K�\�V�L�F�R-
�F�K�H�P�L�F�D�O�� �I�R�X�Q�G�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �L�Q�R�U�J�D�Q�L�F�� �V�\�Q�W�K�H�V�L�V�� �R�I�� �P�L�F�U�R-�� �D�Q�G�� �Q�D�Q�R�V�W�U�X�F�W�X�U�H�G�� �L�Q�R�U�J�D�Q�L�F����
�R�U�J�D�Q�R-�L�Q�R�U�J�D�Q�L�F�� �D�Q�G�� �F�H�U�D�P�L�F�� �P�D�W�H�U�L�D�O�V�� �D�Q�G�� �F�R�D�W�L�Q�J�V�� �I�R�U�� �E�L�R-���� �H�Q�H�U�J�\-�� �D�Q�G�� �U�H�V�R�X�U�F�H-�V�D�Y�L�Q�J��
�W�H�F�K�Q�R�O�R�J�L�H�V���� 

References 
���� �5�����6�K�����$�E�L�H�Y���� �$���0���� �1�L�N�R�O�D�H�Y���� �$���6���� �.�R�Y�D�O�H�Q�N�R�����<�X���(���� �*�R�U�V�K�N�R�Y�D���� �1���9���� �7�V�Y�L�J�X�Q���� �$���(����

�%�D�U�D�Q�F�K�L�N�R�Y�����*���3�����.�R�S�L�W�V�D�����2���$�����6�K�L�O�R�Y�D����-�&�K�H�P�����(�Q�J�����5�H�V�����'�H�V����������������������-���������������������� 
���� �2���$���� �6�K�L�O�R�Y�D���� �$���6���� �.�R�Y�D�O�H�Q�N�R���� �$���0���� �1�L�N�R�O�D�H�Y���� �7���9���� �.�K�D�P�R�Y�D���� �,���<�X���� �.�U�X�F�K�L�Q�L�Q�D���� �*���3����

�.�R�S�L�W�V�D����-�5�X�V�V�����-�����,�Q�R�U�J�����&�K�H�P���������������������±������������������������ 
���� �2���$���� �6�K�L�O�R�Y�D���� �$���0���� �1�L�N�R�O�D�H�Y���� �$���6���� �.�R�Y�D�O�H�Q�N�R�����$���� �$���� �6�L�Q�H�O�¶�Q�L�N�R�Y���� �*���� �3���� �.�R�S�L�W�V�D���� �$���� �(����

�%�D�U�D�Q�F�K�L�N�R�Y����-�5�X�V�V�����-�����,�Q�R�U�J�����&�K�H�P��������������������-������������������������ 
���� �$�����6�����.�R�Y�D�O�H�Q�N�R�����2���$�����6�K�L�O�R�Y�D�����$���0�����1�L�N�R�O�D�H�Y�����6�����9�����0�\�D�N�L�Q����-�&�R�O�O�R�L�G���-�R�X�U�Q�D�O������������������-

���������������������� 
���� �6���,�����$�Q�G�U�R�Q�H�Q�N�R�����$���0���� �1�L�N�R�O�D�H�Y���� �6���0���� �6�X�K�D�U�]�K�H�Y�V�N�\�����$���$���� �6�L�Q�H�O�Q�L�N�R�Y�����$���6���� �.�R�Y�D�O�H�Q�N�R����

�$���*�����,�Y�D�Q�R�Y�D�����2���$�����6�K�L�O�R�Y�D�����±�&�H�U�D�P�L�F�V�������������������±������������������������ 
 

  



Poster Session 

145 
 

Construction of sensitivity maps for wireless coils using 
19 F MRI 

Nikolay V. Anisimov1, Pavel Tikhonov2, Anna Hurshkainen2 
1Faculty of Fundamental Medicine, Lomonosov Moscow State University, Moscow, Russia  
���6�F�K�R�R�O���R�I���3�K�\�V�L�F�V���D�Q�G���(�Q�J�L�Q�H�H�U�L�Q�J�����,�7�0�2���8�Q�L�Y�H�U�V�L�W�\�����6�W�����3�H�W�H�U�V�E�X�U�J�����5�X�V�V�L�D�Q���)�H�G�H�U�D�W�L�R�Q 
�(-�P�D�L�O�����D�Q�L�V�L�P�R�Y�Q�Y�#�P�D�L�O���U�X 

Introduction/Purpose 
�&�D�O�F�X�O�D�W�L�Q�J�� �V�H�Q�V�L�W�L�Y�L�W�\�� �P�D�S�V�� �I�R�U�� �F�R�L�O�V�� �X�V�H�G�� �L�Q�� �0�5�,�� �L�V�� �F�R�P�S�O�L�F�D�W�H�G�� �Z�K�H�Q�� �W�K�H�\�� �L�Q�W�H�U�D�F�W�� �Z�L�W�K��
�R�W�K�H�U�V���� �`�L�V�� �U�H�O�D�W�H�V�� �W�R�� �Z�L�U�H�O�H�V�V�� �F�R�L�O�V���� �W�K�H�� �W�D�V�N�� �R�I�� �Z�K�L�F�K�� �L�V�� �W�R�� �D�P�S�O�L�I�\�� �W�K�H�� �1�0�5�� �V�L�J�Q�D�O�� �L�Q�� �L�W�V��
�V�H�Q�V�L�W�L�Y�L�W�\�� �]�R�Q�H�� �D�Q�G�� �W�U�D�Q�V�P�L�W�� �L�W�� �Y�L�D�� �L�Q�G�X�F�W�L�Y�H�� �F�R�X�S�O�L�Q�J�� �W�R�� �D�� �Z�L�U�H�G�� �F�R�L�O�� �F�R�Q�Q�H�F�W�H�G�� �W�R�� �W�K�H��
�U�H�F�H�L�Y�H�U���� �+�R�Z�H�Y�H�U���� �L�W�� �L�V�� �G�L
v�F�X�O�W�� �W�R�� �F�R�Q�G�X�F�W�� �D�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �Y�H�U�L�¿�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �F�D�O�F�X�O�D�W�L�R�Q�V����
�`�H���D�L�P���R�I���W�K�H���Z�R�U�N���L�V���W�R���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���R�E�W�D�L�Q���V�H�Q�V�L�W�L�Y�L�W�\���P�D�S�V���R�I���Z�L�U�H�O�H�V�V���F�R�L�O�V�� 

Material and Methods 
�)�R�U�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �R�I�� �V�H�Q�V�L�W�L�Y�L�W�\�� �P�D�S�V�� �R�I�� �Z�L�U�H�O�H�V�V�� �F�R�L�O�V���� �W�K�H�� �D�S�S�U�R�D�F�K��

�G�H�V�F�U�L�E�H�G���L�Q���>���@���Z�D�V���X�V�H�G�����Z�K�H�U�H���L�W���Z�D�V���D�S�S�O�L�H�G���W�R���Z�L�U�H���F�R�L�O�V���� �1�D�P�H�O�\�����L�P�P�H�U�V�L�R�Q���R�I���W�K�H���F�R�L�O��
�L�Q�� �D�� �Y�L�V�X�D�O�L�]�L�Q�J�� �P�H�G�L�X�P�� �D�Q�G�� �R�E�W�D�L�Q�L�Q�J�� �D�� �Y�R�O�X�P�H�W�U�L�F�� �L�P�D�J�H�� �I�U�R�P�� �W�K�L�V�� �P�H�G�L�X�P���� �)�O�X�R�U�L�Q�H-
�F�R�Q�W�D�L�Q�L�Q�J���O�L�T�X�L�G�����1�R�Y�H�F���������������&���)�����2�����L�V���X�V�H�G���D�V���D���Y�L�V�X�D�O�L�]�L�Q�J���P�H�G�L�X�P�����`�H�U�H�I�R�U�H�����L�W�V���L�P�D�J�H��
�L�V���R�E�W�D�L�Q�H�G���E�\���W�K�H�������)���0�5�,���� �,�W���L�V���L�P�S�R�U�W�D�Q�W���W�K�D�W���W�K�H���O�L�T�X�L�G���L�V���F�K�H�P�L�F�D�O�O�\���L�Q�H�U�W��-���Q�R�Q-�W�R�[�L�F���D�Q�G��
�G�R�H�V�� �Q�R�W�� �G�D�P�D�J�H�� �R�E�M�H�F�W�V�� �L�P�P�H�U�V�H�G�� �L�Q�� �L�W���� �,�W�� �D�O�V�R�� �G�R�H�V�� �Q�R�W�� �F�R�Q�G�X�F�W�� �H�O�H�F�W�U�L�F�L�W�\�� �D�Q�G�� �K�D�V�� �D�� �O�R�Z��
�S�H�U�P�L�W�W�L�Y�L�W�\�����0� �������������W�K�H�U�H�I�R�U�H���L�W���K�D�V���O�L�W�W�O�H���H
u�H�F�W���R�Q���W�K�H���W�X�Q�L�Q�J���R�I���W�K�H���F�R�L�O���X�Q�G�H�U���V�W�X�G�\���D�Q�G���G�R�H�V��
�Q�R�W���D
u�H�F�W���L�W�V���T�X�D�O�L�W�\���I�D�F�W�R�U�� 

�6�H�Y�H�U�D�O�� �W�\�S�H�V�� �R�I�� �Z�L�U�H�O�H�V�V�� �F�R�L�O�V�� �Z�H�U�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G���� �W�K�R�V�H�� �P�D�G�H�� �X�V�L�Q�J�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O��
�W�H�F�K�Q�R�O�R�J�\���� �Q�D�P�H�O�\���� �V�R�O�H�Q�R�L�G�� �D�Q�G�� ��-�W�X�U�Q�� �O�R�R�S���� �D�V�� �Z�H�O�O�� �D�V�� �F�R�L�O�V�� �E�D�V�H�G�� �R�Q�� �W�U�D�Q�V�P�L�V�V�L�R�Q�� �O�L�Q�H��
�U�H�V�R�Q�D�W�R�U�� ���7�/�5���� �D�Q�G�� �P�H�W�D�P�D�W�H�U�L�D�O-�L�Q�V�S�L�U�H�G�� ���0�0�,���� �W�H�F�K�Q�R�O�R�J�L�H�V���� �$�� ��-�O�H�J�� �������� �F�P���� �V�X�U�I�D�F�H��
�0�0�,���F�R�L�O���K�D�V���V�H�Y�H�Q���K�\�E�U�L�G���P�R�G�H�V�����D�Q�G���I�R�U���W�K�L�V���V�W�X�G�\���W�K�H���W�K�L�U�G���P�R�G�H���Z�D�V���F�K�R�V�H�Q�����&�D�S�D�F�L�W�R�U�V��
�Z�H�U�H�� �F�R�Q�Q�H�F�W�H�G���W�R���W�K�H���F�R�L�O�V�����H�[�F�H�S�W���I�R�U���7�/�5�� �F�R�L�O�V�����W�R���W�X�Q�H���W�K�H�P���W�R���U�H�V�R�Q�D�Q�F�H�� �D�W���D���I�U�H�T�X�H�Q�F�\��
�D�S�S�U�R�[�L�P�D�W�H�O�\���H�T�X�D�O���W�R���W�K�H���1�0�5���R�I���À�X�R�U�L�Q�H�����������������0�+�]�������$�O�O���F�R�L�O�V���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�����������`�H��
�F�R�L�O�V���Z�H�U�H���L�Q�G�X�F�W�L�Y�H�O�\���F�R�X�S�O�H�G���W�R���Z�L�U�H���F�R�L�O�V�����`�H�V�H���F�R�L�O�V���F�U�H�D�W�H�G���X�V�L�Q�J���W�U�D�G�L�W�L�R�Q�D�O���W�H�F�K�Q�R�O�R�J�\���±��
��-�W�X�U�Q���O�R�R�S���L�Q���H�[�S�H�U�L�P�H�Q�W�V���Z�L�W�K���D������-�W�X�U�Q���V�R�O�H�Q�R�L�G���D�Q�G����-�W�X�U�Q���O�R�R�S�����D�Q�G���D����-�W�X�U�Q���O�R�R�S���L�Q���R�W�K�H�U��
�F�D�V�H�V�����,�Q���E�R�W�K���F�D�V�H�V�����W�K�H���Z�L�U�H���F�R�L�O���Z�D�V���D�O�V�R���L�P�P�H�U�V�H�G���L�Q���D���À�X�R�U�L�Q�H-�F�R�Q�W�D�L�Q�L�Q�J���O�L�T�X�L�G�����Z�K�L�O�H���L�W��
�Z�D�V���F�R�Q�Q�H�F�W�H�G���W�R���D���W�U�D�Q�V�P�L�W-�U�H�F�H�L�Y�H���V�Z�L�W�F�K�����G�X�H���W�R���Z�K�L�F�K���L�W���Z�D�V���W�U�D�Q�V�F�H�L�Y�H�U�� 

�`�H�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �R�Q�� �D�� �������7�� �F�O�L�Q�L�F�D�O�� �V�F�D�Q�Q�H�U�� �%�U�X�N�H�U�� �7�R�P�L�N�R�Q�� �6��������
�6�F�D�Q�Q�L�Q�J�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �W�K�H�� ���'�� �*�5�(�� �P�H�W�K�R�G�� �Z�L�W�K�� �W�K�H�� �S�D�U�D�P�H�W�H�U�V���� �7�5���7�(� ���������� �P�V����
�)�$� �����ƒ�����'�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���F�R�L�O���V�L�]�H�����W�K�H���L�V�R�W�U�R�S�L�F���U�H�V�R�O�X�W�L�R�Q���Z�D�V���V�H�W���Z�L�W�K�L�Q���W�K�H���U�D�Q�J�H���I�U�R�P������
�P�P�� �W�R�� ���� �P�P���� �`�H�� �0�0�,�� �D�Q�G�� �7�/�5�� �F�R�L�O�V�� �Z�H�U�H�� �P�D�G�H�� �I�U�R�P�� �����î������ �F�P���� �S�O�D�W�H�V�� �Z�L�W�K�� �F�R�Q�G�X�F�W�R�U�V��
�R�E�W�D�L�Q�H�G���E�\���H�W�F�K�L�Q�J���I�R�L�O-�F�O�D�G���W�H�[�W�R�O�L�W�H�����`�H�\���Z�H�U�H���S�O�D�F�H�G���L�Q���D���S�O�D�V�W�L�F���E�D�V�L�Q���¿�O�O�H�G���Z�L�W�K�������O�L�W�H�U�V��
�R�I�� �À�X�R�U�L�Q�H-�F�R�Q�W�D�L�Q�L�Q�J�� �O�L�T�X�L�G�� �±�� �)�L�J���� ���%���� �`�H�� �V�R�O�H�Q�R�L�G�� �D�Q�G�� �I�U�D�P�H�� �F�R�L�O�V�� �Z�H�U�H�� �L�P�P�H�U�V�H�G�� �L�Q�� �D��
�S�O�D�V�W�L�F���F�R�Q�W�D�L�Q�H�U���P�H�D�V�X�U�L�Q�J�������î�����î�����F�P�����±���)�L�J�������$�� 

 
 

�)�L�J�X�U�H���������:�L�U�H�G���D�Q�G���Z�L�U�H�O�H�V�V���F�R�L�O�V���L�Q���F�R�Q�W�D�L�Q�H�U�V���Z�L�W�K���À�X�R�U�L�Q�D�W�H�G���O�L�T�X�L�G�����/�H�I�W������-�W�X�U�Q���O�R�R�S���D�Q�G��
�V�R�O�H�Q�R�L�G���L�Q���D���V�P�D�O�O���S�O�D�V�W�L�F���F�R�Q�W�D�L�Q�H�U�����5�L�J�K�W������-�W�X�U�Q���O�R�R�S���D�Q�G���7�/�5���F�R�L�O���L�Q���D���S�O�D�V�W�L�F���E�D�V�L�Q 



Poster Session 

146 
 

Results 
�����)���0�5���L�P�D�J�H�V���Z�H�U�H���R�E�W�D�L�Q�H�G���R�I���D���À�X�R�U�L�Q�D�W�H�G���O�L�T�X�L�G���F�R�Q�W�D�L�Q�L�Q�J���Z�L�U�H�O�H�V�V���F�R�L�O�V���±���)�L�J����������

�`�H�\���F�O�H�D�U�O�\���V�K�R�Z���D�Q���L�Q�F�U�H�D�V�H���L�Q���V�L�J�Q�D�O���Q�H�D�U�����L�Q�V�L�G�H�����W�K�H���Z�L�U�H�O�H�V�V���F�R�L�O�V�����Z�K�L�F�K���F�R�U�U�H�O�D�W�H�V���Z�H�O�O��
�Z�L�W�K���W�K�H�L�U���F�D�O�F�X�O�D�W�H�G���V�H�Q�V�L�W�L�Y�L�W�\���P�D�S�V�� 

 

 
 

�)�L�J�X�U�H���������:�L�U�H�O�H�V�V���F�R�L�O�V���±���S�K�R�W�R�V�����W�R�S���U�R�Z�����D�Q�G���W�K�H�L�U�������)���0�5���L�P�D�J�H�V���L�Q���F�R�U�R�Q�D�O���S�U�R�M�H�F�W�L�R�Q��
���E�R�W�W�R�P���U�R�Z�����$�����'-�V�R�O�H�Q�R�L�G�����%�����)���±����-�W�X�U�Q���O�R�R�S�����&�����*���±���7�/�5���F�R�L�O�����'�����+���±���0�0�,���F�R�L�O 
�� 
�`�H���D�[�L�D�O���S�U�R�M�H�F�W�L�R�Q���L�P�D�J�H�V���V�K�R�Z���D���G�H�F�U�H�D�V�H���L�Q���V�H�Q�V�L�W�L�Y�L�W�\���D�V���R�Q�H���P�R�Y�H�V���D�Z�D�\���I�U�R�P���W�K�H��

�F�H�Q�W�H�U���D�Q�G���S�O�D�Q�H���R�I���W�K�H���F�R�L�O���±���)�L�J�������$-�&�����`�H���V�H�Q�V�L�W�L�Y�L�W�\���P�D�S���F�D�Q���E�H���S�U�H�V�H�Q�W�H�G���Q�R�W���R�Q�O�\���L�Q���W�K�H��
�I�R�U�P���R�I���J�U�D�S�K�V�����E�X�W���D�O�V�R���L�Q���W�K�H���I�R�U�P���R�I���D���W�K�U�H�H-�G�L�P�H�Q�V�L�R�Q�D�O���L�P�D�J�H��-���)�L�J�������'�� 

 

 
 

�)�L�J�X�U�H���������$���±�������)���0�5�,���R�I����-�W�X�U�Q���O�R�R�S���L�Q���D�[�L�D�O���S�U�R�M�H�F�W�L�R�Q�����%���D�Q�G���&���D�U�H���J�U�D�S�K�V���R�I���W�K�H���0�5���V�L�J�Q�D�O��
�D�O�R�Q�J���W�K�H���O�L�Q�H�V���&�������&�������&�����L�Q�G�L�F�D�W�H�G���L�Q���S�D�Q�H�O���$�����2�Q���S�D�Q�H�O���&�����W�K�H���J�U�D�S�K���L�V���V�W�U�H�W�F�K�H�G���D�O�R�Q�J���W�K�H��
�K�R�U�L�]�R�Q�W�D�O���D�[�L�V���E�\�������W�L�P�H�V�����'��-���W�K�H���L�P�D�J�H���R�I���W�K�H���F�R�L�O���L�Q���W�K�H���F�R�U�R�Q�D�O���S�U�R�M�H�F�W�L�R�Q���L�V���S�U�H�V�H�Q�W�H�G���D�V���D��

�Y�R�O�X�P�H�W�U�L�F���L�P�D�J�H 

Discussion/Conclusion 
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�S�U�H�V�H�Q�W�H�G�� �L�Q�� �W�K�H�� �L�P�D�J�H�V���� �`�H�� �Z�L�U�H�� �F�R�L�O�V�� �G�L�G�� �Q�R�W�� �Q�H�H�G�� �W�R�� �E�H�� �S�O�D�F�H�G�� �L�Q�� �D�� �À�X�R�U�L�Q�H-�F�R�Q�W�D�L�Q�L�Q�J��
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Introduction/Purpose 

In a weak field, the Larmor frequencies of a number of magnetic isotopes are very close, 
which gives the possibility of simultaneous detection of signals from them. For this, it is 
necessary that the receiver bandwidth (analog part) be greater than the difference in Larmor 
frequencies. Beside this, it is desirable that the speed of the analog-digital converter (ADC) be 
appropriate - it determines the sampling rate R and the spectrum width (SW), which are 
related by the ratio: R=2SW. The spectra are simply interpreted if the value of SW is less than 
the difference in Larmor frequencies. Otherwise, it is necessary to take into account the 
undersampling effect - the appearance of signals at frequencies that are separated from the 
true ones by a frequency multiple of SW. The location of the subspectra on it, related to 
different nuclei, depends on the SW value and can be calculated in advance. In our work [1], 
we showed how this is done for a field of 0.5 T as applied to pairs of nuclei (1H/19F, 
13C/23Na). In this work, we demonstrate the possibility of simultaneous detection of signals 
from 4 nuclei (13C, 23Na, 27Al, 55Mn). 

Materials and Methods 
�`�H���H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G���R�Q���D���F�O�L�Q�L�F�D�O�����������7���0�5���V�F�D�Q�Q�H�U���%�U�X�N�H�U���7�R�P�L�N�R�Q���6��������

�,�W�� �L�V�� �E�X�L�O�W�� �X�V�L�Q�J�� �W�K�H�� �$�9�$�1�&�(�� �W�H�F�K�Q�R�O�R�J�\���� �`�H�� �P�D�L�Q�� �F�R�P�S�R�Q�H�Q�W�V�� �R�I�� �W�K�H�� �U�H�F�H�L�Y�H�U�� �D�U�H�� �W�K�H��
�S�U�H�D�P�S�O�L�¿�H�U�� �+�3�3�5�� �D�Q�G�� �W�K�H�� �P�D�L�Q�� �D�P�S�O�L�¿�H�U�� �5�;-�������� �`�H�� �O�D�W�W�H�U�� �L�V�� �E�X�L�O�W�� �X�V�L�Q�J�� �D�� �K�H�W�H�U�R�G�\�Q�H��
�F�L�U�F�X�L�W���� �L�Q���Z�K�L�F�K���W�K�H�� �I�U�H�T�X�H�Q�F�\�� �V�S�H�F�W�U�X�P���R�I�� �W�K�H�� �U�H�F�H�L�Y�H�G���V�L�J�Q�D�O���L�V���W�U�D�Q�V�I�H�U�U�H�G���W�R���W�K�H�������� �0�+�]��
�U�D�Q�J�H���� �L�Q�� �Z�K�L�F�K�� �W�K�H�� �P�D�L�Q�� �D�P�S�O�L�¿�F�D�W�L�R�Q�� �R�F�F�X�U�V���� �`�H�� ������ �0�+�]�� �E�D�Q�G�Z�L�G�W�K�� �R�I�� �W�K�H�� �D�P�S�O�L�¿�H�U�� �L�V�� ����
�0�+�]�����`�H���D�P�S�O�L�¿�H�G���V�L�J�Q�D�O���L�V���I�H�G���W�R���W�Z�R���S�K�D�V�H���G�H�W�H�F�W�R�U�V�����Z�K�L�F�K���G�L
u�H�U���L�Q���W�K�D�W���I�R�U���R�Q�H���R�I���W�K�H�P��
�W�K�H���S�K�D�V�H���R�I���W�K�H���U�H�I�H�U�H�Q�F�H���I�U�H�T�X�H�Q�F�\���L�V���V�K�L�I�W�H�G���E�\�������ƒ�����Z�K�L�F�K���D�O�O�R�Z�V���T�X�D�G�U�D�W�X�U�H���G�H�W�H�F�W�L�R�Q�����`�H��
�V�L�J�Q�D�O�V���I�U�R�P���W�K�H���R�X�W�S�X�W�V���R�I���W�K�H���S�K�D�V�H���G�H�W�H�F�W�R�U�V���D�U�H���I�H�G���W�R���W�K�H���$�'�&���+�$�'�&�����Z�K�L�F�K���L�V���F�D�S�D�E�O�H���R�I��
�G�L�J�L�W�L�]�L�Q�J���W�K�H���V�L�J�Q�D�O���Z�L�W�K���D���P�D�[�L�P�X�P���I�U�H�T�X�H�Q�F�\�� �R�I�� �������� �N�+�]���� �Z�K�L�F�K���L�Q���W�X�U�Q���D�O�O�R�Z�V���R�E�W�D�L�Q�L�Q�J��
�U�R�X�W�L�Q�H���V�S�H�F�W�U�D���X�S���W�R�����������N�+�]���Z�L�G�H�� 
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�Z�L�W�K�� �G�L
u�H�U�H�Q�W�� �J�\�U�R�P�D�J�Q�H�W�L�F�� �U�D�W�L�R�V���� �W�K�H�� �P�D�[�L�P�X�P�� �G�L
u�H�U�H�Q�F�H�� �L�Q�� �W�K�H�L�U�� �/�D�U�P�R�U�� �I�U�H�T�X�H�Q�F�L�H�V��
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�D�V���W�K�H���G�H�W�X�Q�L�Q�J���E�H�W�Z�H�H�Q���W�K�H���F�R�L�O���I�U�H�T�X�H�Q�F�\���D�Q�G���W�K�H���/�D�U�P�R�U���I�U�H�T�X�H�Q�F�\���R�I���W�K�H���Q�X�F�O�H�X�V�����`�H���O�R�Q�J��
�S�X�O�V�H�� �G�X�U�D�W�L�R�Q�V�� �D�Q�G�� �X�Q�H�Y�H�Q�� �I�U�H�T�X�H�Q�F�\�� �U�H�V�S�R�Q�V�H�� �D�U�H�� �G�X�H�� �W�R�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �W�K�H�� �U�H�F�H�L�Y�H-�W�U�D�Q�V�P�L�W��
�V�Z�L�W�F�K���X�V�H�G���L�V���D���S�U�R�S�U�L�H�W�D�U�\���R�Q�H�����Z�K�L�F�K���L�V���R�S�W�L�P�L�]�H�G���R�Q�O�\���I�R�U���S�U�R�W�R�Q�V�� 

�`�H�� �U�H�F�H�L�Y�H�U�� �I�U�H�T�X�H�Q�F�\�� ���W�K�H�� �U�H�I�H�U�H�Q�F�H�� �I�U�H�T�X�H�Q�F�\�� �R�I�� �L�W�V�� �S�K�D�V�H�� �G�H�W�H�F�W�R�U���� �)���� �Z�D�V�� �V�H�W�� �V�R��
�W�K�D�W�� �G�X�U�L�Q�J�� �T�X�D�G�U�D�W�X�U�H�� �G�H�W�H�F�W�L�R�Q�� �W�K�H�� �F�H�Q�W�U�D�O�� �I�U�H�T�X�H�Q�F�\�� �R�I�� �W�K�H�� �V�S�H�F�W�U�X�P�� �F�R�U�U�H�V�S�R�Q�G�H�G�� �W�R�� �W�K�H��
�K�D�O�I-�D�Y�H�U�D�J�H���Y�D�O�X�H���E�H�W�Z�H�H�Q���W�K�H���P�D�[�L�P�X�P�����)�$�����D�Q�G���P�L�Q�L�P�X�P�����)�%�����/�D�U�P�R�U���I�U�H�T�X�H�Q�F�L�H�V���R�I���W�K�H��
�G�H�W�H�F�W�H�G���Q�X�F�O�H�L�����)��� ���)�$���)�%�����������,�Q���R�X�U���F�D�V�H���)�$��� ���������0�+�]�����)�%��� ���������0�+�]�����V�R���)��� ���������0�+�]�� 
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Introduction 
�7�R�S�R�O�R�J�L�F�D�O���S�U�R�S�H�U�W�L�H�V���L�Q���P�D�W�H�U�L�D�O�V���R�S�H�Q���D���Q�H�Z���Z�R�U�O�G���L�Q���F�R�Q�G�H�Q�V�H�G���P�D�W�W�H�U���S�K�\�V�L�F�V�����`�H��

�E�H�V�W-�N�Q�R�Z�Q�� �W�\�S�H�V�� �R�I�� �W�R�S�R�O�R�J�L�F�D�O�� �P�D�W�H�U�L�D�O�V�� �D�U�H�� �W�R�S�R�O�R�J�L�F�D�O�� �L�Q�V�X�O�D�W�R�U�V�� �D�Q�G�� �W�R�S�R�O�R�J�L�F�D�O��
�V�H�P�L�P�H�W�D�O�V�����W�K�H���O�D�W�W�H�U���L�Q�F�O�X�G�H���'�L�U�D�F���D�Q�G���:�H�\�O���V�H�P�L�P�H�W�D�O�V���>�������@�����:�H�\�O���V�H�P�L�P�H�W�D�O�V���D�U�H���U�H�D�O�L�]�H�G��
�L�Q���V�\�V�W�H�P�V���Z�L�W�K�R�X�W���V�S�D�W�L�D�O-�L�Q�Y�H�U�V�L�R�Q���R�U���W�L�P�H-�U�H�Y�H�U�V�D�O���V�\�P�P�H�W�U�\�� 

�`�H�R�U�H�W�L�F�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �S�U�H�G�L�F�W�H�G�� �W�K�D�W�� �O�D�\�H�U�H�G�� �W�X�Q�J�V�W�H�Q�� �G�L�W�H�O�O�X�U�L�G�H�� �E�H�O�R�Q�J�V�� �W�R�� �:�H�\�O��
�W�\�S�H���,�,���V�H�P�L�P�H�W�D�O���>���@�����+�R�Z�H�Y�H�U�����W�K�H���U�H�V�X�O�W�V���R�E�W�D�L�Q�H�G���V�R���I�D�U���>��-���@���D�U�H���Q�R�W���V�X
v�F�L�H�Q�W���W�R���F�R�Q�¿�U�P��
�W�K�H�� �W�R�S�R�O�R�J�L�F�D�O�� �Q�D�W�X�U�H�� �R�I�� �:�7�H������ �`�H�� �U�H�V�X�O�W�V�� �L�Q�� �>���@�� �G�R�� �Q�R�W�� �G�H�P�R�Q�V�W�U�D�W�H�� �D�� �F�O�H�D�U�� �L�Q�À�X�H�Q�F�H�� �R�I��
�W�R�S�R�O�R�J�L�F�D�O�� �I�H�D�W�X�U�H�V�� �R�I�� �W�K�H�� �:�7�H���� �]�R�Q�H�� �V�W�U�X�F�W�X�U�H�� �R�Q�� �W�K�H�� �Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� ���1�0�5����
�V�S�H�F�W�U�D���� �Q�H�Y�H�U�W�K�H�O�H�V�V�� �G�H�Y�L�D�W�L�R�Q�V�� �I�U�R�P�� �W�K�H�� �.�R�U�U�L�Q�J�D�
�V�� �O�D�Z�� �Z�H�U�H�� �R�E�V�H�U�Y�H�G���� �`�H�� �O�D�W�W�H�U�� �Z�D�V��
�H�[�S�O�D�L�Q�H�G���E�\���W�K�H���S�U�R�E�D�E�O�H���F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���W�R�S�R�O�R�J�L�F�D�O���I�H�D�W�X�U�H�V���R�I���W�K�H���:�7�H�����]�R�Q�H���V�W�U�X�F�W�X�U�H��
�W�R���W�K�H���V�S�L�Q-�O�D�W�W�L�F�H���U�H�O�D�[�D�W�L�R�Q���W�L�P�H�V�����,�Q���>���@���W�K�H���U�H�V�X�O�W�V���I�R�U���Q�X�F�O�H�D�U���V�S�L�Q-�O�D�W�W�L�F�H���U�H�O�D�[�D�W�L�R�Q���D�W���W�Z�R��
�V�L�Q�J�O�H�� �F�U�\�V�W�D�O�� �R�U�L�H�Q�W�D�W�L�R�Q�V�� �L�Q�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G���� �Z�K�L�F�K�� �H�Y�L�G�H�Q�F�H�� �L�Q�� �I�D�Y�R�U�� �R�I�� �W�K�H��
�W�R�S�R�O�R�J�L�F�D�O���Q�R�Q�W�U�L�Y�L�D�O�L�W�\���R�I���:�7�H������ 

�`�H�� �S�U�H�V�H�Q�W�� �Z�R�U�N�� �U�H�Y�H�D�O�V�� �I�H�D�W�X�U�H�V�� �R�I���������7�H�� �1�0�5�� �V�S�H�F�W�U�D�� �I�R�U�� �E�R�W�K�� �P�R�Q�R�F�U�\�V�W�D�O�O�L�Q�H��
�:�7�H������ �G�H�S�H�Q�G�L�Q�J�� �R�Q���L�W�V�� �R�U�L�H�Q�W�D�W�L�R�Q�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �H�[�W�H�U�Q�D�O�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G���%������ �D�Q�G�� �S�R�Z�G�H�U�H�G��
�:�7�H���� 

Experiment 
The layered single crystal WTe2 has been growing by the chemical transport method 

with Br2 as the transport agent for three weeks in a sealed quartz ampoule under vacuum 
conditions. There were obtained a thin plate with dimensions of 0.2x3x4 mm and a WTe2 
crystal. The latter was ground to powder in an agate mortar. We call this powered sample as 
#1. Two WTe2 single crystals were grown by the self-flux method and ground in an agate 
mortar for further measurements. We call these powders as #2 and #3. 

WTe2 crystallizes in the Td-phase with an orthorhombic lattice structure (non-
centrosymmetric space group Pmn21) [9]. The structure of WTe2 remains stable with 
changing temperature [10,11]. The X-ray diffraction method was used to verify the phase 
homogeneity as well as to determine the crystal structure and directions of crystallographic 
axes in the single crystal. X-ray phase analysis confirmed the formation of Td-phase WTe2 
with an orthorhombic lattice structure. 

The 125Te NMR spectra for WTe2 single crystal and powders were obtained at room 
temperature using Bruker Avance 400 and Bruker Avance 500 pulsed NMR spectrometers 
with the operating frequencies for 125Te nuclei of 126.24 and 157.79 MHz, respectively. The 
125Te NMR frequency shifts were calculated using the universal ��  scale [12]. The orientation 
of the WTe2 single crystal plate was changed manually: the angle (�M) between the direction of 
the crystallographic axis c and the external magnetic field B0 was set with a protractor with 
the accuracy that can be provided by the human eye. The angle �M varied from 0 to 140°. The 
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spin-echo pulse sequence (�Œ����-�2-�Œ) �Z�L�W�K�� �Œ������ �S�X�O�V�H�� �G�X�U�D�W�L�R�Q�� �I�U�R�P�� �������� �W�R�� �������� �—�V was used in 
different series of measurements.  

Results and discussion 
Two types of spectra were obtained: cumulative spectra and envelope. The cumulative 

spectra are the sum of the spin echo signals at different frequency offsets. The spectra of the 
second type were obtained by plotting the envelopes by points corresponding to the integral 
intensities of the echo signals at various excitation frequencies. 

A set of 125Te NMR spectra was obtained for the WTe2 single crystal in magnetic field 
9.4 T at different values of the angle �M  between the c-axis and the magnetic field B0. 
Differences in the 125Te NMR spectra for WTe2 powders grown by different methods (#1, #2 
and #3) (fig. 1) have been revealed. It is shown that the spectra for single crystal and powder 
WTe2 grown by the same method are in a good agreement with each other.  

 

Figure 1. 125Te NMR spectra for WTe2 
powders grown by different methods (#1, #2 
and #3). The data were obtained at magnetic 
fields of 9.4 T (#1) and 11.75 T (#2, #3) at 

room temperature. The solid lines correspond 
to the cumulative spectra, dots �± to the 

intensities of the spin echo signals obtained 
by varying the excitation frequency. 

The presence of several lines in the 125Te NMR spectra has been demonstrated both for 
powders and for single crystal at different orientations. Not all of the lines in the spectra can 
be explained in terms of the crystal structure of WTe2, which has four non-equivalent 
tellurium crystallographic positions. The nature of the low frequency lines in the single crystal 
and powder spectra remains unclear. 

Varying the angle �M in the range of 15÷50°, it was shown that the shape of the 125Te 
NMR spectrum did not undergo pronounced changes: at any angle between the c-axis and the 
magnetic field B0 the spectrum was a superposition of eight lines. Thus, at =15°÷50°, the 
spectra consisted of four lines centered around 1500 ppm and overlapping each other (call this 
group of lines L3), and of four lines L1, L2, L4, L5 symmetrically separated from L3 by 700÷900 
ppm depending on the orientation of the single crystal. The lines L1 and L2, L4 and L5 merged 
in pairs in the frequency regions 2300÷2500 ppm and 600÷800 ppm, respectively, and the 
shift �G of these lines was observed to change. 

It is shown that the behavior of the line shift in the 125Te NMR spectrum for the WTe2 
single crystal does not follow the well-known angular dependence [13]: 

�Q�ñ
L �Q�@
�7�Ö�â�æ�. �	�?�5

�6

E

�K

�6
�O�E�J�6�Ú�?�K�O�t�Ù�A�á       (1) 

where �D, �E �± Euler angles, �K �± asymmetry factor.  
Nuclear spin-lattice relaxation times were measured using the saturation recovery 

technique. The recovery of the longitudinal nuclear magnetization after pulse saturation by a 
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�V�H�U�L�H�V���R�I���Œ����-degree pulses followed an exponential law (fig. 2). The found values of the spin-
lattice relaxation time were in a good agreement with the times previously obtained for the 
WTe2 single crystal in the orientations �k || B0 and �k �A B0 [7]. 

 

 

Figure 2. Recovery of the longitudinal 
nuclear magnetization of 125Te with time t to 
the equilibrium value M0 after saturation for 
WTe2 powders grown by different methods 
(#1, #2 and #3) for a line centered around 

1450 ppm. The data were obtained at 
magnetic fields of 9.4 T (#1) and 11.75 T (#2, 

#3) at room temperature. 
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Formation of a stable dendrimer-fullerene complex at normal pH  
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For the C70 fullerene, the process of complex formation with the Lys-2His dendrimer has a 
similar character (Fig. 1b) to C60, but the fluctuations of Rg during the complex formation 
with the initial conditions var1 and var2 are somewhat smaller. At the same time, in the third 
variant of the initial conditions (Fig. 1b, for the initial conditions var3, blue curve), more 
pronounced fluctuations are observed in the first part of the trajectory (from 0 to 250 ns) of Rg 
compared to the calculation variants var1 and var2 for C70. However, at the beginning of the 
second equilibrium part of the trajectory (from 250 ns to 500 ns), the differences in the Rg 
values decrease. In this case, the average Rg value for the time from 250 ns to 500 ns becomes 
close to the results of other calculations. The results obtained for Rg confirm the fact of the 
formation of a stable dendrimer-�I�X�O�O�H�U�H�Q�H�� �F�R�P�S�O�H�[���� �D�V�� �Z�H�O�O�� �D�V�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �W�K�H�� �³�/�\�V-
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2His+C70�´���F�R�P�S�O�H�[���K�D�V�����R�Q���D�Y�H�U�D�J�H�����J�U�H�D�W�H�U���F�R�Ppactness and, accordingly, density compared 
to the Lys-2His+ C60 complex. 

 
Figure 1. Time dependence of Rg for complexes a) Lys-2His+C60, b) Lys-2His+C70 with 
uncharged histidines for the first 250 ns at the stage of fullerene encapsulation in the 

dendrimer). Initial conditions var1, var2, var3 correspond to three different initial variants of 
the fullerene arrangement (see materials and methods). 

Analysis of the structure and properties of a dendrimer-fullerene 
complex at normal pH  
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�Ï�:�å�;
,       (1) 

where �!(r) is the average density in a spherical layer at a distance r from the center of mass of 
the dendrimer, V(r) is the volume of the spherical layer. 

