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In 2014 the world physics community celebrates the 100" anniversary of the birth of Anatole
Abragam, one of the most prominent scientists in the field of magnetic radiospectroscopy. He was the
Professor of the College de France, the member of the French Academy, the President of the French
Physics Society, the Commander of the Ordre de la Legion d’Honneur... All these regalia belong to a
man with an inquisitive mind, a great organizer of science, friendly colleague and witty
conversationalist. In the history of science the name of A. Abragam is associated with the discovery of
dynamic polarization of nuclei, nuclear anti-ferromagnetism, and his thorough research of hyperfine
structure of magnetic resonance spectra. For many scientists, the world of magnetic resonance
phenomena opened with a brilliant A. Abragam’s book — “Nuclear Magnetism”. Written in 1961, this
book to this day has not lost its honorable place among the books in which the balance between the
depth of subject penetration and the simplicity of explanations is brought to perfection. One can be
sure that young scientists working in any modern branch of magnetic resonance studies will find in the
Anatole Abragam’s books and papers the answers to their questions and an inspiration for their own
discoveries for many years to come.

M.S. Tagirov and V.A. Zhiharev
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Program

Sunday, June 22

Institute of Physics

8:30 Registration

Auditorium 210. Institute of Physics.

9:30-9:45  Opening Ceremony of School-2014

Lectures
Auditorium 110. Institute of Physics.
Chairman — M.S. Tagirov

9:45-10:30 U. Eichhoff (Bruker BioSpin GmbH, Silberstreifen, Germany), ‘“Medical
Applications of EPR”

10:30 - 11:15 N.M. Sergeyev (Moscow State University, Moscow, Russia), “70 Years of
nuclear magnetic resonance study of water. What is still not clear?”

11:15-11:30 Coffee break

Oral Session

Auditorium 110. Institute of Physics.

Magnetic Resonance in Solids.

Chairman — M.S. Tagirov

11:30 — 11:45 A.A. Bayazitov, “Development of quadrature coils “Neck” for low field MRI”

11:45-12:00 T.B. Biktagirov, “Multi-frequency EPR/ENDOR and DFT study of impurities
in (nano)hydroxyapatite”

12:00 — 12:15 B.F. Gabbasov, “Electron paramagnetic resonance of the SrTiO3:Mn crystals”
12:15-12:30 M.D. Galimov, “Prototyping of gradient controller for MRI scanner”
12:30 — 12:45 L.V. Konopleva, “Assessment of correctness of MRI based Fiber Tracks”

12:45-13:00 T.A. Zaripov, “Studies of correlation between viscosity oil and nuclear
magnetic relaxation characteristics”

Auditorium 112. Institute of Physics.
Coherent Optics and Optical Spectroscopy
Chairman — V.V. Semashko

11:30 - 11:45 O.R. Akhtyamov, “Ultrashort pulsed UV lasers based on the Ce’":LiCaAlF,
and LiLuYF4:Ce’" crystals”

11:45-12:00 A.l. Galiev, “Photodynamic processes in LiCaAlF6:Ce3+ UV active medium”

12:00 — 12:15 V.G. Gorieva, “LiYo3Lug7F: Ce3+, Pr’" mixed crystal as a perspective
up-conversionally pumped UV active medium”
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12:15-12:30 R.A. Idrisov, “The development of polymer laser-active media with improved
performances”

12:30 — 12:45 A.V. Lovchev, “Up-conversion luminescence of LangPr3+ crystal”

12:45-13:00 M.S. Pudovkin, “Toxicity of photoactive fluoride nanoparticles PrFs and LaFs;
for biological organisms (bacteria, cancer cells) under the laser irradiation”

13:00 — 14:00 Lunch

Auditorium 110. Institute of Physics.

Magnetic Resonance in Solids.

Chairman — F.S. Dzeparov

14:00 — 14:15 G.R. Nureeva, “Pulse and CW EPR techniques to study of biradical systems”

14:15 - 14:30 L.R. Sitdikov, “Development of hardware-software complex to switch
between sensors for measuring magnetic field homogeneity of resonance
magnetic tomograph”

14:30 — 14:45 1.V. Yatsyk, “Existence of the two-dimensional electron gas at the interface
multiferroic/ferroelectric GAMnOs/SrTiO; detected by ESR”

14:45 - 15:00 K.M. Yunusova, “Pulsed EPR study of photoinduced paramagnetic centres in
meteoritic nanodiamonds”

15:00 — 15:30 V.O. Sakhin, “Local magnetization above T, in the La,,SryCuOs single
crystals studied by EPR”

15:30 — 15:45 P.A. Agzamova, “Magnetic hyperfine interactions on 'V nucleus in
pyrochlore Lu,V,07”

Auditorium 112. Institute of Physics.
Coherent Optics and Optical Spectroscopy
Chairman — A.S. Nizamutdinov

14:00 — 14:15 N.F. Rakhimov, “Optical and physical properties of fluorite crystala CaFj:
Ce3+, Yb3+, Lu3+”

14:15 - 14:30 L.I. Farukhshin, “Study of laser characteristics of active medium
LiLu0_7Y0.3F4:Ce3+ in ultra-short pulse mode”

14:30 — 14:45 A.A.Shavelev, “Grows of solid solutions with colquiriite structure
LiCal_XSrXAlF(,:Ce3+”

14:45 - 15:00 S.A. Shnaidman, “Dynamical processes investigation in CaF,:Ce’ +Yb*" and
mixed CaF, — LuF3:Ce3+ +Yb** crystals”

15:00 — 15:30 V.V. Pavlov, “Photoinduced processes in Ce’ doped SrAlFs crystal”

15:30 — 15:45 M.A. Smirnov, “The effect of chromophores concentration on the quadratic
nonlinear optical activity of methacrylic compymers with azochromophores in
the side chain”

11:15—-11:30 Coffee break



PROGRAM

Auditorium 110. Institute of Physics.

Magnetic Resonance in Solids.

Chairman — E.B. Fel’dman

16:00 — 16:15

16:15 -16:30

16:30 — 16:45
16:45-17:00

17:00 — 17:15
17:15-17:30

17:30 - 17:45

17:45 - 18:00

O.A. Babanova, “NMR study of reorientational and translational motion of
BH,4 groups in novel bimetallic perovskite-type borohydrides”

Z.N. Volkova, “Melting of the orbital order in LaMnOj: the 170, 139 a NMR
study”

A.l. Dmitriev, “Magnetic phase transition in g-Ing,4Fe; 7603 nanowires”

V.O. levleva, “'H NMR study of hydrogen site occupancy in hydrides of
disordered Ti-Nb”

R.D. Nevmyvako, “NMR in Li;M3Al(M0Q,), triple molybdates (M = Rb,Cs)”

I.N. Razmislov, “Ferromagnetic resonance properties of nanocomposite
ferromagnetic thin films”

A.G. Smolnikov, ““*®*Cu NMR/NQR study on the geometric frustrated
multiferroic CuCrO,”

A.F. Sadykov, “The features of the magnetic properties of low-dimensional
isostructural cuprates NaCu,0, and LiCu,0, investigated by NMR”

Auditorium 112. Institute of Physics.

Magnetic Resonance in Chemistry, Biology and Medicine
Chairman — A.V. Klochkov

16:00 — 16:15

16:15 - 16:30

16:30 — 16:45

16:45 —-17:00

17:00 - 17:15

17:15-17:30
17:30 — 17:45
17:45 - 18:00
18:00 — 18:15

Yu.Yu. Titova, “Magnetic resonance (NMR, ESR) in the study of the
formation mechanism of catalysts based on nickel phosphine complexes and
boron trifluoride etherate in the lower alkenes dimerization”

O.V. Aganova, “The study of the conformation and dynamics derivative of
the new quaternary phosphonium salts by NMR spectroscopy”

V.E. Vorobeva, “Coexistence of spin crossover and magnetic ordering in the
dendrimeric iron(IIT) complex”

I.Z. Rakhmatullin, “Complex formation between pravastatin and sodium
dodecyl sulfate micelle studied by NMR spectroscopy”

K.S. Usachev, “Solution NMR structures of the Arctic and the wild types of
Alzheimer’s AP peptides in membrane mimicking environment”

K.B. Konov, “The study of sugars influence on mobility of lipid bilayer”

I.LE. Apanasenko, “NMR and optical study of supramolecular complexes of
carotenoids lutein and zeaxanthin”

Yu.V. Berestneva, “Interaction of the 1,1,3-trimethyl-3-(4-
methylphenyl)butyl hydroperoxide with tetraethylammonium bromide”
Coffee break

Auditorium 110. Institute of Physics.

Magnetic Resonance in Solids.
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Chairman — S.B. Orlinskii

18:15 - 18:30

18:30 — 18:45

18:45 —19:00

19:00 — 19:15

19:15 -19:30

19:30 - 19:45
19:45 - 20:00

E.A. Sviridov, “Determination of d(CAGCGGCGTG)-d(CACGCCGCTG)
DNA-duplex spatial structure by NMR-spectroscopy”

T.A. Soldatov, “Collapse of the spinon doublet in the spin-liquid phase of
CSzCuC14”

V.A. Soltamov, “Optical and electrical manipulation of a silicon vacancy
related defects spin states in Silicon Carbide”

M.Yu. Zakharov, “‘H NMR of water colloidal solutions of nanosized
crystalline particles LaF5:Gd*™

A.A. Kamashev, “Effect of superconducting spin valve and triplet
superconductivity in Fel/Cu/Fe2/Cu/Pb heterostructures”

Yu.S. Kutin, “W-band ENDOR study of V" and Mn*" in ZnO”
B.V. Yavkin, “Fluoride-modified nanodiamonds studied by HF EPR”

Auditorium 112. Institute of Physics.

Magnetic Resonance in Chemistry, Biology and Medicine
Chairman — V.A. Zhikharev

18:15 - 18:30

18:30 — 18:45

18:45 - 19:00

19:00 — 19:15

19:15 -19:30

19:30 — 19:45

19:45 —20:00

20:00 —20:15

Yu.Yu. Titova, “EPR, and hydrogenation, and polymerization catalysis by
systems based on nickel complexes with 1,4-diaza-1,3-butadiene (o-diimine)
ligands”

E.D. Gerts, “Analysis of experimental and simulated spectra of thermotropic
liquid crystals”

D.A. Mainichev, “Supramolecular chemistry of cucurbit[7]uril in solution -
inclusion compounds with serine and isoleucine”

I.D. Markova, “The influence of metal chelation on photoinduced generation
of free radicals by anticancer quinone. NMR and CIDNP study”

V.A. Timoshnikov, “UV light induced photodegradation of deferiprone
chelate complexes. NMR and CIDNP study”

M.F. lakovleva, “Investigation of kagome-compound YBaCos;AlO; by
magnetic methods”

D.P. Pavlov, “Crystal field analysis and magnetic properties of the EuF; Van-
Vleck paramagnet”

E.M. Gataullin, “ESR investigation of YbNi, nanometric alloys”

Monday, June 23

Lectures

Auditorium 112. Institute of Physics.
Chairman — V.A. Zhikharev
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9:00-9:45 A.P.Burlaka (R.E. Kavetsky Institute of Experimental Pathology, Oncology
and Radiobiology, Kiev, Ukraine), “Electron Paramagnetic Resonance in the
experimental and clinical oncology”

Auditorium 110. Institute of Physics.
10:00 — 10:30 Opening Ceremony of Conference MR-70

Lectures
Auditorium 110. Institute of Physics.
10:30 — 11:00 M. Scheffler (Stuttgart, Germany), “ESR on YbRh,Si, at mK temperatures”

11:00 — 11:30 A.A. Mukhin (Moscow, Russia), “Magnetic resonance in multiferroic rare-
earth borates”

11:30 — 12:00 H. Keller (Zirich, Switzerland), “Probing fundamental properties of
unconventional superconductors under hydrostatic pressure”

12:00 — 12:20 Coffee break

Auditorium 112. Institute of Physics.
12:30 — 13:50 Bruker BioSpin Users Meeting

14:00 — 15:30 Lunch

15:30 - 17:00 Bruker BioSpin Users Meeting
17:00 — 17:20 Coffee break

Auditorium 110. Institute of Physics.

17:20 — 17:40 M.V. Eremin (Kazan, Russia), “Magnetic properties of rare-earth ions with
orbital degenerate states”

17:40 — 18:10 F.S. Dzheparov (Moscow, Russia), “Magnetic resonance and relaxation of
polarized beta-active nuclei. Modern state and visible trends”

18:10 — 18:30 A.V.Duglav (Kazan, Russia), “Zavoiskii and NMR: the analysis of the
logbooks and rerunning of the experiments”

19:30 —22:00 Welcome Party

Tuesday, June 24

Lectures
Auditorium 110. Institute of Physics.

9:00—-9:30 L. Berliner (Denver, USA), “Early history, developments and the future in
magnetic resonance applications to biology and medicine”
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9:30 - 10:00 R. Kaptein (Utrecht, Netherlands), “Protein-DNA recognition: how does the
protein find its target?”

10:00 — 11:30 V. Polshakov (Moscow, Russia), “NMR studies of protein-ligand interactions”
10:30 — 11:00 J. Hennig (Freiburg, Germany), “New horizons in spatial encoding in MRI”

11:00 —11:20 Coffee break

11:30 - 11:50 P. Andjus (Belgrad, Serbia), “MRI studies on ALS animal models”
11:50 - 12:20 H. Hirata (Hokkaido, Japan), “In vivo tumor extracellular pH monitoring
using EPR spectroscopy”

13:00 — 14:30 Lunch

Auditorium 112. Institute of Physics.

14:30 — 15:00 G. Gecheidt (Graz, Austria), “Following the reactivity of radicals by time-
resolved EPR and CIDNP”

15:00 — 15:30 D. Goldfarb (Rehovot, Israel), “New developments and applications of
distance measurements using Gd** spin labels”

15:30 — 16:00 L.B. Krivdin (Irkutsk, Russia), “Recent advances in the structural applications
of the high-level non-empirical calculations of the NMR parameters”

16:00 — 16:30 M. Bowman (Tuscaloosa, USA), “Electron spin relaxation at high radical
concentrations”

16:30 — 17:00 Coffee break

17:00 — 19:00 Master Class

Wednesday, June 25

Lectures
Auditorium 110. Institute of Physics.

9:00-9:30 H.W. Spiess (Mainz, Germany), “Advanced magnetic resonance studies of
functional materials and signal enhancement”

9:30 - 10:00 S. Zvyagiin (Drezden, Germany), “High-field ESR studies of the triangle-
lattice antiferromagnet Cs,CuBr4”

10:00 — 10:30 H. Ohta (Kobe, Japan), “Developments and applications of multi-extreme THz
ESR”

10:30 — 11:00 A. Schengelaya (Tbilisi, Georgia) “Novel magnetic resonance technique to
detect magnetoelectric coupling in multiferroic materials”

11:00 — 11:20 Coffee break

11:20 — 11:50 W. Lubits (Miilheim, Germany), “EPR — a key technique to understand metal
biocatalysis”
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11:50 — 12:20 K. Moebius (Berlin, Germany), “Advanced EPR on biomolecules - crossing
the gap to NMR”

13:00 — 14:30 Lunch

14:30 — 19:30 Excursion tour

Thursday, June 26

Lectures
Auditorium 110. Institute of Physics.

9:00-9:30 J. Schiclschmidt (Dresden, Germany), “ESR on correlated ferromagnetic
metals”

9:30-10:00 B. Actas (Gebze. Turkey), “Spin-dynamics in magnetic multilayers by FMR
investigations”

10:00 — 10:30 V.N. Glazkov (Moscow, Russia), “Magnetic resonance in spin-gap magnets”

10:30 — 11:00 M. Fu (Hamilton, Canada), “'’O single crystal NMR study on S = 1/2 Kagome
lattice ZnCus(OH)sCl,”

11:00 — 11:20 Coffee break

11:20 — 11:50 S. Vasiliev (Turku, Finland), “Dynamic Nuclear Polarization of Phosphorus in
Silicon in Strong Magnetic Fields and Low Temperatures”

11:50 — 12:20 T. Takui (Osaka, Japan), “NMR-paradigm pulse ESR spectroscopy: Coherent
multi-frequency spin manipulation technology for spin-based quantum
computers and quantum information processing”

12:20 - 12:50 I. Geru (Chisinau, Moldova), ‘“Non-traditional approach to quantum
computing”

13:00 — 14:30 Lunch

Auditorium 110. Institute of Physics.

14:30 — 15:00 E.B. FelI’dman (Chernogolovka, Russia), “Multiple quantum NMR in one-
dimensional and nanoscale systems: theory and computer simulations”

15:00 — 15:30 S.B. Orlinskii  (Kazan, Russia), “High-Frequency EPR and ENDOR
Spectroscopy on Nanostructures”

16:00 — 16:30 Coffee break

16:30 — 20:00 Poster Session of MR-70

Friday, June 27

Lectures

10
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Auditorium 110. Institute of Physics.

9:00-9:30 Yu.M.Bun’kov (Grenoble, France), “The coherent precession of
magnetization”

9:30-10:00 R. Khasanov (Brugg, Switzerland), “Pressure induced magnetic order in
Yb,Pd,;Sn:occurrence of two quantum critical points™

10:00 — 10:30 B.Z. Rameev (Gebze, Turkey), “FMR studies of the magnetic anisotropies in
half metallic and diluted magnetic oxides”

10:30 — 11:00 V.A. lvan’shin (Kazan, Russia), “Dualism of 3d electrons in YbT,Zn, (T=Co;
Fe): ESR evidence”

11:00 — 11:20 Coffee break

11:20 — 11:50 A.l. Smirnov (Moscow, Russia), “ESR experiments on spin liquid phases in
crystals”

11:50 — 12:20 A.V. Klochkov (Kazan, Russia), “Application of *He NMR in porous media”

12:20 — 12:50 L.E. Svistov (Moscow, Russia), “Experiments on exotic magnetic phases in
quasi-one-dimensional frustrated magnets”

12:50 — 13:20 V.V. Dmitriev (Moscow, Russia), “NMR studies of superfluid *He in
“nematically ordered” aerogel”

13:30 — 14:30 Lunch

Auditorium 110. Institute of Physics.
14:30 Closing Ceremony of Conference MR-70 and School-2014

11



LECTURE NOTES

Medical Applications of EPR
U. Eichhoff, P. Hofer

Bruker BioSpin GmbH, Silberstreifen, D-76287 Rheinstetten/Germany
e-mail: Uwe.Eichhoff@bruker-biospin.de

EPR in medical and pharmaceutical investigations is based on the quantitative
determination of free radicals in the organism, mainly of Reactive Oxygen Species (ROS) and
Reactive Nitrogen Species (NOS). Reactive oxygen species like superoxide and hydroxide are
formed by radiation or by malfunctions of some enzymes. They are always indication of a
pathological state. ROS normally have low concentration and short lifetime. Spin labels allow
to add a paramagnetic center to the EPR-silent molecules and allow detection by EPR.
Shortlived radicals can be catched by spin traps and form long living radicals, which then
become also accessible to EPR. Antioxydant activity can be monitored through the reaction
with diphenylpicrylhydrazine (DPPH). ROS are involved in aging, cancer, diabetes,
cardiovascular and inflammatory diseases. Their concentration in blood plasma is increased
by stress but can be diminished by physical exercise. Sports medicine and monitoring organ
transplantation are additional applications. Measurements must be performed at clearly
defined temperature and oxygen partial pressure.

The NO-radical, which is involved in many processes in the organism, can be detected
directly. Peroxynitrite gives no EPR-signal, but forms with the reactive oxygen species EPR-
active long living nitroxyl-radicals. Nitric oxide binds to hemoglobin forming a long living
spin-labeled adduct with is detectable at low temperature and allows to determine the NO-
concentration in blood plasma.

e-scan

b)

a) || i B B =
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Specbram of the Asooric Aod Radcal i Elood
Pleecmes
[ ——— .
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| e - —_— e
Spectrami of WD bound to Haemeogbobm. Spin Trapping of ROS

[77 K wsing Finger Dewsar)

Fig.1. EPR measurements of Reactive Oxygen and Reactive Nitrogen Species:
a) antioxidant activity with DPPH assay; b) ascorbic acid in radical in blood plasma;
¢) NO bound to hemoglobin; d) spin trapping of reactive oxygen species
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lonizing radiation leads to disruption of chemical bonds and formation of free radicals.
The amplitude of the corresponding EPR signal is over a wide range proportional to the
radiation dose. In the regions, which suffered from the Chernobyl accident in Russia,
Belorussia and Ukraine, EPR spectrometry is used for tooth enamel dosimetry. The EPR
signal of tooth enamel reflects the total radiation dose, which a person has accumulated
during its life. EPR spectrometers for these investigations need a very high sensitivity and
stability.

Any EPR spectrometer can be extended to EPR imaging by adding gradient coils with a
special power supply and appropriate software. For medical applications the strong absorption
by water in the X-band is an additional obstacle. Biological objects due to their greater size
and high water content are therefore better investigated in the L-band and S-band with a
special large bore magnet and gradient assembly. For material science X- and Q-band are
preferable due to higher sensitivity. A standard universal EPRI system includes two magnet
systems for X- and L-band.

In contrary to MRI, EPR imaging relies mainly on continous wave-methods (cw). The
short relaxation times in EPR (nsec-usec), further shortened by the strong imaging gradients,
do not allow to apply pulse sequences and Fourier-Imaging, which are standard in MRI. But
for the time being the EPR-cw-spectrum measured in the presence of a gradient, which is
stepped in two or three coordinate directions and the image is obtained by back-projection
like in X-ray tomography.

In EPR tomography the relationships between FOV, resolution, pixel bandwidth and
gradient strength are the same as for MRI. In practice, however, there is a large difference
regarding the pixel bandwidth. In low and medium filed MRI the gradient strength is often
large enough to ensure that no chemical shift distortion appears in the image. In EPRI
suppression of hyperfine interaction in any image would require enormous gradients. Instead,
the spectral distortion from gradients is removed by deconvolution with the original EPR
spectrum. For an EPR line width of 100mG a resolution of 25 can be achieved.

c
ischemic core

’

I f

ischemic normal
side side

Fig.2. Ischemic stroke in rat brain: a) MR-diffusion-image; b) EPR line width-image;
¢) MRI/EPRI overlay; d) histology

One of the most promising applications of EPR imaging is oximetry. The width of the
EPR line depends on the partial oxygen pressure. The line width can be calibrated against the
partial oxygen pressure and then the partial oxygen pressure can be calculated from the EPR
line width and displayed in a colour code. The image therefore reflects the oxygen
concentration in the sample and ischemic conditions can be easily detected with EPR
oximetry. An overlay on a MRI image relates the ischemic area to the anatomy. In malignant

13
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tumors like melanoma [1] radicals are created, which allow the imaging of core tumor and
metastases.

326 425 359
8 (mT)

Fig.3. In vitro EPR spectra and images from melanoma B16 metastases in mice lung [1]
a: spectrum from a freeze-dried melanoma; b: 2D image; ¢: 3D image;
d: picture from a fresh melanoma slice; e: corrresponding EPR image;
f: picture of freeze dried lungs with metastases; g: 2D transversal EPR image;
h: longitudinal section through a 3D EPR image

EPR imaging in cw mode is very time consuming. Recent promising developments in
Pulse EPR technology may decrease imaging time for certain applications by an order of
magnitude.

References

[1] E.Vanea,N. Charlier, J. DeWever, M. Dinguizli, NMR Biomed. 2008; 21: 296
O. Feron,J.F. Baurain and B. Gallez
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70 Years of nuclear magnetic resonance study of water.
What is still not clear?

N.M. Sergeyev

Department of Chemistry, Moscow State University, Moscow, RF

e-mail: sergeyev@nmr.chem.msu.ru

Practically in this 2014 year it is possible to celebrate the 70 anniversary of use of of
nuclear magnetic resonance spectroscopy for water studying. Hundreds (or may be even
thousands) researches were devoted to water that included use of various techniques (with use
of spectroscopy of a nuclear magnetic resonance on various nuclei *H. *’0, ?H, and also with
application of various relaxation techniques, temperature dependences, etc.). However, as it
often happens in science, with increase in volumes of researches becomes clear that the true
understanding of a problem is removed to the future. For water the central problems
connected with structure of liquid water (distribution of various clusters by dimensions), with
exchange processes between various clusters, (in particular, with a contribution of processes
of tunneling to exchange processes) still aren't solved, and only one remains clear — the
solution of these problems is removed in the uncertain future.
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LECTURE NOTES

Electron Paramagnetic Resonance in the experimental and
clinical oncology

A.P. Burlaka

R.E. Kavetsky Institute of Experimental Pathology, Oncology and Radiobiology NAS of
Ukraine, Kyiv, Ukraine

e-mail: apburlaka@gmail.com

This lecture presents a main output of our long-term EPR experience in the
experimental and clinical oncology studies acquired in the R.E. Kavetsky institute of
Experimental Pathology, Oncology and Radiobiology of the National Academy of Science of
Ukraine. Some applications of the conventional X-band EPR measurements combined with
the spin trapping techniques to study the mechanisms of the chemical, radiation induced and
hormonal carcinogenesis; to investigate the influence of the regulators of the cell
proliferation; to diagnose and differentiate the tumors; to monitor the effectiveness of the
therapeutic treatment of the malignant tumors, etc., are shown.

An understanding of the nature of cancer is an urgent medical and social problem of our
Society. According to the reports of International Agency for Research of Cancer (IARC),
cancer is the biggest cause of mortality worldwide — there were an estimated 8.2 million
deaths from cancer in 2012 and cancer cases are forecast to rise by 75% and reach to 25
million over the next two decades [1]. The complexity of the cancer related studies demands
an application of different analytical tools and approaches for the investigations at the
fundamental levels, in the pre-clinical research, clinical diagnostics, to estimate the
effectiveness of the theraupetic treatments, etc. Soon after the discovery of the electron
paramagnetic resonance (EPR) phenomenon in 1944 by E.K. Zavoisky at Kazan University, it
became clear that EPR can give a unique information in the biological and medical related
studies [2 - 6].

Since 1960 different EPR approaches including spin trapping were and are used in the
Institute of Experimental Pathology, Oncology and Radiobiology to study the mechanisms of
the chemical, radiation induced and hormonal carcinogenesis; to investigate the influence of
the regulators of the cell proliferation; to diagnose and differentiate the tumors; to monitor the
effectiveness of the therapeutic treatment of the malignant tumors. Some of the results are
gathered in the monographs [2 — 4]. This paper presents an attempt to summarize the most
significant original output of our research complemented by the recent ones [1, 5 - 7].

A growing interest to the clinical applications of the EPR methods is to observe last
decade (see [9] for the list of the references on this issue). Along with the use of the high
filed/ high frequency EPR techniques, EPR imaging and their Fourier-transformed variations,
appearance on the market of a number of the “easy-in-use” table-top EPR spectrometers with
the enhanced sensitivity and stability turn EPR into the powerful tool for the (bio)medical
research that can cover a wide range of expertise from the fundamental studies to the routine
screening. We hope that all these in combination with other experimental and theoretical
approaches, finally, could significantly help in the cancer related investigations to unravel the
tricks of the Nature.
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In modern medical equipment based on the nuclear magnetic resonance, different types
and configurations of receiving coils with high resolution are used. Among them — multiple
loop systems of sensors (connected), capable to work both jointly, and independent from each
other. The images of objects received at present with use of these receiving sensors can be
considered as very successful.

The purposes of this work are to conduct research and upgrade of the sensor of surface
type. To justify a choice of construction of the receiving sensor about the best sensitivity and
a signal-to-noise ratio.

Researches were conducted for sensors taking into account magnetic field strength of
0.06 T. The sensor is a part of the “TMR — 0,06 — KFTI* MRI system. Operating frequency
isf=25MHz.

In this operation research of the sensors “Kidney”, "Spine" of surface type was
conducted. The different experiments were delivered: the calculation of the shape of the
sensor, measurement of signal level, the use of different types of shielding. During the
experiment with the use of external screen in the form of a closed loop, there was an increase
in signal level in the studied region fig.1.

1
_l_ h,em

Fig.1. The signal level with the screen (2 — 5) and without screen (1)

Good quality of system shall be an order 200 — 300. In the course of experiments
obtained image with different types of sensors. An output are made will help by development
of the new "Neck" sensor. Results received during research can be applied to other types of
tomographs with corrections of operating frequency.
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We demonstrate the application of combined experimental-computational approach for
studying ionic substitutions in the structure of hydroxyapatite Ca;o(PO4)s(OH), nanocrystals
(nano-HAp).

Our initial interest to the nano-HAp was motivated by the search for reliable prognostic
markers to trace the atherosclerotic plague development at the early stages of atherosclerosis.
We have exploited the increased sensitivity and resolution of the high-frequency electron
paramagnetic resonance (EPR) for studying the tissues of aorta walls of male patients and
synthesized nano-HAp as model systems for the calcified tissues [1].

We have spread our studies onto the investigations of different nano-HAp samples by
means of X- (9.5 GHz) and W-band (94 GHz) EPR and double resonance (ENDOR) pulsed
techniques. It is demonstrated that during the wet synthesis process nitrate anions from the
by-products can incorporate into the nano-HAp. The comparison of the experimental data
with spectroscopic and structural information as followed from ab initio density functlonal
theory (DFT) calculations (cf. Fig.1) allowed us determining the nature of the NO3;/NOs*
impurity and the particular crystallographic site of the nitrate location in nano-HAp.

We have proposed the implication of the NO5/NOs* species to probe the effects of co-
doping of nano-HAp by different types of ionic substitutions. In particular, the competitive
behavior of interplay between the simultaneously incorporated nitrate and carbonate anionic
dopants was observed. Furthermore, complexatlon between the oppositely charged impurities
was suggested when the nitrate is introduced in nano-HAp together with Mn®" ijons. All the
experimental observations were supported by DFT calculations.

o) “%‘3 %ﬁ*
£ 83 o éx )
0 Q-h 8% %S 4.96

&Q(;ﬂ °_ 69&2 o
R ‘I ©
3340 3350 3360 Ca NO; OH PO4
Fig.1. Electron spin echo detected EPR spectrum of the NOs? radical in nano-HAp at 94 GHz
at T =297 K (exp) along with the curve simulated using the spectroscopic parameters
followed from DFT analysis (DFT) and the corresponding structure of HAp containing NOs*~
impurity as used in simulation.
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Abstract

In this paper the results of the Mn** impurity centers EPR study in the high-quality
SrTiOs single crystals are reported. For the thin platelet-shaped crystals with the plane
perpendicular to the [001] axis in the m3m cubic phase (T > 105 K) the small but clearly
detected tetragonal distortion of the Mn** centers is found. For a square prism-shaped sample
a height change leads to the systematic modification of the anisotropy degree, with a zero-
field splitting inversely proportional to the height value. Observed phenomenon is related to
an effect of the shape-induced anisotropy of the SrTiO3; host crystal which origin is to be
understood.

Introduction

Strontium titanate SrTiO3; (STO) serves as an object of scientific interest for already
several decades and still the new intriguing phenomena are reported. STO has a simple cubic
perovskite structure above T.=105K, symmetry group m3m. At T, the compound
experiences a second order antiferrodistorsive structural phase transition to the tetragonal
phase with the space group 14/mcm. Below T, the structural domains are formed in the
crystalline samples with the tetragonal axes oriented along the three quasicubic [001] axes. In
principle, a single-domain sample may be obtained by an empirically found procedure that
consists in cutting of the (110) oriented [001] elongated plates [1] and temperature “training”.
In fact, low-temperature structure of STO as studied using X-ray diffraction is still a matter of
a debate.

Manganese-doped STO is also studied for quite a long time [2]. The electron
paramagnetic resonance spectroscopy has proven to be a powerful tool for investigations of
the impurity center structure and properties. It has been reported that Mn ions incorporate in
the STO host lattice in various oxidation states [3].

Recently, the interest to STO:Mn was revived due to the reports on the so-called
“magnetoelectric multiglass” behavior with an observation of both the ferromagnetic and
ferroelectric responses in heavily-doped ceramics at low temperatures [4, 5]. One of the open
questions is how the manganese impurity induces this multiglass phase.

Already in one of the earliest papers on STO:Mn by K.-A. Miiller it was mentioned that
the EPR spectra of Mn*" centers in the cubic phase reveal the small but clearly detected
departure of the symmetry from cubic to tetragonal [2]. However, no any consistent
explanation was proposed for this observation.

In this paper we report on a systematic study of the small tetragonal distortion detected
by the EPR spectroscopy for the impurity Mn** centers in the high-quality STO:Mn single
crystals. It is found that this distortion in the case of [001] oriented platelet is inversely
proportional to its thickness and thus is clearly specimen shape-induced.
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Materials and Methods

High quality SrTiOs:Mn single crystals (Furuuchi Chemical Corp., Tokyo) grown by
the Verneuil method from high purity (99.999%) initial components were taken for
investigation. The series of STO:Mn crystals that was at our disposal consisted of 12 samples
grown in different atmosphere (oxidizing/reducing/neutral), with different stoichiometry
compositions and doped with either MnO or MnO,.

Initially, the reported phenomenon was observed in the thin, 0.3 — 0.4 mm thick, plates
with the plane oriented perpendicular to the [001] crystal axis. For a systematic study of the
EPR spectrum anisotropy dependence on the specimen shape the right angle square prism
with the dimensions of 1.35x 1.35x2.20 mm® was cut from a boule with the faces
perpendicular to the cubic [001] axes of the crystal. Then the initial sample height was step-
by-step reduced by polishing. At each step the EPR spectra were recorded at T = 150 K.

EPR spectra were measured with a commercial Bruker ESP300 spectrometer operating
in the microwave X range (9.4 GHz) in a standard ER4102ST rectangular cavity with the
TEj02 microwave mode. The sample temperature was controlled by an ER4112HV continuous
flow helium system produced by Oxford Instruments.

Results and Discussion

All the samples of the STO:Mn series revealed in the room-temperature EPR spectra the
signals of the manganese ions in the oxidation states of Mn*, Mn*" and Mn*". Impurity
centers of Mn** and Mn*" ions at 300 K were represented in the spectra by the sextets due to
the hyperfine interaction with its own **Mn nucleus. The spectra could be nicely described in
the cubic symmetry approximation. However, with the temperature decrease the spectra of
Mn*" and Mn?* experienced significant transformation. Thus, the lines of the Mn”" center
broadened significantly which was related recently to slowing down of the intrinsic dynamics
within the presumably equivalent off-center positions [6]. On the contrary, the EPR spectrum
of the Mn** centers revealed line narrowing on cooling down and below 200 K the triplet
structure for each hyperfine component was readily resolved.

Some of our samples had the shape of the thin platelets. The EPR spectrum of thin
platelet sample of the SrTiOs:Mn*" measured at T = 150 K is presented in fig.1 by the black
line. One could notice also the low-intensity broad lines of the Mn** center.

It is known that the hyperfine interaction of Mn*" ion (S =3/2) with its own **Mn
nucleus (I = 5/2) affects EPR lines position of different fine structure component in the EPR
spectrum. The splitting caused by this influence is symmetric with respect to the |M| and for
M, = + 5/2 equals to 0.8 mT (lower trace in fig.1). However, in the experimental spectrum the
splitting of the high- and low-field components is strikingly different. This behavior is
specific for the paramagnetic centers with the presence of zero-field splitting caused by the
symmetry lowering. As a result, using the spin-Hamiltonian

H=gB(H-S)+ D[Sﬁ - S(S3+1))+ A(S-1),

with g = 2.004, D = 6 MHz and Gaussian distribution of D with a width of 6D = 17 MHz and
A=-215MHz it is possible to calculate the EPR spectrum essentially identical to the
experimental one (fig.1, middle trace). The distribution of the fine structure parameter D leads
to the broadening of the side components of the EPR spectra (transitions

Mg =+3/2) »>| M =+1/2)). Observation of nonzero D looks quite unusual because at

T=150 K the crystal is in the cubic phase. Moreover, the splitting between the side
components depends on the sample shape. To study the influence of the sample shape on the
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Fig.1. EPR spectrum of the SrTiO3:Mn (001) platelet sample, T = 150 K, B||[001] (upper

trace), simulated spectrum for zero (lower trace) and optimized nonzero fine structure
parameter D (middle trace).

splitting the measurements of the sample with a square (001)-oriented 1.35 x 1.35 mm? base
and various heights (starting with 2.2 mm) were performed. The investigation was done using
the same sample and successive height decrease followed by the EPR measurements at

T =150 K.
Fig.2 represents the high-field component of the EPR spectrum (M, = +5/2) at several

sample heights. It is clearly seen that the splitting between the fine structure components
increases with a decrease in the sample height. The dependence of this splitting as the
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Fig.2. EPR spectra of the high-field hyperfine component of the Mn** center in SrTiO3
single crystal for different height values at T = 150 K and B || [001]. Inset depicts the

dependence of the splitting between the fine structure components on the sample shape
anisotropy parameter (a/h).
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function of the sample shape anisotropy parameter (a/h), where a is the length of the base
edge and h is the height is presented in the inset of fig.2. Clearly, the splitting is proportional
to the sample shape anisotropy.

One can look at the observed spectrum dependence on the shape of the STO:Mn sample
as reflecting the host crystal structure via the Mn** EPR probe. Indeed, measured integral
concentration of manganese ions in our samples didn’t exceed 0.05 at.%, the Mn*" ion ground
state is an orbital singlet and thus shouldn’t impact the crystal structure. In this case we face
the macroscopic effect induced by the perturbation that for diamagnetic and paraelectric
materials is generally treated as rather weak. In our opinion, the generality of the phenomenon
should be studied with the EPR probes different than Mn**.