 
Figure 2. Density distribution for dendrimer (black curve), fullerene (red curve) and 

dendrimer-fullerene complex (blue curve) for a) Lys-2His+C60, b) Lys-2His+C70. The results 
are averaged over three different MD simulations corresponding to three different initial 

arrangements of fullerene (var1, var2 and var3). 
As can be seen from Fig. 2b, in the Lys-2His+C70 complex, fullerene places into the center of 
the dendrimer (red curve), and it is located at distances from r=0 nm to r=0.8 nm, with a 
maximum at r=0 nm. At the same time, in the Lys-2His+C60 complex, after equilibrium is 
established, Fig. 2a, fullerene does not places into the center of the dendrimer and is located 
between its center and the outer surface of the dendrimer molecule, at distances from r=0.3 to 



Poster Session 

155 
 

1.2 nm from its center with a maximum at 0.6 nm (Fig. 2a, red curve). 
Thus, it can be concluded that both fullerenes, C60 and C70, are encapsulated by the Lys-2His 
dendrimer, however, fullerene C70 is located practically at the center of gyration of the 
dendrimer, while fullerene C60 is shifted relative to the center of gyration of the dendrimer 
and is located somewhere in the middle between the center and the outer surface of the 
dendrimers. 
The work was carried out with financial support from the Russian Science Foundation (grant 
No. 24-13-00158). The simulations were performed at the Computer Resources Center of 
Saint Petersburg State University 
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Introduction 
�`�H���H�O�H�F�W�U�R�Q�L�F���D�Q�G���J�H�R�P�H�W�U�L�F���V�W�U�X�F�W�X�U�H���R�I���)�H���2�����D�Q�G���)�H���2�����F�O�X�V�W�H�U�V�����D�V���Z�H�O�O���D�V���W�K�H���S�U�R�G�X�F�W�V���R�I��

�W�K�H�L�U�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �+���� �D�Q�G�� �2���� �P�R�O�H�F�X�O�H�V�� �L�Q�� �W�K�H�� �J�D�V�� �S�K�D�V�H���� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �G�H�Q�V�L�W�\��
�I�X�Q�F�W�L�R�Q�D�O�� �P�H�W�K�R�G���� �+�H�D�W�V�� �R�I�� �U�H�D�F�W�L�R�Q�V�� �R�I�� �W�K�H�� �F�O�X�V�W�H�U�V�� �Z�L�W�K�� �+���� �D�Q�G�� �2���� �K�D�Y�H�� �E�H�H�Q�� �R�E�W�D�L�Q�H�G���� �,�W�� �Z�D�V��
�G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �L�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �U�H�D�F�W�L�R�Q�V�� �R�I�� �)�H���2���� �Z�L�W�K�� �D�Q�� �+���� �P�R�O�H�F�X�O�H���� �W�K�H�� �W�R�W�D�O�� �V�S�L�Q�� �R�I�� �L�Q�L�W�L�D�O��
�U�H�D�F�W�D�Q�W�V���D�Q�G���¿�Q�D�O���S�U�R�G�X�F�W�V���D�U�H���G�L
u�H�U�H�Q�W�����W�K�D�W���L�V�����V�S�L�Q���U�H�O�D�[�D�W�L�R�Q���R�F�F�X�U�V���G�X�U�L�Q�J���W�K�H���U�H�D�F�W�L�R�Q�V�� 

Computational details 
�&�D�O�F�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �E�\�� �W�K�H�� �G�H�Q�V�L�W�\�� �I�X�Q�F�W�L�R�Q�D�O�� �W�K�H�R�U�\�� �P�H�W�K�R�G�� �L�Q�� �W�K�H�� �J�H�Q�H�U�D�O�L�]�H�G��

�J�U�D�G�L�H�Q�W���D�S�S�U�R�[�L�P�D�W�L�R�Q�����'�)�7-�*�*�$�����Z�L�W�K���W�K�H���*�$�8�6�6�,�$�1-�������S�U�R�J�U�D�P���>���@���X�V�L�Q�J���W�K�H����-���������*�
���E�D�V�L�V��
�V�H�W���� �`�H�� �%�3�:������ �I�X�Q�F�W�L�R�Q�D�O�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �W�K�H�� �%�H�F�N�H�� �H�[�F�K�D�Q�J�H�� �D�Q�G�� �W�K�H�� �3�H�U�G�X�H�±�:�D�Q�J�� �F�R�U�U�H�O�D�W�L�R�Q�� �Z�D�V��
�F�K�R�V�H�Q���D�V���W�K�H���H�[�F�K�D�Q�J�H-�F�R�U�U�H�O�D�W�L�R�Q���I�X�Q�F�W�L�R�Q�D�O�����`�H���F�K�R�L�F�H���R�I���W�K�L�V���I�X�Q�F�W�L�R�Q�D�O���D�Q�G���E�D�V�L�V���V�H�W���Z�D�V���M�X�V�W�L�¿�H�G��
�E�\�� �W�K�H�� �S�U�H�Y�L�R�X�V�� �H�V�W�L�P�D�W�H�� �R�I�� �W�K�H�L�U���H
v�F�L�H�Q�F�\�� �L�Q�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�I�� ���G-�P�H�W�D�O�� �P�R�Q�R�[�L�G�H�V�� �0�2�� �D�Q�G�� �G�L�R�[�L�G�H�V��
�0�2�������0� ���6�F�±�=�Q�������Z�K�H�U�H���J�R�R�G���D�J�U�H�H�P�H�Q�W���Z�D�V���I�R�X�Q�G���E�H�W�Z�H�H�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���D�Q�G���W�K�H���U�H�V�X�O�W�V���R�I��
�F�D�O�F�X�O�D�W�L�R�Q�V���E�\���R�W�K�H�U���P�H�W�K�R�G�V���F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���H�O�H�F�W�U�R�Q���F�R�U�U�H�O�D�W�L�R�Q���H�Q�H�U�J�\�����`�H���O�R�J�L�F���R�I���W�K�H���V�H�D�U�F�K���I�R�U��
�W�K�H���J�U�R�X�Q�G���V�W�D�W�H�V���R�I���)�H���2�Q�����Q� �������������F�O�X�V�W�H�U�V���D�Q�G���F�R�P�S�R�X�Q�G�V���I�R�U�P�H�G���D�I�W�H�U���W�K�H�L�U���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���+�����D�Q�G��
�2���� �Z�D�V�� �D�V�� �I�R�O�O�R�Z�V���� �)�R�U�� �H�D�F�K�� �F�O�X�V�W�H�U���� �S�U�R�E�D�E�O�H�� �J�H�R�P�H�W�U�L�F�� �V�W�U�X�F�W�X�U�H�V�� �Z�H�U�H�� �J�H�Q�H�U�D�W�H�G���� �D�Q�G�� �I�X�O�O�� �V�W�D�W�H��
�R�S�W�L�P�L�]�D�W�L�R�Q���Z�D�V���S�H�U�I�R�U�P�H�G���Z�L�W�K���W�K�H�V�H���J�H�R�P�H�W�U�L�H�V���I�R�U���D�O�O���F�D�O�F�X�O�D�W�H�G���V�S�L�Q���P�X�O�W�L�S�O�L�F�L�W�L�H�V�����`�H���V�W�D�W�H���Z�L�W�K��
�W�K�H���O�R�Z�H�V�W���W�R�W�D�O���H�Q�H�U�J�\���Z�D�V���W�D�N�H�Q���D�V���W�K�H���J�U�R�X�Q�G���R�Q�H���I�R�U���W�K�H���J�L�Y�H�Q���F�O�X�V�W�H�U�����/�R�F�D�O���W�R�W�D�O���V�S�L�Q���P�R�P�H�Q�W�V���R�Q��
�D�W�R�P�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���E�D�V�L�V���V�H�W���R�I���Q�D�W�X�U�D�O���D�W�R�P�L�F���R�U�E�L�W�D�O�V�� 

Results and Discussion 
�,�W�� �K�D�V�� �E�H�H�Q�� �I�R�X�Q�G�� �W�K�D�W�� �W�K�H�� �J�U�R�X�Q�G�� �V�W�D�W�H�� �R�I�� �W�K�H�� �)�H���2���� �D�Q�G�� �)�H���2���� �F�O�X�V�W�H�U�V�� �L�V�� �D�� �V�L�Q�J�O�H�W��

�Q�R�Q�P�D�J�Q�H�W�L�F���V�W�D�W�H���>���@�����`�H�U�H�I�R�U�H�����W�K�H���U�H�D�F�W�L�R�Q���R�I���W�K�H���)�H���2�����F�O�X�V�W�H�U���Z�L�W�K���W�K�H���2�����P�R�O�H�F�X�O�H���G�R�H�V���Q�R�W���O�H�D�G��
�W�R���D���F�K�D�Q�J�H���L�Q���V�S�L�Q���P�X�O�W�L�S�O�L�F�L�W�\�����6�L�P�L�O�D�U�O�\�����Z�K�H�Q���W�K�H���)�H���2�����F�O�X�V�W�H�U���L�Q�W�H�U�D�F�W�V���Z�L�W�K���W�K�H���+�����P�R�O�H�F�X�O�H�����V�S�L�Q��
�P�X�O�W�L�S�O�L�F�L�W�\�� �G�R�H�V�� �Q�R�W�� �F�K�D�Q�J�H���� �$�Q�G�� �W�K�H�� �V�L�Q�J�O�H�W�� �V�W�D�W�H�� �R�I�� �)�H���2���� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �Z�L�W�K�� �W�K�H�� �+����
�P�R�O�H�F�X�O�H���� �V�L�Q�F�H�� �W�K�H�� �J�U�R�X�Q�G�� �V�W�D�W�H�� �R�I�� �)�H���2���+���� �L�V�� �D�� �W�U�L�S�O�H�W�� �����6�� ���� ���� � �� �������� �`�H�U�H�I�R�U�H���� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �R�X�U��
�F�D�O�F�X�O�D�W�L�R�Q�V�� �D�O�O�R�Z�� �X�V�� �W�R�� �V�W�D�W�H�� �W�K�D�W�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �E�D�V�H�G�� �R�Q�� �)�H���2���� �F�O�X�V�W�H�U�V�� �F�D�Q�� �E�H�� �X�V�H�G�� �D�V�� �V�H�Q�V�R�U�V�� �I�R�U��
�G�H�W�H�F�W�L�Q�J���K�\�G�U�R�J�H�Q���P�R�O�H�F�X�O�H�V�����L�I���W�K�H�\���U�H�W�D�L�Q���W�K�H���S�D�W�W�H�U�Q���R�I���F�K�D�Q�J�L�Q�J���W�K�H���W�R�W�D�O���P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���X�S�R�Q��
�L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �K�\�G�U�R�J�H�Q�� �P�R�O�H�F�X�O�H�V���� �`�H�� �G�H�W�H�U�P�L�Q�H�G�� �D�F�W�L�Y�D�W�L�R�Q�� �E�D�U�U�L�H�U�V�� �I�R�U�� �W�K�H�� �F�D�O�F�X�O�D�W�H�G�� �U�H�D�F�W�L�R�Q�V��
�D�U�H���U�H�O�D�W�L�Y�H�O�\���V�P�D�O�O�����Z�K�L�F�K���L�Q�G�L�F�D�W�H�V���W�K�H���D�E�V�H�Q�F�H���R�I���V�L�J�Q�L�¿�F�D�Q�W���R�E�V�W�D�F�O�H�V���L�Q���W�K�H���S�D�W�K���R�I���W�K�H�V�H���U�H�D�F�W�L�R�Q�V���� 

Acknowledgements 
�a�H���Z�R�U�N���Z�D�V���F�D�U�U�L�H�G���R�X�W���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���W�K�H���6�W�D�W�H���D�V�V�L�J�Q�P�H�Q�W���$�$�$�$-�$����-������������������������-

�����I�R�U���W�K�H���)�H�G�H�U�D�O���5�H�V�H�D�U�F�K���&�H�Q�W�H�U���I�R�U���3�U�R�E�O�H�P�V���R�I���&�K�H�P�L�F�D�O���3�K�\�V�L�F�V���D�Q�G���0�H�G�L�F�L�Q�D�O���&�K�H�P�L�V�W�U�\�����5�$�6�� 

References 
���� �0���� �-���� �)�U�L�V�F�K���� �*�����:���� �7�U�X�F�N�V���� �+���� �%���� �6�F�K�O�H�J�H�O���� �H�W���D�O������ �*�D�X�V�V�L�D�Q�� �������� �5�H�Y�L�V�L�R�Q���&�������������*�D�X�V�V�L�D�Q���� �,�Q�F����������

�:�D�O�O�L�Q�J�I�R�U�G���&�7������������������ 
���� �.���9�����%�R�]�K�H�Q�N�R�����$���1�����8�W�H�Q�\�V�K�H�Y�����/���*�����*�X�W�V�H�Y�����/���*�����*�X�W�V�H�Y�����6���0�����$�O�G�R�V�K�L�Q�����4�X�D�Q�W�X�P-�&�K�H�P�L�F�D�O��

�0�R�G�H�O�L�Q�J���R�I���,�Q�W�H�U�D�F�W�L�R�Q�V���R�I���)�H���2�����D�Q�G���)�H���2�����&�O�X�V�W�H�U�V���Z�L�W�K���+�����D�Q�G���2�����0�R�O�H�F�X�O�H�V�����5�X�V�V�L�D�Q���-�R�X�U�Q�D�O��
�R�I�� �,�Q�R�U�J�D�Q�L�F�� �&�K�H�P�L�V�W�U�\���� ������������ �9�R�O���� �������� �1�R���� �������� �S�S���� ���������±������������ �'�2�,����
�����������������6���������������������������������� 



Poster Session 

157 
 

Microstructure and molecular mobility in the ternary 
LiCl-CsCl- H 2O system. A molecular dynamics simulation 

study  
Cheremensky S.O.1, Egorov A.V.1 

1Department of Nuclear-Physics Research Methods, Faculty of Physics, Saint-Petersburg 
State University 
E-mail: st087373@student.spbu.ru 

�,�W���K�D�V���U�H�F�H�Q�W�O�\���E�H�H�Q���V�K�R�Z�Q���>���@���W�K�D�W���W�K�H���W�H�U�Q�D�U�\���/�L�&�O-�&�V�&�O-�+���2���V�\�V�W�H�P���L�V���D���S�R�W�H�Q�W�L�D�O�O�\��
�S�U�R�P�L�V�L�Q�J���H�O�H�F�W�U�R�O�\�W�H���I�R�U���E�D�W�W�H�U�L�H�V�����,�Q���R�U�G�H�U���W�R���R�S�W�L�P�L�]�H���W�K�H���U�D�W�L�R���R�I���V�R�O�X�W�L�R�Q���F�R�P�S�R�Q�H�Q�W�V�����L�W���L�V��
�Q�H�F�H�V�V�D�U�\���W�R���L�G�H�Q�W�L�I�\���W�K�H���P�H�F�K�D�Q�L�V�P�V���R�I���P�L�F�U�R�V�W�U�X�F�W�X�U�H���I�R�U�P�D�W�L�R�Q���D�V���Z�H�O�O���D�V���W�K�H���P�D�L�Q���I�D�F�W�R�U�V��
�D
u�H�F�W�L�Q�J���W�K�H���P�R�O�H�F�X�O�D�U���P�R�E�L�O�L�W�\���L�Q���V�X�F�K���V�\�V�W�H�P�V�����,�Q���W�K�H���S�U�H�V�H�Q�W���Z�R�U�N�����W�K�H���P�R�O�H�F�X�O�D�U���G�\�Q�D�P�L�F�V��
�V�L�P�X�O�D�W�L�R�Q�V���Z�H�U�H���X�V�H�G���I�R�U���W�K�L�V���S�X�U�S�R�V�H�����$�W���D�O�O�����������V�\�V�W�H�P�V���Z�H�U�H���F�R�Q�V�L�G�H�U�H�G�����������W�H�U�Q�D�U�\���D�Q�G������
�E�L�Q�D�U�\���V�R�O�X�W�L�R�Q�V�����V�H�H���)�L�J���������� 

 
�)�L�J�����������3�K�D�V�H���G�L�D�J�U�D�P���R�I���W�K�H���/�L�&�O�í�&�V�&�O�í�+2O ternary system. The studied concentrations are 

shown as green and brown symbols 
�6�L�P�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �X�V�L�Q�J�� �W�K�H�� �0�'�\�Q�D�0�L�[�� �Y���������� �V�R�I�W�Z�D�U�H�� �S�D�F�N�D�J�H�� �>���@���� �$�O�O��

�V�\�V�W�H�P�V���Z�H�U�H���P�R�G�H�O�H�G���L�Q���D�Q���L�V�R�W�K�H�U�P�D�O-�L�V�R�E�D�U�L�F���H�Q�V�H�P�E�O�H���������( ���� ���� �D�W�P�����L�Q���D���F�X�E�L�F���F�H�O�O���Z�L�W�K��
�S�H�U�L�R�G�L�F�� �E�R�X�Q�G�D�U�\�� �F�R�Q�G�L�W�L�R�Q�V���� �`�H�� �6�3�&���(�� �Z�D�W�H�U�� �P�R�G�H�O�� �>���@�� �Z�D�V�� �H�P�S�O�R�\�H�G�� �W�R�� �G�H�V�F�U�L�E�H�� �W�K�H��
�V�R�O�Y�H�Q�W���P�R�O�H�F�X�O�H�V�����`�H���/�L�����&�V�����D�Q�G���&�O���F�D�W�L�R�Q�V���Z�H�U�H���P�R�G�H�O�H�G���X�V�L�Q�J���W�K�H���S�R�W�H�Q�W�L�D�O�V���G�H�V�F�U�L�E�H�G���L�Q��
�5�H�I�V�����>��-���@�����`�H���H�T�X�D�W�L�R�Q�V���R�I���P�R�W�L�R�Q���Z�H�U�H���V�R�O�Y�H�G���X�V�L�Q�J���9�H�U�O�H�W���D�O�J�R�U�L�W�K�P���Z�L�W�K���D���W�L�P�H���V�W�H�S���R�I������
�I�V���� �&�R�X�O�R�P�E�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �Z�H�U�H�� �W�U�H�D�W�H�G�� �X�V�L�Q�J�� �(�Z�D�O�G�� �P�H�W�K�R�G���� �`�H�� �W�H�P�S�H�U�D�W�X�U�H�� �D�Q�G�� �S�U�H�V�V�X�U�H��
�Z�H�U�H���N�H�S�W���F�R�Q�V�W�D�Q�W���X�V�L�Q�J���W�K�H���1�R�V�H-�+�R�R�Y�H�U���D�O�J�R�U�L�W�K�P�����)�R�U���H�D�F�K���V�\�V�W�H�P���W�K�H���H�T�X�L�O�L�E�U�D�W�L�R�Q���W�L�P�H��
�Z�D�V���H�T�X�D�O���W�R�������Q�V�����W�K�H���I�R�O�O�R�Z�L�Q�J���V�L�P�X�O�D�W�L�R�Q���U�X�Q���Z�D�V�������Q�V���O�R�Q�J�� 
 The composition and stability of the solvation shells of the ions, self-diffusion of 
solution components as well as water rotational reorientation in the LiCl-CsCl-H2O ternary 
system were studied in detail. A special attention was given to the effects of changes in the 
ratio of lithium and cesium cations on molecular mobility. 
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Proton attached to nitrogen in porphyrins and 
tetrapyrroles 

Nina Djapic1 
1�8�Q�L�Y�H�U�V�L�W�\���R�I���1�R�Y�L���6�D�G�����7�H�F�K�Q�L�F�D�O���)�D�F�X�O�W�\���³�0�L�K�D�M�O�R���3�X�S�L�Q�´�����=�U�H�Q�M�D�Q�L�Q�����6�H�U�E�L�D 
E-mail: nina.djapic@tfzr.rs 

Introduction 
�,�Q�� �W�K�H�� �V�R�O�X�W�L�R�Q-�V�W�D�W�H�����+�� �1�0�5�� �V�S�H�F�W�U�X�P���� �W�K�H�� �F�K�H�P�L�F�D�O�� �V�K�L�I�W�� �R�I�� �S�U�R�W�R�Q�� �D�W�W�D�F�K�H�G�� �W�R��

�Q�L�W�U�R�J�H�Q���L�Q���S�R�U�S�K�\�U�L�Q�V���D�Q�G���W�H�W�U�D�S�\�U�U�R�O�H�V�����R�F�F�X�U�V���G�R�Z�Q�¿�H�O�G�����`�H���F�K�H�P�L�F�D�O���V�K�L�I�W���Y�D�O�X�H���R�I���S�U�R�W�R�Q��
�D�W�W�D�F�K�H�G�� �W�R�� �Q�L�W�U�R�J�H�Q�� �G�H�S�H�Q�G�V�� �R�Q�� �P�R�O�H�F�X�O�D�U�� �V�W�U�X�F�W�X�U�H�� �R�I�� �D�� �S�R�U�S�K�\�U�L�Q�� �D�Q�G�� �W�H�W�U�D�S�\�U�U�R�O�H���� �R�Q�� �W�K�H��
�V�R�O�Y�H�Q�W�� �X�V�H�G���� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �K�\�G�U�R�J�H�Q-�E�R�Q�G�L�Q�J���� �D�U�R�P�D�W�L�F�L�W�\���� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �D�Q�G�� �P�D�Q�\��
�R�W�K�H�U�V���� �3�U�R�W�R�Q�� �D�W�W�D�F�K�H�G�� �W�R�� �Q�L�W�U�R�J�H�Q�� �L�V�� �H�[�F�K�D�Q�J�H�G�� �Z�L�W�K�� �G�H�X�W�H�U�L�X�P���� �L�Q�� �D�� �S�U�R�W�L�F�� �G�H�X�W�H�U�D�W�H�G��
�V�R�O�Y�H�Q�W�����L�Q�G�X�F�L�Q�J���W�K�H���S�H�D�N���G�L�V�D�S�S�H�D�U�D�Q�F�H�� 

Solution-state 1H NMR spectra of porphyrins and tetrapyrroles 
Find the signals of proton attached to nitrogen in porphyrins and tetrapyrroles in the 

solution-state 1H NMR spectra (Fig. 1, Fig. 2 and Fig. 3). 

 
�)�L�J�X�U�H�����������a�H���V�R�O�X�W�L�R�Q-�V�W�D�W�H�����+���1�0�5���V�S�H�F�W�U�D���R�I���E�L�O�L�U�X�E�L�Q�����S�K�H�R�S�K�R�U�E�L�G�H���D���D�Q�G���P�H�W�K�\�O��

�S�K�H�R�S�K�R�U�E�L�G�H���D���U�H�F�R�U�G�H�G���R�Q���D�����������0�+�]���V�S�H�F�W�U�R�P�H�W�H�U�����V�R�O�Y�H�Q�W���X�V�H�G���&�'�&�O���� 
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�)�L�J�X�U�H�����������a�H���V�R�O�X�W�L�R�Q-�V�W�D�W�H�����+���1�0�5���V�S�H�F�W�U�D���R�I���W�H�W�U�D�S�\�U�U�R�O�H�V���L�V�R�O�D�W�H�G���I�U�R�P���&�H�U�F�L�G�L�S�K�\�O�O�X�P��

�M�D�S�R�Q�L�F�X�P�����+�D�P�D�P�H�O�L�V���Y�L�U�J�L�Q�L�D�Q�D���D�Q�G���3�D�U�U�R�W�L�D���S�H�U�V�L�F�D���O�H�D�Y�H�V�����U�H�F�R�U�G�H�G���R�Q���D�������������0�+�]��
�V�S�H�F�W�U�R�P�H�W�H�U�����V�R�O�Y�H�Q�W���X�V�H�G���&�'���2�'�� 

 
�)�L�J�X�U�H�����������a�H���V�R�O�X�W�L�R�Q-�V�W�D�W�H�����+���1�0�5���V�S�H�F�W�U�D���R�I���W�H�W�U�D�S�\�U�U�R�O�H�V���L�V�R�O�D�W�H�G���I�U�R�P���&�H�U�F�L�G�L�S�K�\�O�O�X�P��
�M�D�S�R�Q�L�F�X�P�����+�D�P�D�P�H�O�L�V���Y�L�U�J�L�Q�L�D�Q�D���D�Q�G���3�D�U�U�R�W�L�D���S�H�U�V�L�F�D���O�H�D�Y�H�V�����U�H�F�R�U�G�H�G���R�Q���D�������������������0�+�]��

�V�S�H�F�W�U�R�P�H�W�H�U�����V�R�O�Y�H�Q�W���X�V�H�G���&�'���2�'�� 
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Potential of NMR spectroscopy for assessing the 
hydrophobicity of microsphere cellulose carriers for 

spiking cancer cells 
Anastasia S. Dmitrieva1, Boris P. Nikolaev,2,3 Ludmila Yu. Yakovleva2, 

Viacheslav S. Fedorov2,4, Maxim Shevtsov2,4
   

1 Saint-Petersburg State Institute of Technology, St. Petersburg, Russian Federation  
2 Institute of Cytology of the Russian Academy of Sciences (RAS), St. Petersburg, Russian 
Federation  
3 Saint-Petersburg Technopark, Engineering Centre API, Saint-Petersburg, Russian 
Federation  
4 Personalized Medicine Centre, Almazov National Medical Research Centre, Akkuratova Str. 
2, 197341 Saint Petersburg, Russia  
E-mail: dmitriyeva03@bk.ru  

Introduction 
Methods of diagnostics and therapeutic courses of oncological diseases based on the 

isolation of circulating tumor cells (CTC) from biological fluids are a valuable tool of modern 
medicine. This approach can be implemented through specific interaction of an oncomarker 
with a molecule containing a region capable of binding to its epitope. Solid malignant tumors, 
as well as CTC, are characterized by increased expression of the membrane-associated protein 
HSP70. The peptide TKDNNLLGRFELSG (TKD), consisting of 14 amino acids, is able to 
specifically interact with HSP70, since it follows the residue sequence of its oligomerization 
domain [1]. The 13C NMR spectra confirm the composition of TKD in synthesis. It is also 
necessary to immobilize the peptide on a heterophase carrier for affine separation. A good 
candidate for CTC capture is magnetic microspherical cellulose. The cellulose microcarrier 
has a developed porous surface represented by a network of micro- and macropores, is inert, 
is characterized by high strength, contains functional hydroxyl groups in the structure that 
have the potential for activation. Inclusion of MNPs into pores ensures convenient and 
efficient separation of the extracted material from the total analyzed volume under the action 
of an external magnetic field. The morphology and structure of microsphere cellulose and 
13C spectra of TKD was measured by MRI, NMR at a spectrometer with microscale 
tomographic accessory Bruker AvanceIII 400 MHz (Bruker, FRG).  

 
Figure 1 �± 13�K NMR spectrum of TKD 
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Results and discussion  
For reliable analytical data, an important aspect is sorption caused by non-specific 

hydrophobic interactions. The assessment of the magnitude of hydrophobic interactions 
between the sorbate and the matrix is usually made based on the distribution coefficient P of 
the neutral molecule between the aqueous phase and the stationary phase the chromatographic 
carrier and subsequent comparison of the coefficient P with the octanol/water comparison 
system [2]. Redistribution of the hydrophobic probe can be measured by chromatographic 
methods with a change in the polarity of the eluent, the type of sorbate (alkylated alcohols, 
amines, etc.) and spectral methods. In this work, the 1H-NMR method, a spectrally unlimited 
method of the optical range in turbid media, was used. The CHCl3 molecule was chosen as a 
radio spectral probe, the coefficient of which according to the Hahn criterion is LogP = 1,97. 
The convenience of chloroform for probing sorbents consists in the small size of the 
molecule, which facilitates penetration into     microgel areas, the singlet structure of the 
NMR line, high polarity (�Ý = 4.8) and poor solubility in water provide spectral tracking of the 
molecule in the hydrophobic sites of the sorbent.  

The shape of the NMR line of a liquid in the pores of a spheroidal form of a biphase 
�F�R�P�S�R�V�L�W�H�� �P�D�W�H�U�L�D�O�� �L�V�� �G�H�W�H�U�P�L�Q�H�G�� �S�U�L�P�D�U�L�O�\�� �E�\�� �W�K�H�� �G�L�I�I�H�U�H�Q�F�H�� �L�Q�� �P�D�J�Q�H�W�L�F�� �V�X�V�F�H�S�W�L�E�L�O�L�W�\�� �¨�$, 
the demagnetizing factor N, and the magnitude of the resonance frequency ��. The degree of 
porosity of the medium, i.e. the number of spheroidal pore inclusions per unit volume of the 
sample, does not affect the shape of the line, as follows from the relation [3]. 

�*�Ü�á
L �*�4�:�s 
E �0�Â�ï�; 
E 
Í �*�Ü
�Ü

�:�N�; 

where �Gi(r) is the field strength created by the i-th spheroid pore at point r inside the 
selected spheroid, H0 - external magnetic field 

In the case of nanosized pores, rapid molecular motion causes the second term  �Gi(r) 
to be averaged to zero and, thus, to the complete leveling of all possible types of dependence 
on the degree of porosity of the medium. Thus, the width of the NMR line of such a 
nanoporous medium turns out to be dependent on sorption characteristics 

1H-NMR spectra were measured by Fourier spectroscopy on a Spinsolve 60 Carbon 
Ultra spectrometer (Margitek) in standard 5 mm ampoules. Sorbent samples were placed in 
ampoules to which CHCl3 was added, after equilibrium was established, the spectra were 
recorded with preliminary withdrawal excess solvent. The signal position was counted 
relative to the TMS solution. The 1H NMR spectrum of CHCl3 in water and cellulose sorbent 
is shown in Fig. 2.  

�7�R���V�W�D�E�L�O�L�]�H���F�K�O�R�U�R�I�R�U�P���G�X�U�L�Q�J���V�W�R�U�D�J�H�����D�O�F�R�K�R�O���L�V���D�G�G�H�G���W�R���F�R�P�P�H�U�F�L�D�O���U�H�D�J�H�Q�W�����ý��������
�Z���Z���������Z�K�L�F�K���F�R�U�U�H�V�S�R�Q�G�V���W�R���W�K�H���S�U�H�V�H�Q�F�H���R�I���D���W�U�L�S�O�H�W������������-�����������S�S�P�����D�Q�G���T�X�D�U�W�H�W������������-����������
�S�S�P�����V�S�H�F�W�U�D�O���O�L�Q�H�V���)�L�J�����������D�������`�H���V�S�H�F�W�U�D�O���O�L�Q�H���D�W�W�U�L�E�X�W�H�G���W�R���F�K�O�R�U�R�I�R�U�P���K�D�V���D���F�K�H�P�L�F�D�O���V�K�L�I�W���R�I��
�����������)�L�J�����������D���� 

Conclusion 
When CHCl3 was added to the cellulose microcarrier, it turned out that the molecules 

of the hydrophobic probe are capable of being sorbed equally with the ethanol molecule, as 
evidenced by the broadening of the spectral lines of both substances Fig. 2 (b). The ratio of 
the integral intensities of CHCl3 and EtOH, proportional to the molar content of nuclei giving 
a signal, for a sample of CHCl3 in water was 1:9. However, for CHCl3 in a microcellulose 
carrier, this ratio was equal to 1:2, which indicates greater sorption of the hydrophobic 
molecule of CHCl3 than EtOH. The last fact is significant for biosensing since discovered 
some rate hydrophobicity of microporous cellulose matrix can appreciably affect the 
nonspecific interaction of TKD conjugate with CTC. 
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Figure 2. 1H NMR spectrum of CHCl3 in water (a) and in the cellulose microsphere sorbent 

(b) 
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Analysis of hyperfine and quadrupole interactions in the 
first coordination sphere of 14 N in hexagonal boron 
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Introduction 
�`�H���Y�D�F�D�Q�F�\�� �F�H�Q�W�H�U�V���S�U�H�V�H�Q�W���V�L�J�Q�L�¿�F�D�Q�W���L�Q�W�H�U�H�V�W���I�R�U���T�X�D�Q�W�X�P���W�H�F�K�Q�R�O�R�J�L�H�V�� �G�X�H���W�R�� �V�S�L�Q��

�R�S�W�L�F�D�O���S�U�R�S�H�U�W�L�H�V�����$���Q�R�W�D�E�O�H���D�G�Y�D�Q�W�D�J�H���R�I���W�K�H���K�H�[�D�J�R�Q�D�O���E�R�U�R�Q���Q�L�W�U�L�G�H�����K�%�1�����Y�D�F�D�Q�F�\���G�H�I�H�F�W�V��
�F�R�P�S�D�U�H�G�� �W�R�� �D�Q�D�O�R�J�R�X�V�� �P�D�W�H�U�L�D�O�V�� �L�V�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�V�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �W�K�H��
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ENDOR experiments were also conducted using a laser with a wavelength of 532 nm. 
The chosen pulse sequence was the Mims sequence: 
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Figure 2. A) ESR spectrum (black line) and the spectrum simulation (red line) and angular 

dependence simulation for vacancy center (W-band, T = 25 K). B) Schematic representation of the 
energy levels for the vacancy center with optical excitation at a wavelength of 532 nm. ES �± excited 

state, MS �± metastable state, GS �± ground state. 
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Figure 3. The ENDOR spectrum of 14N displays two electronic transitions: one corresponding to the 
MS �  �� �<  +1 transition at a magnetic field of B0 = 3223.1 mT, and the other for the MS �  �� �<  �í����

transition at B0 = 3480.5 �P�7�����$�����%�����&�����3 = 7.7°, T = 50K. D) �3 = 18.4°, T = �����.�����Z�K�H�U�H���3���± angle of 
deviation in the plane of dangling bond. 
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    X-band                                              W-band 

Figure 1 �± EPR spectra of mechanically activated calcium gluconate (MACG) and irradiated 
mechanically activated calcium gluconate. 

Analysis of the X- and W-band EPR spectra using quantum chemistry methods 
showed that stable carbon-centered radicals localized mainly on C2 atoms, as well as an 
unidentified radical R, are formed when irradiated with MACG. The hyperfine interaction 
tensor obtained as a result of quantum chemical calculations was A = [6.8 3.0 35.1], the 
isotropic part of which is 15 MHz. According to the McConnell relation, this value of the 
hyperfine interaction corresponds to a torsion angle of 68 degrees. The value of this torsion 
angle coincided with the X-ray diffraction data for crystalline calcium gluconate [2]. Based on 
this observation, it can be concluded that part of the gluconic acid anion near the calcium 
atom does not change its structure during mechanical activation. Unfortunately, the absence 
of stable radicals localized on other carbon atoms did not allow us to calculate the torsion 
angles for the C3-C5 fragment. However, it can be assumed that the impossibility of 
stabilizing radicals on carbon atoms C3-C5 may be associated with a change in the geometry 
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of the molecule. It is known that in gluconic acid, as a result of turning the C3-C5 fragment 
�E�\�� �������h���� �D�� �W�U�D�Q�V�L�W�L�R�Q�� �I�U�R�P�� �D�� �O�L�Q�H�D�U�� �W�R�� �D�� �F�X�U�Y�H�G�� �F�R�Q�I�R�U�P�D�W�L�R�Q�� �R�F�F�X�U�V��(1�J �\ 3G+) [3]. 
Presumably, this process occurs during the mechanical activation of calcium gluconate. 
Therefore, radicals accumulate only on the C2 atoms since the central part of the molecule is 
�³�F�O�R�V�H�G�´���E�\���F�X�U�Y�H�G���J�O�X�F�R�Q�L�F���D�F�L�G���D�Q�L�R�Q�V����(Fig. 2, �[)).  

 

  
�Z) �[) 

Figure 2 �± a) The structure of crystalline calcium gluconate according to X-ray structural 
analysis [2]; b) �± the same structure with the C3-C5 fragment rotated by 120 degrees. 
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Introduction 
�3�K�R�V�S�K�L�Q�H�� �F�K�D�O�F�R�J�H�Q�L�G�H�V�� �5���3� �<���� ���Z�K�H�U�H�� �<���� �2���� �6���� �6�H���� �K�D�Y�H�� �D�� �Q�X�P�E�H�U�� �R�I�� �S�U�D�F�W�L�F�D�O�O�\��

�X�V�H�I�X�O���S�U�R�S�H�U�W�L�H�V���D�Q�G���D�U�H���Y�D�O�X�D�E�O�H���I�R�U���P�D�Q�\���V�F�L�H�Q�W�L�¿�F���¿�H�O�G�V�����`�X�V�����I�R�U���H�[�D�P�S�O�H�����G�L�V�X�E�V�W�L�W�X�W�H�G��
�V�D�O�W�V�� �R�I�� �W�K�H�� �S�K�R�V�S�K�L�Q�H�� �V�H�O�H�Q�L�G�H�V�� �D�Q�G�� �V�X�O�¿�G�H�V�� �D�U�H�� �X�V�H�G�� �L�Q�� �R�U�J�D�Q�R�F�D�W�D�O�\�V�L�V���D�V�� �F�D�W�D�O�\�V�W�V�� �D�Q�G���L�Q��
�F�U�\�V�W�D�O�O�L�Q�H�� �R�U�� �P�R�O�H�F�X�O�D�U�� �G�H�V�L�J�Q�� �W�R�� �R�E�W�D�L�Q�� �V�X�E�V�W�D�Q�F�H�V�� �Z�L�W�K�� �G�H�V�L�U�H�G�� �S�U�R�S�H�U�W�L�H�V���>������ ���@���� �`�H��
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Scheme 1. Alkylation reaction of phosphine chalcogenides R3P=Y. 
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Figure 1. Kinetic curves of phosphine selenides Figure 2. Kinetic curves of phosphine 

chalcogenides 
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���3�U�R-�3�U�R-�3�U�R���R�U���3�U�R-�3�U�R-�*�O�\�������`�L�V���L�V���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���L�Q�H
v�F�L�H�Q�W���Q�D�W�X�U�H���R�I���J�O�\�F�L�Q�H���D�Q�G���S�U�R�O�L�Q�H��
�D�V���D�F�F�H�S�W�R�U�V���R�I���W�K�H���J�U�R�Z�L�Q�J���S�R�O�\�S�H�S�W�L�G�H���F�K�D�L�Q���>���@�� 

The involvement of eIF5A in translation termination is associated with its interaction 
with the factors eRF1 and eRF3. This interaction leads to the release of the synthesised 
polypeptide chain [4]. 

Methods 
�`�H�� �R�E�M�H�F�W�� �R�I�� �W�K�H�� �V�W�X�G�\�� �Z�D�V�� �W�K�H�� �H�,�)���$-�*�%���� �S�U�R�W�H�L�Q�� �I�U�R�P���&�D�Q�G�L�G�D�� �D�O�E�L�F�D�Q�V���� �`�H��

�S�U�R�W�H�L�Q�� �F�R�Q�V�L�V�W�V�� �R�I�� �������� �D�P�L�Q�R�� �D�F�L�G�� �U�H�V�L�G�X�H�V���� �Z�L�W�K�� �D�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� �R�I�� ���������� �N�'�D���� �D�Q��
�L�V�R�H�O�H�F�W�U�L�F���S�R�L�Q�W���R�I���S�,��� ���������������D�Q�G���D�Q���H�[�W�L�Q�F�W�L�R�Q���F�R�H
v�F�L�H�Q�W���R�I�����������������D�E�V�R�U�E�D�Q�F�H����������� �������J���/���� 

�1�0�5�� �V�S�H�F�W�U�D�� �Z�H�U�H�� �U�H�F�R�U�G�H�G�� �R�Q�� �D�Q�� �$�Y�D�Q�F�H�� �,�,�,�� �+�'�Œ Bruker 700 MHz spectrometer 
equipped with a QCI cryoprobe (¹H/¹F, ¹³C, ¹N, ³¹P). The NMR sample contained 0.5 mM 
eIF5A-GB1 in phosphate buffer solution (see Appendix), 2% sodium azide (NaN), and 5% 
D2O. To determine the positions of secondary structure elements in eIF5A-GB1, the 
following NMR experiments were previously conducted: HSQC, HNCA, HN(CO)CA, 
HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO, ¹N-TOCSY HSQC, ¹N-NOESY HSQC, and 
¹³C-NOESY-HSQC. High-resolution NMR spectra were processed using the CcpNMR 
Analysis software [5] 
Results 

The assignment of ¹H, ¹³C, and ¹N nuclear signals was performed for 127 out of 219 
amino acid residues (58.3%) of the protein. 

�&�K�H�P�L�F�D�O���V�K�L�I�W���L�Q�G�L�F�H�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���D�Q�G���X�V�H�G���L�Q���W�K�H���'�$�1�*�/�(���V�R�I�W�Z�D�U�H���S�D�F�N�D�J�H���>���@��
�W�R�� �S�U�H�G�L�F�W�� �W�K�H�� �S�R�V�L�W�L�R�Q�V�� �R�I�� �V�H�F�R�Q�G�D�U�\�� �V�W�U�X�F�W�X�U�H�� �H�O�H�P�H�Q�W�V�� �L�Q�� �H�,�)���$-�*�%������ �U�H�Y�H�D�O�L�Q�J�� �W�Z�R�� �.-
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Introduction 
�,�Q���R�X�U���F�R�X�Q�W�U�\�����J�U�R�Z�L�Q�J���U�H�O�H�Y�D�Q�F�H���R�I���U�D�U�H�����R�U�S�K�D�Q�����G�L�V�H�D�V�H�V���S�U�R�E�O�H�P���L�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K��

�W�K�H�� �H�[�S�D�Q�V�L�R�Q�� �R�I�� �R�S�S�R�U�W�X�Q�L�W�L�H�V�� �I�R�U�� �H�D�U�O�\�� �G�L�D�J�Q�R�V�L�V�� �R�I�� �W�K�L�V�� �J�U�R�X�S�� �R�I�� �G�L�V�H�D�V�H�V�� �D�Q�G�� �Z�L�W�K�� �W�K�H��
�H�P�H�U�J�H�Q�F�H�� �R�I�� �H
u�H�F�W�L�Y�H�� �P�H�W�K�R�G�V�� �R�I�� �W�U�H�D�W�L�Q�J�� �S�D�W�L�H�Q�W�V���� �`�H�U�H�I�R�U�H���� �W�K�H�U�H�� �L�V�� �D�Q�� �L�Q�F�U�H�D�V�H�� �Q�H�H�G�� �W�R��
�G�H�Y�H�O�R�S���R�X�U���R�Z�Q���S�U�R�G�X�F�W�L�R�Q���R�I���R�U�S�K�D�Q���G�U�X�J�V�� 

�3�X�O�P�R�Q�D�U�\���$�U�W�H�U�L�D�O�� �+�\�S�H�U�W�H�Q�V�L�R�Q�� ���3�$�+���� �L�V�� �D�� �V�X�E�J�U�R�X�S�� �R�I�� �S�X�O�P�R�Q�D�U�\�� �K�\�S�H�U�W�H�Q�V�L�R�Q�� �L�Q��
�Z�K�L�F�K�� �W�K�H�� �E�O�R�R�G�� �S�U�H�V�V�X�U�H�� �L�Q�� �W�K�H�� �S�X�O�P�R�Q�D�U�\�� �D�U�W�H�U�L�H�V�� �D�Q�G�� �D�U�W�H�U�L�R�O�H�V�� ���W�K�H�� �E�O�R�R�G�� �Y�H�V�V�H�O�V�� �O�R�F�D�W�H�G��
�S�U�R�[�L�P�D�O���W�R���W�K�H���F�D�S�L�O�O�D�U�\���E�H�G�����W�K�H���V�L�W�H���R�I���R�[�\�J�H�Q���H�[�F�K�D�Q�J�H���L�Q���W�K�H���O�X�Q�J�V�����L�V���H�O�H�Y�D�W�H�G���>���@�����,�W���O�H�D�G�V��
�W�R�� �W�K�H�� �L�Q�F�U�H�D�V�H�G�� �S�X�O�P�R�Q�D�U�\�� �Y�D�V�F�X�O�D�U�� �U�H�V�L�V�W�D�Q�F�H�� �Z�K�L�F�K�� �Z�L�O�O�� �H�Y�H�Q�W�X�D�O�O�\�� �O�H�D�G�� �W�R�� �W�K�H�� �U�L�J�K�W�� �K�H�D�U�W��
�I�D�L�O�X�U�H���D�Q�G���W�K�H���G�H�D�W�K���Z�L�W�K�R�X�W���Q�H�F�H�V�V�D�U�\���W�U�H�D�W�L�Q�J���� 

Selexipag is the first in Russia and the only globally approved representative of a new 
class of oral medicines, prostacyclin IP-receptor agonists for treatment of PAH [2]. According 
to one of the strategies for the synthesis of selexipag, a halogen derivative of methylsulfamide 
is used as an intermediate. Its acylation is difficult, since protons of the NH2-group of the 
initial sulfamide have pronounced acidic properties. 

The reaction was monitored using the Nuclear magnetic resonance (NMR) method. 
The choice of this method is due to the inability to detect the desired compound in the MS-
spectrum, which is caused by its relatively low ionizing ability under electrospray conditions. 
In addition, high-performance liquid chromatography (HPLC) method doesn't also allow to 
control the reaction due to the absence of groups glowing in ultraviolet light. 

Methods 
A chloroacetyl chloride was selected as the halogen derivative of methylsulfamide, the 

synthesis method of which was reproduced according to patent WO2017029594A1 [3] (Fig. 
1). 1H NMR spectra were recorded in DMSO-d6 on a Bruker Avance III 400 UltraShield Plus 
NMR spectrometer (400 MHz 1H operating frequency). The signals of residual protons of the 
solvent were used as a standard. Sample preparation: 2 mg of reaction mass were diluted with 
0.5 ml of DMSO-d6.  
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O

O NH
O
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Figure 1. Synthesis of 2-chloro-N-(methylsulfonyl)acetamide 

Results and discussion 
The approbation of these methodics showed a low yield of the desired product. �7�K�D�W�¶�V��

why new synthesis conditions were selected. The NMR control method allowed us to select 2-
chloro-N-(methylsulfonyl)acetamide as an intermediate of the reaction and to develop an 
optimal method for its synthesis. (Fig. 2). 
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Figure 2. 1H NMR-spectrum reaction mass 

 
2-chloro-N-(methylsulfonyl)acetamide was detected in the 1H NMR spectrum as 

signals:   �/ 12.13 (s, 1H), 4.28 (s, 2H), 3.28 (s, 3H) (Fig. 2). 
Based on the ratio of the areas of the signal peaks in the NMR-spectrum of the 

reaction mass, a preliminary assessment of the conversion of the initial methylsulfamide was 
carried out, which was 84%. The unreacted methylsulfamide (16%) was detected in the 1H 
�1�0�5���V�S�H�F�W�U�X�P���D�V���W�Z�R���G�L�I�I�H�U�H�Q�W���V�L�J�Q�D�O�V�����/���������� (s) �D�Q�G���/���������� (s) (Fig. 2). The attribution of 
these signals to the unreacted methylsulfamide was confirmed by comparing the NMR spectra 
of the reaction mass and of the initial methylsulfamide (Fig 3). 

Thus, 2-chloro-N-(methylsulfonyl)acetamide, an intermediate of selexipag synthesis, 
was obtained with a purity of 84% using the NMR method control. 

 

 
Figure 3. Stack of 1H NMR-spectra of reaction mass (upper spectrum) and initial 

methylsulfamide (lower spectrum) 
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�K�\�S�H�U�W�H�Q�V�L�R�Q-�W�K�H�� �¿�U�V�W�� �V�H�O�H�F�W�L�Y�H�� �S�U�R�V�W�D�F�\�F�O�L�Q�� �U�H�F�H�S�W�R�U�� �D�J�R�Q�L�V�W�� �6�H�O�H�[�L�S�D�J�� �����&�D�U�G�L�R�Y�D�V�F�X�O�D�U�� �W�K�H�U�D�S�\��
�D�Q�G���S�U�H�Y�H�Q�W�L�R�Q�����±���������������±���9�R�O�������������±���1�R�����������±���3��������-������ 

���� �6���� �2�U�X�J�D�Q�W�L���� �%���� �.�D�Q�G�D�J�D�W�O�D���� �9���� �+�D�U�H�V�K�Z�D�U�� �'�D�K�D�Q�X�N�D�U�� �H�W�� �D�O���� �3�D�W�H�Q�W�� �:�2��������������������������������������������������������������������������������
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v�F�L�H�Q�F�\���� �7�Z�R-
�G�L�P�H�Q�V�L�R�Q�D�O�� �H�[�S�H�U�L�P�H�Q�W�V�� ���+�6�4�&���� �+�0�%�&���� �F�D�Q�� �F�R�P�S�O�H�P�H�Q�W�� �W�K�H�� �R�E�W�D�L�Q�H�G�� �G�D�W�D���� �E�X�W�� �W�K�H�L�U�� �X�V�H��
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�G�L�P�H�Q�V�L�R�Q�D�O���V�S�H�F�W�U�R�V�F�R�S�\�� �I�R�U���V�R�O�L�G-�V�W�D�W�H���V�D�P�S�O�H�V�����X�V�X�D�O�O�\�� �V�W�X�G�L�H�G���Z�L�W�K���&�3���0�$�6���P�H�W�K�R�G�����D�U�H��
�F�R�P�S�O�L�F�D�W�H�G���Z�L�W�K���W�H�F�K�Q�L�F�D�O���L�V�V�X�H�V�����F�D�X�V�H�G���E�\���Q�H�F�H�V�V�L�W�\���R�I���V�D�P�S�O�H���V�S�L�Q�Q�L�Q�J���D�Q�G���O�R�Z���U�H�V�R�O�X�W�L�R�Q��
�R�I���V�R�O�L�G-�V�W�D�W�H���1�0�5���V�S�H�F�W�U�D���>���@�� 

�,�Q���W�K�L�V���Z�R�U�N�����Z�H���R
u�H�U���W�K�H���D�S�S�U�R�D�F�K�����E�D�V�H�G���R�Q���W�K�H���W�U�D�Q�V�L�W�L�R�Q���R�I���V�D�P�S�O�H���L�Q�W�R���P�R�O�W�H�Q���V�W�D�W�H��
�G�L�U�H�F�W�O�\�� �L�Q�� �1�0�5�� �V�D�P�S�O�H�� �W�X�E�H���� �,�Q�� �F�D�V�H�� �R�I�� �P�R�G�H�O�� �V�\�V�W�H�P�V�� �Z�L�W�K�� �V�L�P�S�O�H�� �V�W�U�X�F�W�X�U�H�V�� ���/-�O�D�F�W�L�G�H������
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Figure 1. The change of 1H spectrum after reaching of the sample melting point.  

 
�$�I�W�H�U�� �W�K�H�� �U�H�J�L�V�W�U�D�W�L�R�Q�� �R�I�����+-�1�0�5�� �V�S�H�F�W�U�X�P�� �D�W�� �W�K�H�� �P�H�O�W�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �W�K�H�� �O�D�F�W�L�G�H��

�F�R�S�R�O�\�P�H�U���V�D�P�S�O�H���Z�H���P�D�Q�D�J�H�G���W�R���R�E�W�D�L�Q���W�K�H���S�H�U�V�H�S�W�D�E�O�H���V�L�J�Q�D�O�V���L�Q���+�6�4�&���V�S�H�F�W�U�X�P�����Z�K�L�F�K���L�V��
�S�U�H�V�H�Q�W�H�G���D�W���¿�J�������� 
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Figure 2. HSQC spectrum of sample of lactide copolymer at 84 °C.  
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�Z�K�H�U�H�� �W�K�H�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �X�V�X�D�O�� �D�S�S�U�R�D�F�K�H�V�� �W�R�� �W�K�H�� ���'�� �1�0�5�� �V�S�H�F�W�U�D�� �U�H�J�L�V�W�U�D�W�L�R�Q�� �L�V�� �O�L�P�L�W�H�G��
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Introduction 
�5�H�F�H�Q�W�� �\�H�D�U�V���� �L�Q�W�H�U�H�V�W�� �L�Q�� �V�W�X�G�\�L�Q�J�� �R�I�� �W�K�H�� �Q�R�Q�O�L�Q�H�D�U�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �V�S�L�Q�� �Z�D�Y�H�V�� ���6�:����

�S�U�R�S�D�J�D�W�L�Q�J���L�Q���P�D�J�Q�R�Q�L�F���F�U�\�V�W�D�O�V�����0�&�����K�D�V���L�Q�F�U�H�D�V�H�G�����6�X�F�K���Q�R�Q�O�L�Q�H�D�U���S�K�H�Q�R�P�H�Q�D���D�V���H�Q�Y�H�O�R�S�H��
�V�R�O�L�W�R�Q�V���>���@���D�Q�G���Q�R�Q�O�L�Q�H�D�U���I�U�H�T�X�H�Q�F�\���V�K�L�I�W���R�I���L�Q�W�H�Q�V�H���6�:���>���@���K�D�Y�H���E�H�H�Q���L�Q�Y�H�V�W�L�J�D�W�H�G�����+�R�Z�H�Y�H�U����
�D���Q�X�P�E�H�U���R�I���L�P�S�R�U�W�D�Q�W���L�V�V�X�H�V���U�H�P�D�L�Q���X�Q�H�[�S�O�R�U�H�G�����`�H�V�H���L�Q�F�O�X�G�H���W�K�H���S�U�R�E�O�H�P�V���R�I���L�Q�Y�H�V�W�L�J�D�W�L�Q�J��
�R�I���W�K�H���Q�R�Q�O�L�Q�H�D�U���S�K�D�V�H���V�K�L�I�W���R�I���D���V�P�D�O�O-�D�P�S�O�L�W�X�G�H���6�:���L�Q�G�X�F�H�G���E�\���D���O�D�U�J�H-�D�P�S�O�L�W�X�G�H���S�X�P�S���6�:��
�S�U�R�S�D�J�D�W�L�Q�J���L�Q���0�&���D�W���G�L
u�H�U�H�Q�W���I�U�H�T�X�H�Q�F�L�H�V�����W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���Q�R�Q�O�L�Q�H�D�U���G�D�P�S�L�Q�J���R�I���W�K�H��
�S�X�P�S���6�: ���� �`�H�� �L�Q�W�H�U�H�V�W�� �L�Q�� �W�K�H�� �V�W�X�G�\�� �R�I�� �V�X�F�K�� �H
u�H�F�W�� �L�V�� �G�X�H�� �W�R�� �W�K�H�� �Q�H�H�G�� �W�R�� �G�H�Y�H�O�R�S�� �P�D�J�Q�R�Q�L�F��
�O�R�J�L�F���F�L�U�F�X�L�W�V���L�Q���Z�K�L�F�K���W�K�H���R�X�W�S�X�W���6�:���V�L�J�Q�D�O���R�I���W�K�H���S�U�H�Y�L�R�X�V���O�R�J�L�F���H�O�H�P�H�Q�W���Z�R�X�O�G���F�R�Q�W�U�R�O���W�K�H��
�6�: ���V�L�J�Q�D�O���R�I���W�K�H���V�X�E�V�H�T�X�H�Q�W���O�R�J�L�F���H�O�H�P�H�Q�W���>���@���� 

Theoretical model 
The purpose of this work is to develop a theoretical model and an experimental 

prototype of a nonlinear phase shifter (NPS), the operating principle of which is based on the 
effect of an induced nonlinear phase shift of forward volume SW propagating in a one-
dimensional MC. 

To do this we developed original theoretical model. Since the nonlinear phase shift of 
small-amplitude SW depends on the evolution of the amplitude of large-amplitude pump SW 
during their simultaneous propagation in the MC, we first derived formulas for the nonlinear 
damping of SW in a regular magnetic film waveguide. To describe the propagation of two 
nonlinearly coupled waves, the system of modified nonlinear Ginzburg-Landau equations was 
used: 
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                             (1) 

here  �å�5�5 and �å�6�5 �± third order decrements of nonlinear damping, �å�5�6 and �å�6�6 �± fifth order 
decrements of nonlinear damping for the first and second SW respectively, �0�5�5 and �0�6�6 �± 
nonlinear self-interaction coefficients describing the effect of the amplitude of the first and 
second SW on its nonlinear frequency shift, �0�5�5 and �0�6�5 �± nonlinear coefficients describing 
the effect of the amplitude of the second and first SW on the nonlinear frequency shift of the 
first and second SW respectively.  

Solving the system of nonlinear Ginzburg-Landau equations (1) will give us an 
expression describing the dependence of the Fourier-amplitude of the first (operating) and 
second (pump) spin waves �7� �5�á�6�:�V�; on the coordinate. The solution is very cumbersome, so 
we will not present it here. Detailed expressions are given in the paper [4]. An expression that 
allows one to calculate the induced nonlinear phase shift of the operating SW taking into 
account nonlinear damping of the pump SW written as follow: 

�î �5�Ç�Å
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F
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�ì �@�0�5�5�7� �5

�6�:�V�; 
E �0�5�6�7� �6
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�@�V,                                  (2) 
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here  �8�Ú�5 �± group velocity of the operating SW. Note, that �î �5�Ç�Å
L �î �Ì�Ç�Å
E �î�Â�Ç�Å, here �î �Ì�Ç�Å �± 
intrinsic nonlinear phase shift, �î �Â�Ç�Å �± nonlinear phase shift induced by the pump SW. The 
phase shift �î �Ì�Ç�Å determines the first term in (2), and �î �Â�Ç�Å determines the second term. 

At the last stage, additional attenuation of the pump wave due to Bragg reflection 
during its propagation at the frequencies of the band gaps of the MC was taken into account. 
The transmission coefficient describing reflection of SW from a periodic structure was 
derived using the coupled wave method [5]. For this purpose, the MC transmission coefficient 
was rewritten as a product of several terms describing the nonlinear damping of SW and the 
attenuation associated with their reflection: 

�*�Æ�¼�:�ñ�; 
L �*�Ç�Å�Ì�Ð�:�ñ�;�*�Ë�:�ñ�;,                                                (3) 
here �*�Ç�Å�Ì�Ð�:�ñ�; and �*�Ë�:�ñ�; �± transmission coefficients describing the nonlinear damping of 
SW and the attenuation of SW associated with Brag reflection in MC respectively. 
Afterwards, having written down the overall transmission coefficient���*�Æ�¼�:�ñ�;, we will be able 
to express the amplitude of the operating signal as �7�5

�6�:�V�; 
L �*�Æ�¼�:�ñ�;�7�4�5. The coefficient 
�*�Ë�:�ñ�; is equal to �³1�  ́outside the frequencies of the MC band gaps, therefore the propagation 
of SW outside these zones is described using the usual model. In the case of SW propagation 
at bandgap frequencies, the transmission coefficient becomes less than �³��� ́ due to its 
reflection from the periodic structure. 

Experimental setup 
An experimental prototype of a magnonic NPS (Fig. 1) was fabricated with using a 

MC made of 5.7 ���P thick yttrium-iron-garnet (YIG) film (1). The 10 grooves (2) with a depth 
of 0.1 ���P and a period of ��  = 300 ���P were etched on the surface of the film. The width of the 
grooves was 100 ���P. Microstrip antennas (3) with a length of 2 mm and a width of 50 ���P 
were used to excite and receive forward volume SW. The antennas were positioned directly 
on the MC surface, and the distance between them was d = 3 mm. Microstrip lines (4) with a 
characteristic impedance of 50 Ohm were used to supply a microwave signal to the input 
antenna and receive the transmitted microwave signal from the output antenna. The saturation 
magnetization of the selected YIG-film was 1400 Oe, and the magnitude of the external 
magnetic field was 2500 Oe. The half-width of the ferromagnetic resonance curve was 0.6 Oe.  

 
Fig. 1. Experimental prototype of the magnonic NPS 

The measurements were carried out in two stages. At the first stage, the input and 
output microstrip lines of the experimental prototype were connected directly to a vector 
network analyzer (VNA). The frequency response and the phase-frequency characteristic of 
the studied prototype were measured. At the second stage, measurements of the induced 
nonlinear phase shift of SW in MC were carried out. To do this, the experimental prototype 
was included in the experimental setup. The VNA was switched to the phase versus time 
measurement mode. In this mode, the VNA generated a continuous low-power microwave 
signal. At the same time, the microwave generator generated a pulsed microwave signal, 
further amplified by an amplifier. Thus, the continuous operating and relatively intense pump 
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pulses were simultaneously excited in the YIG-film. As a result, the dependence of the phase 
of the operating microwave signal on time was observed on the screen of the VNA.  

Figure 2 (a) shows the frequency response of the NPS prototype. Figures 2 (b, c) 
shows the induced nonlinear phase shift of the operating SW measured for two frequencies of 
the operating signal located between the band gaps of the MC versus pump signal power. 
Arrows in Figure 2 (a) shows operating signal frequencies fs, as well as pump signal 
frequencies fBG. The operating signal power was 10 µW.  

 
Fig. 2. Frequency response of the NPS based on forward volume SW (a), theoretical (curves) 

and experimental (symbols) characteristics of the induced nonlinear phase shifts of the 
operating SW versus pump SW power for two operating SW frequencies fs and four pump SW 

frequencies fp (b) and (c). 

Conclusion 
�`�H���U�H�V�X�O�W�V���R�I�� �W�K�H���L�Q�Y�H�V�W�L�J�D�W�L�R�Q���V�K�R�Z�H�G���W�K�D�W���R�X�U���P�R�G�H�O���L�V���L�Q���W�K�H���J�R�R�G���D�J�U�H�H�P�H�Q�W�� �Z�L�W�K��

�W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�����`�H���P�R�G�H�O���F�D�Q���E�H���X�V�H�G���W�R���G�H�V�F�U�L�E�H���W�K�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�H���P�D�J�Q�R�Q�L�F��
�1�3�6�¶�V���E�D�V�H�G���R�Q���W�K�H���I�R�U�Z�D�U�G���Y�R�O�X�P�H���6�:���I�R�U���W�K�H�L�U���I�X�U�W�K�H�U���X�V�H���L�Q���P�D�J�Q�R�Q�L�F���O�R�J�L�F���F�L�U�F�X�L�W�V�� 
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Introduction 
�3�D�O�O�D�G�L�X�P���,�,���� ���������3�G���� �F�R�P�S�O�H�[�H�V�� �D�U�H�� �Z�L�G�H�O�\�� �X�V�H�G�� �L�Q�� �D�� �Y�D�U�L�H�W�\�� �R�I�� �¿�H�O�G�V���� �L�Q�F�O�X�G�L�Q�J��

�F�D�W�D�O�\�V�L�V�� �D�Q�G�� �W�K�H�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O�� �L�Q�G�X�V�W�U�\���� �D�P�R�Q�J�� �R�W�K�H�U�V�� �>���@���� �'�X�H�� �W�R�� �W�K�L�V���� �W�K�H�� �F�K�D�O�O�H�Q�J�H�� �R�I��
�L�G�H�Q�W�L�I�\�L�Q�J�� �D�Q�G�� �F�K�D�U�D�F�W�H�U�L�]�L�Q�J�� �W�K�H�V�H�� �F�R�P�S�R�X�Q�G�V�� �X�V�L�Q�J�� �1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\���� �D�V�� �Z�H�O�O�� �D�V��
�X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �H
u�H�F�W�� �R�I�� �W�K�H���������3�G�� �F�R�U�H�� �R�Q�� �W�K�H�� �Q�D�W�X�U�H�� �R�I�� �W�K�H�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H�V�H�� �V�\�V�W�H�P�V����
�U�H�P�D�L�Q�V���U�H�O�H�Y�D�Q�W�� 

The experimental basis of the study 
We have synthesized several dimeric coordination complexes of palladium (II) with 

semicarbazone ligands [(PdL1-4)2Cl]. The synthesis involved the reaction of a palladium 
precursor, K2PdCl4, with L1-L4 semicarbazones followed by formation of a palladacycle (L1-
L3) or additional coordination of the phenolic hydroxyl group (L4), as shown in Figure 1. 

 
�)�L�J�X�U�H���������*�H�Q�H�U�D�O���V�F�K�H�P�H���R�I���V�\�Q�W�K�H�V�L�V���D�Q�G���V�W�U�X�F�W�X�U�H���R�I���W�K�H���R�E�W�D�L�Q�H�G���F�R�P�S�O�H�[�H�V 

�`�H�� �F�R�P�S�R�X�Q�G�V�� �Z�H�U�H�� �V�W�X�G�L�H�G�� �X�V�L�Q�J�� �1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �X�V�L�Q�J�� �-�H�R�O�� �(�&�;�������$��
�V�S�H�F�W�U�R�P�H�W�H�U�� �Z�L�W�K�� �D�Q�� �R�S�H�U�D�W�L�Q�J�� �I�U�H�T�X�H�Q�F�\�� �R�I�� �������������� �����+���� �D�Q�G�� �������������� �������&���� �0�+�]��
���>���3�G�/�������&�O�@�&�O�����>���3�G�/�������&�O�@�&�O�����D�Q�G���R�Q���%�U�X�N�H�U���$�Y�D�Q�F�H���,�,�,�7�0���+�' �����������0�+�]���Z�L�W�K���D�Q���R�S�H�U�D�W�L�Q�J��
�I�U�H�T�X�H�Q�F�\���R�I���������������������+�����D�Q�G�����������������������&�����0�+�]�����>���3�G�/�������&�O�@�&�O�����>���3�G�/�������&�O�@�&�O�����L�Q���'�0�6�2-�G����
�D�W�������ƒ�&�� 

The  influence of  palladium( II ) 

The origins of the challenging interpretation 
�$�V���L�V���Z�H�O�O���N�Q�R�Z�Q�����W�K�H���S�U�L�P�D�U�\���F�K�D�O�O�H�Q�J�H�V���L�Q���D�Q�D�O�\�]�L�Q�J���W�K�H�����+���D�Q�G�������&���1�0�5���V�S�H�F�W�U�D���R�I��

�������3�G�� �F�R�P�S�R�X�Q�G�V�� �V�W�H�P�� �Q�R�W�� �R�Q�O�\�� �I�U�R�P�� �W�K�H�� �I�U�H�T�X�H�Q�W�� �S�U�H�V�H�Q�F�H�� �R�I�� �Y�D�U�L�R�X�V�� �S�D�U�D�P�D�J�Q�H�W�L�F��
�L�P�S�X�U�L�W�L�H�V���L�Q���V�D�P�S�O�H�V�����Z�K�L�F�K���F�D�Q���V�R�P�H�W�L�P�H�V���O�H�D�G���W�R���V�L�J�Q�L�¿�F�D�Q�W���O�L�Q�H���E�U�R�D�G�H�Q�L�Q�J���R�I���W�K�H���V�S�H�F�W�U�D����
�E�X�W���D�O�V�R���I�U�R�P���V�S�L�Q-�V�S�L�Q���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H�����+���D�Q�G�������&���Q�X�F�O�H�L���L�Q���W�K�H���S�U�R�G�X�F�W���V�W�U�X�F�W�X�U�H���D�Q�G��
�W�K�H���T�X�D�G�U�X�S�R�O�H���P�R�P�H�Q�W���R�I���W�K�H���S�D�O�O�D�G�L�X�P���Q�X�F�O�H�L�����4��� ���������I�P�������,��� ����������������� ��-�������������������U�D�G���V-�����7-������
�>���������@���F�D�Q���D�O�V�R���F�D�X�V�H���V�H�U�L�R�X�V���G�L�V�W�R�U�W�L�R�Q�V���L�Q���W�K�H���V�S�H�F�W�U�D�O���S�D�W�W�H�U�Q�� 
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Interpretation of the spectra of complexes [(PdL 1) 2Cl]Cl & [(PdL 2) 2Cl]Cl 

The main pattern observed in the analysis of the spectra for the synthesized 
compounds is a marked broadening of signals in the 1H NMR spectrum (Table 1). 

 Table 1. 1H NMR spectra of L1, L2 & [(PdL1)2Cl]Cl, [(PdL2)2Cl]Cl 

In particular, in the compound [(PdL1)2Cl]Cl signals of the amino group N2H2 and the 
benzene ring are so broadened that they "merge" into one composite multiplet at 6.38 �± 7.50 
ppm. This fact may also be facilitated by some weak-field shift in the signal of the protons of 
this amino group caused by the deshielding of the electron density of the metal center during 
complex formation. 

However, it is worth noting that, for coordination compounds of 105Pd, spectra with 
normal, non-broadened signals have been observed, despite the significant quadrupole 
moment of 105Pd. The investigation of complex compounds (PdL1-2)2Cl by mass-spectrometry 
has revealed their dimeric nature. This suggests that the broadened signals in the spectra of 
the complexes we obtained are due to their binuclear structure, as well as possibly the 
paramagnetism of palladium compounds that may be present as impurities due to partial 
intramolecular reduction in DMSO. On the dimeric nature of [(PdL2)2Cl]Cl also indicates the 
presence of two signals at 9.31 and 9.75 ppm in the 1H NMR spectra, corresponding to 
protons of the N1H amino groups in different dimeric fragments. This can be explained by one 
of the amino groups acting as a hydrogen bond donor in a dimeric molecule, with a chloride 
ion coordinating to its proton [5], thus making the amino groups non-equivalent and 
manifesting as two signals in the spectrum. 

The increase in the number of signals in the 13C NMR spectrum is largely due to the 
removal of the magnetic equivalence of carbon atoms in the benzene ring of the 
semicarbazone during palladium coordination, as well as spin-spin interaction with the 105Pd 
nucleus. In this case, a characteristic shift occurs in the region of the weak field for signals C1 
and C2 of the carbon atoms of the benzene ring of the semicarbazone, due to the formation of 
a metallocycle. It is also worth noting that the formation of a metallocycle is pronounced in 
the 1H-13C-HMQC spectrum [(PdL1)2Cl]Cl, where the fourth cross-peak appears in the region 
of aromatic protons and carbon atoms, due to the removal of magnetic equivalence from the 
atoms of the benzene ring, but the fifth cross peak does not appear due to the substitution of a 
proton in the second position with a 105Pd atom. 

Compound 

NMR spectra, �/, ppm., DMSO-d6 

CH3 
Ho 

(Hm) 
[Hp] 

Ho�¶ 
(Hm���¶ 
[Hp�@�¶ 

N1H 
(N2H2) 
[N2H] 

L1 2.15 s 
7.79 d 

(7.31 �± 7.33 m) 
[7.31 �± 7.33 m] 

 
9.30 s 

(6.45 s) 
[ - ] 

[(PdL1)2Cl]Cl 2.18 s 6.38 �± 7.50 m  
10.27 w. s 

(6.38 �± 7.50 m) 
[ - ] 

L2 2.24 s 
7.87 �± 7.89 m  

(7.37 �± 7.39 m) 
[7.37 �± 7.39 m] 

7.61 d 
(7.27 �± 7.29 m) 

[7.00 t] 

9.76 s 
( - ) 

[ 8.82 s] 

[(PdL2)2Cl]Cl 2.28 s 

6.99 m 
7.24 �± 7.28 m 
7.43 �± 7.44 m 

7.9 m 

6.99 m 
7.24 �± 7.28 m 
7.43 �± 7.44 m 

7.9 m 

9.31 w. s  
9.75 w. s 

( - ) 
[ 8.95 s] 
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Interpretation of the spectra of complexes [(PdL 3)Cl]Cl & [(PdL 4)Cl]Cl 
The effect of the inclusion of additional donor functional groups (4-N(CH3)2 (L

3), 2,4-
OH (L4)) in the ligand structure on the spectral features of 105Pd complex compounds has been 
investigated. Despite evidence of a similar dimeric structure (in particular, by the integral 
intensities of 1H NMR spectra and an increase in the number of signals in 13C NMR spectra), 
the signals remain un-broadened. At the same time, the number of signals in the proton 
spectra of both complexes increases significantly, probably due to the spin-spin interaction of 
protons with 105Pd, which can be demonstrated by the example of [(PdL3)2Cl]Cl (fig. 2). 

 
Figure 2. Spectra of compounds L3 & [(PdL3)Cl]Cl 

 
Thus, it can be concluded that the introduction of additional donor functional groups 

into the structures of dimeric 105Pd complexes with semicarbazones leads to a levelling of 
signal broadening in the proton spectrum, however, it contributes to a greater manifestation of 
the spin-spin interaction of protons with 105Pd. 
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Introduction 
�0�D�Q�\���S�U�R�F�H�V�V�H�V���R�I���L�Q�W�H�U�H�V�W���W�R���L�Q�G�X�V�W�U�\���D�Q�G���V�R�F�L�H�W�\���D�U�H���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H���S�U�H�V�H�Q�F�H���R�I��

�O�L�T�X�L�G�V���L�Q���D���S�R�U�R�X�V���P�H�G�L�X�P�����%�L�R�S�R�O�\�P�H�U�V�����F�D�W�D�O�\�V�W�V�����Q�D�W�L�Y�H���D�Q�G���D�U�W�L�¿�F�L�D�O�O�\���F�U�H�D�W�H�G���P�H�P�E�U�D�Q�H�V��
�±���P�R�V�W���R�I�� �W�K�H���P�D�W�H�U�L�D�O�V���W�K�D�W���V�X�U�U�R�X�Q�G���X�V���D�U�H���S�R�U�R�X�V���� �2�Q�H���R�I���W�K�H�� �D�U�H�D�V���L�Q���W�K�H���V�W�X�G�\�� �R�I�� �S�R�U�R�X�V��
�P�D�W�H�U�L�D�O�V���L�V���U�R�F�N�V���±���F�R�U�H�V�����7�R�G�D�\�����W�K�H�U�H���L�V���D�Q���H�[�W�H�Q�V�L�Y�H���O�L�V�W���R�I���F�O�D�V�V�L�F�D�O���P�H�W�K�R�G�V���>���@���W�K�D�W���F�D�Q���E�H��
�X�V�H�G���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���S�R�U�R�X�V���V�S�D�F�H���R�I���D���F�R�U�H�����K�R�Z�H�Y�H�U�����L�Q���P�R�V�W���F�D�V�H�V�����W�K�H�L�U���X�V�H���L�V���D�V�V�R�F�L�D�W�H�G��
�Z�L�W�K���W�K�H���Q�H�H�G���W�R���Y�L�R�O�D�W�H���W�K�H���L�Q�W�H�J�U�L�W�\���R�I���W�K�H���V�D�P�S�O�H�����,�Q���W�K�L�V���U�H�J�D�U�G�����W�K�H���Q�R�Q-�L�Q�Y�D�V�L�Y�H���P�H�W�K�R�G���R�I��
�Q�X�F�O�H�D�U���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H�����1�0�5�����K�D�V���E�H�H�Q���Z�L�G�H�O�\���X�V�H�G���L�Q���R�L�O���¿�H�O�G���J�H�R�O�R�J�\���D�Q�G���J�H�R�S�K�\�V�L�F�V��
�L�Q�� �U�H�F�H�Q�W�� �G�H�F�D�G�H�V�� �>���@���� �,�Q�� �W�K�L�V�� �S�D�S�H�U���� �Z�H�� �Z�L�O�O�� �G�H�P�R�Q�V�W�U�D�W�H�� �V�R�P�H�� �I�H�D�W�X�U�H�V�� �W�K�D�W�� �Q�H�H�G�� �W�R�� �E�H�� �S�D�L�G��
�D�W�W�H�Q�W�L�R�Q���W�R���Z�K�H�Q���F�R�Q�G�X�F�W�L�Q�J���V�W�X�G�L�H�V���R�I���W�K�H���S�R�U�R�X�V���V�S�D�F�H���R�I���D���F�R�U�H���X�V�L�Q�J���W�K�H���1�0�5���P�H�W�K�R�G�� 

Materials and methods 
Atlantic sal NMR studies were performed on a dolomite core sample. To determine the 

open porosity, the core sample, previously dried to a constant mass, was saturated with a 
proton-containing fluid - water. According to the results of preliminary tests, the open 
porosity of the core is �ý 5%. For a number of tests, the core sample was saturated with an 
aqueous solution of copper sulfate. 

To study the pore space of the core, a comprehensive approach was used based on the 
analysis of experimental data from a number of NMR techniques: 

1. Spin-spin relaxation. Relaxation attenuation was recorded using a CPMG pulse 
sequence; 

2. NMR cryoporometry. Based on the data obtained by the Solid-echo pulse technique, 
the dependence of the fraction of the solid-state component of the NMR signal (ps) on 
temperature is constructed; 

3. DDIF. Using internal magnetic field gradients for spatial localization of diffusing 
molecules. 

Results 
�:�H�O�O�� �`�H�� �Q�R�Q-�H�[�S�R�Q�H�Q�W�L�D�O�� �U�H�O�D�[�D�W�L�R�Q�� �G�H�F�D�\�V�� �R�E�W�D�L�Q�H�G�� �E�\�� �W�K�H�� �.�3�0�*�� �P�H�W�K�R�G�� �Z�H�U�H��

�S�U�H�V�H�Q�W�H�G���L�Q���W�K�H���I�R�U�P���R�I���D���V�S�H�F�W�U�X�P�����)�L�J�X�U�H�����D�����R�I���U�H�O�D�[�D�W�L�R�Q���W�L�P�H�V���X�V�L�Q�J���W�K�H���R�U�L�J�L�Q�D�O���S�U�R�J�U�D�P��
�³�6�S�H�F�W�U�X�P�� �R�I�� �V�S�L�Q-�V�S�L�Q�� �U�H�O�D�[�D�W�L�R�Q�� �W�L�P�H�V�´�� �G�H�Y�H�O�R�S�H�G�� �D�W�� �W�K�H�� �'�H�S�D�U�W�P�H�Q�W�� �R�I�� �3�K�\�V�L�F�V�� �R�I��
�0�R�O�H�F�X�O�D�U���6�\�V�W�H�P�V���R�I���W�K�H���,�Q�V�W�L�W�X�W�H���R�I���3�K�\�V�L�F�V���R�I���.�D�]�D�Q���)�H�G�H�U�D�O���8�Q�L�Y�H�U�V�L�W�\�����$�F�F�R�U�G�L�Q�J���W�R���>���@����
�W�K�H���R�E�W�D�L�Q�H�G���V�S�H�F�W�U�X�P���R�I�� �V�S�L�Q-�V�S�L�Q���U�H�O�D�[�D�W�L�R�Q���W�L�P�H�V���F�D�Q���E�H���I�R�U�P�D�O�O�\�� �S�U�H�V�H�Q�W�H�G���D�V���D���S�R�U�H���V�L�]�H��
�G�L�V�W�U�L�E�X�W�L�R�Q�����)�L�J�X�U�H�����E�����E�\���D�S�S�O�\�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���U�H�O�D�W�L�R�Q�V�K�L�S�� 
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Figure 1. a) Differential spectrum of spin-spin relaxation times for a core sample saturated 

with water; b) Pore size distribution. Each peak is labeled with the average spin-spin 
relaxation time (a) and the average pore size (b) 
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Figure 2. Dependence of spin-spin relaxation 
times on the concentration of copper sulfate. 
The behavior of the relaxation time of water 

with copper sulfate in the volume (T2) is 
indicated by round symbols, and the value of 

the longest transverse relaxation time for 
water molecules in the core (T2max) is indicated 

by triangular symbols 

 
Figure 3. Pore size distribution spectrum 
obtained from NMR cryoporometry data 
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Introduction 
�6�W�D�W�L�Q�V���D�U�H���D���J�H�Q�H�U�D�O���S�K�D�U�P�D�F�R�O�R�J�L�F�D�O���J�U�R�X�S���W�K�D�W�����Z�L�W�K���W�K�H���K�H�O�S���R�I���V�R�P�H���R�I���L�W�V���V�W�U�X�F�W�X�U�D�O��

�S�D�U�W�V���� �L�P�L�W�D�W�H�� �W�K�H�� �+�0�*-�&�R�$�� �U�H�G�X�F�W�D�V�H�� �E�L�Q�G�L�Q�J�� �W�R�� �+�0�*-�&�R�$�>���@���� �6�W�D�W�L�Q�� �P�R�O�H�F�X�O�H�V�� �L�Q�F�O�X�G�H��
�Y�D�U�L�R�X�V�� �D�G�G�L�W�L�R�Q�D�O�� �D�W�R�P�L�F�� �J�U�R�X�S�V���� �D�Q�G�� �W�K�H�� �H
u�H�F�W�L�Y�H�Q�H�V�V�� �D�Q�G�� �V�L�G�H�� �H
u�H�F�W�V�� �R�I�� �V�W�D�W�L�Q�V�� �Y�D�U�\��
�V�L�J�Q�L�¿�F�D�Q�W�O�\���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H�P���S�U�R�F�H�V�V�H�V���R�F�F�X�U�U�L�Q�J���L�Q���W�K�H���K�X�P�D�Q���R�U�J�D�Q�L�V�P���D�U�H���V�W�L�O�O���Q�R�W���I�X�O�O�\��
�X�Q�G�H�U�V�W�R�R�G�� �D�Q�G�� �W�K�H�U�H�� �D�U�H�� �P�D�Q�\�� �K�\�S�R�W�K�H�V�H�V�� �D�E�R�X�W�� �W�K�H�� �S�D�W�K�Z�D�\�� �R�I�� �D�F�W�L�R�Q�� �R�I�� �V�W�D�W�L�Q�V���� �`�H�U�H�� �D�U�H��
�V�W�X�G�L�H�V�� �F�R�Q�¿�U�P�L�Q�J�� �W�K�D�W�� �W�K�H�� �G�H�S�W�K�� �R�I�� �V�W�D�W�L�Q�� �S�H�Q�H�W�U�D�W�L�R�Q�� �L�Q�W�R�� �W�K�H�� �P�R�G�H�O�� �P�H�P�E�U�D�Q�H�� �F�R�U�U�H�O�D�W�H�V��
�Z�L�W�K���W�K�H���U�L�V�N���R�I���V�L�G�H���H
u�H�F�W�V�>���@���� 

�`�H���D�L�P���R�I���W�K�L�V���Z�R�U�N���Z�D�V���W�R���V�W�X�G�\���W�K�H���S�D�U�D�P�H�W�H�U�V���R�I���V�W�D�W�L�Q�V���E�L�Q�G�L�Q�J���W�R���D���O�L�S�L�G���E�L�O�D�\�H�U��
�E�D�V�H�G�� �R�Q�� �3�2�3�&�� ����-�S�D�O�P�L�W�R�\�O-��-�R�O�H�R�\�O-�V�Q-�J�O�\�F�H�U�R-��-�S�K�R�V�S�K�R�F�K�R�O�L�Q�H���� �X�V�L�Q�J�� �W�K�H�� �P�R�O�H�F�X�O�D�U��
�G�\�Q�D�P�L�F�V�� ���0�'���� �D�Q�G�� �P�H�W�D�G�\�Q�D�P�L�F�V�� �P�H�W�K�R�G�V���� �`�H�� �R�E�M�H�F�W�V�� �R�I�� �W�K�H�� �V�W�X�G�\�� �Z�H�U�H�� �W�Z�R�� �O�L�S�R�S�K�L�O�L�F��
�V�W�D�W�L�Q�V�� �²�� �D�W�R�U�Y�D�V�W�D�W�L�Q�� �D�Q�G�� �S�L�W�D�Y�D�V�W�D�W�L�Q�� �D�Q�G�� �W�Z�R�� �K�\�G�U�R�S�K�L�O�L�F�� �V�W�D�W�L�Q�V�� �²�� �U�R�V�X�Y�D�V�W�D�W�L�Q�� �D�Q�G��
�S�U�D�Y�D�V�W�D�W�L�Q���� �� �6�W�X�G�L�H�V�� �R�I�� �W�K�H�� �E�L�Q�G�L�Q�J�� �R�I�� �W�K�H�V�H�� �V�W�D�W�L�Q�V�� �W�R�� �O�L�S�L�G�� �E�L�O�D�\�H�U�V�� �E�D�V�H�G�� �R�Q�� �3�2�3�&�� �Z�H�U�H��
�S�U�H�Y�L�R�X�V�O�\���F�D�U�U�L�H�G���R�X�W���X�V�L�Q�J���W�K�H���1�0�5���P�H�W�K�R�G���>�������@�� 

 

 
�)�L�J�X�U�H���������&�K�H�P�L�F�D�O���V�W�U�X�F�W�X�U�H�V���R�I���F�R�P�S�R�X�Q�G�V���V�W�X�G�L�H�G�����$�U�U�R�Z�V���L�Q���U�H�G���D�U�H���W�K�H���G�L�U�H�F�W�R�U�V���X�V�H�G���L�Q��
�W�K�H���R�U�L�H�Q�W�D�W�L�R�Q���D�Q�D�O�\�V�L�V�����$�W�R�P�L�F���J�U�R�X�S�V�����W�K�H���G�L�K�\�G�U�R�[�\���S�H�Q�W�D�Q�R�D�W�H���J�U�R�X�S�����'�+�3�������W�K�H���H�V�W�H�U��

�J�U�R�X�S�����5�2�2�5�������W�K�H����-�P�H�W�K�\�O�S�U�R�S�\�O���J�U�R�X�S�������0�3�������W�K�H���À�X�R�U�R�S�K�H�Q�\�O�����)�3�+�������W�K�H���K�\�G�U�R�[�\�O���J�U�R�X�S��
���5�2�+�������W�K�H���L�V�R�S�U�R�S�\�O���J�U�R�X�S�����3�,�3�������W�K�H���F�\�F�O�R�S�U�R�S�\�O���J�U�R�X�S�����3�,�3�������W�K�H���V�X�O�I�D�Q�D�P�L�G�H���J�U�R�X�S�����1�6�2����

�D�Q�G���W�K�H���P�D�L�Q���K�\�G�U�R�S�K�R�E�L�F���P�R�L�H�W�\�����0�+�0���� 

Methods 
�$�O�O�� �V�\�V�W�H�P�V�� �F�R�Q�W�D�L�Q�H�G�� �������� �O�L�S�L�G�V�� �S�H�U�� �O�D�\�H�U�� �D�Q�G�� �D�E�R�X�W�� ������ �Z�D�W�H�U�� �P�R�O�H�F�X�O�H�V�� �S�H�U�� �O�L�S�L�G����

�&�D�O�F�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �Z�L�W�K�� �W�K�H�� �I�X�O�O-�D�W�R�P�� �&�+�$�5�0�0������ �I�R�U�F�H�� �¿�H�O�G�� �D�I�W�H�U�� �H�Q�H�U�J�\��
�P�L�Q�L�P�L�]�D�W�L�R�Q�� �D�Q�G�� �1�3�7�� �1�9�7�� �H�T�X�L�O�L�E�U�D�W�L�R�Q���� �7�R�� �D�Q�D�O�\�]�H�� �W�K�H�� �0�'�� �U�H�V�X�O�W�V�� �D�Q�G�� �V�X�E�V�H�T�X�H�Q�W��
�F�D�O�F�X�O�D�W�L�R�Q�V���X�V�L�Q�J���P�H�W�D�G�\�Q�D�P�L�F�V���� �L�W���L�V���Q�H�F�H�V�V�D�U�\�� �W�R���V�S�H�F�L�I�\�� �F�R�O�O�H�F�W�L�Y�H���Y�D�U�L�D�E�O�H�V�����&�9������ �,�Q���W�K�L�V��
�V�W�X�G�\�����V�X�F�K���S�D�U�D�P�H�W�H�U�V���Z�H�U�H���W�K�H���S�R�V�L�W�L�R�Q���R�I���W�K�H���V�W�D�W�L�Q���U�H�O�D�W�L�Y�H���W�R���W�K�H���E�L�O�D�\�H�U���F�H�Q�W�H�U���@���V�����D�Q�G���W�K�H��
�W�L�O�W�� �D�Q�J�O�H�������R�I�� �W�K�H�� �V�W�D�W�L�Q�� �W�R�� �W�K�H�� �E�L�O�D�\�H�U�� �Q�R�U�P�D�O���� �7�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �W�L�O�W�� �D�Q�J�O�H���� �L�W�� �L�V�� �Q�H�F�H�V�V�D�U�\�� �W�R��
�V�S�H�F�L�I�\�� �D�� �Y�H�F�W�R�U�� �L�Q�� �W�K�H�� �V�W�D�W�L�Q�� �P�R�O�H�F�X�O�H���� �)�R�U�� �H�[�D�P�S�O�H���� �I�R�U�� �D�W�R�U�Y�D�V�W�D�W�L�Q���� �W�K�L�V�� �Z�D�V�� �W�K�H�� �Y�H�F�W�R�U��
�G�L�U�H�F�W�H�G���I�U�R�P�� �W�K�H�� �Q�L�W�U�R�J�H�Q�� �L�Q�� �1�����W�R�� �&���������`�H�� �V�H�O�H�F�W�H�G���Y�H�F�W�R�U�V�� �I�R�U�� �H�D�F�K�� �V�W�D�W�L�Q�� �D�U�H�� �S�U�H�V�H�Q�W�H�G���L�Q��
�¿�J�����������`�H���0�'���W�U�D�M�H�F�W�R�U�L�H�V���Z�H�U�H���X�V�H�G���D�V���V�W�D�U�W�L�Q�J���S�R�L�Q�W�V���I�R�U���W�K�H���P�H�W�D�G�\�Q�D�P�L�F�V���F�D�O�F�X�O�D�W�L�R�Q�V�����`�H��
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�P�H�W�D�G�\�Q�D�P�L�F�V�� �V�L�P�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �W�K�H�� �*�5�2�0�$�&�6�� �S�U�R�J�U�D�P�� �Z�L�W�K�� �3�/�8�0�(�'��
�S�O�X�J�L�Q�>���@���� �`�H�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �S�D�U�D�O�O�H�O�� �L�Q�� ������ �O�L�Q�N�H�G�� �U�H�S�O�L�F�D�V���� �F�D�O�F�X�O�D�W�H�G�� �R�Q��
�G�L
u�H�U�H�Q�W�� �S�U�R�F�H�V�V�R�U�� �F�R�U�H�V���� �I�R�U�� �������� �Q�V�� �H�D�F�K���� �`�H�� �W�R�W�D�O�� �V�L�P�X�O�D�W�L�R�Q�� �W�L�P�H�� �I�R�U�� �H�D�F�K�� �V�W�D�W�L�Q�� �F�D�Q�� �E�H��
�H�V�W�L�P�D�W�H�G���D�W���������î����������� �������������Q�V���� 

Results 

Simulations of single statin binding to POPC bilayer 

�3�L�W�D�Y�D�V�W�D�W�L�Q���L�V���L�Q�F�R�U�S�R�U�D�W�H�G���L�Q�W�R���W�K�H���O�L�S�L�G���E�L�O�D�\�H�U���T�X�L�W�H���U�D�S�L�G�O�\�����0�'���G�X�U�L�Q�J���W�K�H���¿�U�V�W��������
�Q�V�� �O�H�G�� �W�R�� �V�S�R�Q�W�D�Q�H�R�X�V�� ���L�P�P�H�U�V�L�R�Q���� �R�I�� �W�K�H�� �V�W�D�W�L�Q�� �L�Q�W�R�� �W�K�H�� �P�H�P�E�U�D�Q�H�� ���)�L�J���� �������� �`�H�� �V�L�P�X�O�D�W�L�R�Q��
�Z�D�V���F�R�Q�W�L�Q�X�H�G�����E�X�W���Q�R���F�K�D�Q�J�H�V���R�F�F�X�U�U�H�G���E�H�\�R�Q�G���V�P�D�O�O���À�X�F�W�X�D�W�L�R�Q�V�����D�Q�G���L�W���F�D�Q���E�H���D�V�V�X�P�H�G���W�K�D�W��
�W�K�H���V�W�D�W�L�Q���L�V���¿�U�P�O�\���¿�[�H�G���L�Q���W�K�H���P�H�P�E�U�D�Q�H���� 

 
 Figure 2. Penetration of statins into the POPC bilayer. 