Conclusion

Thus, the EPR study of the Mn*" impurity centers in SrTiOs single crystals has revealed
the unusual for the cubic symmetry splitting of the fine structure levels. At the temperature
corresponding to the cubic phase of SrTiO; the axial anisotropy observed in the spectra of
Mn** ions is found to be proportional to the sample shape anisotropy. The origin of this
anisotropy is not yet understood and perhaps is related to the incipient electric polarization
formed in the crystal with temperature decrease.

Acknowledgement

The EPR spectra presented in the paper were measure with the equipment of the Federal
Center of Shared Facilities of Kazan Federal University. This work was partially supported by
Russian Foundation for Basic Research (project no. 14-02-31166 mol_a).

References

[1] Muller K. A., Berlinger W., Capizzi M., Grenicher H. // Sol. State. Comm. 1970. V. 8.
P. 549.

[2] Muller K. A. /I Phys. Rev. Lett. 1959. V. 2. P. 341.

[3] Serway R. A., Berlinger W., Miller K. A., Collins R. W. // Phys. Rev. B. 1977. V. 16.
P. 4761.

[4] Lemanov V.V., Smirnova E.P., Sotnikov A.V., Weihnacht M. // Phys. Solid State. 2004.
V. 46. P. 1442.

[5] Tkach A., Vilarinho P. M., Kholkin A. L., Pashkin A., Veljko S., Petzelt J. // Phys. Rev.
B. 2006. V. 73. P. 104113.

[6] Zverev D.G. etal, Opt. and Spectr. 2014. V. 116. P. 818.

23



PROCEEDINGS

Prototyping of gradient controller for MRI scanner
M.D. Galimov

Zavoisky Physical-Technical Institute of the Kazan Scientific Center of the Russian Academy
of Sciences, 420029, Sibirsky tract, Kazan, Russia

e-mail: galimov.mmf@kfti.knc.ru

Main idea of this work is developing hardware device for controlling gradient system of
MRI scanner. Before final device realizing we should develop a prototype of final device for
testing and debugging. Most important element of our future device (which will be develop in
early time) is gradient impulse former. Circuit diagram of this base element illustrated on
fig.1.

BIPOLAR
ANALOG INPUT

+10V Vbp
0 Q +15V

BIPOLAR
DIGITAL |
INPUT | LSB

Vour

Fig.1. Gradient impulse former circuit diagram for single channel of MRI scanner gradient
system

AD7533 is CMOS Low Cost 10-Bit Multiplying DAC with DIP package. AD711 is
Precision Low Cost High Speed BIFET Op Amp with DIP package. Both chips from Analog
Devices.

Prototype block diagram illustrated on fig.2. Altera DE1 development kit using for 10
control bits forming which using for DAC control on device prototype. We have internal
FIFO interface on Altera DE1 and external UART interface on FTDI UM232R module. Both
interface using for communicating between PC and device prototype. Mean Well RT-50C is
power supply for DAC’s and operational amplifiers on prototype. We can see triplicated
gradient impulse former circuit diagram for single channel of MRI scanner gradient system
(from fig.1) for all gradient channels (X, Y, Z on fig.2). We will create printed board for
prototype of gradient controller for MRI scanner based on diagrams from fig.1 and fig.2 in
early.
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Abstract

In this work, methods have been proposed to validate results of MRI Fiber Tracking
(FT). Several parameters have been considered, which can give information about correctness
of localization of axonal tracts. The method is based on the constancy of probability and
entropy along the tract. Calculations were made on numerical phantoms and on real MRI data
too. As a result , it was found that the entropy is more resistant to noise parameter, than
probability.

Introduction

Diffusion measurements with MRI gives possibility to investigate the structure of
biological tissues in vivo. Mean diffusion distance of water molecules during the
measurement time is of the same scale as size of cells, therefor the method is very sensitive to
any tissue microstructure changes [1]. In particular, diffusion measurement provides
information about the architecture of the human brain. Various methods based on the
diffusion-weighted images are used for this purpose, one of which is axonal tractography.

Fiber tracking algorithms (FT) use this local information to find out fiber pathways, and
so connectivity between different regions of brain can be noninvasively determined, what
opens new possibilities for neuroscience and clinical diagnostics. In clinical practice, this
method is used for pre-planning of neurosurgical operations, as for planning the rehabilitation
treatment of patients after cerebral stroke. Furthermore, FB method can be used to monitor the
development of the brain in infants [1]. However, spatial resolution of MRI is limited to a few
millimeters, what is by several orders of magnitude larger than fiber diameter. Such averaging
over voxel gives correct directional information for fiber bundles with diameter of several
millimeters and for fibers with different directions within a voxel only averaged direction can
be found. Lack of correct directional information in crossing regions, partial volume effects
and noise in measured data lead to different errors in FT.

In this work a numerical fiber tracking phantom has been used to validate the results of
various methods of FT [1-4], because it is very difficult to work with real object, in addition,
we can not verify the correctness of the calculation results in vivo. Developed methods were
also applied to a real MRI data. The main parameters for assessing the correctness of results
are the change in entropy and probability along the tract. It was found, that the entropy is a
parameter more resistant to noise.

Mathematical description of diffusion effects

In biomedical objects the apparent diffusion coefficient can depend on measurement
parameters since the self-diffusion of water molecules in biological tissues is limited by
intracellular and interstitial barriers. In the literature on MRI biomedical objects word "self" is
usually omitted, therefore, further in this work the diffusion of water will mean the self-
diffusion of water molecules [1].

If diffusion is anisotropic, then the diffusion tensor is usually described like this:
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xx Xy Xz
Dr=\D, D, D, (1)
D Xz D vz D zz

Since the tensor is symmetric, the off-diagonal elements are equal. Selecting the appropriate
coordinate system, the DT can be diagonalized:

2 0 0
DT =[v,v,,] | 0 4 0 |[v,v,], )
0 0 A4

where A, — eigenvalues of the diffusion tensor, they characterize the rms displacement along

the corresponding direction. Eigenvectors describe the transformation of the coordinate
system, in which the measurements are carried out (it is associated with the location of the
gradient coils), to the coordinate system, where the diffusion tensor is diagonal. To determine
the direction of pathways in the brain as part of the method most important for us is the
eigenvector v, corresponding to the eigenvalue A [1].

Probability and entropy

To validate results of FB three parameters have been used - the probability, entropy, and
Renyi entropy. According to our assumption, these parameters should remain constant along
the entire tract.

Probability is calculated using the formula from the Koch’s article [5] (the probability
of reaching the voxel m from voxel n):

[d (r-m)+d(r,,, ”):Ia

p (m - n) =— -, 3)
anl[d (rmn,m) +d (rmn, n)]
where d (rmn , m) — «diffusion coefficienty, r,, — vector from voxel m to voxel n.
Coefficient a = 7, as it is a given value of a coefficient obtained the best results [5].
«Diffusion coefficient» may be calculated by the following formula:

r r
d(r,m)=—DT(m)—. 4)

I I

To calculate the information entropy in the voxel m, the following formula has been used:

H(m)==2..,p(i)log, p(i), (5)
where p(i) — previously considered probability coefficients.

Calculations using the Renyi entropy give good results for complex systems [6]. Since
the human brain is a complex fractal system, it has been assumed that the Renyi entropy can
be used in our case.

H, (m)=——log 3 #.): ©)

where o — is the fractal coefficient, which characterizes dimensionality of the system.

Description of the phantoms and results

Several phantoms have been numerically simulated For the phantom consisting of
straight lines (fig.1), results are shown in table 1.
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As shown in Table 1 with an
increase of noise in the image
increases the entropy and standard

Fig.1. Schematic
representation of the

phantom consisting of deviation of the probability.
. . However, this effect is stronger for
intersecting lines the probability than for the

entropy. Mean value of the

probability changes, whereas the
mean entropy remains
approximately at the same level.

Table 1. Mean values of probability and entropy along the directions 1 and 2 shown in fig.1
for the different levels of signal/noise ratio, the probability is given on a logarithmic scale

SNR Direction 1 Direction 2
Probability | Entropy Renyi Probability Entropy Renyi
(In) Entropy (In) Entropy
No -2,280 2,883 2,835 -2,178 2,908 2,854
noise
100 -2,512 2,926 2,881 -2,3545 2,996 2,994
(x0,017) (£0,003) (x0,003) (x0,017) (£0,004) (£0,004)
40 -2,497 2,922 2,877 -2,556 2,996 2,944
(£0,041) (£0,0006) (£0,006) (£0,047) (x0,011) (x0,011)

In crossing regions only averaged directions can be found. Lack of correct directional
information leads to different errors. In these areas (fig.1) there is a sharp increase in entropy
and a decrease in the probability that the observed and experimentally measured data (fig.2).

Based on the hypothesis of the
constancy of probability and entropy within
the axonal tract, it has been suggested the
mean probability decreases and the entropy
increases accordingly along the pathway,
which doesn’t correspond anatomical
structures. It will provide an opportunity to
establish, how well was determined
localization of axonal tract. This assumption
was confirmed by numerical simulations on
a phantom. In addition, the hypothesis has
been verified by actual data (fig.3). The
curve 1 corresponds to the tightly packed
bundles of nerve fibers, the curve 2 does not
correspond to any anatomical structures.
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Fig.2. change in the probability and entropy
for intersecting axonal tracts

Calculations were also done for the corticospinal tract of human brain. The calculations
has been also performed along the another curves, which do not correspond any anatomical
structure. The results are shown in table 2.

In this case entropy was not the best parameter to validate the results. This can be
explained by the fact that, that the probability describes direction itself and entropy describes
surrounding voxels. And both sets of curves have a similar environment.
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Table 2. Mean values of probability and entropy for corticospinal tract and along the curve
which does not correspond the directions of observed fiber tracks. The probability is given in
logarithmic scale, in parenthetic id the standard deviation of the parameter along the tract

Corticospinal tract Various direction
Probability -2,86 (£1,90) -6,42 (+1,80)
Total probability -25,72 -57,76
Entropy 3,17 (£0,10) 3,37 (£0,30)
Total Entropy 28,54 30,32
Renyi Entropy 2,98 (£0,10) 3,17 (+0,40)
Total Renyi entropy 26,82 28,51

Fig.3. Diffusion-weighted image of the brain

Conclusions

In this work, we proposed a method of validating results of MRI-based axonal fiber
tracking results. The method is based on the assumption that the probability is maximal and
entropy is minimal along the tract. Verification of the method on the numerical phantom
showed that the above parameters allow us to estimate the correctness of the passage of nerve
fibers. In addition, the change of probability and entropy can be used to identify areas of
intersection of axonal tracts. Probability characterizes the direction itself and entropy
characterizes surrounding pixels. Simulation data with different signal / noise ratio showed
that the entropy is more resistant to noise parameter. Application of the method on real data
also confirmed our assumptions.
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It is necessary to determine the reservoir properties (RP) a collector to evaluate the
performance and profitability of the well. The reservoir properties can be divided into
geometric and dynamic. Geometric properties include capacity ¢ and permeabilityz. Dynamic

property is viscosity 7. The average rate of filtration <V> by Darcy’s is:

<v>=9=—ﬁvp, (1)
S 7
where Q — volumetric flow, S — cross-section, VP — pressure gradient.

Therefore, the definition of fluid viscosity is an important task in assessing the

reservoir. Modern viscometry methods are mostly laboratory, their application in field
conditions is difficult, and impossible in the borehole.

NMR is using increasingly in the well logging. Therefore it is necessary to find a way to
determine viscosity by nuclear magnetic resonance characteristic.

We use a several models for definition this evaluation. McConnell model is dipole-
dipole relaxation by rotational diffusion spheres with associated magnetic moment in a

viscous medium. In this model the relaxation speed T,' is proportional to the rotational

correlation time z,-T,' ~7,. It is known, that substances viscosity is associated with

correlation time through viscous relaxation time
2

R
9, ~n—139 ~1,, 2
c UTC Tc ()

4 ~7,. 3)
Complex of these models describes well simple, mono-component systems. Apply them
to describe the complex, multi-component systems, such as oil. We have dispersion of
rotational correlation times in mixtures. Therefore there is a dispersion of speed of spin-
spin relaxation.

To describe the viscosity of the system through the NMR characteristics, we considered
three models to be analyzed and the degree of applicability.

1. Rheological model for parallel connected viscosity elements. Slow modes of motion are
most significant (fig.1)

1
77~‘90~anpz-p~zpnpz__ (4)
2p
2. Rheological model for serially connected viscosity elements. Fast modes of motion are
most significant (fig.2)

n =9~ nr, =D N T, (5)
3. Energy model. The activation times are averaged in the mixture. Rotational correlation
time is nonlinear included in the viscosity (fig.3)

npy~mnd ~3 nnz,~-> n T, (6)
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Fig.1. Dependence of the time <T2> on the viscosity of oil samples calculated from the
model Nel (4)
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Fig. 2. Dependence of the time <T2> on the viscosity of oil samples calculated from the
model Ne2 (5)
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Fig.3. Dependence of the time <T,> on the viscosity of oil samples calculated from the
model Ne3 (6)
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The measurements were performed on the spectrometer Chromatec Proton 20M, 20
MHz. CPMG sequence used for the curve of the transverse magnetization decay. Recession
transverse magnetization has a multi-exponential character. Obtain spectra of relaxation times
using regularization algorithms (Tikhonov method).

It can be concluded from the literature that there are two areas: low-and high-viscosity
oil, for which the correlation of the relaxation time with viscosity has a different character [2].
Therefore analyzed range was broken into two parts: before and after 0.1 Pa*s to assess the
correlation.

The first model is characterized by a large spread in the area of high viscosity (inactive)
oils. Correlation increases with increasing viscosity. Dependence has a high correlation
coefficient in the field of high-viscosity oils (table 1). This is because the viscosity of heavy
oils is largely determined by high molecular weight components of oil with low value of the
relaxation time.

Table 1.
I\T T InT
Light oil 0,58 0,88 0,91
Heavy oil 0,95 0,84 0,98

The second model, in contrast, the best correlation between relaxation time and
viscosity is observed at low viscosity oils.

The third, the "energy" model, characterized by the absence of obvious artifacts in the
experimentally obtained data.

The data obtained suggest that the most correct model of the presented model is taking
into account average activation energy for all molecules of the mixture.

Thus, it is shown that the best model is the description takes into account the average of
the energy of activation.

However, none of these models is not possible to describe correctly the experimental
data. This means that it is necessary to introduce more complex models that take into account
more complex molecular mechanisms.
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An important problem of quantum electronics is the generation of laser radiation in the
form of ultrashort pulses in UV spectral range. The family of cerium-doped laser crystals [1]
offer an attractive all-solid-state route providing valuable tunable laser oscillation in the UV
directly with simpleness and attractive properties of solid-state laser (beam divergence,
energy distribution) which is problematic for nonlinear converters.

Here we report on UV laser oscillation on colquiriite structure fluoride mixture crystals
of Ce**:LiCaAlFs (Ce:LiCAF) and LiLuYF4:Ce® (Ce:LiLuYF) active media which can be
pumped at around 266 nm, and so can utilize frequency-quadrupled Nd-based pump lasers
[2]. We carried out experiments to generate subnanosecond pulses on Ce:LiCAF crystal at
energies well above the lasing threshold. Experimental results are presented in fig.1a.
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Fig.1. Temporal distribution Ce:LiCAF laser (with external mirror) (a); temporal distribution
Ce:LiLuYF laser

The composite laser cavity consist of a short length low Q-factor pulse-seeding laser
cavity and a feedback laser cavity. The pulse-seeding laser cavity provide only spiking mode.
Regenerative amplification was organized using long feedback cavity [1,2], and as a result we
see a stable ultrashort “pulse-train” with pulse duration at about 800 ps and a period defined
by the design of the cavity. It is important that length of the external cavity should be tuned so
that the second pulse of pulse-train occur before generation of the second stochastic pike. In
this case the lasing pulse is circulating into external laser cavity will use the inversion and
regenerative amplification will occure preventing stochastic laser oscillation.

The second step was in single picosecond pulse generation experiments. Here we
discuss the possibility of using photodynamic processes for intracavity losses modulation.
Internal UV pump induced losses in active medium could be utilized to shorten the laser
pulse. Ce:LiLuUYF crystal is advantageous here as color centers formation is well pronounced
in it [3]. We report on single pulse generation of about 400 ps duration from Ce:LiSAF
(fig.1b) in convenient Fabri-Perrot cavity and discuss conditions of pulse shortening in UV
active medium by photodynamic processes.
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One of the key problems of quantum electronics is prospects estimation of using new
materials as laser media. Existing methods of traditional optical spectroscopy are often can’t
give a definite answer to this question, because when trying to get lasing active substance
exposed much more intense impacts than those that take place in the case of the use of these
methods. It is that why intense optical pumping is accompanied by additional effects
associated with the appearance on the excited states of the investigated medium large
electronic populations that may impede, impair or even completely exclude the possibility of
exciting laser action [1]. One of the effective ways to assess the real "laser potential" new
media are "pump-probe" spectroscopy methods, which suggest the creation of conditions for
the excitation of the material close to the conditions of the laser tests. The most informative
studies are absorption/transmission coefficient of samples versus intensity and wavelength
exposure radiation. The specific role is playing interpretation methodology of the
experimental data. Thus it is possible to fully characterize the active madium, quantify its
prospects of realization, energetic and tunability properties of laser based on it.

This work is part of photodynamic processes in cerium-activated fluoride crystals
researches. The objectives of this paper are experimental studies of pump-induced effects in
LiCaAlFs: Ce’" single crystals, computer model elaboration and a appropriated software
package engineering. The last one have to allow either calculate the nonlinear absorption/gain
characteristics of the excited sample from the known parameters of the active medium, or find
its previously unknown parameters from pump-probe experimental dependences.

Methods of pump-probe spectroscopy have been registered absorption and/or gain
coefficient of LiCaAlFs: Ce’" crystals in the 4f <> 5d transitions of Ce®" ions spectral ranges
versus the intensity of the pump and probe radiation. Interpretation of these dependencies is
realized using a hypothetic model of photodynamic processes described in [1] and shown in
fig.1. The model included four level scheme laser oscillator supplemented with transitions
from excited states localized in the conduction band of the crystal host, recombination
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Fig.1. Stochastic model of photodynamic processes in LiCaAlFs:Ce’" active media
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processes and the processes of formation and destruction of the color centers. Part of the
model parameters are known with adequate accuracy from the literature [2, 3] and spectral-
kinetic studies of the samples. The remaining parameters were the subject of an optimization
procedure ("fitting"), carried out in such a way as to ensure a minimum residual between the
experimentally determined and calculated data. The results are shown in fig.2.
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Fig.2. Pumping radiation absorption (A=266 nm) and gain (A=290 nm) coefficients depending
on the pumping radiation energy density and fitting results

Estimated 5d-excited-state photoionization cross-sections of Ce’" ions and pump-
induced color centers at pumping and probe beams wavelength together with rates of
recombination processes of free charge carriers in crystals LiCaAlFs:Ce’" are shown in the
Table 1.