�`�H�� �U�H�V�X�O�W�V�� �I�R�U�� �S�U�D�Y�D�V�W�D�W�L�Q�� �Z�H�U�H�� �G�L
u�H�U�H�Q�W���� �W�K�L�V�� �P�R�O�H�F�X�O�H�� �Z�D�V�� �X�Q�D�E�O�H�� �W�R�� �S�H�Q�H�W�U�D�W�H�� �W�K�H��
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Simulations of 40 statin binding to POPC bilayer 
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Introduction 
Nowadays, terahertz technologies are widely used in fields such as security, 

biomedicine, astronomy, non-destructive control and telecommunication [1,2,3]. The 
frequency range between 0.1 THz and 10 THz, known as the "THz gap," has been a 
challenging area due to the limited availability of efficient generators and detectors [4]. 
Currently, there are several studies proposing various approaches to fill this gap, such as 
designing devices based on the anisotropy of antiferromagnetic media [5-7] or utilizing 
Josephson junctions [8, 9], etc.  

The goal of this work is to study the influence of the thickness of a ferromagnetic film 
on the form of dispersion characteristic of spin wave (SW) and calculate film thicknesses that 
would enable magnetization oscillations in the frequency range from 0.1 to 0.5 THz. 

Statement of the problem and conditions 
To search for spectrum in limited samples, in addition to solving Maxwell�¶�V equations 

with classical electrodynamic boundary conditions ���%�&������ �L�W�¶�V�� �Q�H�F�H�V�V�D�U�\�� �W�D�N�H�� �L�Q�W�R�� �D�F�F�R�X�Q�W 
additional BC formulated by Rado and Weertman [11], for the Landau-Lifshitz equation. 

 In this work two extreme cases of these BC are considered: totally pinned and totally 
unpinned surface spins. Dipole-exchange SW spectra were calculated using the tensor 
�*�U�H�H�Q�¶�V���I�X�Q�F�W�L�R�Q�V���P�H�W�K�R�G���>�����@���L�Q���S�H�U�W�X�U�E�D�W�L�R�Q�V���W�K�H�R�U�\���D�S�S�U�R�[�L�P�D�W�L�R�Q���>�����@. The static external 
magnetic field is directed perpendicularity relative to the film surface. For the further 
calculations, the values of saturation magnetization M = 1750 G and the exchange constant �Ù 
= 3.1 �® 10-12 cm-2 characteristic of the yttrium-iron garnet (YIG) film are used. The internal 
static magnetic field  Hint = 3500 Oe is twice the saturation magnetization. The spectrum was 
calculated for the lowest SW eigen-wave.  

Results 
�`�H�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�H�� �G�L
u�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H�� �R�E�W�D�L�Q�H�G�� �V�S�H�F�W�U�D�� �I�R�U�� �W�R�W�D�O�O�\��

�S�L�Q�Q�H�G���D�Q�G���W�R�W�D�O�O�\���X�Q�S�L�Q�Q�H�G���V�X�U�I�D�F�H���V�S�L�Q�V�����D�Q�G���V�K�R�Z�H�G���W�K�H���L�Q�À�X�H�Q�F�H���R�I���W�K�H���¿�O�P���W�K�L�F�N�Q�H�V�V���R�Q��
�W�K�H���I�R�U�P���R�I���G�L�V�S�H�U�V�L�R�Q���F�K�D�U�D�F�W�H�U�L�V�W�L�F�����)�L�J���������� 
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Determination of Rotational Correlation Time of and 
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Figure 2. Proton relaxation dispersion data. 
(symbols) T1-relaxation times of individual 
protons, (lines) fitting curve using function 

(1) and correlation times from Table 1. 
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where T1inf, A, �Wc �± fitting parameters, �JH �± 1H gyromagnetic ratio 

 
Table 1. Site specific rotational correlation times (�Wc) for the complex  
Ir(IMes)(Pyeq)2(Pyax)H2]Cl in aqueous solution at 25 oC. 
Proton m-Pyax IMes-H4,5 IMes-H3`,5` IMes-CH3-H4` IMes-CH3-H2`,6` Ir-HH Common 

�Wc (ps)  294±13 394±119 303±10 217±16 259±6 208±28 280±7 
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Conclusions 
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NMR 1H/ 13 C study of biocompatible copolymer of  divinyl 
ether and maleic anhydride  
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Introduction 
�`�H�� �S�R�V�V�L�E�L�O�L�W�\�� �D�Q�G�� �V�D�I�H�W�\�� �R�I�� �V�\�Q�W�K�H�W�L�F�� �S�R�O�\�P�H�U�V�� �X�W�L�O�L�]�D�W�L�R�Q�� �L�Q�� �P�H�G�L�F�L�Q�H�� �D�Q�G��

�S�K�D�U�P�D�F�R�O�R�J�\�� �W�R�G�D�\�� �L�V�� �E�H�\�R�Q�G�� �G�R�X�E�W���� �,�Q�� �W�K�L�V�� �U�H�J�D�U�G���� �W�K�H�� �V�W�X�G�\�� �R�I�� �Q�R�Y�H�O�� �E�L�R�F�R�P�S�D�W�L�E�O�H�� �K�L�J�K-
�P�R�O�H�F�X�O�D�U�� �F�R�P�S�R�X�Q�G�V�� �D�Q�G�� �W�K�H�L�U�� �G�H�U�L�Y�D�W�L�Y�H�V�� �U�H�P�D�L�Q�V�� �L�Q�� �G�H�P�D�Q�G�� �D�Q�G�� �U�H�O�H�Y�D�Q�W���� �&�R�S�R�O�\�P�H�U�� �R�I��
�W�K�H���G�L�Y�L�Q�\�O���H�W�K�H�U���D�Q�G���P�D�O�H�L�F���D�Q�K�\�G�U�L�G�H�����'�9�(�0�$�1�����L�V���R�Q�H���H�[�D�P�S�O�H���R�I���D���X�Q�L�Y�H�U�V�D�O���F�R�P�S�R�X�Q�G����
�V�X�L�W�D�E�O�H�� �I�R�U�� �P�X�O�W�L�S�O�H�� �E�L�R�P�H�G�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �G�X�H�� �W�R�� �E�L�R�F�R�P�S�D�W�L�E�L�O�L�W�\���� �S�R�O�\�H�O�H�F�W�U�R�O�\�W�H�� �D�Q�G��
�F�R�P�S�O�H�[�D�W�L�R�Q�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �L�W�V�� �Z�D�W�H�U-�V�R�O�X�E�O�H�� �F�D�U�E�R�[�\�O�L�F�� �K�\�G�U�R�O�\�]�D�W�H�V�� ���'�,�9�(�0�$���� �>��-���@����
�'�H�V�S�L�W�H�� �W�K�H�� �I�D�L�U�O�\�� �Z�L�G�H�� �S�U�D�F�W�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �W�K�L�V�� �F�R�S�R�O�\�P�H�U���� �L�W�V�� �V�W�U�X�F�W�X�U�H�� �L�V�� �V�W�L�O�O�� �Q�R�W�� �F�O�H�D�U����
�H�V�S�H�F�L�D�O�O�\�� �Z�K�H�Q�� �X�V�L�Q�J�� �W�K�H�� �I�U�H�H-�U�D�G�L�F�D�O�� �P�H�W�K�R�G�� �R�I�� �L�W�V�� �V�\�Q�W�K�H�V�L�V�����$�� �J�U�H�D�W�� �G�H�D�O�� �R�I�� �G�L�V�F�X�V�V�L�R�Q�� �L�Q��
�W�K�H���V�F�L�H�Q�W�L�¿�F���O�L�W�H�U�D�W�X�U�H�����L�Q���S�D�U�W�L�F�X�O�D�U�����Z�D�V���F�D�X�V�H�G���E�\���W�K�H���I�D�F�W���W�K�D�W���L�Q���W�K�H���V�W�U�X�F�W�X�U�H���R�I���D���U�H�S�H�D�W�L�Q�J��
�X�Q�L�W���R�I���W�K�H���F�K�D�L�Q���L�W���L�V���S�R�V�V�L�E�O�H���W�R���I�R�U�P���E�R�W�K���V�L�[-�P�H�P�E�H�U�H�G�����S�\�U�D�Q�����E�L�F�\�F�O�H�V�����)�L�J�X�U�H���������,�����>���������@��
�R�U���¿�Y�H-�P�H�P�E�H�U�H�G�����I�X�U�D�Q�����E�L�F�\�F�O�H�V�����)�L�J�X�U�H���������,�,�����>���������@�� 
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�V�S�H�F�W�U�D�O�� �G�D�W�D���� �6�R�P�H�� �V�W�X�G�L�H�V�� �K�D�Y�H�� �V�X�J�J�H�V�W�H�G�� �D�� �S�R�V�V�L�E�O�H�� �Q�R�Q�O�L�Q�H�D�U�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�� �'�9�(�0�$�1��
�F�K�D�L�Q�V���>���@�� 

�7�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���S�U�D�F�W�L�F�D�O���L�P�S�R�U�W�D�Q�F�H���R�I���W�K�L�V���F�R�S�R�O�\�P�H�U���D�Q�G���L�W�V���G�H�U�L�Y�D�W�L�Y�H�V���I�R�U��
�P�R�G�H�U�Q���E�L�R�P�H�G�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���� �W�K�H���R�E�M�H�F�W�L�Y�H���R�I�� �S�U�H�V�H�Q�W���Z�R�U�N���Z�D�V���W�R�� �F�O�H�D�U���W�K�H�� �D�F�F�X�P�X�O�D�W�H�G��
�T�X�H�V�W�L�R�Q�V���D�E�R�X�W���W�K�H���V�W�U�X�F�W�X�U�D�O���I�H�D�W�X�U�H�V���R�I���'�9�(�0�$�1���:���'�,�9�(�0�$���D�Q�G���W�K�H���S�U�R�E�D�E�O�H���L�Q�À�X�H�Q�F�H��
�R�I���V�\�Q�W�K�H�V�L�V���F�R�Q�G�L�W�L�R�Q�V���R�Q���W�K�H���F�K�D�L�Q���V�W�U�X�F�W�X�U�H���E�\���P�H�D�Q�V���R�I�����+���D�Q�G�������&���1�0�5���V�S�H�F�W�U�D���D�Q�D�O�\�V�L�V���� 

Objects and methods  
�`�H�� �R�E�M�H�F�W�V�� �R�I�� �W�K�L�V�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �Z�H�U�H�� �W�K�H�� �G�H�U�L�Y�D�W�L�Y�H�V�� �R�I�� �W�K�H�� �R�U�L�J�L�Q�D�O�� �'�9�(�0�$�1��

�R�E�W�D�L�Q�H�G���L�Q���W�K�U�H�H���V�W�H�S�V���� �)�L�U�V�W�����W�K�H���V�\�Q�W�K�H�V�L�V���R�I���'�9�(�0�$�1���Z�D�V���F�D�U�U�L�H�G���R�X�W���L�Q���R�U�J�D�Q�L�F���V�R�O�Y�H�Q�W�V��
�R�I���G�L
u�H�U�H�Q�W���S�R�O�D�U�L�W�\���±���F�K�O�R�U�R�I�R�U�P�����'�9�(�0�$�1-�������D�Q�G���F�\�F�O�R�K�H�[�D�Q�R�Q�H�����'�9�(�0�$�1-���������`�H�Q�����D�W��
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the main chains of polymers are substituted with >�U�&�+�U�± groups with cross-links to other 
polymers by oxygen atoms. Analysis of spectra shows that DIVEMA-1 in comparison to 
DIVEMA-2 has more cross-links. 

Conclusions 
�`�H�����+�� �D�Q�G�������&�� �1�0�5-�V�S�H�F�W�U�D�� �R�I�� �W�Z�R�� �P�R�G�L�¿�H�G�� �'�9�(�0�$�1�� �V�D�P�S�O�H�V���� �V�\�Q�W�K�H�V�L�]�H�G��

�R�U�L�J�L�Q�D�O�O�\�� �L�Q�� �F�K�O�R�U�R�I�R�U�P�� ���'�9�(�0�$�1-������ �D�Q�G�� �L�Q�� �F�\�F�O�R�K�H�[�D�Q�R�Q�H�� ���'�9�(�0�$�1-�������� �K�D�Y�H�� �E�H�H�Q��
�F�R�P�S�D�U�H�G���� �D�Q�G�� �Q�R�Y�H�O�� �G�D�W�D�� �R�Q�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �V�W�D�W�L�V�W�L�F�D�O�� �F�R�S�R�O�\�P�H�U�V�� �K�D�Y�H�� �E�H�H�Q�� �R�E�W�D�L�Q�H�G�����`�H��
�P�D�L�Q���U�H�V�X�O�W�V���R�I���W�K�H���S�H�U�I�R�U�P�H�G���F�R�P�S�D�U�D�W�L�Y�H���D�Q�D�O�\�V�L�V���D�U�H���W�K�H���I�R�O�O�R�Z�L�Q�J�� 

���� �D�V�� �D�� �Z�K�R�O�H���� �W�K�H�� �I�U�H�H�� �U�D�G�L�F�D�O�� �F�R�S�R�O�\�P�H�U�L�]�D�W�L�R�Q�� �R�I�� �'�9�(�� �D�Q�G�� �0�$�1�� �O�H�D�G�V�� �W�R�� �Y�D�U�L�D�E�O�H��
�V�W�U�X�F�W�X�U�H���R�I���'�9�(�0�$�1���F�R�S�R�O�\�P�H�U���E�D�F�N�E�R�Q�H�� 



Poster Session 

195 
 

���� �W�K�H�� �E�R�W�K�� �F�R�S�R�O�\�P�H�U�� �V�D�P�S�O�H�V�� �F�R�Q�W�D�L�Q�� �E�R�W�K�� �W�K�H�� �S�\�U�D�Q�� �D�Q�G�� �W�K�H�� �I�X�U�D�Q�� �F�\�F�O�H�V�� �L�Q�� �W�K�H��
�E�D�F�N�E�R�Q�H�� �F�K�D�L�Q���� �W�K�X�V���� �D�� �G�L
u�H�U�H�Q�W���V�R�O�Y�H�Q�W���P�H�G�L�D�� �F�R�X�O�G���Q�R�W���E�H���F�R�Q�V�L�G�H�U�H�G���D�V���W�K�H���I�D�F�W�R�U��
�V�W�L�P�X�O�D�W�L�Q�J���D���I�R�U�P�D�W�L�R�Q���R�I���S�U�H�I�H�U�D�E�O�\���S�\�U�D�Q���R�U���I�X�U�D�Q���F�\�F�O�H�V���L�Q���L�W�V���V�W�U�X�F�W�X�U�H�� 

���� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �V�S�H�F�W�U�D�O�� �G�D�W�D�� �V�K�R�Z�H�G�� �W�K�D�W�� �V�D�P�S�O�H�� �'�9�(�0�$�1-���� �:�� �'�,�9�(�0�$-���� �L�Q��
�F�R�P�S�D�U�L�V�R�Q�� �W�R�� �'�9�(�0�$�1-���� �:�� �'�,�9�(�0�$-���� �F�R�Q�W�D�L�Q�V�� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� �D�P�R�X�Q�W�� �R�I�� �F�U�R�V�V-
�O�L�Q�N�V���Z�L�W�K���!�&�+�±�2�±�&�+�����E�U�L�G�J�H�V�� 

���� �W�K�H�� �O�D�W�W�H�U�� �P�H�D�Q�V�� �W�K�D�W�� �'�9�(�0�$�1-������ �V�\�Q�W�K�H�V�L�]�H�G�� �L�Q�� �F�K�O�R�U�R�I�R�U�P���� �L�V�� �D�� �S�U�H�G�R�P�L�Q�D�Q�W�O�\��
�F�U�R�V�V-�O�L�Q�N�H�G�� �F�R�S�R�O�\�P�H�U�� �Z�K�H�Q�� �'�9�(�0�$�1-���� �L�V�� �Q�R�W�� �W�K�H�� �V�D�P�H���� �V�R���� �W�K�H�� �L�Q�À�X�H�Q�F�H�� �R�I��
�V�R�O�Y�H�Q�W���P�H�G�L�D���R�Q���W�K�H���S�U�R�F�H�V�V���R�I���F�R�S�R�O�\�P�H�U�L�]�D�W�L�R�Q���K�D�Y�H���E�H�H�Q���G�H�W�H�F�W�H�G�� 

���� �G�X�H���W�R���I�R�U�P�D�W�L�R�Q���R�I���G�L
u�H�U�H�Q�W���D�P�R�X�Q�W���R�I���R�[�\�J�H�Q-�E�U�L�G�J�H�V���L�Q���F�R�S�R�O�\�P�H�U���V�W�U�X�F�W�X�U�H�����L�W���P�D�\��
�E�H�� �F�R�Q�F�O�X�G�H�G�� �W�K�D�W�� �'�9�(�0�$�1-������ �R�E�W�D�L�Q�H�G�� �L�Q�� �F�\�F�O�R�K�H�[�D�Q�R�Q�H���� �K�D�V�� �D�� �V�O�L�J�K�W�O�\�� �E�U�D�Q�F�K�H�G��
�D�U�F�K�L�W�H�F�W�X�U�H�� �R�I�� �P�D�F�U�R�P�R�O�H�F�X�O�H�V�� �Z�K�H�Q�� �W�K�H�� �P�D�F�U�R�P�R�O�H�F�X�O�H�V�� �R�I�� �'�9�(�0�$�1-������ �R�E�W�D�L�Q�H�G��
�L�Q���F�K�O�R�U�R�I�R�U�P�����D�U�H���V�L�P�L�O�D�U���W�R���Q�D�Q�R�S�D�U�W�L�F�O�H���W�D�N�L�Q�J���L�Q�W�R���D�F�F�R�X�Q�W���L�W�V���L�Q�W�H�U�P�R�O�H�F�X�O�D�U���F�U�R�V�V-
�O�L�Q�N�D�J�H���� 

Acknowledgments 
�$�X�W�K�R�U�V�� �W�K�D�Q�N�� �W�K�H�� �0�D�J�Q�H�W�L�F�� �5�H�V�R�Q�D�Q�F�H�� �5�H�V�H�D�U�F�K�� �&�H�Q�W�H�U�� �D�Q�G�� �&�R�P�S�X�W�L�Q�J�� �&�H�Q�W�H�U�� �R�I��

�6�D�L�Q�W-�3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���� 

References 
���� �*�����%�����%�X�W�O�H�U�����±���-�����3�R�O�\�P�����6�F�L�������3�D�U�W���$�����3�R�O�\�P�����&�K�H�P������������������������������������ 
���� �9�����*�����.�D�G�D�M�M�L�����*�����9�����%�H�W�D�J�H�U�L�����±���3�R�O�\�P�H�U�V���������������������������������� 
���� �$���� �9���� �6�H�U�E�L�Q���� �(���� �1���� �.�D�U�D�V�H�Y�D���� �9���� �%���� �7�V�Y�H�W�N�R�Y���� �2���� �/���� �$�O�L�N�K�D�Q�R�Y�D���� �,���� �/���� �5�R�G�L�R�Q�R�Y���� �±��

�0�D�F�U�R�P�R�O�����6�\�P�S������������������������������������ 
���� �7�����.�R�Y�V�K�R�Y�D�����-�����0�D�O�L�Q�R�Y�V�N�D�\�D�����-�����.�R�W�R�Y�D�����0�����*�R�U�V�K�N�R�Y�D�����/�����9�D�Q�F�K�X�J�R�Y�D�����1�����2�V�L�S�R�Y�D�����3����

�0�H�O�Q�L�N�R�Y�����9�����9�D�G�H�N�K�L�Q�D�����$�����1�L�N�L�W�L�Q�����<�����(�U�P�R�O�H�Q�N�R�����6�����*�H�O�S�H�U�L�Q�D���±���%�L�R�P�R�O�H�F�X�O�H�V��������������������
�������������� 

���� �7�����.�X�Q�L�W�D�N�H�����0�����7�V�X�N�L�Q�R�����±���-�����3�R�O�\�P�����6�F�L�����3�R�O�\�P�����&�K�H�P������������������������������������������ 
���� �0���� �*�R�U�V�K�N�R�Y�D���� �7���� �/�H�E�H�G�H�Y�D���� �/���� �6�W�R�W�V�N�D�\�D���� �,���� �6�O�R�Q�L�P���� �±�� �3�R�O�\�P���� �6�F�L���� �6�H�U�L�H�V�� �$���� ����������������

������������������������ 
���� �5�����<�����6�D�P�X�H�O�V�����±���3�R�O�\�P�H�U���������������������������������� 
���� �%���� �'���� �%�R�O�V�K�F�K�L�N�R�Y���� �9���� �%���� �7�V�Y�H�W�N�R�Y���� �2���� �/�����$�O�L�N�K�D�Q�R�Y�D�����$���� �9���� �6�H�U�E�L�Q���� �±�� �0�D�F�U�R-�P�R�O�H�F�X�O�D�U��

�&�K�H�P�L�V�W�U�\���D�Q�G���3�K�\�V�L�F�V���������������������������������������������������� 
���� �*�D�X�V�V�L�D�Q�����������5�H�Y�L�V�L�R�Q���&�����������0�����-�����)�U�L�V�F�K�����*�����:�����7�U�X�F�N�V�����+�����%�����6�F�K�O�H�J�H�O���H�W���D�O�O�����±���*�D�X�V�V�L�D�Q����

�,�Q�F�������:�D�O�O�L�Q�J�I�R�U�G���&�7�����������������8�5�/�����K�W�W�S�V�������J�D�X�V�V�L�D�Q���F�R�P 
 
  



Poster Session 

196 
 

NMR analysis of surfactants characteristics based on 
methacrylic acid. 
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Introduction 

Currently, there is a trend to transfer important and widely used organic reactions, 
particularly synthesis reactions, into aqueous solutions. This application of surfactants opens 
new horizons in the field of Green chemistry. Micellar catalysis is widely used in modern 
chemistry for achieving water solubility of insoluble compounds, which enables the 
conduction of pseudo-homogeneous reactions in water. One of the most effective micelles are 
formed from amphiphilic polyelectrolytes. Based on previous research, a surfactant derived 
from methacrylic acid has been synthesized[1]. NMR spectroscopy, being a crucial analytical 
technique in organic synthesis, allows to assess key characteristics in micelle synthesis, such 
as the degree of polymerization and potential impurities of oligomers. 
Method 

�7�R�� �R�E�W�D�L�Q�� �W�K�H�� �W�D�U�J�H�W�� �P�H�W�K�D�F�U�\�O�L�F�� �D�F�L�G�� �E�D�V�H�G�� �F�D�W�L�R�Q�L�F�� �P�R�Q�R�P�H�U�� �Z�L�W�K�� �D��
�P�H�W�K�R�[�\�S�R�O�\�H�W�K�\�O�H�Q�H���J�O�\�F�R�O���I�U�D�J�P�H�Q�W���D�������V�W�D�J�H���V�\�Q�W�K�H�V�L�V���Z�D�V���F�D�U�U�L�H�G���R�X�W�����)�L�J�������������(�D�F�K���V�W�D�J�H��
�Z�D�V���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\�����+���1�0�5���V�S�H�F�W�U�R�V�F�R�S�\�� �D�Q�D�O�\�V�L�V���� �L�Q�F�O�X�G�L�Q�J���G�L
u�H�U�H�Q�W�� �V�\�Q�W�K�H�V�L�V���P�H�W�K�R�G�L�F��
�D�V�� �Z�H�O�O�� �D�V�� �D�� �Q�X�P�E�H�U�� �R�I�� �L�P�S�X�U�L�W�L�H�V�� ���)�L�J���� �������� �%�D�V�H�G�� �R�Q�� �W�K�H�� �R�E�W�D�L�Q�H�G�� �S�U�R�G�X�F�W�V���� �S�R�O�\�H�O�H�F�W�U�R�O�\�W�H�V��
�Z�H�U�H�� �V�\�Q�W�K�H�V�L�]�H�G�� �D�Q�G�� �W�K�H�� �G�H�J�U�H�H�� �R�I�� �F�R�Q�Y�H�U�V�L�R�Q�� �R�I�� �I�X�Q�F�W�L�R�Q�D�O�� �J�U�R�X�S�V�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �E�\�� �W�K�H��
�V�D�P�H�����+���1�0�5���P�H�W�K�R�G���� 

 
Figure 1.  Conclusions from the 1-H NMR spectrum for MAU-Br 
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Figure 2.  Scheme of macromonomer synthesis 
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Introduction 
�,�Q���W�K�L�V���Z�R�U�N�����W�K�H���P�D�L�Q���L�Q�W�H�U�H�V�W���Z�D�V���G�L�U�H�F�W�H�G���W�R���W�K�H���V�W�X�G�\���R�I���L�Q�W�U�D�P�R�O�H�F�X�O�D�U���P�R�E�L�O�L�W�\���L�Q��

�W�K�H�� �F�R�P�S�O�H�[�� �L�R�Q�L�F�� �O�L�T�X�L�G�� �>�%�0�,�0�@���&�G���6�&�1�������� �W�K�H�� �V�W�X�G�\�� �R�I�� �W�K�L�V�� �V�\�V�W�H�P�� �Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W�� �W�R��
�R�E�W�D�L�Q���D�G�G�L�W�L�R�Q�D�O���L�Q�I�R�U�P�D�W�L�R�Q���S�U�H�Y�L�R�X�V�O�\�� �G�H�V�F�U�L�E�H�G���K�H�U�H���>���±���@�����`�H���W�H�U�P�����L�R�Q�L�F���O�L�T�X�L�G�V���� �P�R�V�W��
�R�I�W�H�Q�� �U�H�I�H�U�V�� �W�R�� �V�D�O�W�V�� �Z�K�R�V�H�� �P�H�O�W�L�Q�J�� �S�R�L�Q�W�� �L�V�� �E�H�O�R�Z�� �W�K�H�� �E�R�L�O�L�Q�J�� �S�R�L�Q�W�� �R�I�� �Z�D�W�H�U���� �L���H���� �E�H�O�R�Z�� ��������
�G�H�J�U�H�H�V�� �&�H�O�V�L�X�V�����$�V�� �D�� �W�R�R�O�� �I�R�U�� �V�W�X�G�\�L�Q�J�� �L�Q�W�U�D�P�R�O�H�F�X�O�D�U�� �P�R�E�L�O�L�W�\���� �Z�H�� �X�V�H�G�� �1�0�5�� �U�H�O�D�[�R�P�H�W�U�\����
�)�R�U�� �W�K�L�V�� �S�X�U�S�R�V�H���� �F�K�D�Q�J�H�V�� �L�Q�� �W�K�H�� �L�Q�W�H�J�U�D�W�H�G�� �L�Q�W�H�Q�V�L�W�L�H�V�� �L�Q�� �W�K�H�����+�� �D�Q�G�������&�� �1�0�5�� �V�S�H�F�W�U�D�� �Z�H�U�H��
�U�H�F�R�U�G�H�G�� �D�W�� �G�L
u�H�U�H�Q�W�� �W�H�P�S�H�U�D�W�X�U�H�V�� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �L�Q�W�H�U�Y�D�O�� �E�H�W�Z�H�H�Q�� �S�X�O�V�H�V�� �L�Q�� �W�K�H�� �V�W�D�Q�G�D�U�G��
�L�Q�Y�H�U�V�L�R�Q-�U�H�F�R�Y�H�U�\�� �V�H�T�X�H�Q�F�H���� �%�D�V�H�G���R�Q���W�K�H���Q�D�W�X�U�H���R�I�� �W�K�H���F�K�D�Q�J�H���L�Q���L�Q�W�H�J�U�D�W�H�G���L�Q�W�H�Q�V�L�W�L�H�V���� �W�K�H��
�V�S�L�Q-�O�D�W�W�L�F�H�� �U�H�O�D�[�D�W�L�R�Q�� �W�L�P�H�V�� �I�R�U�� �L�Q�G�L�Y�L�G�X�D�O�� �V�S�H�F�W�U�D�O�� �O�L�Q�H�V�� �Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G���� �`�H�Q���� �I�U�R�P�� �W�K�H��
�R�E�W�D�L�Q�H�G���G�H�S�H�Q�G�H�Q�F�H�V�����W�K�H���U�H�R�U�L�H�Q�W�D�W�L�R�Q���W�L�P�H�V���R�I���L�Q�G�L�Y�L�G�X�D�O���P�R�O�H�F�X�O�D�U���J�U�R�X�S�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G�� 

Results and discussions 
 �$�O�O�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �L�Q�� �W�K�H�� �U�H�V�R�X�U�F�H�� �F�H�Q�W�H�U�� �R�I�� �0�D�J�Q�H�W�L�F�� �5�H�V�R�Q�D�Q�F�H��
�5�H�V�H�D�U�F�K���0�H�W�K�R�G�V���R�I���W�K�H���6�W�����3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���6�F�L�H�Q�F�H���3�D�U�N�����R�Q���D���%�U�X�N�H�U���$�Y�D�Q�F�H���,�,�,��
�V�S�H�F�W�U�R�P�H�W�H�U�������������0�+�]���I�R�U���S�U�R�W�R�Q�V���D�Q�G���������������0�+�]���I�R�U���F�D�U�E�R�Q�����L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���I�U�R�P��
�������� �.�� �W�R�� �������� �.�� �Z�L�W�K�� �D�� �V�W�H�S�� �R�I�� ������ �.���� �W�K�H�� �L�Q�W�H�U�Y�D�O�� �E�H�W�Z�H�H�Q�� �S�X�O�V�H�V�� �Y�D�U�L�H�G�� �I�U�R�P�� ���������� �W�R�� ������
�V�H�F�R�Q�G�V���Z�L�W�K���D���U�H�O�D�[�D�W�L�R�Q���G�H�O�D�\���R�I���������V���� 

 

�)�L�J�X�U�H���������)�X�O�O���V�S�H�F�W�U�X�P�������&���D�W���������.�����I�R�U���S�X�U�H���%�P�L�P�6�&�1���±���E�O�X�H�����D�Q�G���F�R�P�S�O�H�[�H���,�/���Z�L�W�K���&�G��
�>�%�P�L�P�@���&�G���6�&�1�������±���U�H�G�� 
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The measurement results and spectra were processed in the MestReNova software package 
version 14.2, and subsequent analysis and plotting of dependency graphs were performed in 
the MagicPlot 3.0 software.  

As can be seen in Fig. 1, the 13C spectra of our compound and the base IL are shown. 
The spectral line of carbon included in the thiocyanate is clearly visible here and has a 
�F�K�H�P�L�F�D�O���V�K�L�I�W���R�I�� �/�� � �� �������������� �S�S�P���� �Z�K�L�O�H���W�K�H���S�U�R�W�R�Q���V�S�H�F�W�U�X�P���L�V���T�X�L�W�H���V�W�D�Q�G�D�U�G���I�R�U���W�K�H���E�X�W�\�O-
methyl imidazolium cation and is therefore not shown here. The shift of the thiocyanate line 
by chemical shift relative to the base sa�P�S�O�H�� �/�� � �� �������������� �S�S�P�� �L�V�� �F�D�X�V�H�G�� �E�\�� �W�K�H�� �H�Q�W�U�\�� �R�I��
thiocyanate into a metal anion complex with cadmium. 

  
�)�L�J�X�U�H���������7�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H���R�I���W�K�H���V�S�L�Q-�O�D�W�W�L�F�H���U�H�O�D�[�D�W�L�R�Q���U�D�W�H���R�I���F�D�U�E�R�Q���Q�X�F�O�H�L�������&��-���R�Q��

�W�K�H���U�L�J�K�W�����D�Q�G���S�U�R�W�R�Q�V�����+��-���R�Q���W�K�H���O�H�I�W���� 
�`�H�� �J�U�D�S�K�V�� �L�Q�� �)�L�J���� ���� �V�K�R�Z�� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �G�H�S�H�Q�G�H�Q�F�H�V�� �R�I�� �W�K�H�� �V�S�L�Q-�O�D�W�W�L�F�H�� �U�H�O�D�[�D�W�L�R�Q��

�U�D�W�H�V�� �R�I�� �Q�X�F�O�H�L�����+�� �D�Q�G�������&�� �I�R�U�� �G�L
u�H�U�H�Q�W�� �P�R�O�H�F�X�O�D�U�� �J�U�R�X�S�V���� �+�H�U�H�� �Z�H�� �S�U�H�V�H�Q�W�� �R�Q�O�\�� �W�K�H��
�L�Q�I�R�U�P�D�W�L�R�Q�� �I�R�U�� �F�D�U�E�R�Q�V�� �D�Q�G�� �S�U�R�W�R�Q�V�� �R�I�� �W�K�H�� �L�P�L�G�D�]�R�O�H�� �U�L�Q�J�� �D�Q�G�� �W�K�L�R�F�\�D�Q�D�W�H�����$�V�� �F�D�Q�� �E�H�� �V�H�H�Q��
�I�U�R�P�� �W�K�H�� �J�U�D�S�K�V���� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �W�K�H�� �U�H�O�D�[�D�W�L�R�Q�� �U�D�W�H�� �K�D�V�� �D�� �P�D�[�L�P�X�P�� �I�R�U�� �D�O�O��
�P�R�O�H�F�X�O�D�U�� �J�U�R�X�S�V�� �F�R�Q�V�L�G�H�U�H�G���� �8�V�L�Q�J�� �W�K�H�� �L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �P�D�[�L�P�X�P���� �Z�H��
�F�D�O�F�X�O�D�W�H�G�� �W�K�H�� �U�H�R�U�L�H�Q�W�D�W�L�R�Q�� �W�L�P�H�V�� �I�R�U�� �L�Q�G�L�Y�L�G�X�D�O�� �P�R�O�H�F�X�O�D�U�� �J�U�R�X�S�V�� �X�V�L�Q�J�� �W�K�H�� �%�3�3��
���%�O�R�H�P�E�H�U�J�H�Q-�3�X�U�F�H�O�O-�3�R�X�Q�G���� �U�H�O�D�[�D�W�L�R�Q�� �P�R�G�H�O�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �H�T�X�D�W�L�R�Q�V�� ���� �D�Q�G�� ���� �X�V�H�G���L�Q��
�5�H�I�V���� �>�������@���� �7�R�� �V�R�O�Y�H�� �W�K�H�V�H�� �H�T�X�D�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �U�H�R�U�L�H�Q�W�D�W�L�R�Q�� �W�L�P�H�V���ì�Ö���� �Z�H�� �X�V�H�G�� �D�Q�� �D�X�[�L�O�L�D�U�\��
�S�U�R�J�U�D�P���Z�U�L�W�W�H�Q���L�Q���0�D�W�K�F�D�G�����`�H�Q���� �I�U�R�P���W�Z�R���U�H�D�O���D�Q�G���W�Z�R���L�P�D�J�L�Q�D�U�\���U�R�R�W�V�����Z�H�� �V�H�O�H�F�W�H�G���R�Q�O�\��
�W�K�H���U�R�R�W���W�K�D�W���K�D�V���D���S�K�\�V�L�F�D�O���P�H�D�Q�L�Q�J�� 

�4�5�Á�:�ñ�Á�á �6�; 
L �O�Á�6�#�4�@
���Î�:�Í�;

�5�>�:� �¹ ���Î�:�Í�;�;�.

E

�8���Î�:�Í�;

�5�>�:�6� �¹ ���Î�:�Í�;�;�.
�A,           (1) 

�4�5�¼�:�ñ�¼�á �6�; 
L �O�¼�6�#�4�@
�:���Î�:�Í�;

�5�>�:�8�ä�=�;� �´ ���Î�:�Í�;�;�.

E

���Î�:�Í�;

�5�>�:�6�ä�=�;� �´ ���Î�:�Í�;�;�.