Table 1. Parameters of photodynamic processes from LiCaAlFs:Ce’” resulting from computer

simulation.
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Research results and developed software can be used for further design of ultrashort
pulse laser based of the LiCaAlF:Ce* active medium, as well as for studies of photodynamic
processes in other activated materials [4].
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Currently tunable solid-state optical quantum generators of UV range are most easily
implemented on interconfigurational 4f"'5d — 4f" transitions of rare-earth ions in wide-
bandgap insulators. In this case the pumping of the laser is usually carried out by UV
harmonics of visible and infrared radiation generated by of commercially available lasers, or
powerful radiation of excimer lasers. However, UV pumping radiation induces in solid-state
active elements various photodynamic processes (PDP), which cause degradation of the
optical properties of active media. One of the ways to avoid or significantly reduce harmful
manifestations of PDP is to use up-conversion pumping [1]. The two schemes of up-
conversion excitation of 4f5d level of Pr¥* ion in LiLuF, [1] is present in fig.1. Finding ways
to realize such up-conversion pumping is a topic problem in the view of future
implementation of effective solid-state UV-active media with the use of semiconductor lasers
as a pumping source and compact solid-state quantum electronics devices of UV range in
general.
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100 Conduction band
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Fig.1. The two schemes of up-conversion excitation of 4f5d level of Pr** ion in LiLuF,

Here we investigate an opportunity of effective population of states of 5d-configuration
of Ce* ions in LiYosLuo7Fs (LYLF) crystals by stepwise ®Hs—*Pj— 4f5d up-conversion
excitation of states of 4f5d-configuration of Pr** ions, followed by the transfer of excitation
energy from Pr** to Ce® ions. We discuss the possibility of increasing energy transfer
efficiency in Pr, Ce: LYLF mixed crystals by doping rising, because before it was the one of
obstacles which prevent optical gain on 5d — 4f transitions of Ce** ions in Pr,Ce:LiLuF,
crystals [2]. In particularly, it is shown that the real concentrations of Pr** and Ce** ions of
about 0.23 at.% and 0.47 at.% are achieved in mixed LYLF crystal respectively. The spectral
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and kinetic characteristics of Pr,Ce:LYLF crystal are presented. The coefficients of excitation
energy transfer from the Pr** ions to Ce® ions are estimated by means of Pr** luminescence
decays analysis at a wavelength of 255 nm. It reaches 31% in case of real concentrations of
Ce*" ions C(Ce) = 0.28% and Pr** ions C(Pr) = 0.38% in Pr, Ce: LYLF crystal.

Preliminary results on the energy transfer between of Pr** and Ce*" ions experiments are
presented and discussed. Three crystals with real concentrations of Pr* and Ce®* ions
0,38 at.% and 0,16 at.%; 0,38 at.% and 0,28 at.%; 0,24 at.% and 0,47 at.% respectively were
studied. Samples were up-conversionally pumped by two laser beams at 595 nm and 266 nm.
The temporary delay between 595 nm and 266 pulses were about 7 ns. The results of the
experiment are the dependences of integral luminescence of Ce** ions on energy densities of
pumping beams. Such parameters as excited 4f5d state photoionization cross-section of Pr®*
ions, ground state cross-section of Ce** ions at 266 nm wavelengths and energy transfer
coefficients of energy transfer from Pr®* to Ce®* ions were estimated. These parameters were
determined by mathematical modeling of the integral luminescence dependencies of Ce** ions
on energy densities of pumping beams and comparing with experimental ones.

Obtained results demonstrate good prospects of using crystal LiYsLugF4:Ce>, Pr¥* as
an active medium of solid-state laser with up-conversion pumping provided that color center
formation processes suppression and rising Pr** — Ce>* energy transfer efficiency.
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The optically transparent polymers doped with laser dyes are a new class of solid-state
laser-active mediums (LAM). Research results of their properties are described in [1] and
other numerous papers. The polymeric LAM are successfully replace liquid LAM-solutions of
laser dyes. However, in order to broaden their area of practical application is necessary to
improve their performance properties and mostly, the photochemical stability under optical
pumping conditions. This requires a search for new highly stabilizers.

The novel derivatives of thiazole and thiourea (DTT) synthesized in Institute of Organic
and Physical capable inhibit the free radical chain processes, were chosen us for the study as
stabilizing compounds. This work is the development of research carried us on approbation of
new nitrogen-and sulfur-containing organic compounds to stabilize of colorless and dyed with
Rhodamine 6G methacrylic copolymers.

The purpose of this work is the study of spectral-fluorescent properties of samples of
organic glasses doped with Rhodamine 6G and DTT, and to elucidate the possibility of using
them as LAM with improved performance characteristics.

Registration of absorption spectra was carried out on a dual-beam scanning
spectrophotometer «Lambda 35» (Perkin-Elmer, USA). To excite samples fluorescence UV
solid-state Ce: LLF picosecond laser (Ultraviolet Solution LLC) was used. It was tuned to
A=310nm and provide single 400 ps laser pulses with pulse repetition rate 10 Hz. The
fluorescence spectra were studied by Stellarnet spectrometer and fluorescence kinetics were
taken by Alphalas UPD photodiodes with 50 ps rise time and 3.5 GHz bandwidth Tektronix
DPO 7354 digital oscilloscope. The fluorescence spectra were also measured using a
spectrofluorimeter Cary Eclipse (Varian, USA). Studies of lasing properties has been carried
out under pumping by second harmonic radiation of Nd: YAG laser (A = 532 nm) from TII
LOTIS. The lasing photostability was determined by the number of pump pulses at a constant
energy density (63 and 146 mJ/cm?) to reduce energy generation by 50%.

It was established that DTT in polymer matrix possess the properties of UV absorbers
and furthermore intrinsic fluorescence at A = 425 nm. Study the kinetics decay of fluorescence
show that DTT doping is not impact on fluorescence kinetics of Rhodamine 6G. View of the
fluorescence spectra depends on the amount DTT in the polymer matrix. For instance, in case
of the concentration of DTT more than 0.1 mol.%, there are occured reabsorption of
fluorescence dye. Laser tests have showed that using of small amount of DTT (about
0.01 —0.02 mol.%) leads to increase the lasing power and to improve photostability of
Rhodamine 6G in polymer matrix.
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The problem of creating a solid-state infrared quantum counter (IRQC) is actual in view
of circumstances. IRQC is a system, which allows to convert infrared radiation in the visible
region by the direct conversion of light to light. Moreover, such system is not afraid
overexposure, in contrast to other similar operating principles. The greatest efficiency in these
systems can be achieved by using up-conversion transitions between levels of rare earth ions
in a crystal [1, 2]. The operation of such systems is based on the absorption of visible
qguantum and infrared one by the activated crystal through an intermediate level of the
activator. Energy from the excited higher state decay radiatively with the summary quantum.

As a basis of IRQC for research we chose the crystal LaFs:Pr®*. There are a number of
works that implement IRQC on this crystal, but all of them work in the range from 0.8 to
1.5um [3, 4]. The operation of this IRQC in the range from 2 to 6 um has not been studied
yet, despite all the signs. This work is devoted to study of this problem.

In this work we studied the properties and interpreted up-conversion luminescence
excited by visible and infrared radiation (fig.1).
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Fig.1. The energy level diagram of Pr** ions in the LaF3 crystal and transitions between them,
which explain reaction of the pumped sample (by radiation with a wavelength of 0.5945 um)
of this crystal to additional illumination by IR radiation with a wavelength of 3 um.
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Increment of up-conversion luminescence under IR illumination of pumped LaFs:Pr**
crystal is found and interpreted. The results were obtained under the following conditions:
crystal was pumped by a pulsed laser with a wavelength of 0.5945 um and IR illumination
had wavelength of 3 um and a power of 10.7 W. 5% increase in the intensity of individual up-
conversion luminescence lines was observed at low temperature. This effect occurred in two
temperature points 170 K and 210 K. The results demonstrate operability of LaFs:Pr* crystal
asa IRQC.
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Because of the unique physical and chemical properties of nanoparticlers they can be
used in a broad range of biological applications. Several last researches [1 — 4] have reported
that photoactive nanoparticles could cause oxidative stress and they can be activated by UV
and visible irradiation generating reactive oxygen species (ROS). The ROS can damage
cellular components and oxide different organic contaminants [5]. In consequence, the
photoactive nanoparticles can be applied in waste water treatments, environmental
remediation, organic contaminants mineralization, and cancer treatment [5, 6]. Cancer is the
third leading cause of death (after heart disease and stroke) in developed countries and the
second leading cause of death (after heart disease) in the United States [1]. Moreover, there
are 2,8 millions cancer carriers in Russia by the beginning of 2014 according to the Russian
Ministry of health. Recently, new therapeutic strategies that take advantage of increased
reactive oxygen species producing a state of oxidative stress selectively in cancer cells have
gained importance [6]. Semiconductor nanostructures like TiO,, ZnO with photocatalytic
activity are used in the reports [1 —3]. But these semiconductor nanostructures have low
photocatalytic activity. Besides, they are activated only by UV irradiation. This fact makes the
problem of using this nanostructures more complex. The depositing nanoparticles of noble
metals, that have less diameter on the surface of semiconductor nanostructures can enhance
photocatalytic activity of the nanostructures and shift absorption frequencies to the visible
region. But it makes the process of producing such nanostructures expensive and time
consuming. So the search for new photoactive nanostructured materials is a topical problem.
Here we are presenting toxicity results of photoactive fluoride nanoparticles PrF; and LaF; for
biological organisms (bacteria, cancer cells) under the laser irradiation.

Materials and methods

There are very few reports about toxicity of photoactive fluoride nanoparticles PrF; and
LaFs;. In spite of this they are discussed at different international scientific conferences. These
nanoparticles have a large possibility in using in different biological applications. Because of
their high absorption capacity in range of 450 — 550 nm and high photoenergy conversion
efficiency they can be used in cancer treatment [7]. The team of the S.A. Altshullers’
laboratory of quantum electronics and radiospectroscopy of Kazan (Volga region) federal
university has developed a technology of synthesizing fluoride photoactive nanoparticles PrF;
and LaF; by chemical methods. The HRTEM imagines of them are shown at the fig.1. To
stimulate a toxicity of nanoparticles we have used CW semiconductor lasers operated at
532 nm (green light) and 473 nm (blue light) wavelengths with maximal power of about 30
mW. We irradiated the cells in the saline in the beaker by the laser irradiation with average
radiation density of about 400 mW/cm’. We studied two kinds of cells: Salmonella
typhimuriumTA 98, lung carcinoma A549 cells.
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L

Fig.1. The HRTEM imagines fluoride photoactive nanoparticles PrF; synthesized in Kazan
university

The investigation toxicity of photoactive fluoride nanoparticles PrF; and LaF; cells
Salmonella typhimuriumTA 98

One of the main aims of our research was to taste hypothesis of toxicity of photoactive
fluoride nanoparticles PrF; and LaF; for biological organisms under laser irradiation with
definite wavelength. The cells Salmonella typhimuriumTA 98
were chosen as a first object of investigation. The scheme of the
experimental setup is shown in fig.2.

The focus of the lens (2) was 7.5 cm. The beaker with the 3
cells and the nanoparticles (1) was exposure under the laser
irradiation for 5 minutes. We made the experiments for laser
wavelengths 473 nm and 532 nm. We have investigated the
influence of laser irradiation on the cells in tree configuration of
experimental setup: the beaker was exposure under the laser
irradiation without the lens, the beaker was in the visual focus of
the lens, and the beaker was behind the visual focus of the lens.
We have also investigated the influence of nanoparticles on the
biological species without the laser irradiation and the influence
of laser irradiations without the nanoparticles. The first
experiments showed the rise of photoenergy conversion
efficiency for the beaker being behind the visual focus of the lens
under laser irradiation with wavelength 532 nm. In this case, . )
survival of the cells was 28% and 35% for PrF; and LaF;, Fig.2. Experimental
respectively. So, we have continued to investigate toxicity of the setup scheme.
photoactive fluoride nanoparticles PrFs and LaFs; with this | —sample, 2 —lens,
configuration of experimental setup. 3 — laser

The influence of exposure time of Salmonella typhimuriumTA 98 cells with the
nanoparticles under the laser irradiation on the cells survival

In the second series of experiments we have investigated the influence of exposure time
of the laser irradiation on the Salmonella typhimuriumTA 98 cells with the nanoparticles PrF;
and LaFs. Three duration of exposure time: 5 minutes, 15 minutes, 30 minutes were chosen.
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In case of PrF; nanoparticles survival was 39%, 34%, 20% for exposure time 5 minutes, 15
minutes and 30 minutes correspondingly under laser irradiation with wavelength 532 nm. The
same experiment with wavelength 473 nm for PrF; have not shown significant bactericidal
activity. The experiment with LaF; nanoparticles under the laser irradiation with wavelengths
532 nm and 473 nm have not shown significant bactericidal activity.

The investigation of mutagenic effect on living cells

The same experiments with S. Typhimurium TA98 cells have shown that PrF;
nanoparticles provides mutagenic effect on living cells under the laser irradiation with
wavelength 532 nm. LaF; nanoparticles have not demonstrated mutagenic effect on living
cells under the laser irradiation with both 532 nm and 473 nm.

The investigation toxicity of photoactive fluoride nanoparticles PrF; and LaF; lung
carcinoma A549 cells

In this series of experiments we have investigated the influence of exposure time of the
laser irradiation on the lung carcinoma A549 cells with the nanoparticles. Three duration of
exposure time: 5 minutes, 15 minutes, 30 minutes were chosen. The PrF; nanoparticles have
apoptosis inducing activity for lung carcinoma A549 cell. The proportion of cells in the state
of apoptosis after 5 min, 15 min and 30 min irradiation with a laser with a wavelength of 532
nm was 23%, 33% and 45%, respectively. The same experimental with wavelength 473 nm
for PrF; and wavelengths 532 nm and 473 nm for LaF; have not shown significant apoptosis
inducing activity.

Conclusions

The fluoride photoactive nanoparticles PrF; and LaF; were synthesized by chemical
methods. We have confirmed the hypothesis toxicity of photoactive fluoride nanoparticles
PrF; and LaFj; for biological organisms (Salmonella typhimuriumTA 98, lung carcinoma A549
cells). We have defined time exposure parameters for Salmonella typhimuriumTA 98 cells
under which the highest bactericidal activity was observed. And we also have confirmed the
hypothesis of apoptosis inducing activity of photoactive fluoride nanoparticles PrFs; for lung
carcinoma A549 cell under the laser irradiation.
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This work is devoted to study of parameters of radical systems by Electron
Paramagnetic Resonance (EPR). In this work model biradical B1 (synthesized by professor
Galyametdinov Yu.G. KNITU, Kazan) and biradical derivative of fullerene C60 B2
(synthesized by professor Nuretdinov [.A. IOPC KSC RAS, Kazan) are investigated. The aim
of the work is consisted in determination of spin-spin interaction for the subsequent finding of
distance between radical fragments. It is known that spin — spin interaction can be determine
by the analysis of EPR line shape. In particular, weak dipolar interactions can be directly
obtained by using the protocol of the Pulse ELectron DOuble Resonance (PELDOR). For
both biradicals of B1 and B2 the spin - spin interaction values were obtained.
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Tomographic imaging quality depends on many factors: a hardware and a software, the
physical processes that affect the collection of data, the properties of the investigated object
and the environment. The most important factors, which influence on the quality of images
obtained by tomographic equipment - are a stability and a homogeneity of the static magnetic
field. Have to work with large gradients at large magnetic field inhomogeneities.

There is not magnet which could make an ideal magnetic field. When we use the
magnetic-resonanse tomography we have to make the static magnetic field with the
homogeneity not more than 107 in the the investigated area.

Setting of the magnetic field of magnetic resonance scanners was producing carried out
manually in KPTI.

For solution of this problem it was suggested to develop a sensor for measuring the
magnetic field homogeneity and the printed circuit board with a microcontroller board for
controlling the multiplexer, which is able to select sensor circuit with preset coordinates.

It should been solved the following tasks for implementation:

e develop and manufacture a cost of the control board;
e Write a program that controls the operation of the sensor.

A Multiplexing board is used to connect to the desired contour of the sensor at time. For
solution of this problem was designed a switching mechanism. It consists of using
multiplexers to switch sequentially between the coils.

A Multiplexing board is necessary to connect / switch at a certain moment of the desired
contour of the sensor. “The multiplexer” term means a device which allows to switch between
multiple inputs and output response to a control signal.

Search was made for devices that meet the requirements. As a result, plan to use
Multiplexers ADG728 AnalogDevices company [1]. Because they contain 8 input channels
and one output. And also have a two-wire serial interface.

We plan to develop and debug code for the microcontroller board AT90s8535 series
AVR Atmel company [2], which allows to manage sensors magnetic field homogeneity in the
future.

Also, tie AT90S8535 microcontroller board with the computer, providing functionality
microcontroller board. For this it is necessary to implement the software. Block diagram of
automated system for measuring the uniformity of the magnetic field is shown on fig.1. An
algorithm for the microcontroller is shown on fig.2.
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Fig 1. Schematic diagram of automatic complex for switching between the sensors
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Fig.2. An algorithm of microcontroller’s work

Plan to use the demonstration version of C compiler for microprocessor cards - AVR
Studio 4.0. Compiler AVR Studio 4.0 is an integrated environment for programming in C,
with the following important characteristics:

e Integrated compiler C/C + +;
e Integrated simulator.
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The present work was stimulated by the discovery of the popular phenomena, including
superconductivity and magnetism, in the two-dimensional electron liquid (2-DEL) at the
interface between the insulators lanthanum aluminate (LaAlOs;) and strontium titanate
(StTiOs) [1]. The origin of this 2-DEL, however, is highly debated, with focus on the role of
defects in the SrTiO;, while the LaAlO; has been assumed perfect. Authors [1] demonstrated
through experiments and first principle calculations, that the cation stoichiometry of the
nominal LaAlO; layer is key to 2-DEL formation; although extrinsic defects, including
oxygen deficiency, are known to render LaAlO;/SrTiOs; samples conducting, their results
show that in the absence of such extrinsic defects an interface 2-DEL can form.

Within this research the thin film of the multiferroic GdAMnQO; of thickness about 100
nm was deposited onto ferroelectric material SrTiO; (GAMnO;/SrTiO3). GAMnO3/SrTiO3 was
investigated using electron spin resonance (ESR) in the wide temperature range.

The most interesting result was observed in the temperature range from 40 K to 100 K
where except the exchange-narrowed line from GdMnOs we observed the oscillations of the
absorption power (fig.1a). The intensity of the oscillations increases with increasing the
external magnetic field or with decreasing the temperature.

We detected the anomalous jump in the temperature dependence of the ESR linewidth
(fig.1b). We suggested that this anomalous behavior of the magnetic and electrical properties
of GdMnOs/SrTi0O5 at T = 80 K is connected with the structural phase transition in GAMnOs.
Since the minimal value of the ESR linewidth in orthorhombic monocrystal GdAMnO; is
2700 Oe and in hexagonal ceramic YbMnOs is about 800 Oe, it is most likely that we

T=100K| 8000t A
| t:}\ﬂ.f.\ /I
6000+ .
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Fig.1. GdMnOs/SrTiOs: a) ESR spectra at T = 100 K.
b) Temperature dependence of the ESR linewidth in X-band.
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observed the structural transition for GAMnO; in GAMnO5/SrTi0s5.

Chen et al. observed similar oscillations of resistance in the two-dimensional electron
gas in the magnetic field at the spinel/perovskite interface of y-Al,O3/SrTiO; [2]. To
understand the origin of the oscillations of the absorption power in the ESR spectra in
GdMnO;/SrTiOs it is necessary to imagine that two-dimensional electron gas exists on this
interface as in the case above mentioned heterostructures [1, 3]. 2-DEG actually means the
presence of the thin metal surface, which we put in an external static and radiofrequency
magnetic fields and at the same time this metal layer is feeling the impact of the electric field
from the SrTiO; substrate, because this material becomes ferroelectric under external
influence (pressure, doping) below T =100 K. The same oscillation were investigated by
Gantmakher V.F. and Kaner E.A. in 1960-s [4, 5] in metal. According to Abrikosov A. in the
case of high field electron drift along the magnetic field there is a large effect associated with
the formation of bursts of high-frequency field inside the metal and the amplitude of the

oscillation is proportional to exp(—A/ H) what we see in our experiments (see. fig.2).
Probably, the oscillation of microwave absorption associated with two-dimensional

conducting gas, which is formed at the interface of thin film GdMnO; and the substrate
SI‘TiO3.
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Fig.2. Field dependence of the amplitude of the oscillations of the absorption power in ESR
spectra in GAMnO3/SrTiO; at T = 48K.

The reported study was partially supported by RFBR, research project No. 13-02-
97120.
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Nanodiamonds are intensely studied due a currently considered possibility of their use
in medicine [1] and in development of quantum computers [2]. Meteoritic “presolar”
nanodiamonds are of particular interest: presence in them of anomalous isotope composition
[3] suggests that these crystals have a greater age than the Solar System and, therefore, were
created in specific growth conditions, details of which can be obtained through the study of
lattice defects in these nanoparticles. So far photoinduced paramagnetic centres in meteoritic
nanodiamonds were not studied, and their structure has not been established.

The measurements were performed with Bruker Elexsys 680 spectrometer operating in
the W-microwave band (94 GHz). EPR spectra were measured as an intensity of two-pulse
Hann echo sequence n/2 —t— 7 — v — echo. The durations of the first 772 and the second 7
pulses were 32 and 64 ns, respectively. Experiments were performed at two 7 time intervals
between pulses: 200 and 1000 ns. The sample temperature was controlled using continuous
gas flow system and varied over a wide range (10— 300 K). The optical illumination was
implemented using a set of solid state lasers (the wavelength and power magnitudes are given
in table 1).

Table 1. — Solid state lasers’ wavelength and power magnitudes

Wavelenght, nm 226 355 405 532 640
Power, mW 20 10 100 200 100

Currently, the most common and studied defects in nanodiamonds are nitrogen-
containing ones. For centre EPR spectra of the NV (nitrogen-vacancy) centres in the presence
and absence of illumination have been measured previously: the intensity and shape of some
peaks changed significantly [4]. In this paper the results of the search for photoinduced
paramagnetic centers in meteoritic nanodiamonds under laser irradiation with wavelengths
shown in Table 1 are reported. Observed EPR spectra are shown in fig.1. No NV-defects’
signals were detected. Spectrum 1 was obtained at T =200 ns under the 266 nm illumination,
spectrum 2 — without illumination. With t increased to 1000 ns under the same illumination
a particular spectroscopic features appeared (Spectrum 3 in fig.1).

In order to understand the nature of the observed paramagnetic centers the simulation of
the EPR spectrum was carried out using the EasySpin software module [5]. The model
employed considered two centres — the inner one, associated with hydrogen, and the exciton.
The EPR spectrum parameters obtained from the simulation allow to assign the observed
spectra to Wannier-Mott exciton [6].

Irradiation of the sample during the experiment affects the intensity and the shape of the
spectrum. The greatest modifications were observed in the case of large time interval between
the pulses (t = 1000 ns) and short-wavelength illumination (266 nm correspond to 4.7 eV), as
shown in fig.2.
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Diamonds as semiconductors have a bandgap of 5.4 eV [7]. Reducing the crystal size
from macroscopic to nanoscale causes an increase of the gap due to the fact that the number
of atoms becomes less and the overlap of energy levels weakens. Levels are not so dense
anymore; only higher energy levels degenerate into the conduction band and only lower
energy levels — into the valence band. Bands’ borders are not blurred, and then separate levels

appear.
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Fig.1. (Left) The EPR spectra of meteoritic nanodiamonds recorded with T = 200 ns
under illumination with A =266 nm (1), without illumination (2), with T = 1000 ns
illuminated with A =266 nm (3). (Right) the simulation of the spectrum 3 in the left
panel by the superposition of the exciton and the hydrogen centres’ signals.
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Fig.2. Dependence of the integral intensity of the EPR spectra on the laser wavelength
for the two durations of the interval between the microwave pulses.

Therefore, we claim that even a photon with the energy of 4.7 eV in no case can create
paramagnetic centres by measures the interband transitions. Consequently, observed EPR
spectra belong to the defects whose energy levels are localized in the bandgap.

52



PROCEEDINGS

Thus, it was found that in meteoritic nanodiamonds there is the effect of

photogeneration of paramagnetic centres on separate levels in the band gap; apparently,
photogeneration occurs by the formation of Wannier-Mott exciton.
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La, «SryCuO4 (LSCO) is a cuprate high-temperature superconductor. The recent studies
[1,2,3] have shown that magnetic state of superconductors of this class can exhibit some
superconducting features above critical temperature T.. These features may manifest
themselves through the magnetic field inhomogeneities inside a sample and over its surface.
We use the electron paramagnetic resonance (EPR) measurements as effective method to
detect those weak inhomogeneities.

The samples we studied were single crystals of La, SryCuO4 with different strontium
doping concentrations. The crystal with the Sr concentration of x =0.16 is optimally doped
and undergoes a superconducting transition at 39 K. T, of the underdoped crystal (x = 0.077)
is 18 K, and the third sample has Sr concentration near to “1/8 anomaly” doping level
(x=0.116, T, =27 K).

To obtain the information about distribution of magnetic field on the sample surface the
EPR method of the surface paramagnetic probe was used. This so-called “EPR-decoration
method” was proposed in the work [4] for the study of the magnetic field distribution in the
Abrikosov vortex lattice. In present study a thin layer of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) was used as a probe. To obtain the spatial characteristics of the magnetic field
inhomogeneities near the sample surface we investigated the EPR spectrum variation with the
probe-sample distance through the placement of the paraffin buffer layer between the
paramagnetic probe and the sample surface.

The temperature dependences of EPR signal parameters were obtained. According to
the behavior of EPR signal shift, we assumed that there are two contributions to the shift:
paramagnetic and diamagnetic ones. The relation between these contributions determines total
shift. The distance dependence of the shift indicates that parts of the sample, that exhibit
paramagnetic behavior, and parts, that exhibit diamagnetic behavior, have different size. The
scale of these areas at temperature range close to the superconducting transition was
estimated. For paramagnetic areas it is 50 pm, for diamagnetic ones it equals 200 nm. It is
probable that the electron phase separation results in the formation of stripes which are
pinned on the LSCO structural domains.

This work has been supported by the Russian Foundation for Basic Research (RFFI)
under Grant no. 13-02-97036.
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The vanadium pyrochlores R,V,07; (R =rare earth or Y) being the geometrically
frustrated magnetic systems are attractive for both theoretical and experimental investigations
due intriguing electronic and magnetic properties. Among these systems Lu,V,07 is most
simple object for studying since Lu** ion is nonmagnetic at R-site and its electronic and
magnetic properties formed by the sublattice of V** magnetic ions. In addition, Lu,V-07 is
ferromagnet with Tc =70 K and at the same time Mott insulator contrary to the common
belief that ferromagnetism leads usually to metallic conductivity [1]. Many investigators
suppose that the orbital moment of 3d ions (V**) affects on such magnetic properties of
vanadium pyrochlores as magnetic susceptibility, the Curie temperature etc. The orbital
ordering pattern of R,V,0; pyrochlores was determined by the neutron diffraction
measurements [2], which showed that each orbital extended along the four local <111>
directions towards the center-of-mass of the elementary V,-thetrahedron. On the other hand,
recently the presence of the orbital fluctuations and the orbital liquid state in the Mott
insulators became the subject under hot discussions. There are many experimental techniques
for orbital physics investigations. Among them the NMR technique has an advantage in
observing each orbital state directly with a quantitative evaluation of 3d quadrupole moment
which is the order parameter for the orbital degree of freedom. Thereby, the NMR method can
give additional information about the presence or absence of orbital fluctuations in 3d-ions
sublattice. In paper [3] **V NMR measurements in Lu,V,0; have been performed to
investigate the orbital ordering of this compound. With rotation of Lu,V,0; single crystal in
an external magnetic field, NMR spectra showed a characteristic angle dependence, which
reproduced V 3d orbital states and clearly identified the orbital ordering of Lu,V,0x.

In this work we try to explain theoretically the available experimental NMR data in
Lu,V,07; pyrochlore. We have proposed the theoretical model of magnetic hyperfine
interactions formation on 3d*-ion (V**) nuclei in vanadium pyrochlores. Our model includes
the isotropic (Fermi-contact) and anisotropic (electron-dipole-nuclear-dipole) hyperfine
interaction, where the last of them contains 3d quadrupole moment of V, for quantitative
explaining of the orbital ordering pattern in these compounds. Moreover, we have performed
the ab initio calculations of NMR spectra parameters in the molecular orbital method
approximation in CRYSTALO9 package [4], dedicated to the periodical system, by the
unrestricted Hartree-Fock method with using of all-electron basis sets to evaluate the isotropic
and anisotropic magnetic hyperfine interactions parameters on >V nuclei. Our results are in a
good agreement with the experimental data [3] for Lu,V,05.

Support by RFBR (# 14-02-00260) is acknowledged.
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Introduction

Fluorite crystals CaF,:Ce’" have promising optical properties for generating tunable
laser oscillation in the UV spectral range, but exhibit poor photochemical stability [1, 2].

The aim of this study is to investigate the influence of Yb>" and Lu®" activator ions on
optical characteristics and photo dynamical processes in crystals of CaF,:Ce*". Spectral
characteristics of a series samples of fluorites, activated by Ce3+, Yb®" and Lu3+, were
investigated including absorption spectra of color centers, induced by radiation resonant to
transitions of ions Ce’".

Physical premises to control the optical properties

Impurity centers of Ce®” ions in CaF, were first investigated by Feofilov, in the series of
alkaline earth fluorides with a fluorite structure MeF, (Me = Ca, Sr, Ba), which form a
homologous series [3-6]. In these crystals the formation of several types of impurity centers is
observed with different mechanisms of compensation of the excess positive charge and,
therefore, with different local symmetries of the crystal field.

In CaF,: Ce’" crystals pumped by radiation resonant to 4f-5d transitions of Ce*" ions
formation of different types of color centers absorbing at the wavelengths of luminescence of
Ce’" ions was observed ( Figure 1a). The origin of the emergence of dynamical processes is
the appearance of free charge carriers in the conduction band and valence band of the crystal
released by the two-step photoionization of the impurity center. After thermalization these
free charge carriers can be captured by a variety of traps, such as uncompensated charges in
the crystal lattice, lattice defects, or recombine at the impurity centers (fig.1b).
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Fig.1. a) the model of solarization of the active medium, activated by Ce’* ions, under UV
radiation, and b) accelerating the recombination of free charge carriers through the states of
the ion-activator
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The objects of study of the presented work are fluoride crystals with the fluorite
structure,  namely  CaF,: Ce®" (Ce~1%),  CaF,: Ce’ + Yb* (Ce ~ 0.5%, Yb ~ 1%),
CaF, (80%) + LuF3 (20%): Ce* + Yb*" (Ce ~ 0.5%, Yb ~ 1%), CaF, (95%) + LuF; (5%):
Ce* + Yb* (Ce ~0.5%,Yb ~ 1%)

Results. The absorption and luminescence

Fig.2a shows the absorption spectra and luminescence of CaF,: Ce’” crystal. Visible
characteristic two-humped spectrum of luminescence of Ce®", due to the transitions from the
excited 5d state to 2F7/2 and 2F5/2states of 4f configuration.

In the case of the sample activated by Yb>" (fig.2b) there is an absorption band in the
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Fig.2. The absorption and luminescence of CaF,: Ce®" (a) and CaF,: Ce®" (b), SCe (0.5
at.%), Yb (1 at.%).

region of 360 nm which is characteristic for Yb*" [6]. Such an impurity center may have
formed as a result of dynamic processes, namely the capture of electron from the conduction
band by Yb*" ion [1, 2]. It is connected with the fact that the crystal was irradiated before the
absorption spectra were recorded.

Fig.3 shows the absorption and luminescence spectra of crystals, which are doped by
Lu’" in addition to Ce’" and Yb*". The absorption spectra are not qualitatively different from
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Fig.3. The absorption spectra and luminescence crystal CaF,: Ce’" (0,5 atm.%), Yb*"
(1 atm.%), Lu’" (5 at.%) (a) And CaF,: Ce** (0,5 atm.%), Yb" (1 atm.%),
Lu®" (20 at.%) (b)
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ones observed for previous samples. Luminescence spectrum reveals not only bands of Ce*"
center of tetragonal symmetry but also the band peaked at 380 nm, which can be attributed to
the transition of Ce’ impurity center with non-local charge compensation (according to the
published data).

Conclusion

We have investigated the effect of doping by Yb®" and Lu’* on the optical
characteristics and photo dynamical processes in CaF”: Ce’" crystals.

As a result of doping by Lu®" ions of CaF,: Ce®" + Yb*" crystal luminescence spectrum
of Ce*" ions reveals new band peakedat 380 nm, which may be interpreted as a transition
within Ce®” impurity center with non-local charge compensation.

In this work we have studied mechanisms for controlling the optical characteristics of
fluorite crystals activated by rare-earth ions by shifting the balance of dynamical processes.
Effective recombination channels providedbyYb®" ions suppress the formation of color
centers, but there is an absorption band of Yb*", which degrades the optical properties of the
cryzs;[al as the active medium. Additional doping byLu’" ions can suppress the formation of
Yb'.
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Introduction.

Today new technologies express demandon lasersoscillating in ultraviolet (UV)spectral
range and having short pulse duration [1]. Main methods of obtaining UV laser radiation are
nonlinear and parametric conversion of non UV laser radiation. This method can be
technically difficult and it takes a lot of space. But on the other hand we can obtain UV lasing
by use offluoride crystals doped by ions Ce’"as active media [2,3]. Fluoride crystals doped by
ions Ce’" allow us to obtain short pulses with duration from several to tens of nanoseconds.
To obtain shorter pulses we should use Q-switching or mode-locking.

There are photodynamic processes in active medium of UV band, the result of which
arecolor centers.Color centers absorb energy of laser radiation and determine losses in active
medium. Previously, it was observed that level of losses of color centers depends on various
factors (some of them are external additional irradiation and temperature) and doesn’t remain
constant during experiment [4]. Using of these processes for mode-locking seems to be
perspective.

The aim of this work was obtaining laser pulses with ultra-short duration of UV spectral
range and studyof laser characteristicsof active medium LiLuo_7Y0.3F4:Ce3 " in ultra-short pulse
mode.

Experimental methods.

The sample used in our measurements was crystal of LiLuy 7Y 3Fscontaining 1 at. % of
Ce®" ions. This sample was grown by Stella L. Korableva in Kazan (Volga region) Federal
University.

The experimental setup of the LiLuo.7Y0_3F4:Ce3+ laser is shown in fig.1.

/ =————

b — — = =

16

Fig.1. Experimental setup of the LLYF laser. Consist of: 1 — laser YAG:Nd; 2 — spectrum
splitter; 3, 7, 8, 10, 11, 16 — reflector R = 99,9%; 4 — telescope; 5 — reflector R = 30%;
6, 18 — reflector R = 65%; 9, 12 — crystal LICAF; 13, 14 — rectangular prisms;

15 — converging lens; 17 — crystal LLYF.
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Discussion.

In this study laser oscillationwas obtainedin pulse mode at the wavelength A =311 nm
and with pulse duration t = (400 £ 10) ps. Laser radiation of pumping was pulsed with pulse
duration t = (6,375 £ 0,025) ns.
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Fig.2. Temporal distribution of laser pulses obtained fromCe:LLYF (a) and Ce:LICAF (b).

The photon lifetime in the resonator is 1. =281 ps. Pulse duration of Ce:LLYF laser
radiation is greater than the photon lifetime in the resonator, so it means that we have
multimode nature of the laser radiation. However, we see single pulse, which tells about
possible Q-switching.

Results of research dependence of the laser radiationenergy on pump radiation energy
for different reflection coefficients of output mirrors showed that reflection
coefficientincrease leads to reduction of hysteresis loop square, which proportional to the
number of color centers. This color centers were observed in the active medium Ce:LLYF.

Studies of the intracavity losses get us some methods of Q-switching control. Increased
pumping energy and pulse frequency lead to increased losses in the resonator.

Conclusion

Laser oscillationwas obtained in active medium Ce:LiLug 7Y 3F4in a pulse mode at the
wavelength A =311 nm and with pulse duration t= (400 =+ 10) ps. Pumping pulse was at
wavelength A= 289 nm with pulse duration t=(6,375=+0,025) ns. Shortening the pulse
duration achieved by passive Q-switch, which is caused by bleaching of color centers in the
volume of the active medium absorbing the laser generation. Controls methods of
Q-switching change are pumping energy or pulse frequency changing.
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Fluoride crystals with the colquiriite structure, activated by rare earth ions are effective
active media of solid-state lasers [1]. The advantages of these compounds over oxide crystals
— the melting point is significantly lower and the band gap is much wider. Significant
inhomogeneous broadening of the vibrational laser transitions of these ions causes a broad
amplification band which gives ability to wavelength tuning and ultrashort pulses generation
[2].

The main disadvantage of these compounds is the low isomorphous capacity of crystal
lattice with respect to the rare earth ions, which leads to a low concentration of impurities or
high quantity of defects if we want to obtain highly concentrated samples. It is known, that
varying the chemical structure of the compound, namely a set of crystal lattice cations, one
can improve the optical quality by increasing the isomorphous capacity of solid solution [3].

The aim of this work are experiments on growing new materials based on fluoride
crystals with the colquiriite structure, as well as the study of their phase composition.

Conditions, characteristics and growing complexity of the materials
Since the composition is multicomponent:

1) It is necessary to perform a thorough mixing of the powder before placing it into a
crucible.