E

�7���Î�:�Í�;

�5�>�:� �´ ���Î�:�Í�;�;�.
�A,         (2) 

where �ñ�Á and �ñ�¼ �± �U�H�V�R�Q�D�Q�W�� �D�Q�J�X�O�D�U�� �I�U�H�T�X�H�Q�F�\�� �����Œ�#0) for 1H and 13C, 
respectively, �O�Á�6 and �O�¼�6 (�”������ �D�U�H�� �R�U�G�H�U�� �S�D�U�D�P�H�W�H�U�V���� �7�� �L�V�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �W�K�H��
sample, and A0 is a constant. 
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�)�L�J�X�U�H���������7�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H���R�I���W�K�H���U�H�R�U�L�H�Q�W�D�W�L�R�Q���W�L�P�H���R�I���S�U�R�W�R�Q���Q�X�F�O�H�L���D�Q�G���F�D�U�E�R�Q�V���R�I���W�K�H��
���W�K���D�Q�G�����W�K���P�R�O�H�F�X�O�D�U���J�U�R�X�S�V��-���R�Q���W�K�H���U�L�J�K�W�����D�Q�G���R�I���W�K�H�����Q�G���P�R�O�H�F�X�O�D�U���J�U�R�X�S�����L�Q�F�O�X�G�L�Q�J���F�D�U�E�R�Q��

�L�Q�F�O�X�G�H�G���L�Q���W�K�L�R�F�\�D�Q�D�W�H����-���R�Q���W�K�H���O�H�I�W�� 
�$�V���F�D�Q���E�H���V�H�H�Q���I�U�R�P���W�K�H���J�U�D�S�K�V���V�K�R�Z�Q���L�Q���)�L�J�����������W�K�H���U�H�R�U�L�H�Q�W�D�W�L�R�Q���W�L�P�H�V���R�I���S�U�R�W�R�Q�V���D�U�H��

�V�K�R�U�W�H�U���R�U���F�R�P�S�D�U�D�E�O�H���W�R���W�K�R�V�H���R�I���F�D�U�E�R�Q���I�R�U���H�D�F�K���P�R�O�H�F�X�O�D�U���J�U�R�X�S�����Z�K�L�F�K���L�V���T�X�L�W�H���F�R�Q�V�L�V�W�H�Q�W��
�Z�L�W�K�� �W�K�H�� �W�K�H�R�U�\���� �V�L�Q�F�H�� �W�K�H�� �F�D�U�E�R�Q�� �Q�X�F�O�H�X�V�� �L�Q�� �W�K�H�� �P�R�O�H�F�X�O�D�U�� �J�U�R�X�S�� �K�D�V�� �I�H�Z�H�U�� �G�H�J�U�H�H�V�� �R�I��
�P�R�E�L�O�L�W�\�����`�H���D�F�W�L�Y�D�W�L�R�Q���H�Q�H�U�J�\���R�I���U�H�R�U�L�H�Q�W�D�W�L�R�Q���L�Q�W�U�D�P�R�O�H�F�X�O�D�U���P�R�W�L�R�Q�V���I�R�U���H�D�F�K���J�U�R�X�S���F�D�Q���E�H��
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Introduction 
�`�H�� �P�R�G�H�U�Q�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �S�U�R�W�H�L�Q�� �D�Q�D�O�\�V�L�V�� �P�H�W�K�R�G�V�� �K�D�V�� �U�D�L�V�H�G�� �W�K�H�� �T�X�H�V�W�L�R�Q�� �R�I��

�V�W�X�G�\�L�Q�J�� �I�D�F�W�R�U�V�� �D
u�H�F�W�L�Q�J�� �S�U�R�W�H�L�Q�� �T�X�D�O�L�W�\���� �V�X�F�K�� �D�V�� �F�K�H�P�L�F�D�O�� �P�R�G�L�¿�F�D�W�L�R�Q�V�� �R�I�� �D�P�L�Q�R�� �D�F�L�G�V�� �L�Q��
�S�U�R�W�H�L�Q���F�R�P�S�R�V�L�W�L�R�Q�����)�R�U���H�[�D�P�S�O�H�����W�K�L�V���I�D�F�W�R�U���L�V���P�R�V�W���D�F�X�W�H�O�\���V�H�Q�V�L�W�L�Y�H���L�Q���P�D�V�V���V�S�H�F�W�U�R�P�H�W�U�L�F��
�V�W�X�G�L�H�V�����V�R���W�K�H���D�X�W�K�R�U�V���R�I���>���@���V�K�R�Z�H�G���W�K�D�W���G�X�U�L�Q�J���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���I�R�U���S�U�R�W�H�R�P�L�F���D�Q�D�O�\�V�L�V���D�Q��
�D�U�W�L�I�D�F�W�X�D�O�� �P�R�G�L�¿�F�D�W�L�R�Q�� �R�I�� �D�� �O�\�V�L�Q�H�� �U�H�V�L�G�X�H�� �Z�L�W�K�� �P�R�O�H�F�X�O�D�U�� �P�D�V�V�� �H�T�X�D�O�� �W�R�� �G�L�J�O�\�F�L�Q�H�� �W�D�J�V�� �R�I��
�X�E�L�T�X�L�W�L�Q�D�W�L�R�Q�� �V�L�W�H�V�� �L�V�� �S�R�V�V�L�E�O�H���� �2�W�K�H�U�� �V�W�X�G�L�H�V�� �>���@�� �K�D�Y�H�� �H�V�W�D�E�O�L�V�K�H�G�� �W�K�H�� �I�D�F�W�� �W�K�D�W�� �F�K�H�P�L�F�D�O��
�W�U�H�D�W�P�H�Q�W���R�I���S�U�R�W�H�L�Q�V���D
u�H�F�W�V���W�K�H���U�H�V�X�O�W�V���R�I���S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q���V�L�W�H�V�����,�Q���R�W�K�H�U���Z�R�U�G�V�����V�W�X�G�\�L�Q�J���W�K�H��
�H
u�H�F�W���R�I���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���P�H�W�K�R�G�V���R�Q���W�K�H���U�H�V�X�O�W�V���R�I���D���S�D�U�W�L�F�X�O�D�U���P�H�W�K�R�G���L�Q���S�U�R�W�H�L�Q���V�W�X�G�L�H�V���L�V��
�L�P�S�R�U�W�D�Q�W���I�R�U���L�P�S�U�R�Y�L�Q�J���W�K�H���T�X�D�O�L�W�\���R�I���W�K�H���O�D�W�W�H�U�� 

�7�U�L�V����-�F�D�U�E�R�[�\�H�W�K�\�O���S�K�R�V�S�K�L�Q�H�� ���7�&�(�3���� �L�V�� �N�Q�R�Z�Q�� �D�V�� �D�� �W�K�L�R�O�� �I�U�H�H�� �U�H�G�X�F�W�D�Q�W�� �R�I�� �S�U�R�W�H�L�Q��
�D�Q�G�� �S�H�S�W�L�G�H�� �G�L�V�X�O�¿�G�H�� �E�R�Q�G�V�� �D�Q�G�� �L�V�� �Z�L�G�H�O�\�� �X�V�H�G�� �L�Q�� �V�D�P�S�O�H�� �S�U�H�S�D�U�D�W�L�R�Q�� �>���@���� �&�R�P�S�D�U�H�G�� �W�R��
�G�L�W�K�L�R�W�K�U�H�L�W�R�O�� ���&�O�H�O�D�Q�G�
�V�� �U�H�D�J�H�Q�W���� �D�Q�G�� ��-�P�H�U�F�D�S�W�R�H�W�K�D�Q�R�O���� �7�&�(�3�� �L�V�� �D�� �P�R�U�H�� �S�R�W�H�Q�W�� �U�H�G�X�F�L�Q�J��
�D�J�H�Q�W�� �W�K�D�Q�� �'�7�7���� �L�V�� �U�H�V�L�V�W�D�Q�W�� �W�R�� �D�L�U�� �R�[�L�G�D�W�L�R�Q���� �D�Q�G�� �U�H�V�W�R�U�H�V�� �G�L�V�X�O�¿�G�H�� �E�R�Q�G�V�� �T�X�L�W�H�� �U�D�S�L�G�O�\�� �D�Q�G��
�H
v�F�L�H�Q�W�O�\���R�Y�H�U���D���Z�L�G�H���U�D�Q�J�H���R�I���S�+���Y�D�O�X�H�V���>�������@�����,�W���L�V���J�H�Q�H�U�D�O�O�\���D�F�F�H�S�W�H�G���W�K�D�W���W�K�H���D�G�G�L�W�L�R�Q���R�I���D��
�U�H�G�X�F�L�Q�J���D�J�H�Q�W���U�H�V�X�O�W�V���L�Q���W�K�H���F�O�H�D�Y�D�J�H���R�I���G�L�V�X�O�¿�G�H���E�R�Q�G�V���D�Q�G���W�K�H���U�H�W�H�Q�W�L�R�Q���R�I���D�O�O���W�K�L�R�O���J�U�R�X�S�V��
�L�Q���W�K�H���U�H�G�X�F�H�G���V�W�D�W�H�����,�W���L�V���D�W���W�K�H���V�W�D�J�H���R�I���G�L�V�X�O�¿�G�H���E�R�Q�G���U�H�G�X�F�W�L�R�Q���D�Q�G���V�X�E�V�H�T�X�H�Q�W���D�O�N�\�O�D�W�L�R�Q���R�I��
�W�K�H�� �I�R�U�P�H�G���I�U�H�H�� �W�K�L�R�O�� �J�U�R�X�S�V�� �W�K�D�W���W�K�H�U�H�� �L�V�� �D�� �U�D�W�K�H�U�� �K�L�J�K�� �S�U�R�E�D�E�L�O�L�W�\�� �R�I�� �D�U�W�L�I�D�F�W�V�� �I�R�U�P�D�W�L�R�Q�� �>���@����
�Z�K�L�F�K���Z�L�O�O���D
u�H�F�W���W�K�H���¿�Q�D�O���U�H�V�X�O�W���R�I���W�K�H���D�Q�D�O�\�V�L�V���R�I���W�K�H���V�W�X�G�L�H�G���S�U�R�W�H�L�Q���V�W�U�X�F�W�X�U�H�V�� 

Results of a study of translational �P�R�E�L�O�L�W�\���R�I���.- �D�Q�G���É-casein 
�`�H���D�L�P���R�I���W�K�L�V���Z�R�U�N���Z�D�V���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���H
u�H�F�W���R�I���W�K�H���G�L�V�X�O�¿�G�H���E�R�Q�G-�U�H�G�X�F�L�Q�J���D�J�H�Q�W��

�7�&�(�3���R�Q���W�K�H���W�U�D�Q�V�O�D�W�L�R�Q�D�O���P�R�E�L�O�L�W�\���R�I�� �.-���D�Q�G����-�F�D�V�H�L�Q���S�U�R�W�H�L�Q�V���D�Q�G���R�Q���W�K�H�L�U���D�E�L�O�L�W�\���W�R���I�R�U�P���D��
�V�X�S�U�D�P�R�O�H�F�X�O�D�U�� �V�W�U�X�F�W�X�U�H���� �1�0�5�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �R�Q�� �W�K�H�� �H�T�X�L�S�P�H�Q�W�� �R�I�� �W�K�H��
�)�H�G�H�U�D�O�� �&�H�Q�W�H�U�� �R�I�� �6�K�D�U�H�G�� �)�D�F�L�O�L�W�L�H�V�� �D�W�� �.�D�]�D�Q�� �)�H�G�H�U�D�O�� �8�Q�L�Y�H�U�V�L�W�\�� �%�U�X�N�H�U�� �$�9�$�1�&�(�� �,�,�,�� ��������
�1�0�5���V�S�H�F�W�U�R�P�H�W�H�U�� 

�,�Q���W�K�L�V���V�W�X�G�\�����W�K�H���H
u�H�F�W���R�I���7�&�(�3���R�Q���W�K�H���P�R�O�H�F�X�O�D�U���P�R�E�L�O�L�W�\���R�I���.-���D�Q�G����-�F�D�V�H�L�Q���L�Q���G�L�O�X�W�H��
�V�R�O�X�W�L�R�Q�V�� �Z�D�V�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �R�Q�� �V�D�P�S�O�H�V�� �R�I�� �G�L�O�X�W�H�� �D�T�X�H�R�X�V�� �S�U�R�W�H�L�Q�� �V�R�O�X�W�L�R�Q�V�� �Z�L�W�K�R�X�W�� �D�Q�G�� �Z�L�W�K��
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�U�K�D�P�Q�R�O�L�S�L�G���Z�L�W�K���F�R�P�S�O�H�W�H���V�R�O�X�E�L�O�L�]�D�W�L�R�Q���� 

The work summarizes and analyzes the results of studies [1-3] of micellar 
solubilization from aqueous solutions of substances of the BTEX group (benzene, toluene, 
ethylbenzene, xylene), phenol, and naphthalene, carried out by the NMR diffusometry method 
using rhamnolipid as a bio-surfactant. 
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�L�Q�F�U�H�D�V�H�G�� �D�Q�G�� �D
u�H�F�W�� �H�[�L�V�W�L�Q�J�� �V�H�O�I-�U�H�J�X�O�D�W�L�R�Q�� �P�H�F�K�D�Q�L�V�P�V���� �:�H�� �H�[�S�R�V�H�� �W�K�H�� �U�R�O�H�� �W�K�D�W�� �E�O�R�R�G��
�Y�L�V�F�R�V�L�W�\�� �K�D�V�� �L�Q�� �K�X�P�D�Q�� �S�K�\�V�L�R�O�R�J�\���� �D�Q�G�� �V�R�P�H�� �G�L�V�H�D�V�H�V�� �Z�K�H�U�H�� �L�W�V�� �L�P�S�R�U�W�D�Q�F�H�� �P�D�\�� �E�H�� �J�U�H�D�W�H�U��
�D�Q�G���W�K�H���G�L
v�F�X�O�W�L�H�V���L�Q���P�H�D�V�X�U�L�Q�J���L�W�� 

MATERIALS AND METHODS 
�9�H�Q�R�X�V�� �E�O�R�R�G�� �V�D�P�S�O�H�V�� �I�U�R�P�� �W�K�H�� �V�W�X�G�\�� �V�X�E�M�H�F�W�V�� �Z�H�U�H�� �F�H�Q�W�U�L�I�X�J�H�G�� �D�W�� ���������� �U�S�P�� �I�R�U�� ������

�P�L�Q�X�W�H�V���D�Q�G���S�O�D�V�P�D�����K�H�P�R�J�O�R�E�L�Q���V�R�O�X�W�L�R�Q���D�Q�G���E�O�R�R�G���V�H�U�X�P���Z�H�U�H���R�E�W�D�L�Q�H�G�����7�����Z�D�V���P�H�D�V�X�U�H�G���D�W��
�����ƒ�&�����X�V�L�Q�J���W�K�H���&�D�U�U-�3�X�U�F�H�O�O-�0�H�L�E�R�R�Q-�*�L�O�O���S�X�O�V�H���V�H�T�X�H�Q�F�H�� 
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RESULTS AND DISCUSSION 
�7�D�E�O�H�������K�3�� �Y�D�O�X�H�V�� �L�Q�� �³�D�S�S�D�U�H�Q�W�O�\�� �K�H�D�O�W�K�\�´�� �L�Q�G�L�Y�L�G�X�D�O�V�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �W�K�H�� �5�0�3��

�P�H�W�K�R�G���D�Q�G���W�K�H���2�V�W�Z�D�O�G���Y�L�V�F�R�P�H�W�H�U���D�V���D���U�H�I�H�U�H�Q�F�H���P�H�W�K�R�G 
Control individuals (n=20) �KP (mPa·s) Ostwald 

viscometer 
�KP (mPa·s ) RMP 

�$�Y�H�U�D�J�H���Y�D�O�X�H �����������“���������� �����������“���������� 
�5�D�Q�J�H ��������-�������� ����������-���������� 

�7�D�E�O�H�� ���� �V�K�R�Z�V�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �P�H�W�K�R�G���� �E�D�V�H�G�� �R�Q�� �5�0�3���� �I�R�U�� �W�K�H��
�G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���K�3���L�Q���W�K�H���F�D�V�H���R�I���³�D�S�S�D�U�H�Q�W�O�\���K�H�D�O�W�K�\�´���L�Q�G�L�Y�L�G�X�D�O�V���D�Q�G���S�D�W�L�H�Q�W�V���Z�L�W�K���0�0���D�W��
�W�K�H�� �W�L�P�H�� �R�I�� �G�H�E�X�W���� �Z�L�W�K�� �V�\�P�S�W�R�P�V�� �W�\�S�L�F�D�O�� �R�I�� �K�\�S�H�U�Y�L�V�F�R�V�L�W�\�� �V�\�Q�G�U�R�P�H�� ���+�9�6���� �D�Q�G�� �X�Q�G�H�U��
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�G�H�F�U�H�D�V�H�� �Z�L�W�K�� �W�U�H�D�W�P�H�Q�W���� �+�R�Z�H�Y�H�U���� �W�K�L�V�� �U�H�G�X�F�W�L�R�Q�� �R�F�F�X�U�V�� �D�W�� �G�L
u�H�U�H�Q�W�� �W�L�P�H�V�� �G�X�U�L�Q�J�� �W�U�H�D�W�P�H�Q�W����
�Z�K�L�F�K���F�R�X�O�G���E�H���U�H�O�D�W�H�G���W�R���W�K�H���L�Q�L�W�L�D�O���F�R�Q�G�L�W�L�R�Q�V���R�I���H�D�F�K���S�D�W�L�H�Q�W���D�Q�G���W�K�H�L�U���D�E�L�O�L�W�\���W�R���U�H�V�S�R�Q�G���W�R��
�W�U�H�D�W�P�H�Q�W�� 
Table 2. Use of the method developed for blood plasma viscosity in MM patients. 

�V�X�E�M�H�F�W�V �KP (mPa·s) 

�³�$�S�S�D�U�H�Q�W�O�\���K�H�D�O�W�K�\�´���L�Q�G�L�Y�L�G�X�D�O�V�� (n=18) 1,65 ± 0,10 

Patients with MM (during debut) (n=18) 2.39 �r 0.33 

Patients with MM (follow-up by consultation) (n=191) 2.17 �r  0.58 

Patients with MM (admitted) (n=23) 2.09 �r  0.56 

Patients with MM (under treatment) (n=140) 2.1 ± 0.3 

Patients with MM (con SHV) (n=3) 4. 5 ± 0.7 

�`�H���K�3���Y�D�O�X�H�V���R�E�W�D�L�Q�H�G���L�Q���S�D�W�L�H�Q�W�V���Z�L�W�K���0�0���G�X�U�L�Q�J���W�K�H���G�H�E�X�W���D�U�H���V�L�J�Q�L�¿�F�D�Q�W�O�\���K�L�J�K�H�U��
���D� ���������������3��� �����������
����-�������������������W�K�D�Q���W�K�R�V�H���G�H�W�H�U�P�L�Q�H�G���L�Q���³�D�S�S�D�U�H�Q�W�O�\���K�H�D�O�W�K�\�´���V�X�E�M�H�F�W�V�����Z�K�L�F�K��
�F�D�Q�� �E�H�� �H�[�S�O�D�L�Q�H�G�� �E�\�� �W�K�H�� �L�Q�F�U�H�D�V�H�� �L�Q�� �J�O�R�E�X�O�L�Q�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� ���H�V�S�H�F�L�D�O�O�\�� �,�J�$�� �D�Q�G�� �,�J�*������
�+�R�Z�H�Y�H�U���� �X�Q�G�H�U�� �W�U�H�D�W�P�H�Q�W�� �Z�L�W�K�� �F�K�H�P�R�W�K�H�U�D�S�\�����K�3�� �Y�D�O�X�H�V�� �D�U�H�� �V�L�J�Q�L�¿�F�D�Q�W�O�\�� �U�H�G�X�F�H�G�� ���D� ��������������
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Table 3. Use of the method developed for blood plasma viscosity in patients with AD 

subjects �KP (mPa·s) 

�³�$�S�S�D�U�H�Q�W�O�\���K�H�D�O�W�K�\�´���L�Q�G�L�Y�L�G�X�D�O�V�� (n=18) 2,15 ± 0,17 

Patients with AD (follow-up by consultation)  (n=122) 2,22 ± 0,86 

Patients with AD (admitted) (n = 41) 2,01 ± 0,31 
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���� �(�Q�G�U�H���=�+�����.�X�F�K�H�O���3�:�����9�L�V�F�R�V�L�W�\���R�I���F�R�Q�F�H�Q�W�U�D�W�H�G���V�R�O�X�W�L�R�Q�V���D�Q�G���R�I���K�X�P�D�Q���H�U�\�W�K�U�R�F�\�W�H���F�\�W�R�S�O�D�V�P��
�G�H�W�H�U�P�L�Q�H�G�� �I�U�R�P�� �Q�P�U�� �P�H�D�V�X�U�H�P�H�Q�W�� �R�I�� �P�R�O�H�F�X�O�D�U���F�R�U�U�H�O�D�W�L�R�Q���W�L�P�H�V���� �`�H�� �G�H�S�H�Q�G�H�Q�F�H�� �R�I�� �Y�L�V�F�R�V�L�W�\��
�R�Q���F�H�O�O���Y�R�O�X�P�H�����%�L�R�S�K�\�V���&�K�H�P������������������������������-�����������G�R�L����������������������������-��������������������������-���� 
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Introduction 
�3�H�U�Y�D�S�R�U�D�W�L�R�Q���L�V���D���S�U�R�P�L�V�L�Q�J���P�H�P�E�U�D�Q�H���P�H�W�K�R�G���I�R�U���W�K�H���V�H�S�D�U�D�W�L�R�Q���R�I�� �O�L�T�X�L�G���P�L�[�W�X�U�H�V��

�R�I�� �O�R�Z�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� �V�X�E�V�W�D�Q�F�H�V���� �Z�K�L�F�K�� �¿�Q�G�V�� �D�S�S�O�L�F�D�W�L�R�Q�� �L�Q�� �Y�D�U�L�R�X�V�� �L�Q�G�X�V�W�U�L�H�V���� �`�H��
�H
v�F�L�H�Q�F�\�� �R�I�� �W�K�L�V�� �S�U�R�F�H�V�V�� �O�D�U�J�H�O�\�� �G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �F�K�R�L�F�H�� �R�I�� �P�H�P�E�U�D�Q�H�� �P�D�W�H�U�L�D�O���� �2�Q�H�� �R�I�� �W�K�H��
�P�R�V�W�� �S�U�R�J�U�H�V�V�L�Y�H�� �P�D�W�H�U�L�D�O�V�� �I�R�U�� �F�U�H�D�W�L�Q�J�� �P�H�P�E�U�D�Q�H�V�� �I�R�U�� �S�H�U�Y�D�S�R�U�D�W�L�R�Q�� �G�H�K�\�G�U�D�W�L�R�Q�� �D�U�H��
�S�R�O�\�H�O�H�F�W�U�R�O�\�W�H�� �F�R�P�S�O�H�[�H�V�� ���3�(�&������ �`�H�\�� �K�D�Y�H�� �K�L�J�K�� �V�H�O�H�F�W�L�Y�L�W�\�� �W�R�� �Z�D�W�H�U�� �D�Q�G�� �D�O�O�R�Z�� �I�R�U�� �W�K�H��
�H
u�H�F�W�L�Y�H���V�H�S�D�U�D�W�L�R�Q���R�I���L�W���I�U�R�P���W�K�H���P�L�[�W�X�U�H�����Q�D�P�H�O�\�����R�U�J�D�Q�L�F���V�R�O�Y�H�Q�W�V���� 

�6�R�G�L�X�P�� �D�O�J�L�Q�D�W�H�� ���6�$���� �L�V�� �D�� �S�U�R�P�L�V�L�Q�J�� �E�L�R�S�R�O�\�P�H�U�� �I�R�U�� �R�E�W�D�L�Q�L�Q�J�� �P�H�P�E�U�D�Q�H�V�� �Z�L�W�K��
�W�D�L�O�R�U�H�G���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����6�$���P�D�\���E�H���P�R�G�L�¿�H�G���L�Q���W�Z�R���Z�D�\�V�����E�\���L�Q�W�U�R�G�X�F�L�Q�J���D���P�R�G�L�¿�H�U�����Q�D�P�H�O�\����
�F�D�U�E�R�Q�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V���� �L�Q�W�R�� �L�W�V�� �P�D�W�U�L�[�� �D�Q�G�� �E�\�� �D�G�G�L�W�L�R�Q�� �R�I�� �S�R�O�\�H�O�H�F�W�U�R�O�\�W�H�� ���Q�D�P�H�O�\����
�S�R�O�\�H�W�K�\�O�H�Q�H�L�P�L�Q�H�����3�(�,�������W�R���F�U�H�D�W�H���3�(�&�����$�O�V�R�����W�K�H�V�H���P�R�G�L�¿�F�D�W�L�R�Q���D�S�S�U�R�D�F�K�H�V���I�R�U���W�K�H���F�U�H�D�W�L�R�Q��
�R�I���P�L�[�H�G���P�D�W�U�L�[���P�H�P�E�U�D�Q�H�V���K�D�Y�H���Q�R�Z���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�H�L�U���U�H�O�H�Y�D�Q�F�H�� 

Results and discussion 
�`�H�� �D�L�P�� �R�I�� �W�K�L�V�� �V�W�X�G�\�� �Z�D�V�� �W�R�� �G�H�Y�H�O�R�S�� �D�Q�G�� �V�W�X�G�\�� �S�H�U�Y�D�S�R�U�D�W�L�R�Q�� �P�H�P�E�U�D�Q�H�V�� �E�D�V�H�G�� �R�Q��

�3�(�&�� �R�I�� �6�$�� �D�Q�G�� �3�(�,�� �P�R�G�L�¿�H�G�� �Z�L�W�K�� �J�U�D�S�K�H�Q�H�� �R�[�L�G�H�� ���*�2������ �6�S�H�F�W�U�R�V�F�R�S�L�F�� �P�H�W�K�R�G�V�� ���)�7�,�5�� �D�Q�G��
�1�0�5���� �Z�H�U�H�� �X�V�H�G�� �W�R�� �F�R�Q�¿�U�P�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �3�(�&�� �D�Q�G�� �L�Q�W�H�U�D�F�W�L�R�Q�� �L�W�� �Z�L�W�K�� �*�2���� �6�F�D�Q�Q�L�Q�J��
�H�O�H�F�W�U�R�Q���D�Q�G���D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�L�H�V���Z�H�U�H���X�V�H�G���W�R���H�Y�D�O�X�D�W�H���W�K�H���P�H�P�E�U�D�Q�H���P�R�U�S�K�R�O�R�J�\���D�Q�G��
�W�R�S�R�J�U�D�S�K�\���� �,�W�� �Z�D�V�� �V�K�R�Z�Q�� �W�K�D�W�� �3�(�&�� �P�H�P�E�U�D�Q�H�V�� �K�D�G�� �D�� �U�R�X�J�K�� �F�U�R�V�V-�V�H�F�W�L�R�Q�D�O�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �D��
�V�X�U�I�D�F�H���Z�L�W�K�����F�O�X�V�W�H�U�V�������`�L�V���Z�D�V���G�X�H���W�R���W�K�H���L�R�Q�L�F���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���D�Q�L�R�Q�L�F���6�$���D�Q�G���W�K�H��
�F�D�W�L�R�Q�L�F�� �3�(�,���� �,�Q�� �D�G�G�L�W�L�R�Q���� �6�(�0�� �L�P�D�J�H�V�� �F�R�Q�¿�U�P�H�G�� �W�K�H�� �X�Q�L�I�R�U�P�� �P�L�V�F�L�E�L�O�L�W�\�� �R�I�� �S�R�O�\�P�H�U�V��
�D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���3�(�&�����)�L�J�������������`�H���H
u�H�F�W�L�Y�H�Q�H�V�V���R�I���W�K�H���P�H�P�E�U�D�Q�H���Z�D�V���W�H�V�W�H�G��
�L�Q���S�H�U�Y�D�S�R�U�D�W�L�R�Q���I�R�U���H�W�K�D�Q�R�O���G�H�K�\�G�U�D�W�L�R�Q���L�Q���D���Z�L�G�H���U�D�Q�J�H���R�I���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� 

 
Cross-section Surface 

  
Figure 1. The cross-sectional and surface SEM micrographs of PEC membrane. 

Conclusions 
�,�W���Z�D�V���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���3�(�&-�E�D�V�H�G�����I�U�R�P���6�$���3�(�,�����P�H�P�E�U�D�Q�H�V���P�R�G�L�¿�H�G���Z�L�W�K���*�2���K�D�G��

�V�L�J�Q�L�¿�F�D�Q�W�O�\���L�P�S�U�R�Y�H�G���S�H�U�I�R�U�P�D�Q�F�H���L�Q���S�H�U�Y�D�S�R�U�D�W�L�R�Q���G�H�K�\�G�U�D�W�L�R�Q���R�I���H�W�K�D�Q�R�O���F�R�P�S�D�U�H�G���W�R���W�K�H��
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�S�U�L�V�W�L�Q�H�� �6�$�� �P�H�P�E�U�D�Q�H�� �G�X�H�� �W�R�� �F�K�D�Q�J�H�V�� �L�Q�� �V�W�U�X�F�W�X�U�D�O�� �D�Q�G�� �S�K�\�V�L�F�R�F�K�H�P�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �G�X�U�L�Q�J��
�P�R�G�L�¿�F�D�W�L�R�Q�V�����,�W���P�D�N�H�V���W�K�H�P���S�U�R�P�L�V�L�Q�J���I�R�U���X�V�H���L�Q���W�K�H���V�H�S�D�U�D�W�L�R�Q���D�Q�G���S�X�U�L�¿�F�D�W�L�R�Q���R�I���D�O�F�R�K�R�O�V��
�X�V�H�G���L�Q���W�K�H���S�U�R�G�X�F�W�L�R�Q���R�I���E�L�R�I�X�H�O�V���D�Q�G���R�W�K�H�U���F�K�H�P�L�F�D�O���S�U�R�G�X�F�W�V�� 
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�$�O�N�\�O�� ��-�E�U�R�P�R-��-�Q�L�W�U�R�D�F�U�\�O�D�W�H�V���� �D�V�� �0�L�F�K�D�H�O�� �D�F�F�H�S�W�R�U�V���� �I�R�U�P�� �F�D�U�E�R-�� �D�Q�G�� �K�H�W�H�U�R�F�\�F�O�L�F��
�V�W�U�X�F�W�X�U�H�V�� �L�Q�� �U�H�D�F�W�L�R�Q�V�� �Z�L�W�K�� �&�+-�D�F�L�G�V�� �>������ ���@�����$�� �V�W�X�G�\�� �R�I�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I�� �H�W�K�\�O�� ��-�E�U�R�P�R-��-
�Q�L�W�U�R�D�F�U�\�O�D�W�H������ �Z�L�W�K�� ������-�G�L�K�\�G�U�R-���+-�L�Q�G�R�O-��-�R�Q�H�� ���� �V�K�R�Z�H�G�� �W�K�D�W�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �H�Q�G�V�� �Z�L�W�K�� �W�K�H��
�I�R�U�P�D�W�L�R�Q���R�I���D���P�L�[�W�X�U�H���R�I���U�H�J�L�R�L�V�R�P�H�U�L�F���V�S�L�U�R�F�\�F�O�R�S�U�R�S�D�Q�H�R�[�L�Q�G�R�O�H�V�����D�����E�����Z�K�L�F�K���L�V���U�H�À�H�F�W�H�G��
�E�\���D���G�R�X�E�O�H���V�H�W���R�I���V�L�J�Q�D�O�V���L�Q���W�K�H�����+���D�Q�G�������&���1�0�5���V�S�H�F�W�U�D�� 

 
�`�H�� �U�L�J�L�G�O�\�� �¿�[�H�G�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�V�H�� �V�S�L�U�R�F�\�F�O�R�S�U�R�S�D�Q�H�R�[�L�Q�G�R�O�H�V�� ���D���� �E�� �P�D�N�H�V�� �W�K�H�P��

�L�Q�W�H�U�H�V�W�L�Q�J���R�E�M�H�F�W�V���I�R�U���V�W�U�X�F�W�X�U�D�O���V�W�X�G�L�H�V���X�V�L�Q�J�����'���1�0�5���V�S�H�F�W�U�R�V�F�R�S�\���H�[�S�H�U�L�P�H�Q�W�V�� 
In the 1H NMR spectrum of the mixture of spirocyclopropaneoxindoles 3a, b (Fig. 1), 

the H2 protons signals appear as doublets at 3.85 (a), 3.78 (b) ppm, and the H3 protons signals 
appear as doublets at 5.32 (a), 5.30 (b) ppm. In turn, the signals of the amino groups (H���•) 
protons appear as broadened singlets at 8.73 (a), 8.95 (b) ppm. The vicinal J-coupling 
between methine protons of the cyclopropane ring observed in the 1H NMR spectrum 3JH2H3 
= 6.07 (a), 6.14 (b) Hz indicates their trans-configuration, which is consistent with the 
literature data [3]. 

 
Figure 1. 1H NMR spectrum of isomers 3a, b (CDCl3) 

 
This assignment of signals in the 1H NMR spectrum is confirmed by the results of the 

study these substances by the 1H-1H NOESY NMR method. The results of 1H-1H NOESY 
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(obtained with a variable value mix. time) of the isomer mixture, demonstrate NOE 
correlations of the protons C2�+���K4'H for isomer a and C3�+���K4'H for isomer b (Fig. 2). 

 
Figure 2. 1H-1H NOESY spectrum of isomers 3a, b (CDCl3) with their models 

 
The assignment of signals in the 13C NMR spectra for both isomers was carried out on 

the results of the 1H-13C HMQC and 1H-13C HMBC NMR experiments. Unprotonated carbon 
atoms were assigned based on 1H-13C HMBC NMR experiment. Thus, spectrum of the 
mixture of two isomers 3a, b showed cross-peaks between protons H3, H2, H���•, H���• and carbon 
atom C���D�•��(121.7 (a), 122.6 (b) ppm), protons H���•, H���•, H���• and carbon atom C���D�• (141.9 (a), 
141.7 (b) ppm), proton H���• with spiro carbon C���• (40.0 (a), 39.2 (b) ppm). Cross peaks of 
methylene protons with the ester carbonyl carbon atom (163.4 (a), 165.0 (b) ppm) are also 
observed. 

Thus, based on the 2D NMR spectroscopy experiments results, the fine structure of 
two isomers of spirocyclopropaneoxindoles was determined, and the signals of their protons 
and carbon atoms were assigned. 

The studies were carried out in the Center of collective use at the Faculty of Chemistry 
of the Herzen State Pedagogical University of Russia on the Jeol ECX-400A spectrometer 
(Royal Probe) at 399.78 (1H) and 100.53 (13C) MHz with standard experimental settings. The 
residual signals of a non-deuterated solvent (for 1H nuclei) or the signals of a deuterated 
solvent (for 13C nuclei) were used as a standard. 
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Introduction 
�3�U�R�W�H�L�Q�� �V�H�S�D�U�D�W�L�R�Q�� �S�U�H�V�H�Q�W�V�� �D�� �I�X�Q�G�D�P�H�Q�W�D�O�� �F�K�D�O�O�H�Q�J�H�� �L�Q�� �P�R�G�H�U�Q�� �Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W����

�E�L�R�W�H�F�K�Q�R�O�R�J�\���D�Q�G���W�K�H���S�K�D�U�P�D�F�H�X�W�L�F�D�O���L�Q�G�X�V�W�U�L�H�V�����D�V���W�K�H�\���S�O�D�\���D���F�H�Q�W�U�D�O���U�R�O�H���L�Q���Y�D�U�L�R�X�V���F�H�O�O�X�O�D�U��
�S�U�R�F�H�V�V�H�V�����$�� �K�L�J�K�O�\�� �H
u�H�F�W�L�Y�H�� �D�Q�G�� �Z�L�G�H�V�S�U�H�D�G�� �P�H�W�K�R�G�� �H�P�S�O�R�\�H�G�� �I�R�U�� �S�U�R�W�H�L�Q�� �V�H�S�D�U�D�W�L�R�Q�� �L�V��
�X�O�W�U�D�¿�O�W�U�D�W�L�R�Q�� ���8�)������ �Z�K�L�F�K�� �X�W�L�O�L�]�H�V�� �V�H�P�L�S�H�U�P�H�D�E�O�H�� �P�H�P�E�U�D�Q�H�V�� �W�R�� �V�H�O�H�F�W�L�Y�H�O�\�� �U�H�P�R�Y�H��
�P�R�O�H�F�X�O�H�V�� �R�I�� �V�S�H�F�L�¿�F�� �V�L�]�H�V���� �8�O�W�U�D�¿�O�W�U�D�W�L�R�Q�� �L�V�� �W�K�H�� �P�R�V�W�� �D�F�W�L�Y�H�O�\�� �X�V�H�G�� �P�H�P�E�U�D�Q�H�� �P�H�W�K�R�G�� �L�Q��
�Y�D�U�L�R�X�V���L�Q�G�X�V�W�U�L�H�V�����I�R�R�G�����F�K�H�P�L�F�D�O�����P�L�F�U�R�E�L�R�O�R�J�L�F�D�O�����Z�D�W�H�U���S�X�U�L�¿�F�D�W�L�R�Q�����H�W�F���������'�X�H���W�R���L�W�V���D�F�W�L�Y�H��
�X�V�H�����W�K�H���F�U�H�D�W�L�R�Q���R�I���Q�H�Z���X�O�W�U�D�¿�O�W�U�D�W�L�R�Q���P�H�P�E�U�D�Q�H�V���Z�L�W�K���L�P�S�U�R�Y�H�G���W�U�D�Q�V�S�R�U�W�L�Q�J���D�Q�G���D�Q�W�L�I�R�X�O�L�Q�J��
�S�U�R�S�H�U�W�L�H�V���L�V���U�H�T�X�L�U�H�G���� 

�`�H���F�K�R�L�F�H���R�I�� �H�F�R-�I�U�L�H�Q�G�O�\�� �F�H�O�O�X�O�R�V�H���G�H�U�L�Y�D�W�L�Y�H�V���� �L�Q���S�D�U�W�L�F�X�O�D�U���Q�L�W�U�R�F�H�O�O�X�O�R�V�H�����&�1���� �D�Q�G��
�F�H�O�O�X�O�R�V�H�� �D�F�H�W�D�W�H�� ���&�$���� �I�R�U�� �W�K�H�� �I�D�E�U�L�F�D�W�L�R�Q�� �R�I�� �8�)�� �P�H�P�E�U�D�Q�H�V�� �R
u�H�U�V�� �D�� �S�U�R�P�L�V�L�Q�J�� �V�R�O�X�W�L�R�Q�� �I�R�U��
�W�K�L�V�� �S�X�U�S�R�V�H���� �F�R�P�E�L�Q�L�Q�J�� �H�F�R�O�R�J�L�F�D�O�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� �Z�L�W�K�� �J�R�R�G�� �I�X�Q�F�W�L�R�Q�D�O�� �S�U�R�S�H�U�W�L�H�V���� �%�X�O�N��
�P�R�G�L�¿�F�D�W�L�R�Q�� �R�I�� �P�H�P�E�U�D�Q�H�V�� �S�O�D�\�V�� �D�� �F�U�X�F�L�D�O�� �U�R�O�H�� �L�Q�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �K�L�J�K�O�\�� �H
u�H�F�W�L�Y�H��
�¿�O�W�U�D�W�L�R�Q�� �P�D�W�H�U�L�D�O�V���� �`�L�V�� �D�S�S�U�R�D�F�K�� �V�L�J�Q�L�¿�F�D�Q�W�O�\�� �H�Q�K�D�Q�F�H�V�� �W�K�H�� �R�S�H�U�D�W�L�R�Q�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I��
�P�H�P�E�U�D�Q�H�V���E�\���F�U�H�D�W�L�Q�J���F�R�P�S�R�V�L�W�H���P�H�P�E�U�D�Q�H�V�����Z�K�H�U�H�L�Q���W�K�H���L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�I���Y�D�U�L�R�X�V���D�G�G�L�W�L�Y�H�V��
�D�O�O�R�Z�V���I�R�U�� �D���V�\�Q�H�U�J�L�V�W�L�F�� �H
u�H�F�W�����$�V���D�� �U�H�V�X�O�W�����W�K�H�� �¿�Q�D�O���S�U�R�S�H�U�W�L�H�V���R�I�� �W�K�H���P�H�P�E�U�D�Q�H�V���V�X�U�S�D�V�V���W�K�H��
�V�L�P�S�O�H�� �V�X�P�� �R�I�� �W�K�H�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �W�K�H�L�U�� �L�Q�G�L�Y�L�G�X�D�O�� �F�R�P�S�R�Q�H�Q�W�V���� �`�H�� �X�V�H�� �R�I�� �P�H�W�D�O-�R�U�J�D�Q�L�F��
�I�U�D�P�H�Z�R�U�N�V�� ���0�2�)�V������ �Z�K�L�F�K�� �D�U�H�� �X�Q�L�T�X�H�� �S�R�U�R�X�V�� �V�W�U�X�F�W�X�U�H�V�� �Z�L�W�K�� �D�� �K�L�J�K�� �V�S�H�F�L�¿�F�� �V�X�U�I�D�F�H�� �D�U�H�D����
�V�L�J�Q�L�¿�F�D�Q�W�O�\���L�Q�À�X�H�Q�F�H�V���W�K�H���V�W�U�X�F�W�X�U�H�����S�H�U�P�V�H�O�H�F�W�L�Y�L�W�\���D�Q�G���K�\�G�U�R�S�K�L�O�L�F-�K�\�G�U�R�S�K�R�E�L�F���E�D�O�D�Q�F�H���R�I��
�W�K�H�� �P�D�W�H�U�L�D�O�� �D�Q�G�� �U�H�S�U�H�V�H�Q�W�� �D�� �S�U�R�P�L�V�L�Q�J�� �F�O�D�V�V�� �R�I�� �P�R�G�L�¿�H�U�V�� �W�K�D�W�� �K�D�Y�H�� �I�R�X�Q�G�� �Z�L�G�H�V�S�U�H�D�G��
�D�S�S�O�L�F�D�W�L�R�Q�� �L�Q�� �W�K�H�� �F�U�H�D�W�L�R�Q�� �R�I�� �F�R�P�S�R�V�L�W�H�� �P�H�P�E�U�D�Q�H�V���� �$�Q�R�W�K�H�U�� �F�O�D�V�V�L�F�D�O�� �F�O�D�V�V�� �R�I�� �D�G�G�L�W�L�Y�H�V��
�L�Q�F�O�X�G�H�V���S�R�U�R�J�H�Q�V�����Z�K�L�F�K���D
u�H�F�W���W�K�H���W�U�D�Q�V�S�R�U�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�Q�G���P�R�U�S�K�R�O�R�J�\���R�I���W�K�H���U�H�V�X�O�W�L�Q�J��
�P�H�P�E�U�D�Q�H�V���� �`�H�\�� �D�O�O�R�Z�� �I�R�U�� �W�K�H�� �F�R�Q�W�U�R�O�� �R�I�� �S�R�U�H�� �V�L�]�H�� �D�Q�G�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �Z�L�W�K�L�Q�� �W�K�H�� �P�H�P�E�U�D�Q�H�V����
�G�L�U�H�F�W�O�\���L�P�S�D�F�W�L�Q�J���W�K�H�L�U���D�E�L�O�L�W�\���W�R���V�H�S�D�U�D�W�H���P�R�O�H�F�X�O�H�V���R�I���Y�D�U�\�L�Q�J���V�L�]�H�V�����)�X�U�W�K�H�U�P�R�U�H�����R�Q�H���R�I���W�K�H��
�P�R�V�W�� �S�R�S�X�O�D�U�� �V�\�Q�W�K�H�W�L�F�� �S�R�O�\�P�H�U�� �±�� �S�R�O�\�V�X�O�I�R�Q�H�� ���3�6�8���� �Z�D�V�� �X�W�L�O�L�]�H�G�� �D�V�� �D�Q�� �D�G�G�L�W�L�Y�H�� �G�X�H�� �W�R�� �L�W�V��
�H�[�F�H�O�O�H�Q�W�� �¿�O�P-�I�R�U�P�L�Q�J�� �S�U�R�S�H�U�W�L�H�V���� �U�H�P�D�U�N�D�E�O�H�� �W�K�H�U�P�D�O�� �D�Q�G�� �F�K�H�P�L�F�D�O�� �V�W�D�E�L�O�L�W�\���� �D�Q�G�� �L�W�V��
�Z�L�G�H�V�S�U�H�D�G���D�S�S�O�L�F�D�W�L�R�Q���L�Q���P�H�P�E�U�D�Q�H���W�H�F�K�Q�R�O�R�J�\�� 

Results and discussion 
�`�L�V���V�W�X�G�\���I�R�F�X�V�H�V���R�Q���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���L�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I���P�H�P�E�U�D�Q�H�V���I�U�R�P���F�H�O�O�X�O�R�V�H��

�Q�L�W�U�D�W�H�����&�1���� �E�\�� �E�O�H�Q�G�L�Q�J���L�W���Z�L�W�K���F�H�O�O�X�O�R�V�H���D�F�H�W�D�W�H�����&�$���� �D�Q�G���P�R�G�L�I�\�L�Q�J���L�W���Z�L�W�K���D�G�G�L�W�L�Y�H�V���V�X�F�K��
�D�V�� �S�R�O�\�V�X�O�I�R�Q�H�� ���3�6�8������ �S�R�O�\�Y�L�Q�\�O�S�\�U�U�R�O�L�G�R�Q�H�� ���3�9�3�� �.-���������� �D�Q�G�� �D�� �=�Q-�E�D�V�H�G�� �P�H�W�D�O-�R�U�J�D�Q�L�F��
�I�U�D�P�H�Z�R�U�N�� ���=�Q�%�,�0���� �I�R�U�� �H
v�F�L�H�Q�W�� �X�O�W�U�D�¿�O�W�U�D�W�L�R�Q�� �V�H�S�D�U�D�W�L�R�Q�� �R�I�� �S�U�R�W�H�L�Q�V���� �,�W�� �K�D�V�� �E�H�F�R�P�H��
�L�P�S�R�U�W�D�Q�W�� �W�R�� �V�W�X�G�\�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �S�R�O�\�P�H�U�V���� �D�V�� �W�K�L�V�� �P�D�N�H�V�� �L�W�� �S�R�V�V�L�E�O�H�� �W�R�� �P�R�U�H�� �D�F�F�X�U�D�W�H�O�\��
�S�U�H�G�L�F�W���D�Q�G���V�W�X�G�\���W�K�H���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���U�H�V�X�O�W�L�Q�J���P�H�P�E�U�D�Q�H�V�����$�P�R�Q�J���W�K�H���P�H�W�K�R�G�V���W�K�D�W���P�D�N�H���L�W��
�S�R�V�V�L�E�O�H�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �S�R�O�\�P�H�U�V���� �Q�X�F�O�H�D�U���P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� ���1�0�5���� �L�V��
�W�K�H�� �E�H�V�W�� �W�R�R�O���� �1�0�5�� �D�O�O�R�Z�H�G�� �X�V�� �W�R�� �V�W�X�G�\�� �W�K�H�� �G�H�J�U�H�H�� �R�I�� �V�X�E�V�W�L�W�X�W�L�R�Q�� �R�I�� �F�H�O�O�X�O�R�V�H�� �G�H�U�L�Y�D�W�L�Y�H�V��
���&�$���� �&�1���� �L�Q�� �W�K�L�V�� �Z�R�U�N���� �$�G�G�L�W�L�R�Q�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �W�K�H�� �P�H�P�E�U�D�Q�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �V�W�X�G�L�H�G��
�X�V�L�Q�J�� �)�R�X�U�L�H�U�� �W�U�D�Q�V�I�R�U�P�� �L�Q�I�U�D�U�H�G�� �V�S�H�F�W�U�R�V�F�R�S�\���� �V�F�D�Q�Q�L�Q�J�� �H�O�H�F�W�U�R�Q�� �P�L�F�U�R�V�F�R�S�\���� �D�W�R�P�L�F�� �I�R�U�F�H��
�P�L�F�U�R�V�F�R�S�\�� �D�Q�G�� �F�R�Q�W�D�F�W�� �D�Q�J�O�H�� �P�H�D�V�X�U�H�P�H�Q�W���� �`�H�� �W�U�D�Q�V�S�R�U�W�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �G�H�Y�H�O�R�S�H�G��
�P�H�P�E�U�D�Q�H�V���Z�H�U�H���V�W�X�G�L�H�G���E�\���X�O�W�U�D�¿�O�W�U�D�W�L�R�Q���G�X�U�L�Q�J���V�H�S�D�U�D�W�L�R�Q���R�I���S�U�R�W�H�L�Q���P�L�[�W�X�U�H�V�� 
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Conclusions 
�`�X�V�����W�K�H���U�H�V�X�O�W�V���F�O�H�D�U�O�\���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���P�L�[�L�Q�J���&�1���Z�L�W�K���&�$���D�Q�G���W�K�H���V�W�U�D�W�H�J�L�F���X�V�H���R�I��

�D�G�G�L�W�L�Y�H�V���F�D�Q���O�H�D�G���W�R���W�K�H���V�X�F�F�H�V�V�I�X�O���G�H�Y�H�O�R�S�P�H�Q�W���R�I���K�L�J�K�O�\���H
v�F�L�H�Q�W���&�1-�E�D�V�H�G���P�H�P�E�U�D�Q�H�V���I�R�U��
�8�)���V�H�S�D�U�D�W�L�R�Q���R�I���S�U�R�W�H�L�Q�V�����`�L�V���P�D�N�H�V���W�K�H�P���S�U�R�P�L�V�L�Q�J���I�R�U���X�V�H���I�R�U���V�H�S�D�U�D�W�L�R�Q���D�Q�G���S�X�U�L�¿�F�D�W�L�R�Q��
�L�Q���W�K�H���S�K�D�U�P�D�F�H�X�W�L�F�D�O���L�Q�G�X�V�W�U�\�� 
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�&�K�H�P�L�F�D�O�� �$�Q�D�O�\�V�L�V�� �D�Q�G�� �0�D�W�H�U�L�D�O�V�� �5�H�V�H�D�U�F�K�� �&�H�Q�W�H�U���� �D�Q�G�� �&�H�Q�W�H�U�� �³�1�D�Q�R�I�D�E�U�L�F�D�W�L�R�Q�� �R�I��
�3�K�R�W�R�D�F�W�L�Y�H���0�D�W�H�U�L�D�O�V�����1�D�Q�R�S�K�R�W�R�Q�L�F�V���´���D�W���W�K�H���6�W�����3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�� 
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�U�H�J�L�R�L�V�R�P�H�U�L�F�� ��-����-�E�U�R�P�R�I�X�U�D�Q-��-�\�O���Q�D�S�K�W�K�R�>������-�E�@�I�X�U�D�Q-������-�G�L�R�Q�H�� ���D�� �D�Q�G�� ��-����-�E�U�R�P�R�I�X�U�D�Q-
��-�\�O���Q�D�S�K�W�K�R�>������-�E�@�I�X�U�D�Q-������-�G�L�R�Q�H�� ���E�� ���U�D�W�L�R�� �������������� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�����+�� �1�0�5�� �V�S�H�F�W�U�X�P������
�Z�K�L�F�K���Z�D�V���V�X�F�F�H�V�V�I�X�O�O�\���V�H�S�D�U�D�W�H�G���L�Q�W�R���L�Q�G�L�Y�L�G�X�D�O���L�V�R�P�H�U�V���E�\���U�H�F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q�����6�F�K�H�P�H�������� 
Scheme 1. 
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Figure 1. Possible conformational isomers of compounds 3a and 3b. 
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Figure 2. 1H NMR spectrum 
of the compound 3a (CDCl3). 