2) At the growth process the crystal should grow on seeding crystal and the temperature
gradient can be considered 50°C on 1 cm.

Complexity of growing is in the fact that aluminum is volatile, therefore: it is not
allowed to overheat the melt, since the components include the aluminum fluoride, which is a
compound with a high saturated wapor pressure and does not exist in a liquid state, so
overheating of the melt will lead to depletion of this component. Also when the temperature is
set, taking the value with an excess (about 20°C) to ensure melting of the substance.

Given all the above, crystal growth method was chosen for the Bridgman -Stockbarger,
which allows to perform the growth in the closed crucible. This method consists in pulling
crucible with overheated melt through the chamber. Mode has been realized by means of the
vertical movement of the crucible with the melt from the high to the low temperature region.
As a result, crystallization starts at the bottom of the crucible and after grows a boule of single
crystal.

Crucible also participates in the formation of a temperature gradient. The wall thickness
of the crucible should be minimal to distort the temperature field as little as possible.
Meanwhile, wall must have enough thickness to hold strength of the structure of the crucible.
As practice shows, thickness of the walls of the crucible should be in the order of 2 - 3 mm.
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Fig.1. Crucible and the crystal growth equipment, which consists: (1) The growth chamber;

(2) The water cooling system; (3) Automated system for process control in the chamber;

(4) Pumping system, which consisted of a backing and a diffusion pump.

Diffractometry results

Due to the low isomorphic capacity of crystals with respect to rare-earth ions Ce** when
grown by the Bridgman - Stockbarger there is a gradient of concentration of impurities. As
this may affect the phase composition of the material crystallization, the samples were tested

in several areas (fig.2).
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Fig.2. Experimental (a), table (c) and comparison (b) data.
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As a result, all samples showed a diffraction pattern corresponding to colquiriite
structure, but yet in a sample taken from the hat, the presence of CaF; is notable.

We have also obtained the diffraction lattice constant dependence on the concentration
ratio of mixed and unmixed samples (fig.3).
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Fig.3. Dependence of the lattice constant of the content of SrF.

Dependence of the lattice constant of the content of SrF, in the transition from
LiCaAlFg crystal to LiSrAlFg crystal is linear.

Conclusion

Crystals of LiCa;.xSrxFs doped with Ce®*" ions were grown. It is shown that for a series
of crystals LiCa;.xSrxFg distribution of reflections observed corresponds to the colquiriite
structure, and the dependence of the lattice constant in the transition from LiCaAlFg crystal to
LiSrAlFg crystal is linear. These facts indicate that the synthesized crystals are single-phase
crystals.
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Here we report on pump-probe studies of CaF, doped with Ce** and Yb** ions. The
crystals CaF,:Ce®" show advantageous spectral characteristics for tunable UV lasers
application but have poor photochemical stability [1,2]. Their properties under intense UV
pumping are affected by excited state absorption and color centers formation.

This work was aimed at dynamic processes investigation induced by laser radiation of
UV spectral range in CaF, doped with Ce®*" and Yb** ions.

The project has carried out comprehensive research into new materials for quantum
electronics — fluoride crystals with fluorite-type crystal structure MeF,, MeY3Fio and their
solid solutions doped with Ce** and Yb*" ions. Series of crystals with varied content of solid
solution component LuF3, activator ion Yb**, were grown by Bridgman-Stockbarger
technique. Results of X-ray diffraction investigations have shown that synthesized crystals are
single-phase monocrystals.

Experiments on optical spectroscopy reveal the formation of new types of impurity
centers in CaFx:Ce**+Lu*" and CaF:Ce**+Yb**+Lu** with high concentration of dopants
(0,2-2 at. %). Luminescence spectra under 266 nm pump contains 285 nm line with 20 ns
lifetime unlike the observed 40 ns for tetragonal centers of Ce>* in CaF.

Excitation trapping was observed for interconfigurational Ce** transitions as result of
luminescence investigation. Luminescence decay times of powdered samples are about two
times less than for the crystal ones.

5d-4f luminescence of dominating Ce** centers in fluorite crystals was clarified what is
important for evaluation of photo-dynamic processes parameters and optical gain
characteristics.

Mechanism for crystal chemical managing of optical properties has been justified for
crystals with fluorite-type crystal structure MeF,, MeY3F1o and their solid solutions doped
with rare-earth ions, under conditions of UV irradiation at 4f-5d bands of Ce®*" ions. The idea
for this mechanism is activation with appropriate ions capable for efficient recombination of
free charges, thus excluding formation of color centers and additional losses in laser
oscillation channel.

The pump-probe technique allowed us to observe nonlinear dynamic in absorption
coefficient vs pumping radiation intensity in CaF,:Ce**+Yb*" and spectral dependence of
small signal gain coefficient in CaF;:Ce*+Yb®. Optical gain was observed on
CaF,:Ce**+Yb*" in the range 325-335 nm for the first time which justifies the proposed .
Nonlinear dynamic was observed in gain coefficient vs probe intensity showing ability to
control gain coefficient. Thus the mechanism for optical properties dynamic managing was
proposed and justified for crystals under intense of UV irradiation at 4f-5d bands of Ce®" ions.

Interpretation of experimental results was based on model of photodynamic processes
which included recombination transitions at impurity centers of Ce** and Yb*" also.
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Fig.1. Probe radiation density dependence of gain coefficient for
CaF,:Ce* (0,5 at.%) + Yb*>* (2 at.%)
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Introduction

Until recently Ce-doped SrAlFs crystal was considered as a promising active medium
for UV lasers [1]. However stable laser action in this crystal has not been obtained till now.
This is due to the fact that high energy UV radiation initiates the nonlinear photodynamic
processes, which deteriorate optical and laser properties of active media. These nonlinear
processes are characteristic feature for the vast majority of UV solid-state active media, but
for Ce-doped SrAlFs crystal these processes almost completely suppress laser action and only
single laser pulse around 291 nm is observed at the beginning pumping acts by pulsed 248 nm
KrF-laser radiation [2].

The reason of photodynamic processes is one- or multi-photon ionization of activator
ions (depending on the impurity ion and crystalline matrix). Impurity photoionization leads to
the generation of free charge carriers (electrons and holes) in the appropriate energy bands of
the crystal, that could be captured by lattice defects (color center formation). Besides the
absorption bands of color centers are localized in UV spectral range (in spectral range of laser
action) [3].

One of ways to improve laser efficiency in Ce®* doped fluoride crystals is the co-
activation of Yb®" ions. It is known that additional activation by Yb*" ions creates a
supplementary recombination channel for free carriers, which successfully competes with the
capture of carriers by cerium ions [4]. Therefore the arm of this study is to investigate the
influence of Yb** ions on optical characteristics of Ce**:SrAlFs crystal and parameters of
photoinduced nonlinear processes. This work presents investigation of two crystals: SrAIFs
crystal doped with Ce** (0.5at.%) and SrAlFs crystal doped with Ce** (0.5 at.%),
Yb** (0.5 at.%).

Experimental

Two experimental techniques were applied to achieve assigned task. At the beginning
we studied nonlinear absorption of UV radiation in the investigated crystals. Studies were
carried out using the fifth harmonic of Nd:YAG laser (213 nm) and the third harmonic of
tunable Ti: Al,O3 laser (240 — 280 nm). Energy of UV radiation was measured by means of
pyroelectric detector Ophir.

Second one is a microwave resonant technique. Among all techniques of dielectric
spectroscopy a microwave resonant technique, described in [5, 6], is the most informative for
studying the characteristics of photoinduced processes in the rare earth doped crystals. This
technique permits to study of change of the complex permittivity of the matter undergoing
different external influences (optical irradiation in particular). The feature of the microwave
resonance technique is the ability to separate the variations of real and imaginary parts of the
complex permittivity. The variation of imaginary part of the permittivity is caused by the
appearance of free charge carriers generated in the host bands, in other words, by
photoconductivity effect. The variation of its real part is associated with localized electrons or
holes at impurity ions or traps (color centers), in other words, with photodielectric effect. The
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variations of these both parts lead to a shift of the resonance frequency and change of the
cavity quality (Q) factor measured by the sensitive microwave receiver system.

Operating frequency of the Gunn diode generator was 35.4 GHz and its microwave
power was about 70 mW. The unloaded quality factor Q, of the cavity is about 800. The time
constant of the measuring system enabled us to investigate transient responses of the
dielectric permittivity of the crystals with about 5 ns time resolution. The samples were
excited by radiation of the third harmonic of the tunable Ti:Al,O3 laser. The pulse duration
and pulse-repetition rate of the exciting radiation were 10 ns and 10 Hz, respectively. All
experiments were carried out at room temperature.

Experimental results

Dependences of the absorption coefficient on the energy density of UV excitation
radiation for investigated crystals have been obtained. At small energy density of radiation
(less 0.2 J/cm?) the absorption coefficient for all samples linearly increases with increasing
energy density. Then the absorption coefficient reaches a plateau and does not depend on
energy density of excitation radiation. As an example the absorption coefficient of
Ce*":SrAlFs crystal at 213 nm as a function of energy density of excitation radiation is shown
in fig.1a.
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Fig.1. (a) — absorption coefficient of Ce>*:SrAlIFs crystal at 213 nm as a function of energy
density of excitation radiation; (b) — photoconductivity spectrum of Ce**:SrAlFs and
Ce® ,Yb*":SrAlFs crystals. T = 300 K

It has been found that saturation of the absorption coefficient is caused by excited state
absorption from the 5d-states of Ce®* ions. We also observed that the energy dependence of
absorption coefficient for Ce**:SrAIFs crystal has a hysteresis effect (fig.1a). This effect can
be explained by existence of long-lived color centers in Ce®":SrAlFs crystal which also absorb
pumping radiation. As a result of pulsed laser irradiation (10 Hz) the long-lived color centers
stock up in crystal and step-by-step rise the absorption coefficient. Hysteresis effect in the
energy dependence of absorption coefficient was not detected for Ce**, Yb**: SrAIFs crystal.
This confirms the fact that the additional activation by Yb*" ions engages a supplementary
recombination channel for free carries and decreases the long-living color centers content.

Then obtained experimental data have been used to calculate the basic parameters of
photodynamic processes. For this purpose we elaborated the model of photodynamic
processes, which describes two-step absorption and ionization of an impurity center,
formation and destruction of the color centers, capture and recombination of the free charge
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carriers. Numerical solution of the 6-level system of rate equations allowed us to estimate
basic parameters of photodynamic processes: excited state photoionization, color center
ionization, free electrons recombination and trapping by lattice defects cross-sections.

We also registered the photoconductivity spectra of investigated crystals by means of
the microwave resonant technique. As it can be seen from fig.1b the photoconductivity
spectrum of Ce®":SrAlFs crystal reveals the band with a maximum at about 260 nm. Linear
dependence of the photoconductivity signal on the energy density of excitation radiation at
260 nm suggests that the photoionization spectrum at 260 nm is essentially caused by one-
photon ionization process. Since the energy gap of SrAlFs crystal is close to 10 — 12 eV, one-
photon ionization of Ce** ions is not possible in this case. Therefore we can suggest that
260 nm - band in photoconductivity spectrum of Ce®*:SrAlFs crystal corresponds to ionization
of color center. It is confirmed by absence of 260 nm - band for Ce**,Yb**:SrAIFs crystal in
which additional activation by Yb*" ions decrease the concentration of photoinduced color
centers.

Summary

We investigated nonlinear absorption of UV radiation and photoconductivity spectrum
in SrAlIFs crystal doped by Ce®** and Yb** ions. The basic parameters of photodynamic
processes have been estimated.
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Methacrylic copolymers with incorporated organic nonlinear optical (NLO)
chromophore groups represent one of the classes of polymer materials with quadratic NLO
response to the applied electric field. In order to exhibit quadratic NLO activity the material
should be noncentrosymmetric, what is achieved by poling the chromophore groups in the
static electric field applied to the material heated up to the temperature close to the glass
transition one [1]. Here we present the study of methacrylic copolymers with
azochromophores in the side chain, the concentration of chromophore-containing comonomer
(MAZ) being 5 mol%, 8 mol%, 17 mol% and 37 mol%. The method of copolymers obtaining
was described in [2]. Polymer films were spin cast and NLO coefficients of the corresponding
polymers were measured by the Second Harmonic Generation (SHG) technique (Nd:YAG
laser, A =1064 nm, t=15ns). Film thickness and some parameters of time-temperature
protocol for poling using the corona-triode device are given in table 1.

Table 1. Characteristics of the studied polymer films.

MAZ Film Order
concentration, | thickness, | Ty, °C | T,,°C | t,, min | parameter,
mol% nm n
5 310 126 125 20 0.04
8 340 128 125 20 0.30
8 350 128 112 20 0.33
17 500 131 126 20 0,3
17 480 131 125 20 0,32
37 490 138 127 20 0.36
37 510 138 126 20 0.37

The results of measurements are presented in fig.1 in the form of dependence of NLO
coefficients on the MAZ concentration in the studied methacrylic copolymers. It can be easily
seen that maximum value of NLO coefficient was obtained for the polymer with MAZ
concentration of about 10 mol%, a-quartz plate (X-cut) being used as a standard.

We have also studied the dependence of the SHG intensity on the angle of the incident
laser beam. Thus, it was found that for most of the studied polymer films maximum SHG
intensity was about 57 degrees.
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Fig.1. The dependence of NLO coefficients on the MAZ concentration in the studied
methacrylic copolymers.
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Introduction

Borohydrides are ionic compounds, consisting of metal cations and tetrahedral [BH4]
anions. These compounds are considered as promising materials for hydrogen storage due to
their exceptional volumetric and gravimetric hydrogen densities [1], but their stability with
respect to thermal decomposition and the slow sorption kinetics remain the major drawbacks
for a practical use. Apart from the practical relevance, these compounds are of considerable
interest as model systems for studying the reorientational motion of complex ions. The
reorientational motion of BH4 groups can be represented by rotations around three 2-fold axes
and four 3-fold axes. Elucidation of hydrogen dynamics in complex hydrides may contribute
to improving their hydrogen-storage properties.

In this work, we report the results of the first nuclear magnetic resonance study of
atomic jump motion in new bimetallic perovskite-type borohydrides CsCa(BH4); and
RbCa(BH,);. Measurements of the 'H and ''B NMR spectra and spin-lattice relaxation rates
were performed over wide ranges of temperatures (84 — 580 K) and resonance frequencies
(14 —90 MHz). NMR appears to be especially effective for studies of atomic motion in
borohydrides [2], because nuclear spin-lattice relaxation rates in these compounds do not
contain any significant contributions not related to atomic motion (such as the conduction-
electron contribution in metallic systems). This allows us to trace the atomic jump rates in
borohydrides systems over the range of 6 orders of magnitude (10° — 10" s™).

Experimental methods

'H and ''B NMR measurements were performed on a modernized Bruker SXP pulse
spectrometer with quadrature phase detection at the frequencies w/2n = 14, 28 and 90 MHz
for 'H, 14 and 28 MHz for ''B. The magnetic field was provided by a 2.1 T iron-core Bruker
magnet. A home-built multinuclear continuous-wave NMR magnetometer working in the
range 0.32 — 2.15 T was used for field stabilization. For NMR measurements at 7' < 460 K, a
probehead with the sample was placed into an Oxford Instruments CF1200 continuous-flow
cryostat using N; as a cooling agent. The sample temperature, monitored by a chromel-(Au-
Fe) thermocouple, was stable to + 0.1 K. Measurements in the temperature range 460 — 580 K
were performed using a furnace probe head; for this setup, the sample temperature, monitored
by a copper-constantan thermocouple, was stable to + 0.5 K. The nuclear spin-lattice
relaxation rates were measured using the saturation — recovery method. NMR spectra were
recorded by Fourier transforming the solid echo signals (pulse sequence 7/2, — t — n/2,). For
NMR experiments, the sample was flame-sealed in a glass tube under vacuum.
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Results and discussion

The temperature dependences of the proton spin-lattice relaxation rates R/’ measured
for CsCa(BH4); and RbCa(BHy); at three resonance frequencies w/2m are shown in fig.1 and
fig.2, respectively. The general features of the observed behavior of R/' are typical of the
relaxation mechanism due to nuclear dipole-dipole interaction modulated by thermally

CsCa(BH)), 'H _
v 14 MHz
® 28MHz

100 £ A 90 MHz
‘TUJ
*_10:% {
= ;
F V¢
| %
1F
[ 1 1 1 1 1 N 1
2 4 6 8 10 12
10°T, K"

Fig.1. Proton spin-lattice relaxation rates measured at three resonance frequencies as
functions of the inverse temperature for CsCa(BH4)s. The solid lines show the
simultaneous fits of the 'three-peak' model to the data at 7 <426 K.
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Fig.2. Proton spin-lattice relaxation rates measured at three resonance frequencies as
functions of the inverse temperature for RbCa(BHy);. The solid lines show the
simultaneous fits of the standard model to the data in the region of the main high-
trmpereture peak.
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activated atomic motion. This motion is localized and can be identified as reorientations of the
BH, tetrahedra. In the studied temperature range, the proton spin-lattice relaxation rates R/
exhibit a frequency-dependent peak near 320 K for CsCa(BH4); and near 290 K for
RbCa(BH4);. Such a peak is expected to occur at the temperature at which the reorientational
jump rate of BH4 groups (governed by the Arrhenius law) becomes nearly equal to the
resonance frequency . The main frequency-dependent relaxation rate peak for RbCa(BHy)3
is observed at somewhat lower temperature than for CsCa(BH4);. This means that for
RbCa(BH4); the reorientational jump process responsible for the main peak is somewhat
faster than for CsCa(BHy);. The experimental results for CsCa(BH4); have been described in
terms of the 'three-peak' model including three types of jump motion and a Gaussian
distribution of activation energies for the low-temperature process at 7 < 426 K. For RbCa(BHy)s,
experimental data in the region of the main high-trmpereture peak have been described by the
standard model with the Arrhenius-type temperature dependence of reorientational jump rate
[3]. The results of the fit for CsCa(BH4); and RbCa(BH4); are shown by the solid lines in fig.1
and fig.2. The reorientational motion responsible for the main peak is characterized by the
activation energy of 0.50 eV for CsCa(BH4); and 0.52 eV for RbCa(BHy)s.

It is found, that for both systems some additional motional processes contribute to the
low-temperature data; this leads to the presence of an additional smeared peak at low
temperatures. Generally, the behavior of R/ (T) for CsCa(BH4); at T < 380 K and for

RbCa(BHy); at T < 340 K resembles that for a-Y(BH4); [4], where the linear coordination of a
BH, tetrahedron by two metal atoms is believed to lead to coexistence of several inequivalent
types of reorientations [5].

The expanded views of the R/'(T) data for CsCa(BH,4); and RbCa(BHy,); in the region
of high temperatures are shown in the insets of fig.1 and fig.2, respectively. It can be seen that
for CsCa(BH,); slightly above 500 K the proton relaxation rate exhibits a jump (most
pronounced at the frequency of 14 MHz). This feature can be attributed to the phase
transition. For RbCa(BH4);, such proton relaxation rate jump is not observed. The
reappearance of the frequency dependence of R accompanied by the increase in R with
the increasing temperature has been found for CsCa(BH4); at 7> 500 K and for RbCa(BH4);
at 7>400 K. Such a behavior indicates the onset of an additional motional process
corresponding to translational diffusion of intact BH4 groups. This is supported by the

. 28MHz, H
ool’e° ° ® CsCa(BH,),
o * o © RbCa(BH,),
15} ®
N
= 10 §
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Fig.3. Temperature dependences of the width (full width at half-maximum) of the proton
NMR spectra measured at 28 MHz for CsCa(BH4); and RbCa(BH,)s.
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temperature dependence of the 'H and ''B NMR line widths which drop to very small values
(~ 1 kHz) at high temperatures. The temperature dependences of the 1H NMR line widths Ay
(full width at half-maximum) for CsCa(BH4); and RbCa(BH4); are shown in fig.3. The 1H
NMR line narrowing is observed near 380 K for CsCa(BH4); and near 350 K for RbCa(BHy)s.
The pronounced drop of Ay indicates the onset of the jump motion of H-containing species
with the rate exceeding 10° s”'. The fact that at high temperatures the values of Ay are very
small (~1 kHz) shows that this motion leads to complete averaging out of dipole-dipole
interactions; this can occur only in the case of translational diffusion.
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The oxide LaMnOs is a key system for experimental and theoretical studies that aim to
resolve the relative importance of the electron-electron and electron-lattice interactions for the
orbital physics of manganites [1]. In this work we resolve issues about the Mn—Mn spin
correlation anisotropy and its variation across the orbital order (O'-phase) — orbital disorder
(O-phase) transition at 77 = 750 K in LaMnOs by means of '’O, '*’La NMR.

There are two structural oxygen sites: Ol (along the ¢ axis) and O2 (in the ab plane) in
orthorhombic (Pbnm space group) LaMnQOs. The pathway of the superexchange interaction
between two Mn neighbors involves O1 and O2 sites. The nuclear spin, ''I, probes the
unpaired electronic spins of its two Mn’" neighbors at each site through the transferred
hyperfine interactions. The nuclear spin, '*°7, of the La cation probes the electron spin density
transferred to the La (6s) orbital through the Mn(#,,)-O2(2p,)-La(6s) path from its eight Mn®"

neighbors.

The "0 and "*’La NMR spectra (fig.1a) were acquired up to 950 K in magnetic field
H=11.7 T. At this field the '"O and "*’La spectra overlap but they can be separated and O1,
02 lines can be identified as was described in [2]. The simulation of the '*’La quadrupolar
split spectra including both the central (m;=—1/2<>+1/2) and the satellite transitions was
performed to determine the components of the magnetic shift {K;;} tensor as well as the
quadrupole frequency vp =3eQV../21(2] — 1)h and asymmetry parameter 5 = |(Vi — Viy)/ V]|
of the electric field gradient (EFG) tensor {V;}. The 'O spin-echo decay rate, ''T5 ', was
measured on the peak of each 'O NMR line.

Spin and charge environment of La

The thermal variation of isotropic magnetic shift and EFG parameters of the '*’La
nucleus are represented in fig.1b and fig.1c respectively. The isotropic magnetic shift,
139Ki50 = 1/3Tr{Ki}, scales well the thermal behavior of y [3]. 139KiSO(T) follows the Curie-
Weiss law: Ko+ CLoAT—Or,) with Ko =0.07(4)% << ’Kio(T), OL.(O)=55(12) K and
OL.(0) = 160(40) K. Thus the **La NMR data confirm that the Mn—Mn exchange coupling
becomes more ferromagnetic in high temperature O-phase.

Parameters of EFG tensor, vy and #, in the O"-phase remain practically unchanged up to
about 500 K, smoothly decrease at higher temperature, and drop upon crossing 7,7. The
nonzero value of the asymmetry parameter, # = 0.3, is in agreement with the symmetry of the
O-phase which was found still orthorhombic [4]. The drop of vp and # upon crossing 77 is
due to the fact that although there is no change in symmetry, the MnOg octahedra become
more regular in the O-phase and the observed lattice appears cubic (¢ = b = ¢A2) [5].

Anisotropy of the Mn—Mn exchange interaction: '’O NMR

Below 750 K the 'O NMR powder spectrum consists of two lines, O1 and O2 (fig.1a).
The line displaying the largest 'K was attributed to oxygen atoms in the O2 site [2]. From
200 K up to T)r l71('02(7) data follow the Curie-Weiss law: Ky + Cox/(T — ©0,) with a chemical
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Fig.1. (a) The "0 and "*’La NMR powder spectra of stoichiometric LaMnOs. The gray
curve beneath the spectrum at 7= 400 K and 945 K is the corresponding '*’La NMR
spectrum simulation. Inset: schematic structure (pseudocubic cell) of orthorhombic
LaMnO; showing O1 and O2 sites. (b) '**La isotropic shift, '**Kis,, vs 7 (®) and inverse of
(13 9Kiso — Ko) vs T (0). The solid curve is the Curie-Weiss fit for 7' < 750 K, the dotted
lines are the fits to (‘*’Kis, — Ko) . (¢) Thermal behavior of the quadrupolar frequency, Vo
(0), and EFG asymmetry parameter, 7 (A ), at the La site.

shift Ko(02) =0.025(10)% and ®p, = 35(10) K (fig.2a). The positive value of ®¢, evidences
the FM nature of superexchange interaction between Mn neighbors in the ab plane. In
contrast to '*La and 'O, the mean-field law fits '"Ko(7) data only up to 7" = 550 K with
®o; =—15(20) K and Ky(O1)=Ky(02) (fig.2a). The slightly negative value of ®q;
demonstrates the AF nature of the interaction between adjacent Mn along c. Above T "
YKoi(T) deviates from the Curie-Weiss law and tends toward '"Ko(7). The merging of Ol
and O2 NMR lines at the O'-O transition indicates that the two structurally distinct O sites
have the same magnetic environment. Above 750 K the linear fit of (""K(7) — "K,) "' yields
@01.02 =260(50) K. Thus 'O NMR demonstrates that the Mn—Mn exchange interaction
changes from anisotropic (®p; =35 K, ®g; = —15 K) to isotropic (B, = ®p; =260 K) at T)r
and that in the O-phase the isotropic exchange coupling is strongly FM-enhanced.

The low-frequency dynamics of the Mn spins was studied by measuring the 'O spin-
echo decay rate, 7, ', on O1 and O2 lines. The data in fig.2b show that as long as the mean-
field behavior holds for "Koi(T) T» " is almost T-independent. Indeed, 75 '(02) is constant up
to T'~ Ty whereas 7> '(O1) is constant only up to 7". Above " T, '(O1) starts to increase and
approaches 75 '(0O2) values close to 7). In the O-phase 7> displays a maximum near 900 K.
This behavior reflects the thermal activation of an additional fluctuating mechanism which
becomes visible for the O1 site above 7'. Such behavior of Mn spin fluctuations means that
collective modes of adjacent MnQOg octahedra should be considered for this slow mechanism
which yields changes of spin correlations between Mn neighbors along ¢ axis. The activation
component (75 "), = [T () — T» '(293 K)] has an exponential behavior versus 1/7 below
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Fig.2. (a) Oxygen isotropic magnetic shift, 'K, vs T for O1 (®) and O2 (o) sites in the O'-
phase and for the single magnetic oxygen site (0) in the O-phase. Inset: inverse shift
('K —""Ky) " vs T. The solid curves are the Curie-Weiss fit to O1, O2 and to the single
magnetic oxygen site above 750 K. (b) Thermal behavior of '’O echo decay rate, ''T5 ", for
O1 (e) and O2 (o) sites in the O"-phase and for the single magnetic oxygen site (O0) in the
O-phase. Inset: thermally activated component (‘"7 ), = [T, '(T) — "5 ' (293K)] vs

1000/T.

900 K (inset in fig.2b) with activation energy E,= 0.76(8) eV which is in consistent with
estimates the Jahn-Teller splitting of the e, state [6].
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The polymorphic modification &-Fe,Os is known from as far back as 1934 [I1].
Structural studies of e-phase were carried out, however, many years later [2, 3]. The &-Fe,0;
phase remains the least studied thus far, because until quite recently no reliable and easily
reproducible method of isolation of this phase was known. While there are methods
permitting one to obtain &-Fe,O3 in the form of inclusions in other phases of iron oxide, but
no straightforward way of isolating the e-phase in pure form has not existed until quite
recently. One more difficulty consists in the e-phase being very unstable and transforming
spontaneously to a-Fe,Os. Moreover, e-Fe,O; exists exclusively in the form of nanoparticles
because of its low surface energy [4]. Isolation of &-Fe;Os3 nanoparticles was first reported in

[5].

The magnetic properties of the e-Fe,O3; phase turned out to be still more remarkable
than those of a-Fe,O;. It was established, in particular, that e-Fe,O3 possesses a giant coercive
force (up to 2.34 T) at room temperature. Coercive force is one of the main criteria of
applicability of a material in magnetic memory engineering and spintronics). In addition, the
e-Fe,O3 phase exhibits magnetoelectric properties [6] and is known to be a good absorber of
millimetre electromagnetic waves [7]. e-Fe,Os; nanoparticles absorb efficiently microwaves
with frequencies up to 182 GHz [7, 8], because this frequency matches in &-Fe,Os
nanoparticles the “natural” ferromagnetic resonance in zero external magnetic field. The
microwave field frequency corresponding to resonance absorption can be varied within a
broad range by introducing into the sample various impurities (Al, Ga, In) [9, 10]. And it is
this aspect, as well as attempts to obtain basic information on the mechanisms governing
magnetization of the e-phase of the iron oxide Fe,Os, that are stimulating interest to dilute
magnetic compounds of the type of e-Ing,4Fe; 7603. The present study was conducted on
adequately certified arrays of oriented &-Ings4Fe; 7603 nanowires (fig.1) doped with indium
and containing no inclusions of other polymorphic modifications of iron oxide.

Besides a SQUID magnetometer, we used an electron paramagnetic resonance (EPR)
spectrometer permitting one to record and study separately the contributions of the various
magnetic subsystems of a sample. The objectives pursued by the study can be formulated as
follows:

1. Separation of the contributions of the high-temperature hard-magnetic and the low-
temperature phases to the static magnetization and dynamic magnetic susceptibility of &-
Ing 24Feq 7603 nanowires.

2. Search for a magnetic resonance response to the magnetic phase transition in e-
Ing 24Fe; 7603 nanowires.

3. Determination of the types of magnetic ordering in the high- and low-temperature
magnetic phases of e-Ing24Fe; 7603 nanowires.

4. Recognizing the part played by the substitutional indium impurity in evolvement of the
magnetic properties of nanowires in the e-phase of the iron oxide Fe,Os.
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Fig.1. Image of a &-Ing»4Fe; 7603 nanowires obtained with a transmission electron
microscope.

The electron spin resonance spectra (fig.2) were obtained with a JEOL spectrometer
operating in the X-ray frequency range (microwave field frequency v = 9.4 GHz), with a type
Hip, rectangular resonator, modulation frequency 100 kHz and the dc magnetic field
sweeping range 0 — 14 kOe. The electron spin resonance spectra were recorded in the form of
the first derivative of the imaginary part of magnetic susceptibility dy"/dH. The temperature
was varied within the 4 — 300 K range in an ESR 900 Oxford Instruments cryostat.
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Fig.2. Temperature dependence of the magnetization M of &-Ing4Fe; 7603 nanowires
measured in a magnetic field of 1 kOe under cooling. Inset shows fragments of electron spin
resonance spectra corresponding to the high- and low-temperature phases. The numbers
identify the resonance lines in the spectrum.

The magnetization of the nanowires (fig.2) was measured with a Quantum Design
MPMS 5XL SQUID magnetometer. We measured the temperature dependence of nanowire
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magnetization M under cooling in a dc magnetic field 1 kOe. The hysteresis loops were
obtained at temperatures of 300 and 100 K in a dc magnetic field 0 — 50 kOe.

The spectrum of &-Ingy4Fe; 7603 nanowires obtained below the temperature of the
magnetic phase transition consists of two lines, 1 and 2 (see inset to fig.2). Following the
magnetic transition, only line 3 remains in the spectrum (inset to fig.2). The nonresonant
signal close to zero magnetic field, which can be induced by the “natural” ferromagnetic
resonance. The resonance fields of lines 2 and 3 corresponding to the low- and high-
temperature phases, respectively, differ strongly from one another (inset to fig.2). The
positions of the resonance lines are sensitive to canting of the easy magnetization axis relative
to the constant magnetic field of the spectrometer. The magnetic phase transition brings about
a noticeable rearrangement of the electron spin resonance spectrum.

This work reports on a study of magnetic properties of ordered arrays of e-Ing24Fe; 7603
nanowires possessing a room-temperature coercive force of 6 kOe. Lowering the temperature
below 190 K brings about a sharp decrease of the coercive force and magnetization of
nanowires driven by the spin-reorientation transition [11]. Lines related to the high-
temperature and low-temperature phases have been identified in ferromagnetic resonance
spectra of the nanowires. A line lying near zero magnetic field and evolving from “natural”
ferromagnetic resonance has also been detected.
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Abstract

In this contribution we report on the results of "H NMR studies of the fcc Ti,xNbHy
hydrides (x=0.5, 0.6, 0.3 and y = 2), perspective materials for reversible hydrogen storage.
The samples were synthesized using the method of Self-propagating High-temperature
Synthesis. The 'H continuous wave NMR spectra recorded at room temperature evidence that
a part of hydrogen is in mobile state, whereas the rest is bounded to the lattice. It was found
that in studied hydrides with fcc structure hydrogen atoms are distributed between both
tetrahedral and octahedral sites.

Introduction

Efficient and safe storage of hydrogen is one of the most important problems for the
extensive use of hydrogen as energy carrier. Transition metal alloys belong to a class of
hydrogen storage materials. Properties important for hydrogen storage application, such as a
maximum hydrogen uptake, temperature of the hydrogen release, reversibility of reaction etc.,
depend not only on the composition but on the microstructure as well. The latest is
determined by the preparation method of an alloy and its further hydrogenation. Nuclear
magnetic resonance (NMR) techniques is quite valuable for studies both the hydrogen
location and mobility in hydrides. In this contribution we report on the results of our 'H
continuous-wave NMR study of Ti;«NbHy hydrides synthesized using the method of Self-
propagating High-temperature Synthesis (SHS). [1]

Sample preparation and experimental methods

All the studied samples have been synthesized by the "hydride cycle" in association
with SHS (Self-propagating High-temperature Synthesis). The full hydride cycle included: (I)
the SHS synthesis of source hydrides (TiH, and NbHgyo); (II) grinding and mixing the
powders of hydrides; (III) compacting this mixture at different pressures; (IV)
dehydrogenation of compacted sample; (V) synthesis of the hydride of the formed Ti;.xNby
alloy by SHS method implemented under hydrogen pressure. More details can be found in
[2].

The structural characterization of the both alloys and hydrides was done using a
Siemens D-5000 diffractometer. Fig.1 represents the X-ray patterns for all studied hydrides. It
has been obtained that the synthesized Ti;xNbyx samples have inhomogeneous structure: the
main bce phase contains an admixture of hcp-Ti (only traces in the Tip7Nbgs sample and
several percent in the TigsNbg s and Tip4Nbg ¢ samples).

The synthesized hydrides are even more inhomogeneous: besides the main fcc phase
they contain several percent of two additional phases, namely, bce-TiHy and orthorhombic
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Fig.1. X-ray pattern for studied hydrides hydrides.
NbHy. It means that in the synthetized hydrides the main phase does not correspond exactly to
the initial composition, however, further, when discussing our results we will refer the

samples according to the initial composition. The lattice parameters for all studied alloys and
hydrides are listed in table 1.

Table 1. Structural parameters of the studied Ti; <\Nby alloys and their hydrides

Compound Structure Space Lattice Volume per
type group parameters (A)  metal atom (A?)
Ti97Nbg 3 bee Im-3m a= 328543(1) 17.7315
TipsNbg s bce Im-3m a=3.29695(1) 17.9187
hep P63;/mmc  a=296894(1) 18.2285
c=4.77581(1)
Tip.4Nbo 6 bce Im-3m a=3.28519(1) 17.7276
hep P63;/mmc  a=296894(1) 18.2285
c=4.77581(1)
Ti0_7Nbo_3H1.94 fce Fm-3m a=4.5 1225(1) 23.2058
orthorhombic F222 a=4.84300(1)  20.6400

b=4.91700(1)
c=3.46700(1)

bce Im-3m a=3.30650(1) 18.0749
TiosNbgsH; o fce Fm-3m a=4.52364(1) 23.1422
orthorhombic F222 a=4.82282(1) 20.5540

b=4.91700(1)
c=3.46700(1)

bee Im-3m a=3.30650(1) 18.0749
Tio.4Nbo.H o4 foo Fm3m  a=4.52778(1) 23.2058
orthorhombic  F222 a=4.84300(1)  20.6400

b=4.91700(1)
c=3.46700(1)
bec Im-3m a=330650(1) 18.0749
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The 'H NMR line shapes of the samples were recorded with home-built cw NMR
spectrometer at 43 MHz at room temperature.

Results and discussion

Fig.2 represents the first derivative of the absorption 'H NMR spectral line recorded at
T =293 K in Tip7Nbg3H; .94, TigsNbgsH; ¢ and Tip4NboHj.94. As one can see from fig.2 in all
studied hydrides "H NMR spectra consist of two components: narrow and broad, which can
be attributed to the mobile hydrogen and hydrogen bounded to the lattice, respectively. This
- spectral shape is rather typical for metal hydrogen
ogh " .Ti_,._I;h,, ._lul,,,l ] systems [3-6].

expeniment

b — total fit

A more careful analysis shows that broad line is
a superposition of two broad lines, shifted to different
sides relatively the narrow line. Both the second
moment values of the adsorption lines (S;) and the

0.4

0.0 SO B N

-0.4

-------- mobile H

e s relative shift (Av) are listed in table 2.
S 08 ' Table 2. Experimental parameters of '"H NMR spectra
E in studied hydrides.
2z 04
5 00 Hedsid Av (kHz) S, (G%)
f P yande broad broad  broad  broad
e | line 1 line 2 line 1 line 2
;’3 e SR SR Tip:NbosHios —9.5(7)  19.6(6) 15.7(2) 14.0(2)

0.8f B TiNb, H ., 1  TipsNbosHis —17.7(5) 16.509) 19.3(1) 25.4(1)

0.4 TioaNbogHios —4.5(9) 20.1(9) 24.4(1) 24.1(1)

To attribute the broad lines we compared the

-0‘4.- 1 second moment of the experimental lines with those
0.8} 1 one calculated using the well-known Van Vleck
30 60 40 20 020 20 60 80 expression and taking into account an equiprobable
Av (kHz) distribution of the Nb atoms on the metal sites in the

Fig.2. "H NMR spectra of lattice and H atoms on the tetrahedral (T) and (O)

. . interstitial sites. Because of the low natural abundance
TioNbosH o4, TiosNbosHo and - a0 ™ o™ elei (7.75% and 5.51%.
respectively) and small magnetic moments (compared
to 'H and *Nb nuclei) their contribution to the dipole-
dipole interactions with protons can be neglected.
Thus in our calculations only 'H—"H and "H—*’Nb dipole-dipole interactions were taken
into account. More details can be found in [7].