Figure 3. 1H-13C HMBC NMR spectrum 
of the compound 3�Z (CDCl3). 
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Figure 4. 1�G-1�G���1�2�(�6�<���V�S�H�F�W�U�X�P���R�I��the compound 3�Z (CDCl3) 
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Introduction 
�&�\�F�O�R�V�S�R�U�L�Q�V���D�U�H���F�\�F�O�L�F���X�Q�G�H�F�D�S�H�S�W�L�G�H�V���Z�L�W�K���L�P�P�X�Q�R�V�X�S�S�U�H�V�V�L�Y�H�����D�Q�W�L�Y�L�U�D�O�����D�Q�W�L�I�X�Q�J�D�O��

�D�Q�G���D�Q�W�L-�L�Q�À�D�P�P�D�W�R�U�\���S�U�R�S�H�U�W�L�H�V�����)�R�U���H�[�D�P�S�O�H�����F�\�F�O�R�V�S�R�U�L�Q���$�����&�V�$�����L�V���Z�L�G�H�O�\���X�V�H�G���W�R���S�U�H�Y�H�Q�W��
�J�U�D�I�W�� �U�H�M�H�F�W�L�R�Q�� �L�Q�� �R�U�J�D�Q�� �W�U�D�Q�V�S�O�D�Q�W�V�� �>���@���� �`�H�U�H�� �D�U�H�� �D�Q�D�O�R�J�X�H�V�� �R�I�� �&�V�$�� �Z�L�W�K�� �S�K�D�U�P�D�F�R�O�R�J�L�F�D�O�O�\��
�Y�D�O�X�D�E�O�H���S�U�R�S�H�U�W�L�H�V�����P�R�V�W���R�I���Z�K�L�F�K���D�U�H���G�L
u�H�U�H�Q�W���I�U�R�P���&�V�$���L�Q���R�Q�H���R�U���W�Z�R���V�L�W�H�V���E�\���D���F�K�D�Q�J�H���R�I��
�D�P�L�Q�R�� �D�F�L�G�� �R�U�� �1-�P�H�W�K�\�O�D�W�L�R�Q�� �V�W�D�W�H���� �&�\�F�O�R�V�S�R�U�L�Q�� �&�� �L�V�� �R�Q�H�� �R�I�� �W�K�R�V�H�� �F�D�Q�G�L�G�D�W�H�V���� �L�W�� �L�V���D�� �Q�D�W�X�U�D�O��
�D�Q�D�O�R�J�X�H���R�I���&�V�$�����D���F�\�F�O�L�F���X�Q�G�H�F�D�S�H�S�W�L�G�H���L�Q���Z�K�L�F�K���D�P�L�Q�R�E�X�W�\�U�L�F���D�F�L�G���L�V���U�H�S�O�D�F�H�G���E�\���W�K�U�H�R�Q�L�Q�H��
���)�L�J���� ���������`�H�� �U�H�V�X�O�W�V�� �R�I�� �V�W�X�G�L�H�V�� �Z�L�W�K�� �&�V�&�� �V�K�R�Z�H�G�� �W�K�D�W�� �L�W�� �K�D�V�� �D�� �V�W�U�R�Q�J�� �L�P�P�X�Q�R�V�X�S�S�U�H�V�V�L�Y�H��
�D�F�W�L�Y�L�W�\���Z�K�L�O�H���E�H�L�Q�J���O�H�V�V���Q�H�S�K�U�R�W�R�[�L�F���W�K�D�Q���&�V�$���>���@�� 

�$�Q�R�W�K�H�U�� �D�Q�D�O�R�J�X�H�� �R�I�� �&�V�$�� �L�V�� �D�O�L�V�S�R�U�L�Y�L�U�� ���'�H�E�L�R-������������ �L�W�� �L�V���D�� �Q�R�Q-�L�P�P�X�Q�R�V�X�S�S�U�H�V�V�L�Y�H��
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�L�R�Q�V���>���@�� 

 
Figure 1. Chemical structures of cyclosporin C (left) and alisporivir (right). 
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Method 
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�V�S�H�F�W�U�X�P�� �R�I�� �W�K�H�� �&�V�&�±�'�\ ������ �F�R�P�S�O�H�[�� �Z�D�V�� �R�E�W�D�L�Q�H�G���� �'�D�W�D�� �D�F�T�X�L�V�L�W�L�R�Q�� �D�Q�G�� �S�U�R�F�H�V�V�L�Q�J�� �Z�H�U�H��
�F�D�U�U�L�H�G�� �R�X�W�� �X�V�L�Q�J�� �7�R�S�6�S�L�Q�� ���������� �`�H�� �V�S�H�F�W�U�D�O�� �D�Q�D�O�\�V�L�V�� �D�Q�G�� �S�H�D�N�� �L�Q�W�H�J�U�D�W�L�R�Q�� �L�Q�� �+�6�4�&�� �V�S�H�F�W�U�D��
�Z�H�U�H���P�D�G�H���Z�L�W�K���W�K�H���D�L�G���R�I���W�K�H���6�S�D�U�N�\���S�U�R�J�U�D�P�� 
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Results and Discussion 
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�U�H�P�D�L�Q�����D�Q�G���W�K�H���V�L�J�Q�D�O���R�I���O�H�X�F�L�Q�H���0�O�H�
�����R�I���W�K�H���P�L�Q�R�U���F�R�Q�I�R�U�P�H�U���G�L�V�D�S�S�H�D�U�V�� 

 
Figure 2. Fragment of 1H-13C HSQC spectra of CsC in CD3CN before and after the addition 
of Dy3+ ions: blue peaks correspond to the spectrum recorded with the pure CsC sample; red 

peaks, to the spectrum of the CsC-Dy3+ mix. Signals of the minor (second) conformer are 
marked with the asterisk (*). 
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�H�Q�H�U�J�\���F�R�Q�I�R�U�P�H�U�V���Z�H�U�H���L�V�R�O�D�W�H�G���W�R���E�H���X�V�H�G���I�R�U���V�X�E�V�H�T�X�H�Q�W���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���F�R�P�S�O�H�[�H�V���Z�L�W�K���W�K�H��
�P�H�W�D�O���L�R�Q�����W�K�H���P�R�V�W���I�D�Y�R�U�D�E�O�H���F�R�Q�I�R�U�P�H�U���K�D�G���W�K�H���U�H�O�D�W�L�Y�H���S�R�S�X�O�D�W�L�R�Q���R�I���������� 
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�I�R�O�O�R�Z�L�Q�J���V�L�P�X�O�D�W�L�R�Q���U�X�Q���Z�D�V�������Q�V���O�R�Q�J�� 

Based on the simulation results, the radial distribution functions between all atoms 
were calculated. A special attention was given to the changes in the composition of the first 
solvation shell of the europium ion with increasing salt concentration. Hydrogen/deuterium 
isotope effects on the molecular mobility (diffusivity and rotational reorientation of the 
solution components) were considered in detail. 
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Introduction 
�$�O�]�H�L�P�H�U�
�V�� �G�L�V�H�D�V�H�� �L�V�� �L�Q�F�X�U�D�E�O�H�� �Q�H�X�U�R�G�H�J�H�Q�H�U�D�W�L�Y�H�� �G�L�V�H�D�V�H�V���� �,�Q�K�L�E�L�W�L�R�Q�� �R�I�� �D�J�J�U�H�J�D�W�L�R�Q��

�R�I���D�P�\�O�R�L�G���S�H�S�W�L�G�H�V���L�V���R�Q�H���R�I���W�K�H���S�U�R�P�L�V�L�Q�J���Z�D�\�V���R�I���F�R�Q�W�U�R�O���R�I���W�K�L�V���G�L�V�H�D�V�H���>��-�����@�������)�X�O�O�H�U�H�Q�H�V��
�K�D�V�� �P�D�Q�\�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �L�Q�� �E�L�R�P�H�G�L�F�L�Q�H�� �L�Q�F�O�X�G�L�Q�J�� �G�U�X�J�V�� �D�Q�G�� �J�H�Q�H�� �G�H�O�L�Y�H�U�\�����D�V�� �D�Q�W�L�E�D�F�W�H�U�L�D�O����
�D�Q�W�L�Y�L�U�D�O���D�Q�G���D�Q�W�L�D�P�\�O�R�L�G���D�J�H�Q�W�V�������>����-�����@�� 

�����0�R�O�H�F�X�O�D�U���G�\�Q�D�P�L�F�V�����0�'�����P�H�W�K�R�G���Z�D�V���I�U�H�T�X�H�Q�W�O�\���X�V�H�G���I�R�U���V�L�P�X�O�D�W�L�R�Q���R�I���L�Q�W�H�U�D�F�W�L�R�Q��
�R�I�� �D�Q�W�L�D�P�\�O�R�L�G���D�J�H�Q�W�V�� �Z�L�W�K���D�P�\�O�R�L�G�� �¿�E�U�L�O�V���� �,�Q���W�K�L�V���Z�R�U�N���W�K�H���0�' �� �V�L�P�X�O�D�W�L�R�Q���R�I�� �L�Q�W�H�U�D�F�W�L�R�Q���R�I��
�I�X�O�O�H�U�H�Q�H�V�� �Z�L�W�K�� �V�W�D�F�N�� �R�I�� �V�K�R�U�W�� �D�P�\�O�R�L�G�� �S�H�S�W�L�G�H�V�� ���/�0�9�*�*�9�9�,�$���� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �Z�D�W�H�U��
�V�R�O�Y�H�Q�W���D�W���W�H�P�S�H�U�D�W�X�U�H���7� �������.���D�Q�G���S�U�H�V�V�X�U�H���3� ���D�W�P���X�V�L�Q�J���W�K�H���S�U�R�J�U�D�P���S�D�F�N�D�J�H���*�U�R�P�D�F�V-������
�Z�L�W�K���$�0�%�(�5�����6�%-�L�O�G�Q���I�R�U�F�H���¿�H�O�G������ 

The Results and discussion  
�6�Q�D�S�V�K�R�W�V�� �R�I�� �V�\�V�W�H�P�V�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �I�X�O�O�H�U�H�Q�H�V���� �S�H�S�W�L�G�H�V�� �G�X�U�L�Q�J�� �V�L�P�X�O�D�W�L�R�Q�� �D�U�H�� �V�K�R�Z�Q��

�R�Q�� �)�L�J���� ���� ���Z�D�W�H�U�� �P�R�O�H�F�X�O�H�V�� �D�U�H�� �Q�R�W�� �V�K�R�Z�Q�� �I�R�U�� �F�O�D�U�L�W�\������ �2�Q�H�� �F�D�Q�� �V�H�H�� �W�K�D�W�� �D�W�� �W�K�H�� �E�H�J�L�Q�Q�L�Q�J�� �R�I��
�V�L�P�X�O�D�W�L�R�Q�� ���)�L�J���� ������ �D���� �V�W�D�F�N�� �R�I�� �S�H�S�W�L�G�H�� �P�R�O�H�F�X�O�H�V�� �L�V�� �Q�R�W�� �L�Q�� �F�R�Q�W�D�F�W�� �Z�L�W�K�� �I�X�O�O�H�U�H�Q�H�V�����$�I�W�H�U�� ���Q�V��
���)�L�J���� ������ �E���� �W�K�H�� �V�W�D�F�N�� �Z�D�V�� �D�O�U�H�D�G�\�� �G�H�V�W�U�R�\�H�G�� �E�\�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �I�X�O�O�H�U�H�Q�H�V�� �E�X�W�� �S�H�S�W�L�G�H��
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Figure 1. Snapshots of process of destruction of amyloid stack by fullerenest and fulleren-peptide 

complex formation : system consisting of 6 fullerenes C60 and 4 peptides at t = 0 (a), t = 5 ns (b), t = 
20 ns (c); 
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Fig. 2. Changes in distance between fullerenes and amyloid peptides during destruction of 

amyloid stack and complex formation. 

Acknowledgements 
�a�H���Z�R�U�N���Z�D�V���F�D�U�U�L�H�G���R�X�W���Z�L�W�K���W�K�H���V�X�S�S�R�U�W���R�I�� �6�W���� �3�H�W�H�U�V�E�X�U�J���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\���� �S�U�R�M�H�F�W��

�F�R�G�H��������������������������-�������a�H���V�L�P�X�O�D�W�L�R�Q�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���D�W���W�K�H���&�R�P�S�X�W�H�U���5�H�V�R�X�U�F�H�V���&�H�Q�W�H�U���R�I��
�6�3�E�6�8�� 

References 
���� �3�H�W�N�R�Y�D�� �$���7������ �<�D�X�� �:���0������ �7�\�F�N�R�� �5���� �³�(�[�S�H�U�L�P�H�Q�W�D�O�� �&�R�Q�V�W�U�D�L�Q�W�V�� �R�Q�� �4�X�D�W�H�U�Q�D�U�\�� �6�W�U�X�F�W�X�U�H�� �L�Q��

�$�O�]�K�H�L�P�H�U�
�V����-�$�P�\�O�R�L�G���)�L�E�U�L�O�V�´�����%�L�R�F�K�H�P�L�V�W�U�\�������������������������������±�������� 
���� �.�O�D�M�Q�H�U�W�� �%������ �%�U�\�V�]�H�Z�V�N�D�� �0������ �&�O�D�G�H�U�D�� �-���� �³�0�R�O�H�F�X�O�D�U�� �,�Q�W�H�U�D�F�W�L�R�Q�V�� �R�I�� �'�H�Q�G�U�L�P�H�U�V�� �Z�L�W�K�� �$�P�\�O�R�L�G��

�3�H�S�W�L�G�H�V�����S�+���'�H�S�H�Q�G�H�Q�F�H�´�����%�L�R�P�D�F�U�R�P�R�O�H�F�X�O�H�V�������������������������������±���������� 
���� �6�W�H�O�]�P�D�Q�Q���� �5���$������ �1�R�U�P�D�Q�� �6�F�K�Q�L�W�]�O�H�L�Q���� �+������ �5�H�H�G�� �0�X�U�W�D�J�K���� �)���� �$�Q�� �(�Q�J�O�L�V�K�� �7�U�D�Q�V�O�D�W�L�R�Q�� �R�I��

�$�O�]�K�H�L�P�H�U�¶�V�������������3�D�S�H�U�����³�8�E�H�U���(�L�Q�H���(�L�J�H�Q�D�U�W�L�J�H���(�U�N�D�Q�N�X�Q�J���'�H�U���+�L�U�Q�U�L�Q�G�H���´���&�O�L�Q�����$�Q�D�W����������������������
�������±�������� 

���� �.�Q�R�S�P�D�Q�����'���6�������$�P�L�H�Y�D�����+�������3�H�W�H�U�V�H�Q�����5���&�������&�K�p�W�H�O�D�W�����*�������+�R�O�W�]�P�D�Q�����'���0�������+�\�P�D�Q�����%���7�������1�L�[�R�Q����
�5���$�������-�R�Q�H�V�����'���7�����$�O�]�K�H�L�P�H�U���'�L�V�H�D�V�H�����1�D�W�����5�H�Y�����'�L�V�����3�U�L�P���������������������������� 

���� �/�\�Q�F�K���� �&���� �:�R�U�O�G���$�O�]�K�H�L�P�H�U���5�H�S�R�U�W�������������� �$�W�W�L�W�X�G�H�V���W�R���'�H�P�H�Q�W�L�D�����D�� �*�O�R�E�D�O���6�X�U�Y�H�\���� �$�O�]�K�H�L�P�H�U�¶�V��
�'�H�P�H�Q�W���������������������� 

���� �'�H�7�X�U�H���� �0���$������ �'�L�F�N�V�R�Q���� �'���:���� �`�H�� �1�H�X�U�R�S�D�W�K�R�O�R�J�L�F�D�O�� �'�L�D�J�Q�R�V�L�V�� �R�I�� �$�O�]�K�H�L�P�H�U�¶�V�� �'�L�V�H�D�V�H���� �0�R�O����
�1�H�X�U�R�G�H�J�H�Q�H�U������������������������������ 

���� �������� �7�R�O�D�U���� �0������ �+�H�\�����-������ �3�R�Z�H�U���� �$������ �$�E�X�V�K�D�N�U�D���� �6���� �1�H�X�U�R�W�R�[�L�F�� �6�R�O�X�E�O�H�� �$�P�\�O�R�L�G���2�O�L�J�R�P�H�U�V�� �'�U�L�Y�H��
�$�O�]�K�H�L�P�H�U�¶�V�� �3�D�W�K�R�J�H�Q�H�V�L�V�� �D�Q�G�� �5�H�S�U�H�V�H�Q�W�� �D�� �&�O�L�Q�L�F�D�O�O�\�� �9�D�O�L�G�D�W�H�G�� �7�D�U�J�H�W�� �I�R�U�� �6�O�R�Z�L�Q�J�� �'�L�V�H�D�V�H��
�3�U�R�J�U�H�V�V�L�R�Q�����,�Q�W�����-�����0�R�O�����6�F�L���������������������������������� 

���� �%�H�M�D�Q�L�Q���� �$������ �6�F�K�R�Q�K�D�X�W���� �'���5������ �/�D�� �-�R�L�H���� �5������ �.�U�D�P�H�U���� �-���+������ �%�D�N�H�U���� �6���/������ �6�R�V�D���� �1������ �$�\�D�N�W�D���� �1������
�&�D�Q�W�Z�H�O�O�����$�������-�D�Q�D�E�L�����0�������/�D�X�U�L�R�O�D�����0�������H�W���D�O�����7�D�X���3�D�W�K�R�O�R�J�\���D�Q�G���1�H�X�U�R�G�H�J�H�Q�H�U�D�W�L�R�Q���&�R�Q�W�U�L�E�X�W�H���W�R��
�&�R�J�Q�L�W�L�Y�H���,�P�S�D�L�U�P�H�Q�W���L�Q���$�O�]�K�H�L�P�H�U�¶�V���'�L�V�H�D�V�H�����%�U�D�L�Q���������������������������������� 

���� �.�R�O�O�P�H�U���� �0������ �&�O�R�V�H���� �:������ �)�X�Q�N���� �/������ �5�D�V�P�X�V�V�H�Q���� �-������ �%�V�R�X�O���� �$������ �6�F�K�L�H�U�K�R�U�Q���� �$������ �6�F�K�P�L�G�W���� �0������
�6�L�J�X�U�G�V�R�Q�����&���-�������-�X�F�N�H�U�����0�������)�l�Q�G�U�L�F�K�����0�����&�U�\�R-�(�0���6�W�U�X�F�W�X�U�H���D�Q�G���3�R�O�\�P�R�U�S�K�L�V�P���R�I���$�����$�P�\�O�R�L�G��
�)�L�E�U�L�O�V���3�X�U�L�¿���H�G���I�U�R�P���$�O�]�K�H�L�P�H�U�¶�V���%�U�D�L�Q���7�L�V�V�X�H�����1�D�W�����&�R�P�P�X�Q���������������������������������� 

������ �0�D�N�L�Q�����6�����`�H���$�P�\�O�R�L�G���+�\�S�R�W�K�H�V�L�V���R�Q���7�U�L�D�O�����1�D�W�X�U�H�������������������������6���±�6���� 



Poster Session 

223 
 

������ �&�K�H�Q���� �=������ �.�U�D�X�V�H���� �*������ �5�H�L�I���� �%���� �6�W�U�X�F�W�X�U�H�� �D�Q�G�� �2�U�L�H�Q�W�D�W�L�R�Q�� �R�I�� �3�H�S�W�L�G�H�� �,�Q�K�L�E�L�W�R�U�V�� �%�R�X�Q�G�� �W�R�� �%�H�W�D-
�$�P�\�O�R�L�G���)�L�E�U�L�O�V�����-�����0�R�O�����%�L�R�O���������������������������������±�������� 

������ �7�D�N�D�K�D�V�K�L���� �7������ �0�L�K�D�U�D���� �+���� �3�H�S�W�L�G�H�� �D�Q�G�� �3�U�R�W�H�L�Q�� �0�L�P�H�W�L�F�V�� �,�Q�K�L�E�L�W�L�Q�J�� �$�P�\�O�R�L�G�� ��-�3�H�S�W�L�G�H��
�$�J�J�U�H�J�D�W�L�R�Q�����$�F�F�����&�K�H�P�����5�H�V���������������������������������±���������� 

������ �.�L�P���� �-���(������ �/�H�H���� �0���� �)�X�O�O�H�U�H�Q�H�� �,�Q�K�L�E�L�W�V�� ��-�$�P�\�O�R�L�G�� �3�H�S�W�L�G�H�� �$�J�J�U�H�J�D�W�L�R�Q���� �%�L�R�F�K�H�P���� �%�L�R�S�K�\�V���� �5�H�V����
�&�R�P�P�X�Q���������������������������������±������ 

������ �6�L�S�R�V�R�Y�D���� �.������ �3�H�W�U�H�Q�N�R���� �9���,������ �,�Y�D�Q�N�R�Y���� �2���,������ �0�X�V�D�W�R�Y���� �$������ �%�X�O�D�Y�L�Q���� �/���$������ �$�Y�G�H�H�Y���� �0���� �9������
�.�\�]�\�P�D���� �2���$���� �)�X�O�O�H�U�H�Q�H�V�� �D�V�� �D�Q�� �(
u�H�F�W�L�Y�H�� �$�P�\�O�R�L�G�� �)�L�E�U�L�O�V�� �'�L�V�D�J�J�U�H�J�D�W�L�Q�J�� �1�D�Q�R�P�D�W�H�U�L�D�O���� �$�&�6��
�$�S�S�O�����0�D�W�H�U�����,�Q�W�H�U�I�D�F�H�V���������������������������������±������������ 

������ �3�R�G�R�O�V�N�L���� �,���<������ �3�R�G�O�X�E�Q�D�\�D���� �=���$������ �.�R�V�H�Q�N�R���� �(���$������ �0�X�J�D�Q�W�V�H�Y�D���� �(���$������ �0�D�N�D�U�R�Y�D���� �(���*������
�0�D�U�V�D�J�L�V�K�Y�L�O�L���� �/���*������ �6�K�S�D�J�L�Q�D���� �0���'������ �.�D�P�L�Q�V�N�\���� �<���*������ �$�Q�G�U�L�H�Y�V�N�\���� �*���� �9������ �.�O�R�F�K�N�R�Y���� �9���.����
�(
u�H�F�W�V�� �R�I�� �+�\�G�U�D�W�H�G���)�R�U�P�V�� �R�I�� �&�� ������ �)�X�O�O�H�U�H�Q�H���R�Q���$�P�\�O�R�L�G������-�3�H�S�W�L�G�H�� �)�L�E�U�L�O�O�L�]�D�W�L�R�Q�� �,�Q�� �9�L�W�U�R���D�Q�G��
�3�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H���&�R�J�Q�L�W�L�Y�H���7�D�V�N�����-�����1�D�Q�R�V�F�L�����1�D�Q�R�W�H�F�K�Q�R�O�������������������������������±���������� 

������ �:�D�Q�J�����;�������:�H�E�H�U�����-���.�������/�L�X�����/�������'�R�Q�J�����0�������=�K�R�X�����5�������/�L�����-�����$���1�R�Y�H�O���)�R�U�P���R�I�� ��-�6�W�U�D�Q�G���$�V�V�H�P�E�O�\��
�2�E�V�H�U�Y�H�G���L�Q���$���������±�������$�G�V�R�U�E�H�G���R�Q�W�R���*�U�D�S�K�H�Q�H�����1�D�Q�R�V�F�D�O�H�������������������������������±���������� 

 
 
  



Poster Session 

224 
 

Investigation of interaction of cyclic peptide with short 
amyloid peptides by computer simulation  

Alexey V. Vakulyuk, Sofia E.Mikhtaniuk, Valeriy V. Bezrodnyi, Emil I. Fatullaev, 
Igor M. Neelov 

1 St. Petersburg State University, St. Petersburg, 199034, Russia St. Petersburg  
2 National Research University of Information Technologies, Mechanics and Optics (ITMO 
University), St.Petersburg, 197101, Russia 
3 "Kurchatov Institute"-PNPI-IVS, St. Petersburg, 199004, Russia;  
E-mail: i.neelov@mail.ru 

���$�O�]�K�H�L�P�H�U�
�V�� �G�L�V�H�D�V�H�� �L�V�� �N�Q�R�Z�Q�� �I�R�U�� �R�Y�H�U�� �D�� �K�X�Q�G�U�H�G�� �\�H�D�U�V�� �D�Q�G�� �L�V�� �F�R�Q�V�L�G�H�U�H�G�� �W�K�H�� �P�R�V�W��
�F�R�P�P�R�Q�� �Q�H�X�U�R�G�H�J�H�Q�H�U�D�W�L�Y�H�� �G�L�V�H�D�V�H�� �Z�R�U�O�G�Z�L�G�H���� �`�H�� �L�Q�F�L�G�H�Q�F�H�� �L�Q�F�U�H�D�V�H�V�� �L�Q�� �S�U�R�S�R�U�W�L�R�Q�� �W�R�� �W�K�H��
�D�J�L�Q�J�� �V�R�F�L�H�W�\�� �D�Q�G�� �L�V�� �P�R�V�W�� �F�R�P�P�R�Q�� �D�P�R�Q�J�� �S�H�R�S�O�H�� �R�Y�H�U�� ������ �\�H�D�U�� �R�O�G�� �>��-�����@���� �,�Q�K�L�E�L�W�L�R�Q�� �R�I��
�D�J�J�U�H�J�D�W�L�R�Q�� �R�I�� �D�P�\�O�R�L�G�� �S�H�S�W�L�G�H�V�� �L�V�� �R�Q�H�� �R�I�� �W�K�H�� �S�U�R�P�L�V�L�Q�J�� �Z�D�\�V�� �R�I�� �F�R�Q�W�U�R�O�� �R�I�� �W�K�L�V�� �G�L�V�H�D�V�H������
�/�L�Q�H�D�U���>����-�����@���D�Q�G���F�\�F�O�L�F���S�H�S�W�L�G�H�V�� �>����-�����@���K�D�Y�H���P�D�Q�\�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �L�Q���E�L�R�P�H�G�L�F�L�Q�H���L�Q�F�O�X�G�L�Q�J��
�G�U�X�J�V���D�Q�G���J�H�Q�H���G�H�O�L�Y�H�U�\�����D�V���D�Q�W�L�E�D�F�W�H�U�L�D�O�����D�Q�W�L�Y�L�U�D�O���D�Q�G���D�Q�W�L�D�P�\�O�R�L�G���D�J�H�Q�W�V�� 

�����0�R�O�H�F�X�O�D�U���G�\�Q�D�P�L�F�V�����0�'�����P�H�W�K�R�G���Z�D�V���I�U�H�T�X�H�Q�W�O�\���X�V�H�G���I�R�U���V�L�P�X�O�D�W�L�R�Q���R�I���L�Q�W�H�U�D�F�W�L�R�Q��
�R�I�� �D�Q�W�L�D�P�\�O�R�L�G���D�J�H�Q�W�V�� �Z�L�W�K���D�P�\�O�R�L�G�� �¿�E�U�L�O�V���� �,�Q���W�K�L�V���Z�R�U�N���W�K�H���0�' �� �V�L�P�X�O�D�W�L�R�Q���R�I�� �L�Q�W�H�U�D�F�W�L�R�Q���R�I��
�F�\�F�O�L�F�� �S�H�S�W�L�G�H�� �Z�L�W�K�� �V�W�D�F�N�� �R�I�� �I�R�X�U�� �V�K�R�U�W�� �D�P�\�O�R�L�G�� �S�H�S�W�L�G�H�V�� ���/�9�)�)�$�(���� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �Z�D�W�H�U��
�V�R�O�Y�H�Q�W���D�W���W�H�P�S�H�U�D�W�X�U�H���7� �������.���D�Q�G���S�U�H�V�V�X�U�H���3� ���D�W�P���X�V�L�Q�J���W�K�H���S�U�R�J�U�D�P���S�D�F�N�D�J�H���*�U�R�P�D�F�V-��������
�$�0�%�(�5�����6�%-�L�O�G�Q���I�R�U�F�H���¿�H�O�G���D�Q�G���3�0�(���P�H�W�K�R�G���I�R�U���D�F�F�R�X�Q�W���R�I���H�O�H�F�W�U�R�V�W�D�W�L�F���L�Q�W�H�U�D�F�W�L�R�Q�V������ 

The Results and discussion  
�6�Q�D�S�V�K�R�W�V�� �R�I�� �V�\�V�W�H�P�V�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �F�\�F�O�L�F�� �S�H�S�W�L�G�H�� �5�5�.�.�.�5�� �D�Q�G�� �V�W�D�F�N�� �R�I�� �I�R�X�U����

�D�P�\�O�R�L�G���S�H�S�W�L�G�H�V�������/�9�)�)�$�(�������G�X�U�L�Q�J���V�L�P�X�O�D�W�L�R�Q���D�U�H���V�K�R�Z�Q���R�Q���)�L�J�����������Z�D�W�H�U���P�R�O�H�F�X�O�H�V���D�U�H���Q�R�W��
�V�K�R�Z�Q���I�R�U���F�O�D�U�L�W�\�������2�Q�H���F�D�Q���V�H�H���W�K�D�W���D�W���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���V�L�P�X�O�D�W�L�R�Q�����)�L�J���� �������D�����V�W�D�F�N���R�I���O�L�Q�H�D�U��
�S�H�S�W�L�G�H�� �P�R�O�H�F�X�O�H�V�� �L�V�� �Q�R�W�� �L�Q�� �F�R�Q�W�D�F�W�� �Z�L�W�K�� �F�\�F�O�L�F�� �S�H�S�W�L�G�H�����$�I�W�H�U�� �������Q�V�� ���)�L�J���� ������ �E���� �W�K�H�� �V�W�D�F�N�� �L�V��
�D�O�U�H�D�G�\�� �G�H�V�W�U�R�\�H�G�� �E�\�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �F�\�F�O�L�F�� �S�H�S�W�L�G�H�� �E�X�W�� �O�L�Q�H�D�U�� �S�H�S�W�L�G�H�� �P�R�O�H�F�X�O�H�V�� �D�U�H���R�Q�O�\��
�S�D�U�W�O�\���D�G�V�R�U�E�H�G���R�Q���F�\�F�O�L�F���S�H�S�W�L�G�H�����$�W�����������Q�V�����)�L�J�����������F�����D�O�O���S�H�S�W�L�G�H���P�R�O�H�F�X�O�H�V���D�U�H���D�G�V�R�U�E�H�G���R�Q��
�W�K�H���V�X�U�I�D�F�H���R�I���F�\�F�O�L�F���S�H�S�W�L�G�H�� 

   
���D�� ���E�� ���F�� 

Figure 1. Snapshots of process of destruction of amyloid stack by cyclic peptide and cyclic-
linear peptide complex formation: system consisting of one cyclic peptide and four linear 

amyloid peptides at t = 0 (a), t = 15 ns (b), t = 75 ns (c); 
���`�H���G�L�V�W�D�Q�F�H�V���E�H�W�Z�H�H�Q���O�L�Q�H�D�U���S�H�S�W�L�G�H���P�R�O�H�F�X�O�H�V���L�Q���D�P�\�O�R�L�G���V�W�D�F�N���L�Q�F�U�H�D�V�H���L�Q���W�K�H���E�H�J�L�Q��

�R�I���V�L�P�X�O�D�W�L�R�Q�����)�L�J�����E�����G�X�H���W�R���G�H�V�L�Q�W�H�J�U�D�W�L�R�Q���R�I���D�P�\�O�R�L�G���V�W�D�F�N�����$�W���W�K�H���V�D�P�H���W�L�P�H���F�\�F�O�L�F���S�H�S�W�L�G�H��
�D�W�W�U�D�F�W�V���O�L�Q�H�D�U���S�H�S�W�L�G�H�V���D�Q�G���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���W�K�H�P���G�H�F�U�H�D�V�H���G�X�U�L�Q�J���¿�U�V�W�������Q�V���Z�K�H�Q���V�K�R�U�W���O�L�Y�L�Q�J��
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Fig. 2. Changes in distance a) between cyclic peptide and all (1st, 2nd, 3rd and 4th) linear 
amyloid peptides together (black) or separately: 1st (red), 2nd (green),3rd (blue) and 4th 

(yellow) peptide in stack and b) between linear amyloid peptides 1-2(black), 2-3(red) and 3-
4(green) pairs of linear peptides in stack) during destruction of stack (0-50 ns) and complex 

formation (70-80 ns). 
�:�H�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �F�\�F�O�L�F�� �S�H�S�W�L�G�H�V�� �F�R�X�O�G�� �G�H�V�W�U�R�\�� �V�W�D�F�N�� �R�I�� �D�P�\�O�R�L�G�� �S�H�S�W�L�G�H�V�� �D�Q�G��

�I�R�U�P���F�R�P�S�O�H�[���Z�L�W�K���V�H�S�D�U�D�W�H���D�P�\�O�R�L�G���S�H�S�W�L�G�H�V���X�V�L�Q�J���P�R�O�H�F�X�O�D�U���G�\�Q�D�P�L�F�V���V�L�P�X�O�D�W�L�R�Q���D�S�S�U�R�D�F�K����
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�G�L�V�H�D�V�H�� 
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Introduction 
�)�R�U���V�X�F�K���E�L�R�P�H�G�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���R�I�� �P�D�J�Q�H�W�L�F���Q�D�Q�R�S�D�U�W�L�F�O�H�V�� ���1�3���� �D�V���0�5�,���G�L�D�J�Q�R�V�W�L�F�V��

�D�Q�G���W�K�H�U�D�S�\���E�D�V�H�G���R�Q���W�K�H���K�\�S�H�U�W�K�H�U�P�L�D���H
u�H�F�W�����W�K�H�L�U���P�D�J�Q�H�W�L�F���D�Q�G���G�\�Q�D�P�L�F���S�D�U�D�P�H�W�H�U�V���D�U�H���N�H�\����
�`�H�L�U�� �U�H�O�L�D�E�O�H�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �L�V�� �S�R�V�V�L�E�O�H�� �X�V�L�Q�J�� �D�� �K�L�J�K�O�\�� �V�H�Q�V�L�W�L�Y�H�� �P�H�W�K�R�G�� �R�I�� �O�R�Q�J�L�W�X�G�L�Q�D�O��
�Q�R�Q�O�L�Q�H�D�U���U�H�V�S�R�Q�V�H���W�R���D���Z�H�D�N���D�O�W�H�U�Q�D�W�L�Q�J�����$�&�����P�D�J�Q�H�W�L�F���¿�H�O�G���K���W�����L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���D���F�R�Q�V�W�D�Q�W��
�¿�H�O�G���+���Z�L�W�K���U�H�J�L�V�W�U�D�W�L�R�Q���R�I���¿�H�O�G���G�H�S�H�Q�G�H�Q�F�H�V���R�I���W�K�H���S�K�D�V�H���F�R�P�S�R�Q�H�Q�W�V���,�P�0�����+�������5�H�0�����+�����R�I��
�W�K�H���V�H�F�R�Q�G���K�D�U�P�R�Q�L�F���R�I���P�D�J�Q�H�W�L�]�D�W�L�R�Q�����1�/�5-�0 �������>�������@�����$�W���I�U�H�T�X�H�Q�F�L�H�V���R�I���W�K�H���P�H�J�D�K�H�U�W�]���R�U�G�H�U����
�Q�D�Q�R�S�D�U�W�L�F�O�H�V�� �Z�L�W�K�� �D�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�� �L�Q�� �W�K�H�� �U�D�Q�J�H�� �R�I�� �������� �í�� ���������—�<�� �J�H�Q�H�U�D�W�H�� �D�� �Q�R�Q�O�L�Q�H�D�U��
�U�H�V�S�R�Q�V�H�� �Z�L�W�K�� �S�U�R�Q�R�X�Q�F�H�G�� �H�[�W�U�H�P�H�V�� �L�Q�� �P�D�J�Q�H�W�L�F�� �¿�H�O�G�V�� �R�I�� �W�K�H�� �R�U�G�H�U�� �R�I�� �a�� �������� �±�� ���������� �2�H����
�*�U�H�D�W�H�U���L�Q�I�R�U�P�D�W�L�R�Q�� �F�R�Q�W�H�Q�W���L�V�� �S�U�R�Y�L�G�H�G���G�X�H�� �W�R�� �F�R�P�S�D�U�D�E�O�H�� �Y�D�O�X�H�V�� �R�I�� �W�K�H�� �U�H�D�O�� �D�Q�G�� �L�P�D�J�L�Q�D�U�\��
�S�K�D�V�H���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�H���Q�R�Q�O�L�Q�H�D�U���U�H�V�S�R�Q�V�H���V�L�J�Q�D�O�����,�Q���W�K�L�V���Z�R�U�N�����D�T�X�H�R�X�V���F�R�O�O�R�L�G�D�O���V�R�O�X�W�L�R�Q�V��
�R�I���L�U�R�Q���R�[�L�G�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V���Z�H�U�H���V�W�X�G�L�H�G���X�V�L�Q�J���W�K�H���1�/�5-�0 �����D�Q�G���H�O�H�F�W�U�R�Q���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H��
���(�0�5�����P�H�W�K�R�G�V�����3�U�R�F�H�V�V�L�Q�J���W�K�H���R�E�W�D�L�Q�H�G���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���E�D�V�H�G���R�Q���W�K�H���)�R�N�N�H�U-�3�O�D�Q�F�N�����)�3����
�I�R�U�P�D�O�L�V�P�� �D�O�O�R�Z�H�G�� �X�V�� �W�R�� �R�E�W�D�L�Q�� �F�R�P�S�D�U�D�W�L�Y�H�� �H�V�W�L�P�D�W�H�V�� �R�I�� �W�K�H�� �P�D�J�Q�H�W�L�F�� �D�Q�G�� �G�\�Q�D�P�L�F��
�S�D�U�D�P�H�W�H�U�V���R�I���P�D�J�Q�H�W�L�W�H���Q�D�Q�R�S�D�U�W�L�F�O�H�V���L�Q���G�H�[�W�U�D�Q�����1�3-�'�[�����D�Q�G���F�L�W�U�D�W�H�����1�3-�&�\�W�����V�K�H�O�O�V���D�Q�G���W�K�H��
�G�H�J�U�H�H���R�I���W�K�H�L�U���D�J�J�U�H�J�D�W�L�R�Q���L�Q���D�T�X�H�R�X�V���F�R�O�O�R�L�G�D�O���V�R�O�X�W�L�R�Q�V�����`�H���E�R�W�K���P�H�W�K�R�G�V���X�V�H�G���L�Q���W�K�L�V���Z�R�U�N��
�D�U�H���Q�R�Q-�G�H�V�W�U�X�F�W�L�Y�H���D�Q�G���1�/�5-�0 �����D�O�O�R�Z�V���X�V���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���V�W�D�W�H���R�I���1�3�V���L�Q���D���F�R�Q�F�H�Q�W�U�D�W�H�G��
�V�X�V�S�H�Q�V�L�R�Q�� 

Results and discussion 
�`�H���1�/�5-�0�����V�L�J�Q�D�O�V���I�U�R�P���D�Q���D�T�X�H�R�X�V���V�X�V�S�H�Q�V�L�R�Q���R�I���1�3�V���L�Q���G�H�[�W�U�D�Q���D�Q�G���F�L�W�U�D�W�H���V�K�H�O�O�V��

�U�H�F�R�U�G�H�G�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �D�W�� �D�� �¿�H�O�G�� �V�F�D�Q�Q�L�Q�J�� �I�U�H�T�X�H�Q�F�\�� �R�I���)�6�&�� � �� ���������� �+�]�� �D�U�H�� �V�K�R�Z�Q�� �L�Q��
�)�L�J�X�U�H���������$�Q���L�Q�F�U�H�D�V�H���L�Q���W�K�H���W�L�P�H���D�O�O�R�F�D�W�H�G���I�R�U���U�H�O�D�[�D�W�L�R�Q���G�X�U�L�Q�J���W�K�H���¿�H�O�G���V�Z�H�H�S���+���W�R�������V�H�F���O�H�G��
�W�R�� �W�K�H�� �G�L�V�D�S�S�H�D�U�D�Q�F�H�� �R�I�� �W�K�H�� �¿�H�O�G�� �K�\�V�W�H�U�H�V�L�V�� �R�E�V�H�U�Y�H�G�� �D�W���)�6�&�� � �� ������ �+�]���� �Z�K�L�F�K�� �L�Q�G�L�F�D�W�H�G�� �W�K�H��
�G�\�Q�D�P�L�F�� �Q�D�W�X�U�H�� �R�I�� �W�K�H�� �¿�H�O�G�� �K�\�V�W�H�U�H�V�L�V�� �D�Q�G�� �W�K�H�� �V�X�S�H�U�S�D�U�D�P�D�J�Q�H�W�L�F�� �U�H�J�L�P�H�� �R�I�� �1�3�� �H�Q�V�H�P�E�O�H�V��
�E�R�W�K���L�Q���G�H�[�W�U�D�Q���D�Q�G���F�L�W�U�D�W�H���V�K�H�O�O�V���L�Q���D�Q���D�T�X�H�R�X�V���F�R�O�O�R�L�G�D�O���V�R�O�X�W�L�R�Q�����Z�K�L�F�K���P�D�G�H���L�W���S�R�V�V�L�E�O�H���W�R��
�X�V�H�� �W�K�H�� �)�3�� �I�R�U�P�D�O�L�V�P�� �W�R�� �D�S�S�U�R�[�L�P�D�W�H�� �W�K�H���0���� �V�L�J�Q�D�O�V�� �>���@���� �`�H�� �V�R�O�L�G�� �E�O�D�F�N�� �O�L�Q�H�V�� �L�Q�� �)�L�J���� ����
�U�H�S�U�H�V�H�Q�W���W�K�H���D�S�S�U�R�[�L�P�D�W�L�R�Q���R�I���W�K�H���¿�H�O�G���G�H�S�H�Q�G�H�Q�F�H�V���R�I���W�K�H���S�K�D�V�H���F�R�P�S�R�Q�H�Q�W�V���5�H�0�����+�����D�Q�G��
�,�P�0�����+���� �R�I�� �W�K�H�� �Q�R�Q�O�L�Q�H�D�U�� �U�H�V�S�R�Q�V�H�� �E�\�� �Q�X�P�H�U�L�F�D�O�� �V�R�O�X�W�L�R�Q�V�� �R�I�� �W�K�H�� �)�3�� �H�T�X�D�W�L�R�Q���� �`�H��
�H�[�S�H�U�L�P�H�Q�W�D�O�� �G�H�S�H�Q�G�H�Q�F�L�H�V�� �D�U�H�� �U�H�S�U�H�V�H�Q�W�H�G�� �E�\�� �V�\�P�E�R�O�V�� ���I�R�U�Z�D�U�G�� �V�F�D�Q�Q�L�Q�J�� �±�� �F�L�U�F�O�H�V���� �U�H�Y�H�U�V�H��
�V�F�D�Q�Q�L�Q�J�� �±�� �W�U�L�D�Q�J�O�H�V������ �$�V�� �F�D�Q�� �E�H�� �V�H�H�Q�� �I�U�R�P�� �)�L�J���� ������ �W�K�H�� �W�K�H�R�U�H�W�L�F�D�O�� �F�X�U�Y�H�V�� �G�H�V�F�U�L�E�H�� �W�K�H��
�H�[�S�H�U�L�P�H�Q�W�D�O���V�L�J�Q�D�O�V���Z�H�O�O�����`�H���I�R�O�O�R�Z�L�Q�J���S�D�U�D�P�H�W�H�U�V���R�I���P�D�J�Q�H�W�L�F���F�H�Q�W�H�U�V���L�Q���F�R�O�O�R�L�G�D�O���D�T�X�H�R�X�V��
�V�R�O�X�W�L�R�Q�V�� �R�I�� �1�3�V�� �L�Q�� �G�H�[�W�U�D�Q�� �D�Q�G�� �F�L�W�U�D�W�H�� �V�K�H�O�O�V���� �R�E�W�D�L�Q�H�G�� �E�\�� �D�S�S�U�R�[�L�P�D�W�L�Q�J�� �W�K�H�� �K�\�V�W�H�U�H�V�L�V-�I�U�H�H��
�0�����U�H�V�S�R�Q�V�H���F�X�U�Y�H�V�����D�U�H���J�L�Y�H�Q���L�Q���7�D�E�O�H���������V�D�W�X�U�D�W�L�R�Q���P�D�J�Q�H�W�L�]�D�W�L�R�Q���±���0�6�����P�D�J�Q�H�W�L�F���P�R�P�H�Q�W���±��
�0�&�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���P�D�J�Q�H�W�L�F���F�H�Q�W�H�U�V�� �±���1�&�����D�Q�L�V�R�W�U�R�S�\�� �H�Q�H�U�J�\�� �±���(�D�����G�L�V�S�H�U�V�L�R�Q���R�I���P�D�J�Q�H�W�L�F��
�P�R�P�H�Q�W���±���1���� �D�W�W�H�Q�X�D�W�L�R�Q���F�R�H
v�F�L�H�Q�W���±���.���� �1�H�H�O���U�H�O�D�[�D�W�L�R�Q���W�L�P�H���±���2�1���� �L�U�R�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q���1�3��
�V�X�V�S�H�Q�V�L�R�Q�����&�)�H�����G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���W�K�L�R�F�\�D�Q�D�W�H���P�H�W�K�R�G�����D�Y�H�U�D�J�H���Q�D�Q�R�S�D�U�W�L�F�O�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q��
�V�X�V�S�H�Q�V�L�R�Q�� �±�1�1�3���� �G�H�W�H�U�P�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �U�D�W�L�R�� �R�I���&�)�H�� �W�R�� �W�K�H�� �D�Y�H�U�D�J�H�� �P�D�V�V�� �R�I�� �W�K�H�� �Q�D�Q�R�S�D�U�W�L�F�O�H��
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Figure 1. Real and imaginary parts of the nonlinear magnetic response as a function of the 
constant magnetic field for the nanoparticle in aqueous suspensions NP-Dx (a) and NP-Cyt 

(b) 
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�§�� ���������� �2�H���� �)�R�U�� �W�K�H�� �1�3-�&�\�W�� �V�X�V�S�H�Q�V�L�R�Q���� �W�K�H�� �O�R�Z�� �]�H�U�R-�¿�H�O�G�� �D�E�V�R�U�E�D�Q�F�H�� �L�Q�G�L�F�D�W�H�V�� �D�� �Z�H�D�N�H�U��
�P�D�J�Q�L�W�X�G�H���R�I���1�3���G�L�S�R�O�H���L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���W�K�H���D�J�J�U�H�J�D�W�H���D�Q�G���D���O�R�Z�H�U���¿�H�O�G���R�I���F�U�R�V�V�R�Y�H�U�����Z�K�L�F�K���L�V��
�O�L�N�H�O�\�� �G�X�H�� �W�R�� �W�K�H�� �O�R�R�V�H�U�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�� �D�J�J�U�H�J�D�W�H�����`�L�V�� �F�R�U�U�H�O�D�W�H�V�� �Z�L�W�K�� �W�K�H�� �O�R�Z�H�U�� �Q�X�P�E�H�U�� �R�I��
�1�3�V�� �L�Q�� �W�K�H�� �1�3-�F�\�W�� �D�J�J�U�H�J�D�W�H�� ���a������ �F�R�P�S�D�U�H�G�� �W�R�� �1�3-�'�[�� ���a������ �R�E�W�D�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I��
�1�/�5-�0 �����U�H�V�X�O�W�V�����7�D�E�O�H�������� 
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�`�H�� �V�W�X�G�\�� �R�I�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I�� ��-�E�U�R�P�R-��-�Q�L�W�U�R-����������-�W�U�L�F�K�O�R�U�R�S�U�R�S�H�Q�H�� ���� �Z�L�W�K�� ��-
�K�\�G�U�R�[�\-������-�Q�D�S�K�W�K�R�T�X�L�Q�R�Q�H�����O�D�Z�V�R�Q�H���������V�K�R�Z�H�G���W�K�D�W���W�K�H���U�H�D�F�W�L�R�Q���O�H�D�G�V���W�R���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���D��
�P�L�[�W�X�U�H���R�I���L�V�R�P�H�U�V���±���F�R�Q�G�H�Q�V�H�G����-�Q�L�W�U�R-��-�W�U�L�F�K�O�R�U�R�P�H�W�K�\�O-������-�G�L�K�\�G�U�R�I�X�U�D�Q�V���R�I���O�L�Q�H�D�U�����D���D�Q�G��
�D�Q�J�X�O�D�U�� ���E�� �V�W�U�X�F�W�X�U�H�V���� �W�K�H�� �U�D�W�L�R�� �L�V�� �a���������� �`�H�� �U�H�J�L�R�L�V�R�P�H�U�V�� �Z�H�U�H�� �V�H�S�D�U�D�W�H�G�� �X�V�L�Q�J�� �S�U�H�S�D�U�D�W�L�Y�H��
�W�K�L�Q-�O�D�\�H�U���F�K�U�R�P�D�W�R�J�U�D�S�K�\�� 

 

 
�`�H�����+�� �1�0�5�� �V�S�H�F�W�U�D�� �R�I�� �W�K�H�� �L�V�R�O�D�W�H�G���F�R�P�S�R�X�Q�G�V�� ���D���� �E�� �F�R�Q�W�D�L�Q�� �G�R�X�E�O�H�W�V�� �R�I�� �S�U�R�W�R�Q�V�� �R�I��

�W�K�H���G�L�K�\�G�U�R�I�X�U�D�Q���I�U�D�J�P�H�Q�W���&���+�������������S�S�P���D�Q�G���&���+�������������S�S�P�������-��� �����������+�]�����I�R�U�����D�����&���+������������
�S�S�P�� �D�Q�G�� �&���+�� ���������� �S�S�P�� �����-�� � �� �������� �+�]���� �I�R�U�� ���E���� �--�F�R�X�S�O�L�Q�J�� �F�R�Q�V�W�D�Q�W�V�����-�����&���+���&���+���� �R�I�� �W�K�H��
�P�H�W�K�L�Q�H���S�U�R�W�R�Q�V���R�I�� �W�K�H���G�L�K�\�G�U�R�I�X�U�D�Q�� �U�L�Q�J���I�R�U���E�R�W�K���L�V�R�P�H�U�V���L�Q�G�L�F�D�W�H���W�K�H�L�U���W�U�D�Q�V���F�R�Q�¿�J�X�U�D�W�L�R�Q����
�`�H���V�L�J�Q�D�O�V���R�I���W�K�H���S�U�R�W�R�Q�V���R�I�� �W�K�H���Q�D�S�K�W�K�R�T�X�L�Q�R�Q�H�� �U�L�Q�J���&���+���D�S�S�H�D�U���L�Q���P�X�O�W�L�S�O�H�W�V���D�W����������-����������
�S�S�P�����W�K�H���S�U�R�W�R�Q�V���R�I���K�.�G���I�R�U�P���S�D�L�U�V���R�I���G�R�X�E�O�H�W�V���D�W�������������D�Q�G�������������S�S�P�������D�����������������D�Q�G�������������S�S�P��
�����E�������`�H���F�O�R�V�H���Y�D�O�X�H���R�I���W�K�H���F�K�H�P�L�F�D�O���V�K�L�I�W�V���R�I���K�.�G���S�U�R�W�R�Q�V���L�Q�����D���D�O�O�R�Z�V���X�V���W�R���D�W�W�U�L�E�X�W�H���W�R���L�W���W�K�H��
�V�W�U�X�F�W�X�U�H�� �R�I�� �O�L�Q�H�D�U�� �G�L�K�\�G�U�R�I�X�U�D�Q���� �D�� �V�L�J�Q�L�¿�F�D�Q�W�� �G�L
u�H�U�H�Q�F�H�� �L�Q�� �W�K�H�� �F�K�H�P�L�F�D�O�� �V�K�L�I�W�V�� �R�I�� �L�V�R�P�H�U�� ���E��
�D�O�O�R�Z�V���X�V���W�R���F�R�Q�V�L�G�H�U���L�W�V���V�W�U�X�F�W�X�U�H���D�V���D�Q�J�X�O�D�U���� 

The hypothesis is confirmed by the results of the 1H-13C HMBC NMR spectroscopy 
experiment. Thus, in the HMBC spectrum of compound 3a (Figure 1), cross peaks of doublets 
of C5H and C8H and two carbonyl carbons C4 and C9 (8.17/178.92 ppm and 8.22/175.70 ppm) 
are observed, which clearly proves its linear structure. 

Our accepted assignment of regioisomers is additionally confirmed by X�±ray 
diffraction analysis performed for their representative, compound 3a (Figure 2). Its molecule 
is a linear tricyclic condensed dihydrofuran with a trans configuration of C2H and C3H 
protons. 
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Figure 1. The fragment of 1�G-13�K HMBC spectrum of compound 3a 

 

 
Figure 2. X-ray diffraction analysis of compound 3a 

 
Thus, 1D 1H NMR spectroscopy in combination with 2D methods (1H-13C HMBC) 

makes it possible to unambiguously determine the structure of polyheterocyclic structures. 
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Introduction 
�1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �K�D�V�� �F�K�D�Q�J�H�G�� �W�K�H�� �D�S�S�U�R�D�F�K�� �W�R�� �V�W�X�G�\�L�Q�J�� �W�K�H�� �V�W�U�X�F�W�X�U�H�V�� �R�I�� �W�K�H��

�R�E�W�D�L�Q�H�G�� �F�R�P�S�R�X�Q�G�V���� �W�K�H�U�H�E�\�� �J�L�Y�L�Q�J�� �L�P�S�H�W�X�V�� �W�R�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �R�U�J�D�Q�L�F�� �F�K�H�P�L�V�W�U�\���� �,�Q�� �D��
�V�K�R�U�W���W�L�P�H�����1�0�5���K�D�V���E�H�F�R�P�H���R�Q�H���R�I���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���P�H�W�K�R�G�V���Q�R�W���R�Q�O�\���I�R�U���V�W�U�X�F�W�X�U�D�O���S�U�R�R�I��
�E�X�W���D�O�V�R���I�R�U���V�W�X�G�\�L�Q�J���W�K�H���Q�D�W�X�U�H���R�I���F�K�H�P�L�F�D�O���D�Q�G���S�K�\�V�L�F�D�O���S�U�R�F�H�V�V�H�V�����&�X�U�U�H�Q�W�O�\�����W�K�H���D�W�W�H�Q�W�L�R�Q���R�I��
�P�D�Q�\���V�F�L�H�Q�W�L�V�W�V���L�V���I�R�F�X�V�H�G���R�Q���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���V�L�P�S�O�H�U���1�0�5���D�S�S�U�R�D�F�K�H�V���I�R�U���W�K�H���D�Q�D�O�\�V�L�V���R�I��
�F�R�P�S�O�H�[���O�R�Z-���D�Q�G���K�L�J�K-�P�R�O�H�F�X�O�D�U���F�R�P�S�R�X�Q�G�V���>���������@���D�Q�G���P�X�O�W�L�F�R�P�S�R�Q�H�Q�W���P�L�[�W�X�U�H�V���>���@�� 

Here, we present a study of the spatial structures of spiro (1) and dispiro[1-
azabicyclo[3.2.0]heptane] (2) using NMR spectroscopy methods. These structures were 
obtained by an efficient one-pot three-component [3+2]-cycloaddition reaction of azomethine 
ylide, obtained in situ from isatin (3) and azetidine-2-carboxylic acid (4), with maleimide (5) 
and itaconimide (6), correspondingly (Fig. 1). This efficient synthetic protocol may have 
potential implications for medicinal chemistry and diversity-oriented synthesis.  

Figure 1.  Scheme of reaction and structures of spiro (1) and dispiro[1-
azabicyclo[3.2.0]heptane] (2) (Numbering of rings and some atoms are shown by figures) 

Experiments and results  
This report presents the results of studying the 1H NMR spectrum of structures spiro 

(1) and dispiro (2) compounds in order to prove the structure of each of them. The 
identification of signals in the 1H spectrum of compound (1) turns out to be somewhat simpler 
than in the case of (2) analysis. For example, in the case of identification of compound (1) 
based on NOESY data, the signals of protons NH, H7`, H6`, H5`, H4`, H6a do not overlap 
with others, as in compound (2). In addition, there are 3 identical protons for H6a in (1), and 
for (2), the signal of a similar proton was observed as a triplet of doublets (J = 8.8 and 5.2 
Hz), indicating a difference in the spatial structure of the four-membered ring. 

Other attributions of the signals in the aliphatic region of the proton spectrum of 
compound (1) were made based on the scalar and spatial interactions of the H6�. c proton 
using the COSY and NOESY methods (Fig. 2a, b). In the aliphatic fragment of the NOESY 
spectrum spatial �.- or ��-orientation affiliation is inferred from comparing the intensities of the 
corresponding cross-peaks with the nearest neighboring protons. A good example of this 
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approach is the spatial interaction of proton 7a at 4.49 ppm. with protons at C7, the signals of 
which are at 2.55 and 2.01 ppm. The intensity of the cross-peak with the first of 
approximately 7 times exceeds the intensity of the cross peak with the second one. Hence, the 
proton at 2.55 ppm has the same spatial ��-orientation with H7a, and the proton at 2.01 ppm, 
respectively, the opposite �.-orientation. We quantified the interproton distances and obtained 
their experimental values using the MM2 method with an accuracy of ±5% for long-range 
sizes of the order of 5.5 Å for small molecules in liquid under the condition of extreme 
narrow limit: �&o�2c < 1 (Fig. 2c). 

 
Figure 2. Aliphatic region of a) COSY and b�����1�2�(�6�<�����2m = 0.5 s) spectra of compound (1); c) 

spatial structure of this molecule. 
We analyzed cross-peaks in the COSY and NOESY spectra of compound (2), which 

allowed us to determine the positions of aromatic proton signals (Fig. 3a, b). The key to the 
subsequent conformational analysis was the identification of the proton H4. After that, it was 
necessary to detect a weak spatial interaction of the NH proton with a proton at a frequency of 
2.52 ppm, which has a doublet structure with a large constant of 18.5 Hz. This signal can be 
�D�W�W�U�L�E�X�W�H�G���W�R���S�U�R�W�R�Q���+���C�C������ �D�Q�G���W�K�H���V�H�F�R�Q�G���G�R�X�E�O�H�W���V�L�J�Q�D�O������������ �E�H�O�R�Q�J�V���W�R���S�U�R�W�R�Q���+���C�C�.���� �7�K�H��
�+���C�.���D�Q�G���+���C�����S�U�R�W�R�Q�V���K�D�Y�H���G�L�I�I�H�Uent values of the scalar vicinal constants 3JH-H 2.8 and 8.7 
Hz with the H4a` proton which, according to the COSY spectrum data, has a multiplet signal 
at 4.54 ppm in the proton spectrum, reflecting the difference in the corresponding dihedral 
angles. 

The key argument in favor of the dominance of conformer (B) of compound (2) in this 
case is the absence of spatial interactions of the H4 proton with two �.-protons H4�̀. and H5�̀., 
the calculated distances with which for conformer (A) are, respectively, 2.23 and 2.42 Å, and 
for conformer (B), respectively, 4.83 and 4.18 Å. Such large (more than 2 times) differences 
in these distances provide a qualitative (but not quantitative) assessment of the ratio of these 
conformers in favor of the dominance of (B), which is independently confirmed by the 
calculated values of their energies of formation: E(A) = 79.86 kcal/mol and E(B) = 78.37 
�N�F�D�O���P�R�O�����7�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H�V�H���H�Q�H�U�J�L�H�V�����¨�(�����L�V�������������N�F�D�O���P�R�O���D�Q�G���V�X�J�J�H�V�W�V���W�K�H���H�[�L�V�W�H�Q�F�H���L�Q��
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solution of a small (about 10%) amount of conformer (A) in the state of fast (in the NMR time 
scale) conformational equilibrium with the dominant conformer (B). This equilibrium is 
associated with the change in the type of the 3`-envelope of the five-membered ring N1�Å�&2`�Å
C3`�Å�&4`�Å�&4a` in the region of two spiro junctions, which is shown in Fig. 3d. According to 
calculations (MM2), the transition from conformer (A) to (B) corresponds to a pseudo-
�U�R�W�D�W�L�R�Q�� �D�U�R�X�Q�G�� �W�K�H�� �&���C�Å�&���C�� �E�R�Q�G�� �D�W�� �D�Q�� �D�Q�J�O�H�� �R�I�� ��������° clockwise (Fig. 3e) and leads to a 
significant change in the spatial structure of the (2) molecule. 

 
�)�L�J�X�U�H���������D�����Ó���$�U�R�P�D�W�L�F���D�Q�G���D�O�L�S�K�D�W�L�F���U�H�J�L�R�Q�V���R�I�����&�2�6�<���V�S�H�F�W�U�X�P���D�Q�G���E�����Ó���I�U�D�J�P�H�Q�W���R�I��

NOESY spectrum (at mixing time 0.5 s) of compound (2�������F�����Ó��spatial structures of conformers 
(�:) and (�<) for compound (2�������G�����Ó���W�K�H���S�U�R�S�R�V�H�G���F�R�Q�I�R�U�P�D�W�L�R�Q�D�O���H�T�X�L�O�L�E�U�L�X�P���R�I���F�R�P�S�R�X�Q�G��

(2�������H�����Ó���1�H�Z�P�D�Q���S�U�R�M�H�F�W�L�R�Q�V���D�O�R�Q�J���W�K�H���&���C�Ó�&���C���E�R�Q�G���I�R�U���F�R�Q�I�R�U�P�H�U�V����A) and (B) of 
compound (2)  

Conclusion 
�`�X�V���� �W�K�H�� �1�0�5�� �V�W�X�G�\�� �R�I�� �F�R�P�S�R�X�Q�G�� �������� �D�Q�G�� �������� �U�H�V�X�O�W�H�G�� �Q�R�W�� �R�Q�O�\�� �L�Q�� �W�K�H�� �F�R�P�S�O�H�W�H��
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Introduction 
�,�Q�� �1�0�5�� �W�K�H�� �P�D�L�Q�� �V�R�X�U�F�H�V�� �R�I�� �L�Q�I�R�U�P�D�W�L�R�Q�� �D�U�H�� �L�Q�G�L�U�H�F�W�� ���V�F�D�O�D�U���� �D�Q�G�� �G�L�U�H�F�W�� ���W�K�U�R�X�J�K��

�V�S�D�F�H���� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �S�D�L�U�V�� �R�I�� �P�D�J�Q�H�W�L�F�� �Q�X�F�O�H�L���� �Z�K�L�F�K�� �D�U�H�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\�� �D�� �V�F�D�O�D�U��
�F�R�Q�V�W�D�Q�W�����-�����D�Q�G���W�K�H���U�D�W�H���R�I���F�U�R�V�V���U�H�O�D�[�D�W�L�R�Q�����1�������U�H�V�S�H�F�W�L�Y�H�O�\���>���������@�����`�H���V�W�U�D�W�H�J�\���R�I���X�V�L�Q�J���1�0�5��
�L�Q�� �V�W�U�X�F�W�X�U�D�O�� �D�Q�G�� �F�R�Q�I�R�U�P�D�W�L�R�Q�D�O�� �D�Q�D�O�\�V�L�V�� �L�V�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �G�L�U�H�F�W�� �D�Q�G�� �L�Q�G�L�U�H�F�W�� �S�D�L�U��
�L�Q�W�H�U�D�F�W�L�R�Q�V���� �V�L�Q�F�H�� �W�K�H�\�� �U�H�À�H�F�W�� �W�K�H�� �V�W�U�X�F�W�X�U�D�O�� �I�H�D�W�X�U�H�V�� �R�I�� �W�K�H�� �F�R�P�S�R�X�Q�G�V�� �X�Q�G�H�U�� �V�W�X�G�\�� �D�W�� �D��
�T�X�D�O�L�W�D�W�L�Y�H���R�U���T�X�D�Q�W�L�W�D�W�L�Y�H���O�H�Y�H�O�����`�H�U�H�I�R�U�H�����L�Q���P�R�V�W���F�D�V�H�V�����W�Z�R���W�\�S�H�V���R�I���F�R�U�U�H�O�D�W�L�R�Q���H�[�S�H�U�L�P�H�Q�W�V��
�&�2�6�<�� �D�Q�G�� �1�2�(�6�<�� �D�U�H�� �Q�H�F�H�V�V�D�U�\�� �D�Q�G�� ���P�R�V�W�� �R�I�W�H�Q���� �V�X
v�F�L�H�Q�W�� �W�R�R�O�V�� �I�R�U�� �G�H�W�H�U�P�L�Q�L�Q�J�� �W�K�H��
�V�W�U�X�F�W�X�U�H���D�Q�G���V�S�D�W�L�D�O���D�U�U�D�Q�J�H�P�H�Q�W���R�I���P�R�O�H�F�X�O�H�V���L�Q���V�R�O�X�W�L�R�Q�� 

The effective use of this minimal set of NMR analysis methods is demonstrated by the 
example of studying three compounds (1-3), for each of which 4 possible variants of their 
structure are given and the one that corresponds to the NMR data is selected. Compounds (1-
3) were obtained by an efficient [3+2]-cycloaddition reaction of stable azomethine ylide (4) 
with the corresponding inactive alkene (5-6) (Fig. 1).  

Figure 1. Scheme of reactions for the preparation and structures of derivatives spiro[1-
azabicyclo[3.3.0]octane](1-3) 

Experiments and results  
In this work, when studying the 1H NMR spectrum of compounds (1-3), the 

corresponding structure was selected and proved for each of them. Figure 2 shows four 
proposed structures of compound (1) and scalar bonding schemes between geminal and 
vicinal protons, which clearly show the structural differences between variants A, B and C, D. 
The simplest choice of one of the pairs is based on the number of scalar interactions of the C-
H proton ("a") located next to the nitrogen atom. Based on the analysis of the cross-peaks of 
the COSY spectrum, it can be easily argued that (1) has the structure of A or B. This is based 
on the fact that the multiplet signal of proton a (at 4.95 ppm) has 5 (not 4) cross-peaks. 
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Figure 2. Four proposed structures of compound (1) (left) and scalar network (right) for A, B 

and C, D structures    
The choice between structures A and B requires a correct analysis of the NOESY 

spectrum (Fig. 3). The NOESY data proved that in compound (1), proton a has the ��-
orientation. First of all, this is proved by the extremely intense cross-peak NH/a (3.99), the 
value of which indicates that proton a is the closest to the proton N+H. In addition, the proton 
a is characterized by intense cross-peaks a/h (5.11) and a/b (2.88) with the neighboring ��-
protons h and b, as well as a less intense cross-peak a/i (1.41). The structure of the 1-A 
molecule was optimized using the MM2 method. A comparison of experimental and 
calculated values revealed the absence of a/f cross-peak. This fact has given grounds for 
searching for the corresponding conformation of the five-membered ring in compound 1-A, in 
which the protons a and f are at a distance of more than 3.5 Å. Such a conformation (2) was 
found and is presented in the lower part of Figure 3D. The transition to considering 
conformation (2), stimulated by the absence of the a/f cross-peak in the NOESY spectrum, led 
to an improvement (more than 3 times) in the ratio of experimental and calculated values both 
at the quantitative (for the ra-i distance) and qualitative (for the ra-f distance) levels. 

 
Figure 3�����)�U�D�J�P�H�Q�W�V���R�I���1�2�(�6�<�����2m = 0.5 s) spectrum (A, B, C) for compound 1 in CDCl3 and 
calculated (�F�F2) its spatial structure. Cross-peak relative intensities are shown by numbers  

The above approach was also applied to molecules (2) and (3) (Fig. 4). For both 
compounds, based on the data from the COSY spectrum, structures C and D can be excluded 
from consideration, as they both have only one scalar interaction for proton a. The position of 
protons b and c in the signal spectrum can also be easily determined. 
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Figure 4. Four proposed structures of compound (2) and (3) (a, c) and scalar network (c) for 

A, B and C, D structures    
Similarly to the previous case, it was possible to determine the ��- or �.-orientation of 

proton c by analyzing the NOESY spectrum and optimizing the geometry of the molecule 
using the MM2 method (Fig. 5). In the case of compound (2), there is a good (within ± 1.3%) 
quantitative agreement between the experimental and calculated distances. However, the 
assumption about the structure of B in compound (3) is more qualitative. The quantification is 
inaccurate due to the superposition of signal b on an unknown proton x, which also has a 
NOE with proton c. However, separating the integrals of overlapping cross-peaks is too 
difficult a task. 

 
Figure 5. �)�U�D�J�P�H�Q�W�V���R�I���1�2�(�6�<�����2m = 0.5 s) spectrum (A, B) for compound (2) and (C) for 

compound (3) in CDCl3 �D�Q�G���F�D�O�F�X�O�D�W�H�G�����F�F�������L�W�V���V�S�D�W�L�D�O���V�W�U�X�F�W�X�U�H�����'�������Z�K�H�U�H���S�U�R�W�R�Q-proton 
distances (rH-H) are shown by numbers in Å 

Conclusion 
�8�V�L�Q�J���W�Z�R���P�H�W�K�R�G�V���R�I���F�R�U�U�H�O�D�W�L�R�Q���H�[�S�H�U�L�P�H�Q�W�V���&�2�6�<���D�Q�G���1�2�(�6�<���P�D�G�H���L�W���S�R�V�V�L�E�O�H���W�R��

�D�F�K�L�H�Y�H�� �D�� �F�R�P�S�O�H�W�H�� �V�R�O�X�W�L�R�Q�� �W�R�� �W�K�H�� �S�U�R�E�O�H�P���� �`�X�V���� �E�D�V�H�G�� �R�Q�� �1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �G�D�W�D����
�F�R�P�S�R�X�Q�G�� �������� �F�R�U�U�H�V�S�R�Q�G�V�� �W�R�� �U�H�J�L�R�L�V�R�P�H�U�� �$���� �D�Q�G�� �F�R�P�S�R�X�Q�G�V�� �������� �D�Q�G�� �������� �F�R�U�U�H�V�S�R�Q�G�� �W�R��
�U�H�J�L�R�L�V�R�P�H�U���%���� 
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Introduction 
�6�S�L�Q-�O�D�W�W�L�F�H�� �U�H�O�D�[�D�W�L�R�Q�� ���6�/�5���� �R�I�� �T�X�D�G�U�X�S�R�O�H�� �Q�X�F�O�H�L�� �L�Q�� �V�R�O�L�G�V�� �L�V�� �G�X�H�� �W�R�� �V�H�Y�H�U�D�O��

�P�H�F�K�D�Q�L�V�P�V�����`�H�����F�U�\�V�W�D�O�O�L�Q�H�����T�X�D�G�U�X�S�R�O�H���P�H�F�K�D�Q�L�V�P�����Z�K�L�F�K���L�V���D�Q���D�W�W�U�L�E�X�W�H���R�I���L�G�H�D�O���L�Q�V�X�O�D�W�R�U��
�P�D�W�H�U�L�D�O�V�����L�V���U�H�O�D�W�H�G���W�R���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���R�I���Q�X�F�O�H�D�U���T�X�D�G�U�X�S�R�O�H���P�R�P�H�Q�W�V���Z�L�W�K���G�\�Q�D�P�L�F���J�U�D�G�L�H�Q�W�V��
�R�I���H�O�H�F�W�U�L�F���¿�H�O�G�V���F�D�X�V�H�G���E�\���P�R�G�X�O�D�W�L�R�Q���R�I���W�K�H���L�Q�W�H�U�D�W�R�P�L�F���G�L�V�W�D�Q�F�H�V���E�\���W�K�H�U�P�D�O���S�K�R�Q�R�Q�V���>���@�����,�Q��
�F�R�Q�G�X�F�W�R�U�V���� �6�/�5�� �R�F�F�X�U�V�� �G�X�H�� �W�R�� �W�K�H�� �K�\�S�H�U�¿�Q�H�� �F�R�X�S�O�L�Q�J�� �R�I�� �Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�F�� �P�R�P�H�Q�W�V�� �Z�L�W�K��
�F�R�Q�G�X�F�W�L�R�Q���H�O�H�F�W�U�R�Q�V���>���@���� �,�Q���U�H�D�O���P�D�W�H�U�L�D�O�V�����Z�K�L�F�K�� �K�D�Y�H���E�R�W�K���Q�D�W�L�Y�H���S�D�U�D�P�D�J�Q�H�W�L�F���G�H�I�H�F�W�V���D�Q�G��
�S�D�U�D�P�D�J�Q�H�W�L�F�� �L�P�S�X�U�L�W�\�� �D�W�R�P�V���� �W�K�H�U�H�� �L�V�� �D�� �S�U�R�Q�R�X�Q�F�H�G�� �F�R�Q�W�U�L�E�X�W�L�R�Q�� �R�I�� �W�K�H�� ���L�P�S�X�U�L�W�\���� �6�/�5��
�P�H�F�K�D�Q�L�V�P�����Z�K�L�F�K���L�Q�Y�R�O�Y�H�V���V�S�L�Q���G�L
u�X�V�L�R�Q���>���@�����,�Q���W�K�L�V���F�D�V�H�����W�K�H���6�/�5���D�F�F�H�O�H�U�D�W�L�R�Q���L�V���F�D�X�V�H�G���E�\��
�W�K�H���H�Q�K�D�Q�F�H�G���V�S�L�Q-�O�D�W�W�L�F�H���L�Q�W�H�U�D�F�W�L�R�Q���Q�H�D�U���W�K�H���S�D�U�D�P�D�J�Q�H�W�L�F���F�H�Q�W�H�U�V���G�X�H���W�R���G�L�S�R�O�H���P�D�J�Q�H�W�L�F���D�Q�G��
�T�X�D�G�U�X�S�R�O�H�� �H�O�H�F�W�U�L�F�� �K�\�S�H�U�¿�Q�H�� �F�R�X�S�O�L�Q�J���>��-���@���� �`�H�� �X�V�H�� �R�I�� �1�0�5�� �D�O�O�R�Z�V�� �V�W�X�G�\�L�Q�J�� �V�H�S�D�U�D�W�H�O�\��
�W�K�H�V�H���P�H�F�K�D�Q�L�V�P�V���R�I���6�/�5���D�Q�G���R�E�W�D�L�Q�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���S�U�R�S�H�U�W�L�H�V���R�I���G�H�I�H�F�W�V�����Z�K�L�F�K���H�[�L�V�W��
�L�Q���U�H�D�O���F�U�\�V�W�D�O�V�����,�W���Z�D�V���S�U�H�Y�L�R�X�V�O�\���V�K�R�Z�Q���>���@���W�K�D�W���S�R�L�Q�W���S�D�U�D�P�D�J�Q�H�W�L�F���F�H�Q�W�H�U�V���D�Q�G���V�S�L�Q���G�L
u�X�V�L�R�Q��
�D�U�H�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �W�K�H�� �F�R�Q�W�L�Q�X�R�X�V�� �V�D�W�X�U�D�W�L�R�Q�� �R�I�� �J�D�O�O�L�X�P�� �V�S�L�Q�� �V�\�V�W�H�P�V�� �L�Q�� �V�H�P�L-�L�Q�V�X�O�D�W�R�U�� �*�D�$�V��
�V�L�Q�J�O�H�� �F�U�\�V�W�D�O�V���� �`�L�V�� �P�D�G�H�� �L�W�� �S�R�V�V�L�E�O�H�� �W�R�� �G�H�Y�H�O�R�S�� �D�� �W�H�F�K�Q�L�T�X�H�� �I�R�U�� �V�H�S�D�U�D�W�L�Q�J�� �F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �W�R��
�J�D�O�O�L�X�P�� �6�/�5�� �X�V�L�Q�J�� �W�K�H�� �D�G�G�L�W�L�R�Q�D�O�� �U�H�V�R�Q�D�Q�F�H�� �F�R�Q�W�L�Q�X�R�X�V�� �¿�H�O�G�V�� �D�S�S�O�L�H�G�� �G�X�U�L�Q�J�� �R�E�V�H�U�Y�D�W�L�R�Q�� �R�I��
�W�K�H���Q�X�F�O�H�D�U���P�D�J�Q�H�W�L�]�D�W�L�R�Q���U�H�F�R�Y�H�U�\���>���@�����5�H�F�H�Q�W�O�\�����L�W���Z�D�V���S�U�R�S�R�V�H�G���>���@���W�R���X�V�H���D���P�R�U�H���D�F�F�X�U�D�W�H��
�D�Q�G�� �V�H�Q�V�L�W�L�Y�H�� �W�H�F�K�Q�L�T�X�H�� �I�R�U�� �H�Y�D�O�X�D�W�L�Q�J�� �W�K�H�� �V�O�R�Z�� �F�R�P�S�R�Q�H�Q�W�� �R�I�� �Q�X�F�O�H�D�U�� �P�D�J�Q�H�W�L�]�D�W�L�R�Q��
�U�H�V�W�R�U�D�W�L�R�Q���D�W���S�R�V�L�W�L�Y�H���V�S�L�Q���W�H�P�S�H�U�D�W�X�U�H�V���X�Q�G�H�U���P�D�J�Q�H�W�L�F�� �F�R�Q�W�L�Q�X�R�X�V���V�D�W�X�U�D�W�L�R�Q���R�I���W�K�H���Q�X�F�O�H�D�U��
�V�S�L�Q���V�\�V�W�H�P�� 

Sample and experiment 
�`�H���V�D�P�S�O�H�V���D�U�H���V�H�P�L-�L�Q�V�X�O�D�W�R�U���*�D�$�V���V�L�Q�J�O�H���F�U�\�V�W�D�O�V���Z�L�W�K���D�Q���H�O�H�F�W�U�L�F�D�O���U�H�V�L�V�W�L�Y�L�W�\���R�I����������

�
���F�P���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����X�Q�G�R�S�H�G���R�Q�H���Z�L�W�K���D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���X�Q�F�R�Q�W�U�R�O�O�H�G���L�P�S�X�U�L�W�L�H�V���R�I���Q�R��
�P�R�U�H���W�K�D�Q�������������F�P-�����D�Q�G���G�R�S�H�G���Z�L�W�K���F�K�U�R�P�L�X�P���D�Q�G���F�R�S�S�H�U���X�S���W�R���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I�������������F�P-������
�7�Z�R���J�D�O�O�L�X�P���L�V�R�W�R�S�H�V���F�D�Q���E�H���R�E�V�H�U�Y�H�G���E�\���1�0�5���������*�D���Z�L�W�K���D���Q�D�W�X�U�D�O���D�E�X�Q�G�D�Q�F�H���������������D�Q�G���D��
�T�X�D�G�U�X�S�R�O�H�� �P�R�P�H�Q�W�� �4� �� ���������� ����-������ �P���� �D�Q�G�������*�D�� �Z�L�W�K�� �D�� �Q�D�W�X�U�D�O�� �D�E�X�Q�G�D�Q�F�H�� ������������ �D�Q�G�� �D��
�T�X�D�G�U�X�S�R�O�H���P�R�P�H�Q�W���4� ����������������-�������P�������`�H�V�H���L�V�R�W�R�S�H�V���K�D�Y�H���G�L
u�H�U�H�Q�W���6�/�5���U�D�W�H�V���� 

 
Figure 1. Temperature dependences �R�I���W�K�H���P�D�J�Q�H�W�L�]�D�W�L�R�Q���1���R�I��GaAs crystals at 5 kOe. Blue 
circles, green squares, and orange triangles correspond to the undoped GaAs and GaAs 

doped with Cr and Cu, respectively. 
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�6�W�X�G�\�L�Q�J�� �W�K�H�� �W�K�U�H�H�� �V�D�P�S�O�H�V�� �X�V�L�Q�J�� �D�� �4�X�D�Q�W�X�P�� �'�H�V�L�J�Q�� �0�3�0�6�� �6�4�8�,�'�� �9�6��
�P�D�J�Q�H�W�R�P�H�W�H�U�� �U�H�Y�H�D�O�H�G�� �Y�H�U�\�� �Z�H�D�N�� �S�D�U�D�P�D�J�Q�H�W�L�V�P���D�W�� �O�R�Z�� �W�H�P�S�H�U�D�W�X�U�H�V�� �G�X�H�� �W�R�� �S�D�U�D�P�D�J�Q�H�W�L�F��
�F�H�Q�W�H�U�V�� �D�J�D�L�Q�V�W�� �W�K�H�� �E�D�F�N�J�U�R�X�Q�G�� �R�I�� �G�L�D�P�D�J�Q�H�W�L�F�� �P�D�J�Q�H�W�L�]�D�W�L�R�Q�� ���)�L�J���� �������� �2�Q�H�� �F�D�Q�� �V�H�H�� �W�K�D�W��
�G�R�S�L�Q�J���G�R�H�V���Q�R�W���D
u�H�F�W���Q�R�W�L�F�H�D�E�O�\���W�K�H���P�D�J�Q�H�W�L�]�D�W�L�R�Q���R�I���W�K�H���V�D�P�S�O�H�V�� 

�1�0�5�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �D�� �%�U�X�N�H�U�� �$�Y�D�Q�F�H�� �,�,�,�� �������� �S�X�O�V�H��
�V�S�H�F�W�U�R�P�H�W�H�U�� �R�S�W�L�P�L�]�H�G�� �I�R�U�� �V�R�O�L�G�� �V�D�P�S�O�H�V�� �L�Q�� �W�K�H�� �U�D�Q�J�H�� �I�U�R�P�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�V�� �W�R�� ������ �.����
�5�H�O�D�[�D�W�L�R�Q���R�I���W�K�H�������*�D���D�Q�G�������*�D���L�V�R�W�R�S�H�V���Z�D�V���R�E�V�H�U�Y�H�G���X�Q�G�H�U���W�K�H���L�Q�Y�H�U�V�L�R�Q���U�H�F�R�Y�H�U�\���S�U�R�W�R�F�R�O��
�X�Q�G�H�U���D�G�G�L�W�L�R�Q�D�O���F�R�Q�W�L�Q�X�R�X�V���U�H�V�R�Q�D�Q�F�H���P�D�J�Q�H�W�L�F���V�D�W�X�U�D�W�L�R�Q���R�I���W�K�H���V�S�L�Q���V�\�V�W�H�P�V���I�R�O�O�R�Z�L�Q�J���W�K�H��
�S�U�R�F�H�G�X�U�H���G�H�V�F�U�L�E�H�G���L�Q���G�H�W�D�L�O���L�Q���>���@�� 

Results and discussion 
The dependence of the relative integral intensity of the 69Ga or 71Ga NMR signal 

Z(t)=A(t)/A0 on the time interval t between the 180o and 90o pulses was measured under 
application of additional weak long electromagnetic pulses at the Larmor frequency, which 
produced saturation of the gallium nuclear spin system to the value Zst in the range from 1 to 
0.1. The saturation factor is defined here as Zst=Ast/A0, where Ast and A0 are the integral 
intensities of the NMR signals after a single 90o pulse under additional saturation and without 
it. When the mean spin temperature over the crystal volume is negative that corresponds to 
Z(t)<0 the recovery of nuclear magnetization follows the exponential law  

�� ��1( ) 1 exp /stZ t Z b t �W� �� ��� ª � º� ¬ � ¼, (1) 

where b is a numerical coefficient (b<2). For the positive average spin temperature (Z(t)>0), 
the magnetization recovery is described by the sum of two exponentials similar to [9] for any 
factors Zst of continuous saturation:  

�� ���� �� �� ���� ���^ �`0 1 0 2( ) 1 exp / (1 )exp /stZ t Z t t t t�U �W �U �W� ª � º� �� �� �� �� �� �� ��� ¬ � ¼,  (2) 

where �! is the coefficient characterizing the fraction of nuclei, which relax with relaxation 
time �21. The emergence of the second exponential with a longer time of nuclear magnetization 
recovery demonstrates a decrease in the efficiency of spin�±phonon coupling for the fraction 
(1-�!) of nuclei and corresponds to a decrease in the SLR rate. We emphasize that the second 
exponential appeared only at Zst below a particular threshold value.  

The dependences of the restoration times �21 and �22 on the saturation factor Zst is shown 
in Fig. 2. The general analysis of relaxation under continuous saturation, which neglects the 
impact of paramagnetic centers, predicts the linear decrease of the restoration time with 
decreasing the saturation factor  

1
stT Z�W �6� , (3) 

where 1T �6 is the total relaxation time. 

 
Figure 2. The restoration times �21 and �22 for a) 69Ga and b) 71Ga, depending on the 

continuous magnetic saturation factor Zst in an undoped GaAs crystal at 90 K. 
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�`�L�V���D�J�U�H�H�V���Z�L�W�K���W�K�H���V�W�U�D�L�J�K�W���O�L�Q�H���V�K�R�Z�Q���I�R�U���W�K�H���2�����=
�V�W�����G�H�S�H�Q�G�H�Q�F�H���L�Q���)�L�J���� �������Z�K�L�F�K���L�V��

�H�[�W�H�Q�G�H�G���W�R��1T �6 ���D�W�� 1stZ � ���� 
The emergence of the contribution to nuclear SLR with the time �22, which is longer 

than �21, means the suppression of the �³impurity�  ́ relaxation as a result of strong enough 
saturation (Zst < 0.4). Such suppression can occur only at positive spin temperatures. When 
«impurity» relaxation involving spin diffusion breaks down, the dependence �22(Z

st) should 

correspond to the time 1 1T T�6�c�! . The temperature dependences of 1T�c is well described by the 

expression for the quadrupole SLR [1]. This agrees with the suggestion that the time 1T�c 
�F�R�U�U�H�V�S�R�Q�G�V�� �W�R�� �W�K�H�� �³�F�U�\�V�W�D�O�O�L�Q�H�´�� �P�H�F�K�D�Q�L�V�P�� �R�I�� �6�/�5�� �Z�K�L�O�H�� �W�K�H�� �³�L�P�S�X�U�L�W�\�´�� �6�/�5�� �L�V�� �I�X�O�O�\��
suppressed for the fraction (1-�!) of nuclei. This conclusion is also in agreement with the ratio 

between the relaxation times 1T�c for the gallium isotopes, which is equal to the reciprocal ratio 
�R�I�� �W�K�H�� �V�T�X�D�U�H�G�� �T�X�D�G�U�X�S�R�O�H�� �P�R�P�H�Q�W�V���� �7�K�H�� �G�H�I�H�F�W�V�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �W�K�H�� �³�L�P�S�X�U�L�W�\�´�� �U�H�O�D�[�D�W�L�R�Q��
could be the well known EL2 centers [9], which comprise the As ions on the gallium sites. At 
enough high temperatures such centers behave as elastic dipoles and generate local dynamic 
gradients of electric fields interacted with the nuclear quadrupole moments. 
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Introduction 
�$���V�L�J�Q�L�¿�F�D�Q�W���D�U�H�D���R�I���G�H�Y�H�O�R�S�P�H�Q�W���L�Q���P�R�G�H�U�Q���V�F�L�H�Q�F�H���D�Q�G���W�H�F�K�Q�R�O�R�J�\���L�V���W�K�H���V�H�D�U�F�K���I�R�U��

�D�Q�G�� �F�U�H�D�W�L�R�Q�� �R�I�� �Q�H�Z�� �P�D�W�H�U�L�D�O�V�� �Z�L�W�K�� �D�� �S�U�H�G�H�W�H�U�P�L�Q�H�G�� �V�H�W�� �R�I�� �S�K�\�V�L�F�D�O�� �D�Q�G�� �F�K�H�P�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V����
�'�R�S�L�Q�J�� �F�U�\�V�W�D�O�O�L�Q�H�� �V�W�U�X�F�W�X�U�H�V�� �Z�L�W�K�� �Y�D�U�L�R�X�V�� �L�P�S�X�U�L�W�L�H�V�� �J�U�H�D�W�O�\�� �H�[�W�H�Q�G�V�� �W�K�H�L�U���D�S�S�O�L�F�D�W�L�R�Q�� �U�D�Q�J�H����
�`�H�� �F�D�O�F�L�X�P�� �S�K�R�V�S�K�D�W�H�� ���&�D�3���� �V�\�V�W�H�P�V�� �X�Q�G�H�U�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �D�U�H�� �Z�L�G�H�O�\�� �X�V�H�G�� �L�Q�� �E�L�R�P�H�G�L�F�D�O��
�D�S�S�O�L�F�D�W�L�R�Q�V�����S�D�U�W�L�F�X�O�D�U�O�\���L�Q���R�U�W�K�R�S�D�H�G�L�F�V���D�Q�G���P�D�[�L�O�O�R�I�D�F�L�D�O���V�X�U�J�H�U�\�����D�V���¿�O�O�H�U�V���I�R�U���E�R�Q�H���G�H�I�H�F�W�V��
�U�H�V�X�O�W�L�Q�J�� �I�U�R�P�� �L�Q�M�X�U�L�H�V�� �R�U�� �Y�D�U�L�R�X�V�� �G�L�V�H�D�V�H�V�� �>���@���� �&�D�3�V�� �S�O�D�\�� �D�Q�� �L�P�S�R�U�W�D�Q�W�� �U�R�O�H�� �L�Q�� �W�L�V�V�X�H��
�H�Q�J�L�Q�H�H�U�L�Q�J���� �G�U�X�J�� �D�Q�G�� �J�H�Q�H�� �G�H�O�L�Y�H�U�\�� �D�Q�G�� �P�D�Q�\�� �R�W�K�H�U�� �E�L�R�P�H�G�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �>���@���� �`�H��
�L�Q�W�U�R�G�X�F�W�L�R�Q�� �R�I�� �D�� �Q�X�P�E�H�U�� �R�I�� �U�D�U�H�� �H�D�U�W�K�� ���5�(���� �H�O�H�P�H�Q�W�V�� �L�Q�W�R�� �W�K�H�� �&�D�3�� �F�U�\�V�W�D�O�� �V�W�U�X�F�W�X�U�H���� �Q�D�P�H�O�\��
�F�H�U�L�X�P�� ���&�H���������� �Q�H�R�G�\�P�L�X�P�� ���1�G���������� �H�X�U�R�S�L�X�P�� ���(�X���������� �J�D�G�R�O�L�Q�L�X�P�� ���*�G�������� �D�Q�G�� �H�U�E�L�X�P�� ���(�U����������
�D�O�O�R�Z�V���X�V���W�R���R�E�W�D�L�Q���E�L�R�L�P�D�J�L�Q�J���V�\�V�W�H�P�V���W�K�D�W���L�Q�F�U�H�D�V�H���F�R�Q�W�U�D�V�W���Z�K�H�Q���V�W�X�G�\�L�Q�J���W�K�H���G�\�Q�D�P�L�F�V���R�I��
�E�R�Q�H�� �U�H�S�D�L�U�� �>���@���� �0�R�G�H�U�Q�� �G�L�D�J�Q�R�V�W�L�F�V�� �Z�L�G�H�O�\�� �X�V�H�V�� �Q�R�Q-�L�Q�Y�D�V�L�Y�H�� �L�P�D�J�L�Q�J�� �P�H�W�K�R�G�V���� �L�Q�F�O�X�G�L�Q�J��
�U�D�G�L�R�J�U�D�S�K�\���� �F�R�P�S�X�W�H�G�� �W�R�P�R�J�U�D�S�K�\�� ���&�7������ �V�L�Q�J�O�H-�S�K�R�W�R�Q�� �H�P�L�V�V�L�R�Q�� �F�R�P�S�X�W�H�G�� �W�R�P�R�J�U�D�S�K�\��
���6�3�(�&�7������ �D�Q�G�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� �L�P�D�J�L�Q�J�� ���0�5�,������ �,�R�Q�L�]�L�Q�J�� �U�D�G�L�D�W�L�R�Q-�E�D�V�H�G�� �P�H�W�K�R�G�V��
���U�D�G�L�R�J�U�D�S�K�\�� �D�Q�G�� �&�7������ �G�H�V�S�L�W�H�� �W�K�H�L�U�� �K�L�J�K�� �U�H�V�R�O�X�W�L�R�Q�� �D�Q�G�� �W�K�U�R�X�J�K�S�X�W���� �D�U�H�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K��
�U�D�G�L�D�W�L�R�Q���U�L�V�N���D�Q�G���G�R���Q�R�W���D�O�Z�D�\�V���S�U�R�Y�L�G�H���V�X
v�F�L�H�Q�W���F�R�Q�W�U�D�V�W���I�R�U���D�F�F�X�U�D�W�H���W�L�V�V�X�H���G�L
u�H�U�H�Q�W�L�D�W�L�R�Q����
�`�H���V�H�D�U�F�K���I�R�U���Q�H�Z���E�L�R�F�R�P�S�D�W�L�E�O�H���D�Q�G���V�D�I�H���D�J�H�Q�W�V���Z�L�W�K���P�R�U�H���H
u�H�F�W�L�Y�H���F�R�Q�W�U�D�V�W���H�Q�K�D�Q�F�H�P�H�Q�W���L�V��
�D���S�R�S�X�O�D�U���D�U�H�D���L�Q���S�U�D�F�W�L�F�D�O���G�L�D�J�Q�R�V�W�L�F�V���� 

�`�X�V���� �W�K�H�� �S�U�H�V�H�Q�W�� �V�W�X�G�\�� �I�R�F�X�V�H�V�� �R�Q�� �W�K�H�� �F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�� �R�I�� �V�\�Q�W�K�H�W�L�F�� �&�D�3�� �G�R�S�H�G�� �Z�L�W�K��
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Figure 1. Change in the Si/Al ratio for ZSM-5 
(nominal Si/Al = 15) during leaching at 

different NaOH concentrations. 

�$�F�F�R�U�G�L�Q�J�� �W�R�������6�L�� �0�$�6�� �1�0�5�� �V�S�H�F�W�U�D�� �W�K�H�� �W�U�H�D�W�P�H�Q�W�� �O�H�D�G�V�� �W�R�� �D�� �G�H�F�U�H�D�V�H�� �L�Q�� �V�L�O�L�F�R�Q�� �L�Q��
�4�������$�O���� �V�L�W�H�V���� �P�D�L�Q�O�\�� �W�K�H�� �V�L�J�Q�D�O�� �D�W��-�������� �S�S�P���� �Z�L�W�K�� �V�L�P�X�O�W�D�Q�H�R�X�V�� �L�Q�F�U�H�D�V�L�Q�J�� �R�I�� �4�������$�O����
�S�R�S�X�O�D�W�L�R�Q�����D���V�L�J�Q�D�O���D�W��-���������S�S�P������ �,�W���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���D�O�O���H�[�W�U�D-�I�U�D�P�H�Z�R�U�N���$�O�����L�I�� �D�Q�\�����D�U�H��
�Z�D�V�K�H�G�� �D�Z�D�\�� �D�I�W�H�U�� �W�U�H�D�W�P�H�Q�W�� �L�Q�� �1�D�2�+�� �±�� �Q�R�� �V�L�J�Q�D�O�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �R�F�W�D�K�H�G�U�D�O�� �$�O�� �D�U�H��
�R�E�V�H�U�Y�H�G���L�Q�������$�O���0�$�6���1�0�5�������+���D�Q�G�������1�D���0�$�6���1�0�5���V�S�H�F�W�U�D���F�R�Q�¿�U�P���W�K�H���V�X�E�V�W�L�W�X�W�L�R�Q���R�I���1�+����
�E�\���1�D���� 

  

�D �E 

�)�L�J�X�U�H�������������6�L���0�$�6���1�0�5���V�S�H�F�W�U�D���R�I���W�K�H���S�D�U�H�Q�W���=�6�0-�����]�H�R�O�L�W�H�����Q�R�P�L�Q�D�O���6�L���$�O��� �������������D�����D�Q�G��
�D�I�W�H�U���W�U�H�D�W�P�H�Q�W���L�Q���������0���1�D�2�+���I�R�U�����������P�L�Q�����E���� 

�1�L�W�U�R�J�H�Q�� �S�R�U�R�V�L�P�H�W�U�\�� �V�W�X�G�L�H�V�� �F�R�Q�¿�U�P�� �W�K�D�W�� �D�V�� �W�K�H�� �O�H�D�F�K�L�Q�J�� �W�L�P�H�� �D�Q�G���R�U�� �W�K�H�� �D�O�N�D�O�L��
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �L�Q�F�U�H�D�V�H�V���� �W�K�H�� �S�U�R�S�R�U�W�L�R�Q�� �R�I�� �P�H�V�R�S�R�U�R�V�L�W�\�� �L�Q�F�U�H�D�V�H�V���� �)�R�U�� �H�[�D�P�S�O�H���� �I�R�U�� �=�6�0-����
�]�H�R�O�L�W�H�� �Z�L�W�K�� �Q�R�P�L�Q�D�O�� �6�L���$�O�� � �� ������ �W�K�H�� �S�R�U�H�� �V�L�]�H�� �L�Q�F�U�H�D�V�H�V�� �X�S�� �W�R�� ������ �Q�P�� ���I�R�U�� �������0�� �1�D�2�+���� ��������
�P�L�Q�����D�Q�G���������Q�P�����I�R�U���������0���1�D�2�+�������������P�L�Q������ 

�`�H�� �F�X�U�Y�H�V�� �R�I�� �W�K�H�� �G�L
u�H�U�H�Q�W�L�D�O�� �L�V�R�V�W�H�U�L�F�� �H�Q�W�K�D�O�S�\�� �R�I�� �&�2���� �D�G�V�R�U�S�W�L�R�Q�� ���+�L�V�R���� �I�R�U�� �V�D�P�S�O�H�V��
�=�6�0-�����]�H�R�O�L�W�H���Z�L�W�K���Q�R�P�L�Q�D�O���6�L���$�O��� ���������E�H�I�R�U�H���D�Q�G���D�I�W�H�U���W�U�H�D�W�P�H�Q�W���L�Q���������0���D�Q�G���������0���1�D�2�+��
�I�R�U�����������P�L�Q���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�����������`�H���H�Q�W�K�D�O�S�\���R�I���&�2�����D�G�V�R�U�S�W�L�R�Q���I�R�U���W�K�H�V�H���V�D�P�S�O�H�V���L�V���R�I���D�E�R�X�W��
�a����-�������N�-���P�R�O�����H�[�W�U�D�S�R�O�D�W�L�R�Q���W�R���]�H�U�R���Y�R�O�X�P�H���R�I���W�K�H���D�G�V�R�U�E�H�G���J�D�V�������K�R�Z�H�Y�H�U�����W�K�H���V�D�P�S�O�H�V���V�K�R�Z��
�G�L
u�H�U�H�Q�W���G�H�S�H�Q�G�H�Q�F�H���R�I���+�L�V�R���R�Q���W�K�H���D�G�V�R�U�E�H�G���Y�R�O�X�P�H�����I�R�U���W�K�H���S�D�U�H�Q�W���]�H�R�O�L�W�H���V�D�P�S�O�H���L�W���Z�H�D�N�O�\��
�G�H�S�H�Q�G�V�� �R�Q�� �W�K�H�� �D�G�V�R�U�E�H�G�� �Y�R�O�X�P�H���� �W�K�D�W�� �L�V�� �W�\�S�L�F�D�O�� �I�R�U�� �P�L�F�U�R�S�R�U�R�X�V�� �V�\�V�W�H�P�V���� �:�L�W�K�� �L�Q�F�U�H�D�V�L�Q�J��
�P�H�V�R�S�R�U�R�V�L�W�\�� ���O�H�D�F�K�L�Q�J���� �D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �V�O�R�S�H�� �L�V�� �R�E�V�H�U�Y�H�G���� �,�W�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �W�K�H�� �V�X�U�I�D�F�H��
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u�X�V�L�R�Q��
�E�\�����+���1�0�5���G�L
u�X�V�R�P�H�W�U�\�� 

Results and discussions 
Comparative analysis of 31P NMR spectra of multilamellar lipid liposomes without 

Pluronic and with Pluronic showed that in the first case there is only lamellar liquid 
crystalline (LC) phase in the system, and when Pluronic is added, an isotropic peak appears in 
the whole temperature range studied (Fig. 1). The presence of an isotropic phase can be 
explained by the formation of micelles containing lipids. 

 
Figure 1. 31P NMR spectra for a suspension of phosphatidylcholine (left) and 

phosphatidylcholine with Pluronic F127 concentration of 2.5 mol% (right) at varying 
temperatures 

 
According to 1H NMR relaxometry data, the decay of transverse magnetization for the 

phospholipid system with Pluronic are due to the �V�X�P�� �R�I�� �F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �I�U�R�P�� �W�K�H�� �³�O�L�T�X�L�G-
�S�K�D�V�H�´ components and the �³solid component�  ́with a characteristic transverse relaxation time 
T2s ~20 ms. Thus, the system of phosphatidylcholine with Pluronic combines the properties of 
both liquid and solid. 

According to NMR diffusometry data, diffusion decay can be divided into two 
components with quite different self-diffusion coefficients. One of the components D1 grows 



Poster Session 

247 
 

from 1·10-12 to 5·10-12 m2/c with increasing temperature. The other component is independent 
of temperature and is characterized by an average value of D2 ~ 2·10-15 m2/c. 
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Introduction 
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�7�R�G�D�\�����D���Q�H�Z���¿�H�O�G���R�I���D�S�S�O�L�F�D�W�L�R�Q���R�I���W�U�L�D�]�R�O�H�V���L�V���U�D�S�L�G�O�\���G�H�Y�H�O�R�S�L�Q�J���±���X�V�L�Q�J���D�V���G�\�H�V���D�Q�G��
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�S�X�U�H���� �E�H�F�D�X�V�H�� �R�I�W�H�Q�� �G�X�U�L�Q�J�� �W�K�H�� �S�U�H�S�D�U�D�W�L�R�Q�� �R�I�� ��-�L�R�G�R-����������-�W�U�L�D�]�R�O�H�V�� �E�\�� ������-�G�L�S�R�O�D�U��
�F�\�F�O�R�D�G�G�L�W�L�R�Q�����P�D�\���R�F�F�X�U���G�H�L�R�G�L�Q�D�W�L�R�Q���S�U�R�F�H�V�V���D�Q�G���W�K�H���I�R�U�P�D�W�L�R�Q���R�I������������-�W�U�L�D�]�R�O�H�����G�L
v�F�X�O�W���W�R��
�V�H�S�D�U�D�W�H���R�Q���F�R�O�X�P�Q���F�K�U�R�P�D�W�R�J�U�D�S�K�\�� 

Method 
We have prepared some new 4,5-diethynyl-triazoles, distinguished by different 

substituents exerting different effects on the molecule by a four-step synthesis involving 1,3-
dipolar cycloaddition and Sonogashira reaction in good yields, from 4-methoxybenzylazide 
and 2-methylbut-3-yn-2-ol. The precursors and each of the intermediate products were 
characterized by 1H and 13C NMR spectroscopy.  

As can be seen in these spectra, the substances have no impurities of other products and 
can be further investigated as promising fluorescent tags. 

Figure 1. Scheme of synthesis 

 
Figure 2. 1H NMR spectra of the 1,2,3-triazole 6a 
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Introduction 
The spectral characteristics of cyclosporins G and L (CsG, CsL) in deuterated 

acetonitrile (CD3CN) solution in the absence or presence of water (H2O) were investigated by 
using high-resolution nuclear magnetic resonance (NMR) spectroscopy methods. The study 
focused on the search for possible structural changes of CsG and CsL in the presence of water 
molecules H2O in CD3CN solution. Information on the spectral features and possible 
conformations for CsG and CsL in a CD3CN-H2O solution was revealed by employing a 
combination of one-dimensional (1H, 13C) and two-dimensional (1H-1H TOCSY, 1H-13C 
HSQC, 1H-1H ROESY) NMR spectroscopy methods. The obtained information will help to 
better understand the features of conformational transitions in biomolecules under the 
influence of various factors. 

Cyclosporins are natural or synthetic organic biologically active compounds consisting 
of 11 amino acids. The cyclosporin family is quite diverse and includes more than 20 different 
molecules [1-3]. Cyclosporines are hydrophobic peptide compounds that are poorly soluble in 
pure water. However, they are well soluble in acetonitrile. A mixture of acetonitrile and water 
creates a medium that ensures the solubility of cyclosporine and at the same time ensures the 
formation of hydration shells around the polar groups of the peptide molecules, which can 
affect its conformation. 

Cyclosporin G (CsC) and Cyclosporin L (CsL) (Fig. 1) are used in this study. CsG and 
CsL are two of many derivatives of this class of compounds that differ from each other in the 
amino acid residues at positions 1 and 2, biological activity, and physicochemical properties 
[4, 5]. CsG is an immunosuppressor structurally similar to cyclosporin A (CsA). Although 
this drug is pharmacologically as active as CsA, it is less toxic, in particular at the kidney 
level [4]. 

 

 

Figure 1. Chemical structure of CsG (a) and CsL (b) (from [2]) 

Method 
NMR measurements were carried out on a Bruker Avance III HD 700 (700 MHz for 1H, 

175 MHz for 13C) and Bruker Avance II 500 (500 MHz for 1H, 125.2 MHz for 13C) 
spectrometers. All samples were prepared in standard 5-mm NMR tubes. The solution volume 
was 0.6 ml. Solution was prepared in CD3CN, the samples concentrations of CsG and CsL 
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were 1.5 mM. Two-dimensional spectra (1H-1H TOCSY, 1H-13C HSQC) were recorded at the 
temperature of 303 K. The spectral window was 12 ppm. A series of one-dimensional 1H and 
two-dimensional 1H-13C HSQC NMR spectra were obtained with the addition of H2O to the 
sample in a 1:10 ratio. 

Results and Discussion 
A correlation of 1H and 13C NMR signals corresponding to the major and minor 

conformers of CsG and CsL in a polar medium (CD3CN and CD3CN-H2O) is observed based 
on a comparative analysis of two-dimensional spectra. 

The CsL molecule exists in the form of two equilibrium conformers (the fraction of the 
minor conformer in CDCl3 is 22% according by the integrated intensities) in acetonitrile, 
acetone and chloroform. The number of conformers increases (6 were found) in the CD3CN-
H2O solution. They differ from each other in the values of the chemical shifts of the 1H and 
13C nuclei of the main chain atoms, which indicates a difference in the overall spatial structure 
of the molecules. Strongly broadened signals appear in the low-field part of the spectrum (�/ > 
8 ppm). Nevertheless, the number of detectable conformers with comparable intensity remains 
small is three, according to the 2D EXSY exchange spectra. 

In the 1H NMR spectrum of CsG in CD3CN solution, 2 conformers are initially 
observed. Similarly with CsL, when H2O is added to the solution, several new conformers can 
be observed, which also differ in chemical shift values (Fig. 2). 

 

 
Figure 2. Fragment of 1H NMR spectra of CsG in different solutions (upper picture, CD3CN-

H2O; lower picture, CD3CN) (700 MHz, 300 K) 
 
It is interesting to note that in chloroform and acetonitrile not only the chemical shift 

values of carbon nuclei are similar, but also protons: most signals of nuclei close to the main 
chain of the peptide (NCH3, as well as the ��-CH3 groups of alanines) are obtained in the 
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spectrum in CD3CN by a shift to the right and upward relative to the spectrum in CDCl3. 
Thus, the structure of CsG turns out to be more stable before changing the solvent to polar 
acetonitrile than, for example, the cyclosporine molecule CsC. 
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Introduction 
�`�H�� �6�(�0���������±���������� �S�H�S�W�L�G�H�� �L�V���D���I�U�D�J�P�H�Q�W�� �R�I�� �W�K�H�� �V�H�P�H�Q�R�J�H�O�L�Q�� ���� �S�U�R�W�H�L�Q�� �Z�K�L�F�K�� �L�V�� �D��

�F�R�Q�V�W�L�W�X�H�Q�W���R�I���W�K�H���K�X�P�D�Q���V�H�P�H�Q���F�R�D�J�X�O�X�P���>���@�����6�H�P�H�Q�R�J�H�O�L�Q�������L�V���V�\�Q�W�K�H�V�L�]�H�G���D�Q�G���V�H�F�U�H�W�H�G���E�\��
�W�K�H�� �V�H�P�L�Q�D�O�� �Y�H�V�L�F�O�H�V�� �>���@���� �6�F�L�H�Q�W�L�¿�F�� �U�H�V�H�D�U�F�K�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �W�K�H�� �V�H�P�L�Q�D�O�� �À�X�L�G�� �R�I�� �K�X�P�D�Q�V�� �L�V��
�F�U�X�F�L�D�O�� �L�Q�� �H�Q�K�D�Q�F�L�Q�J�� �W�K�H�� �D�F�W�L�Y�L�W�\�� �R�I�� �+�,�9�� �>���@���� �+�R�Z�H�Y�H�U���� �W�K�H�� �H�[�D�F�W�� �P�H�F�K�D�Q�L�V�P�V�� �E�H�K�L�Q�G�� �Y�L�U�D�O��
�W�U�D�Q�V�P�L�V�V�L�R�Q�� �D�Q�G�� �L�Q�I�H�F�W�L�R�Q�� �D�U�H�� �Q�R�W�� �I�X�O�O�\�� �X�Q�G�H�U�V�W�R�R�G�� �D�Q�G�� �U�H�T�X�L�U�H�� �I�X�U�W�K�H�U�� �U�H�V�H�D�U�F�K���� �`�H��
�H�O�H�F�W�U�R�V�W�D�W�L�F���U�H�S�X�O�V�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G���+�,�9���Y�L�U�X�V���S�D�U�W�L�F�O�H�V���D�Q�G���W�K�H���W�D�U�J�H�W���F�H�O�O�V��
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Figure 1. The amino acid sequence of peptide SEM2(49�² 107) 
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Figure 2. Spatial structure of peptide SEM1(86�² 107) in an aqueous solution 
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Results and discussions 
�7�R�� �W�H�V�W�� �W�K�H�� �D�E�R�Y�H�� �K�\�S�R�W�K�H�V�L�V���� ���� �G�L
u�H�U�H�Q�W�� �,�/�V�� �Z�H�U�H�� �X�V�H�G�� ���V�H�H�� �7�D�E�O�H�� �������� �Z�K�L�F�K�� �Z�H�U�H��

�H�[�D�P�L�Q�H�G�� �R�Q�� ���� �G�L
u�H�U�H�Q�W�� �G�H�Y�L�F�H�V���� �`�H�� �¿�U�V�W�� �W�Z�R�� �D�U�H�� �V�W�D�Q�G�D�U�G�� �1�0�5�� �V�S�H�F�W�U�R�P�H�W�H�U�V�� ���V�X�F�K�� �D�V��
�%�U�X�N�H�U�� �$�Y�D�Q�F�H-�,�,�,���� �I�U�R�P�� �W�K�H�� �6�W���� �3�H�W�H�U�V�E�X�U�J�� �6�W�D�W�H�� �8�Q�L�Y�H�U�V�L�W�\�� �V�F�L�H�Q�W�L�¿�F�� �S�D�U�N���� �R�S�H�U�D�W�L�Q�J�� �D�W��
�I�U�H�T�X�H�Q�F�L�H�V���R�I�����������0�+�]���D�Q�G�����������0�+�]���I�R�U���S�U�R�W�R�Q�V�����`�H���W�K�L�U�G���G�H�Y�L�F�H���L�V���D���P�R�G�H�U�Q�L�]�H�G���Y�H�U�V�L�R�Q��
�R�I���W�K�H���%�U�X�N�H�U���6�;�3����-���������Z�L�W�K���W�K�H���D�E�L�O�L�W�\���W�R���U�H�F�R�Q�¿�J�X�U�H���W�K�H���¿�H�O�G���L�Q���D���Z�L�G�H���U�D�Q�J�H�����,�Q���R�X�U���F�D�V�H����
�D���I�U�H�T�X�H�Q�F�\���R�I�������������0�+�]���I�R�U���S�U�R�W�R�Q�V���Z�D�V���V�H�O�H�F�W�H�G�� 

Table 2. The studied ILs 

1 2 3 4 
[BMIM]BF4 

CAS-Number: 174501-
65-6 

[BMIM]Cl 
CAS Number: 79917-90-1 

[BMIM]Ac 
CAS Number: 
284049-75-8 

[EMIM]Ac 
CAS Number: 
143314-17-4 

 

 

 
 

�,�Q�� �D�O�O�� �F�D�V�H�V���� �V�S�L�Q-�O�D�W�W�L�F�H�� �U�H�O�D�[�D�W�L�R�Q�� �U�D�W�H�V�� �Z�H�U�H�� �P�H�D�V�X�U�H�G�� �X�V�L�Q�J�� �D�� �V�W�D�Q�G�D�U�G�� �L�Q�Y�H�U�V�L�R�Q-
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Introduction 
�&�U�\�S�W�R�F�U�\�V�W�D�O�O�L�Q�H�� �G�L�D�P�R�Q�G�� �D�J�J�U�H�J�D�W�H�V�� ���F�D�U�E�R�Q�D�G�R���� �Z�L�W�K�� �J�U�D�L�Q�� �V�L�]�H�V�� �R�I�� ��-������ ���P�� �I�U�R�P��

�6�L�E�H�U�L�D�Q�� �G�H�S�R�V�L�W�V�� �Z�H�U�H�� �V�W�X�G�L�H�G�� �X�V�L�Q�J�� �R�S�W�L�F�D�O�O�\�� �G�H�W�H�F�W�H�G�� �P�D�J�Q�H�W�L�F�� �U�H�V�R�Q�D�Q�F�H�� ���2�'�0�5���� �D�Q�G��
�S�K�R�W�R�O�X�P�L�Q�H�V�F�H�Q�F�H�� ���3�/���� �P�H�W�K�R�G�V�� �E�D�V�H�G�� �R�Q�� �F�R�Q�I�R�F�D�O�� �V�S�H�F�W�U�R�V�F�R�S�\���� �`�H�\�� �Z�H�U�H�� �I�R�X�Q�G�� �W�R�� �K�D�Y�H��
�K�L�J�K���F�R�Q�W�H�Q�W�V���R�I���1�9-���F�H�Q�W�H�U�V�����%�D�V�H�G���R�Q���W�K�H���D�Q�D�O�\�V�L�V���R�I���W�K�H���S�D�U�D�P�H�W�H�U�V���R�I���W�K�H���3�/���D�Q�G���2�'�0�5��
�V�S�H�F�W�U�D���� �Y�D�U�L�R�X�V�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G���� �V�X�F�K�� �D�V�� �W�K�H�� �U�D�W�L�R�� �R�I�� �W�K�H�� �F�K�D�U�J�H�� �V�W�D�W�H�V�� �R�I�� �1�9��
�F�H�Q�W�H�U�V�����P�H�F�K�D�Q�L�F�D�O���V�W�U�H�V�V�H�V���D�Q�G���V�W�U�D�L�Q�V�����D�Q�G���O�R�F�D�O���Q�L�W�U�R�J�H�Q���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� 

Features of cryptocrystalline diamond aggregates 
Among polycrystalline diamond aggregates, a special type of cryptocrystalline 

aggregates was identified, consisting of grains smaller than 20 µm in size and giving ring 
reflections on X-ray images, which is typical for finely dispersed substances [1]. According to 
the mineralogical classification of diamonds by Yu. L. Orlov, such polycrystalline aggregates 
�E�H�O�R�Q�J�� �W�R�� �W�K�H�� �;�� �Y�D�U�L�H�W�\�� �D�Q�G�� �D�U�H�� �F�D�O�O�H�G�� �³�F�D�U�E�R�Q�D�G�R�´�� Fig. 1 shows AFM-image of one of the 
carbonado samples. It can be seen that analyzed sample consists of many irregular closely 
intergrown diamond graines, the sizes of which vary from dozens of nm to micron units.   

 
Figure 1. AFM-images of carbonado, made on a different scale: (a and b) �± micron scale, (c 

and d) �± nanometer scale. 

Features of NV -  centers in diamonds 
���1�R�Z�D�G�D�\�V���Q�H�J�D�W�L�Y�H�O�\���F�K�D�U�J�H�G���Q�L�W�U�R�J�H�Q-�Y�D�F�D�Q�F�\���F�H�Q�W�H�U�V���D�U�H���R�I���J�U�H�D�W���L�Q�W�H�U�H�V�W���I�R�U���P�D�Q�\��
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Introduction  
�6�L�Q�F�H���W�K�H�����������V�����U�H�V�H�D�U�F�K�H�U�V���K�D�Y�H���E�H�H�Q���D�F�W�L�Y�H�O�\���V�W�X�G�\�L�Q�J���I�D�F�W�R�U�V���W�K�D�W���F�D�Q���L�Q�I�O�X�H�Q�F�H���W�K�H��

�W�U�D�Q�V�P�L�V�V�L�R�Q�� �R�I�� �+�,�9-���� ���K�X�P�D�Q�� �L�P�P�X�Q�R�G�H�I�L�F�L�H�Q�F�\�� �Y�L�U�X�V-�������� �R�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �G�D�Q�J�H�U�R�X�V��
�V�H�[�X�D�O�O�\���W�U�D�Q�V�P�L�W�W�H�G���L�Q�I�H�F�W�L�R�Q�V���O�H�D�G�L�Q�J���W�R���$�,�'�6�����D�F�T�X�L�U�H�G���L�P�P�X�Q�R�G�H�I�L�F�L�H�Q�F�\���V�\�Q�G�U�R�P�H���� 

�,�W�� �Z�D�V�� �V�R�R�Q�� �G�L�V�F�R�Y�H�U�H�G�� �W�K�D�W�� �R�Q�H�� �R�I�� �W�K�H�� �I�D�F�W�R�U�V�� �Z�D�V�� �W�K�H�� �D�P�\�O�R�L�G�� �I�L�E�U�L�O�V�� �F�R�Q�W�D�L�Q�H�G�� �L�Q��
�K�X�P�D�Q���V�H�P�H�Q�����$�P�\�O�R�L�G���I�L�E�U�L�O�V���D�U�H���L�Q�V�R�O�X�E�O�H���D�J�J�U�H�J�D�W�H�V���I�R�U�P�H�G���E�\���S�H�S�W�L�G�H�V���D�Q�G���S�U�R�W�H�L�Q�V���Z�L�W�K��
�G�L�I�I�H�U�H�Q�W�� �S�U�L�P�D�U�\���� �V�H�F�R�Q�G�D�U�\�� �D�Q�G�� �W�H�U�W�L�D�U�\�� �V�W�U�X�F�W�X�U�H�V�� �R�I�� �W�K�H�L�U�� �I�X�Q�F�W�L�R�Q�D�O�O�\�� �I�R�O�G�H�G�� �V�W�D�W�H�V�����7�K�H�V�H��
�I�L�E�U�L�O�V�� �D�U�H�� �X�V�X�D�O�O�\�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �Q�H�X�U�R�G�H�J�H�Q�H�U�D�W�L�Y�H�� �G�L�V�H�D�V�H�V�� �V�X�F�K�� �D�V�� �$�O�]�K�H�L�P�H�U�
�V�� �R�U��
�3�D�U�N�L�Q�V�R�Q�
�V�� �G�L�V�H�D�V�H���� �0�R�U�H�� �U�H�F�H�Q�W�O�\���� �L�W�� �E�H�F�D�P�H�� �D�S�S�D�U�H�Q�W�� �W�K�D�W�� �D�P�\�O�R�L�G�� �I�L�E�U�L�O�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\��
�F�R�Q�W�U�L�E�X�W�H���W�R���D�F�F�H�O�H�U�D�W�H�G���+�,�9���W�U�D�Q�V�P�L�V�V�L�R�Q�����,�W���L�V���K�\�S�R�W�K�H�V�L�]�H�G���W�K�D�W���D�P�\�O�R�L�G���I�L�E�U�L�O�V���H�Q�K�D�Q�F�H���W�K�H��
�D�G�K�H�V�L�R�Q���R�I���+�,�9���Y�L�U�X�V���S�D�U�W�L�F�O�H�V���W�R���F�H�O�O���P�H�P�E�U�D�Q�H�V���E�\���U�H�G�X�F�L�Q�J���H�O�H�F�W�U�R�V�W�D�W�L�F���U�H�S�X�O�V�L�R�Q���E�H�W�Z�H�H�Q��
�W�K�H���P�H�P�E�U�D�Q�H�V���R�I���W�K�H���Y�L�U�X�V���D�Q�G���W�K�H���W�D�U�J�H�W���F�H�O�O���>���@���� 

�6�H�P�H�Q�R�J�H�O�L�Q���� �D�� �S�U�R�W�H�L�Q�� �I�R�X�Q�G�� �L�Q�� �W�K�H�� �K�X�P�D�Q�� �V�H�P�L�Q�D�O�� �F�R�D�J�X�O�X�P�� ���D�F�F�R�X�Q�W�L�Q�J�� �I�R�U��
�D�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �R�I�� �L�W�V���Y�R�O�X�P�H������ �L�V���V�H�F�U�H�W�H�G���E�\�� �V�H�P�L�Q�D�O���Y�H�V�L�F�O�H�V���D�Q�G���L�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���W�K�H��
�L�P�P�R�E�L�O�L�]�D�W�L�R�Q�� �D�Q�G�� �I�L�[�D�W�L�R�Q�� �R�I�� �V�S�H�U�P�D�W�R�]�R�D�� �Z�L�W�K�L�Q�� �W�K�H�� �V�H�P�L�Q�D�O�� �F�R�D�J�X�O�X�P���� �D�� �J�H�O�²�O�L�N�H��
�U�H�V�H�U�Y�R�L�U���I�R�U���F�D�S�W�X�U�L�Q�J���D�Q�G���W�U�D�Q�V�S�R�U�W�L�Q�J���V�S�H�U�P�����7�R���O�L�T�X�H�I�\�� �V�H�P�H�Q���D�Q�G���L�Q�L�W�L�D�W�H���V�S�H�U�P���P�R�W�L�O�L�W�\����
�V�H�P�H�Q�R�J�H�O�L�Q�� �P�X�V�W�� �E�H�� �F�O�H�D�Y�H�G�� �E�\�� �S�U�R�V�W�D�W�H-�V�S�H�F�L�I�L�F�� �D�Q�W�L�J�H�Q�� ���3�6�$���� �E�H�I�R�U�H�� �D�F�W�L�Y�D�W�L�R�Q���� �3�6�$�� �L�V��
�S�U�H�V�H�Q�W���L�Q���W�K�H���S�U�R�V�W�D�W�H���D�Q�G���L�V���L�Q�K�L�E�L�W�H�G���E�\���H�O�H�Y�D�W�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���]�L�Q�F���L�R�Q�V�������Z�K�L�F�K���F�O�H�D�Y�H�V��
�W�K�H�� �P�R�O�H�F�X�O�H�V�� �R�I�� �V�H�P�H�Q�R�J�H�O�L�Q���,�����6�(�0������ �D�Q�G�� �V�H�P�H�Q�R�J�H�O�L�Q�� �,�,�� ���6�(�0�������� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �W�K�H��
�I�R�U�P�D�W�L�R�Q���R�I�� �V�R�O�X�E�O�H���I�U�D�J�P�H�Q�W�V���W�K�D�W���F�D�Q���I�R�U�P���D�P�\�O�R�L�G���I�L�E�U�L�O�V���� �,�W���L�V���D�O�V�R�� �N�Q�R�Z�Q���W�K�D�W���]�L�Q�F���L�R�Q�V��
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Figure 1. Spatial structure of the peptide SEM1(86�±107) as an ensemble of 14 structures 
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Spinus, Spinus, where you were? 
Did you dive in the Resonance world? 
�± �³�<�H�V�����,���G�L�Y�H�G���Z�L�W�K���P�\���J�U�H�D�W���M�R�\���± 
�5�H�V�R�Q�D�Q�F�H���L�V���D���S�O�H�D�V�D�Q�W���W�R�\���´ 

�³�6�S�L�Q�X�V�´���V�F�K�R�R�O���L�Q�Y�L�W�H�G���\�R�X 
To look for a knowledge clue. 
We will show the signal birth 
In the field of our Earth! 

If you wish to have success, 
At the School achieve progress! 
We will teach you all to fly 
In the scientific sky! 

We desire you to get 
Many victories-�i�h�[�_�^�� 
It will be a good surprise 
If you catch the Nobel prize! 

�������� 
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