Tip4Nbg cH; 94 hydrides at room
temperature at 43 MHz.

In fig.3 we plot the second moment S, in TipsNboe¢H; 94 as a function of the O-site
occupancy. Both contributions from hydrogen located in T-sites (Hr) and O-sites (Ho) are
shown. In fig.3, 100% of the O-site occupancy means that all O-sites are occupied and the rest
of hydrogen is in T-sites.

The better agreement between the experimental and calculated S, values is achieved at
the O-site occupancy close to 50% in Tip4NbgsH; 94 (compare fig.3 and table 2) and 70% in
TipsNbosH;o. For Tip3Nbg7H 94 the calculation leads to noticeably greater S, values as
compared to the experimental ones.
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Fig.3. "H NMR spectra of Tip4Nbg¢H; 94 hydrides at room temperature at 43 MHz.
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The structural variety of triple molybdates and the display of functional properties (i.e.,
ion-conducting, nonlinear-optical, and luminescent) by many representatives of this class of
compounds [1] command the attention of researchers for these compounds. In [2], we
reported our discovery of the isostructural family of Li,M3R(Mo00Qs)4 triple molybdates (MR=
CsFe, CsGa, CsAl, RbGa, RbAIl, TIAl), ordered derivatives of the structure of cubic
CseZns(MoQy)g and crystallized in tetragonal syngony (space group I 2d, Z= 4). A detailed
description of the crystal structures of Li,M3R(Mo00O,)s compounds containing open lattices of
MoQO,, LiO4, and ROs-tetrahedra whose voids hold large, singly-charged cations with
coordination number CN = 12 is given in [2, 3]. Most of the elements in these compounds
have nuclei with intrinsic magnetic moments (Li, Al, Rb, Cs), so the considered triple
molybdates are suitable objects for studies using such local methods as nuclear magnetic
resonance (NMR). To date, no such studies have been performed. In this work we present, the
first results from an NMR study of triple molybdates with the composition Li,M3A1(Mo00QO4)4
(M =Rb, Cs).

The compounds were prepared by annealing stoichiometric amounts of simple
molybdates at 450-500°C for 40-60 h. X-ray diffraction on a D8 Advance automatic
diffractometer (Bruker), ACuKa, and a secondary monochromator (26max= 100°; scan step
0.02076°) was used as a control if the products of synthesis were single-phase.

The NMR spectra were recorded at room temperature on an Agilent VNMR 400 pulse
spectrometer at frequencies of 104.2 MHz (*’Al), 155.44MHz ('Li), 130.87MHz (*’Rb), and
52.43 MHz ('*Cs) in the stationary one-pulse mode and with magic angle spinning (MAS).
Rotation rate of the sample was 10 kHz. The chemical shift values for 'Li were determined
with respect to 9.7M LiCl, for *’Al with respect to 1.1M AI(NOs)s, for *’Rb with respect to
0.01M RbCI, and for 33Cs with respect t00.1M CsNOs.

The NMR spectra were decomposed into their components from the different
crystallographic positions of the nuclei, and the values of the quadrupole frequencies (vq), the
asymmetry parameters (1), and the chemical shifts (6) of the complex NMR lines were
determined using the SIMUL powder spectrum simulation program with allowance for the
combined effect of magnetic and electric hyperfine interactions.

The stationary NMR spectra of magnetic nuclei in the investigated powder compounds
have complex shapes due to the superposition of quadrupole effects according to the nuclear
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spin (I) and its quadrupole moment (Q): I('Li) = 3/2 and 'Q= —0,04 b; I(*’Al)=5/2 and
2’Q=0.15 b; I(*’Rb)= 3/2 and Q= 0.13 b; 1(***Cs)= 7/2 and **Q=-0.003 b.

According to the results from our X-ray studies, there is one position for the Li" ion in
the crystal lattice of compounds that corresponds to the singlet line in the 'Li NMR (MAS)
spectra. The stationary 'Li NMR spectrum of the Li,RbsAl(MoOy); compounds is also
characterized by one signal consisting of the line from the central transition —1/2 < +1/2 and
the lines of satellite transitions —3/2 < —1/2 and +1/2«<»> +3/2with quadrupole frequency
vo=12 kHz. The stationary 'Li NMR spectrum of the Li,Cs;Al(M0O,)s compound has a
somewhat more complicated shape associated with the high asymmetry parameter of the
electric field gradient tensor (see table).

The line of the central transition and the first pair of satellites with quadrupole splitting
of 240 and 210 kHz for the Li;Rb3;Al(M00Q4)s and Li,Cs3;Al(M0QO4)s compounds, respectively,
are also observed in ’Al NMR spectra recorded without spinning. As it follows from an
analysis of the *’Al NMR (MAS) spectra the central transition can be described by one line
that corresponds to the single Al position in the lattice with allowance for the second-order
effects of perturbation theory, due to the high values of the quadrupole splitting frequencies.

This effect is characteristic for the ’Rb NMR spectrum of the Li;Rb3Al(M0QOy)4 but in
an even more complicated manner. There are two positions for the rubidium ion in the
structure of this compound, and in the stationary (fig.1a) and MAS (fig.1b) *’Rb NMR spectra
we observe the superposition of two lines of the central transitions, the complicated shape of
which is due to the high wvalues of the quadrupole splitting frequencies
(1.9 and 1.3 MHz) and the asymmetry parameter (table).

a b

R

I I I I I
-40 -80 -120 -160 -200

6, ppm
Fig.1. *’Rb NMR Li;Rb;Al(M0Oy)s spectra: (a) experimental (points) and calculated (solid
line) spectra. The dotted line marks the components of the spectrum from two
crystallographic rubidium positions; (b) ¥ Rb NMR (MAS) experimental spectrum.

[ [ [ I [ [ |
200 100 0 -100 -200 -300 -400

33Cs NMR (MAS) spectrum of the LiyCs3Al(Mo0O4)s compound consists of two
singlets with chemical shift values of —118.8 and —170.6 ppm (fig.2b) and integral intensities
corresponding to the populations of the two cesium ion positions in the molybdate structure.
Analysis of the stationary NMR spectrum (fig.2a) allowed us to establish the high values of
asymmetry parameter n= 0.6 and 0.8 at low (relative to 87Rb) values of the quadrupole
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splitting frequency (in accordance with the values of the quadrupole moments of **Cs and
’Rb nuclei).

T T T T T | ' | . I . I . |
100 0 100 200 300  -400  -500 _1q0 120 -140 160 -180

3, ppm d, ppm

Fig.2. **CsNMR spectra of the Li,Cs3Al(M0Q4)4: (a) experimental (points) and
calculated(solid line). The dotted line marks the components from two crystallographic
cesium positions; (b) 3Cs NMR (MAS) experimental spectrum.

Table 1. Values of chemical shifts (3), quadrupole frequencies (vQ) and asymmetry
parameters (1) in the NMR spectra of the Li,M3A1(M00O4)4 compound (M= Rb, Cs)

Nucleus Parameter LioRb3AI(M00O4)4 Li,Cs3Al(M00Q4)4
L o, ppm -0,5 -0,31
vo, MHz 0,012 0,013
n 0 0,45
27 o, ppm 62,6-61,2 61,8-60,9
Vo, MHz 0,24 0,21
n 0,2 0,25
5Rp 9, ppm -
vo, MHz 1.9 and 1.3
n 0,6 and 0,1
133 o, ppm -118,8 and -170,6
Vo, MHz 0,0065 and 0,0055
n 0,6 and 0,8

On the whole, the NMR spectra testify to the considerable asymmetry of the distribution
of the electric charge throughout the crystal lattice of triple molybdates Li,M3Al(M0QO4)s
(M = Rb, Cs), which probably determines their properties as nonlinear optical materials [4].
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Description the ferromagnetic resonance (FMR) in composite ferromagnetic films is
difficult task. Because nanocomposites metal-dielectric films are plenty randomly oriented
magnetic particles with different size and shape in a dielectric medium on substrate usually.
Such structures may be used in device for recording and storing information for protective
coatings, wireless device and medical equipment [1]. Therefore these structures are studied
widely.

We had developed the model for description FMR properties composites ferromagnetic
nanogranulated films. The basis of our model is the approaches of Netzelmann[2].

For simplicity, we can imagine the films are ensembles of identical interacting
ferromagnetic particles. The shape of such particle is ellipsoid of rotation. According
Netzelmann method the demagnetization energy is sum demagnetization energy of particles
and demagnetization energy of ensembles as a whole (1) [2].

3 :%xmem%a_x)mpm )
There x — the volume concentration, M — the magnetization, Ne — demagnetization
tensor for the film (ensemble), Np — demagnetization tensor for the effective particle.

If the coordinates axes coincide witch the ellipsoid axes we can write the
demagnetization tensor for the ellipsoid particle [3]:

N, 0 0
N={ 0 N, 0 (2)
0 0 N

b

Results of comparisons relation resonance magnetic field and volume concentration for
experimental data [1] witch modelling the Netzelmann method [2] were insufficient. We had
added change of the effective particle shape to the model. We had got better results. The
formation of columnar structures was modelled by stretching the shape of particles. Changing
of the shape of the metal particles was shown by AFM [1].

Fig.1 show approximate curve view of the demagnetization factor N, for different
concentration in cause of formation columnar structures. The model works for concentration
more 0.3 and less concentration 0.5. For concentration less 0.3 we can’t say about
ferromagnetic interaction we obtain superparamagnetic state. For metal concentration more
0.5 we have case formation metal matrix witch dielectric particles. We can consider slowly
changing effective particles.

We compared angular theoretical dependence magnetic resonance field witch
experimental data. The investigation films have composition (Co-Fe-Zr).(CaF,),, (Co-Fe-
Zr)x(Al,03)y, (Co-Ta-Nb)x(SiO,)y, 0.3<x<0.62, 3<y<12. The ion-beam sputtering method are
used for preparation the films. The materials of substrate were polycrystalline glass and
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polyethylene (PET). The films were investigated by X-ray and atomic force microscopy
(AFM) [1]. According experimental data the model was corrected.

Fig.1. The dependence view of demagnetization factor N, witch volume concentration.
This work was supported by RFBR (grant 13-02-01401).
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Physical properties of the system with the triangular antiferromagnetic lattice (TLA)
CuCrO,, have been intensively studied recently both experimentally and theoretically. The
problem of installation of an antiferromagnetic order in TLA leads to the strong geometrical
spin frustration revealing some interesting properties.

Magnetic ground state of CuCrO2 was discovered by neutron powder diffraction study

and is characterized by incommensurate “out-of-plane” spin structure with the propagation
vector Q =(q, q,0) (q =10.329). [1-4]

We present the results of the ®****Cu NMR/NQR observation in paramagnetic and
ordered magnetic states of a single crystal CuCrO, with a triangular lattice consisting of Cr
atoms. “®Cu NMR/NQR spectra were measured in a wide temperatures range
T = (4.2 — 300) K and magnetic fields H = (0 — 94) kOe directed along the a and c-axis of the
crystal. The electric field gradient (EFG) tensor and magnetic shift tensor (K, ) components
were obtained.

The temperature dependences of K,y(H||ab), K.(H||c) are well described by the Curie-
Weiss law for paramagnetic state resembling the magnetic susceptibility (yabc) [S] behavior.
The hyperfine field at copper sites Hiocabc = 33 kOe/pup has been determined using the Ky o vs
Yabc diagrams. The principle axis of EFG direction is aligned with the c-axis. The quadrupole
frequency 63VQ =27.0(4) MHz and the parameter of asymmetry 1 are equal to 0.

Below the critical temperature Ty = 24.2(3) K, the NMR line suddenly broadens and
splits characterizing the magnetic phase transition with developing the long-range magnetic
order (fig.1).

A dashed line is the result of modeling spectra ****Cu. In constructing the theoretical
line we consided the contribution both the dipole field hy, 4, produced by magnetic moments
of the Cr’" ions and hyperfine field hy,. ;s generated by the spin polarization transfer from six
nearest magnetic neighbors. The configuration of the magnetic moments was taken according
to the model described above. Well agreement of the theoretical and the experimental
spectrum occurs at ferromagnetic ordering in the neighboring planes of chromium ions with
[hioen] = 1.35(5) kOe, per(Cr) =2.6(3) . It should be noted that the description of the
experimental spectrum H]|c includes two lines that conform to isotopes “***Cu. In the case of
Hlja we used two lines for each isotope. The difference in number of line is explained by
appearing multidomain magnetic structure in the sample.
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Fig.1. ®*%Cu NMR spectra measured on a single crystal CuCrO, in a magnetic field H || ¢ and

H || a atthe T=4.2 K, v =49 MHz into magnetic ordered stats, and result of modeling The
inset shows the dependence of splits AH, , at the magnetic field.

The split AH, and AH, (inset fig.1) remains constant over a wide range of magnetic
fields, which indicates that the magnetic structure is not changed.

The parameters of EFG tensor in ordered magnetic states were determined from the
63:95Cu NQR spectra. They were close to the values in the paramagnetic phase.
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Great attention is paid to the study of spin chains with strong intrachain frustration.
Magnetic ordering, which can be observed at low temperatures depends on the magnitude of
the spin-spin and spin-phonon interactions, both within and between the chains.

The NaCu,O, (NCO) and LiCu,O, (LCO) are isostructural quasi-one-dimensional
magnetic materials with competing ferro- and antiferromagnetic exchange interactions
between the nearest-neighbor and next-nearest-neighbor spins in the CuO; chain, respectively.

Below the critical temperature 7y = 12 K (7x= 23 K), the NCO (LCO) compound with
pronounced spin chains undergoes a transition to an ordered state characterized by the
incommensurate spiral magnetic structure [1-4]. In the case of LCO transition is accompanied
by the spontaneous appearance of the macroscopic electric polarization P [5], while the co-
existence magnetic and electric order in NCO has not yet been found [6]. The length and
direction of the vector P depend on the external magnetic field. There are several different
theories explaining the appearance (or absence) of magnetoelectricity in compounds with the
spiral magnetic structure [7-9]. For this reason, for the experimental test of existing
theoretical models of magnetoelectricity, it is important to know the real spatial orientation of
the planes of spin spirals in the crystal and its evolution depending on the magnitude and
direction of the external magnetic field.

The crystal structure of orthorhombic NCO (LCO) can be represented as —Cu'—O—
Cu**~O—Na(Li)- and —Na(Li)-O—Cu*"~O- layers stacking up along the ¢ axis. The unit cells
of NCO and LCO are shown in fig.1. The crystals in equal proportions contain copper ions in
a magnetic (Cu’") and nonmagnetic (Cu’) states located in the crystallographically
nonequivalent positions. Cu®" ions are located in the planes (m=L, IL, III, IV).

We present the results NMR/NQR studies of magnetic order in the NCO and LCO.
6365Cu (I = 3/2) and *Na, 'Li ( = 3/2) NMR and NQR measurements have been performed
on the single crystal NCO (LCO) at temperatures 7=290K, 7=7K (T=10K) and
T=4.2K, i.e. above and below the critical temperature of the magnetic ordering. NMR
spectra of two isotopes of copper ****Cu located in non-magnetic Cu” layers were recorded at
the external magnetic field Hy = 94 kOe for orientation of the single crystal Hy || a, b, ¢. We
were not able to observe the signal from the magnetic copper ions Cu*". The main reason for
the impossibility of the detection of the NMR signal is a very high rate of the spin—spin
relaxation of the nuclear spin. At 7> Ty NMR spectrum for each isotope of copper is a set of
three narrow lines (Afi» <100 kHz), and the NQR spectrum is two narrow lines, and sodium
spectrum is three narrow lines, and lithium spectrum is one narrow line. Below the Ty, the
spectra of all nuclei have the form characteristic of spiral magnetic structures incommensurate
with the lattice. The analysis of the NMR/NQR spectra presented shown that they can be
satisfactorily described by the assumption that each of the narrow lines observed above 7= Ty
is split in two lines in the case of copper and sodium and in four peaks in the case of lithium.
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Fig.1. Ions Li",Na", Cu’, and Cu’’ in the crystal lattices. Shows the spatial orientation of the
planar spin spirals in the Cu”*-O chains layers m = L, IL, IIL, IV in zero external magnetic field
and Hj = 94 kOe directed along the crystal axis ¢: a) LiCu,0,, b) NaCu,0..

In the case of the planar spiral, the spatial orientation of the magnetic moment
Mm,ijk = dem;ijk of the Cu”" ion with the radius vector I'mijk 1S determined by the unit vector
emijk = (€mijk €mijk €mijk) Whose components are given by the expressions:

€, s =—cosy, cosO sing, . . —siny, cosg, .. (1)
eym,i’j’k =—siny,, cosd, sin ¢m’i,j,k +cosy,, cos ¢m’i’j,k (2)
ezm,l.,j’k =sin@, sin ¢m’i’j,k 3)

The local magnetic moment hy,. (R) created at the point R(R is the position of Cu’, Na" or
Li") by the magnetic moments of Cu®" ions with the radius vectors r; is determined by the
long range dipole field Hgi, and by transferred “contact” hyperfine field Hyy:

(n=R)( (n-R)) 4, DAt

[

l

h,.(R) = Hdip (R)+ th (R)= Zi 3 4)
Here, p; is the magnetic moment at the i-th site of the Cu?' ion and Ay is the hyperfine
coupling constant. The hyperfine field Hye in Eq. (4) was calculated by summing over four
Cu®" magnetic ions nearest to Cu”. The contribution from neighboring Cu®" ions located
inside a sphere with a radius of 40 A was taken into account when calculating the dipole field
Hgip. To describe the splitting of the NMR spectra of »Na ('Li) below T = Ty, it is sufficient
to take into account only the contribution Hyi, to the local field hi,. (R) with the magnetic
moment of the Cu®" ion 1;~0.5—0.6 ug (ui~ 0.8 —1.0 ug). The amplitude of the local
hyperfine field induced at Cu” sites by the magnetic moment of one neighboring Cu®" ion, the
angles 01,0, 1, and v, specifying the spatial orientations of the spin spirals in the Cu®*
chains, and the differences A@21= Qu— @1, A@3= @m— ¢, and A@sz= @rv— @ were used as
varying parameters when analyzing the spectra of ®* *Cu. The magnitude of the effective
magnetic moment x on the Cu”” ion in the magnetically ordered phase was varied when
simulating the spectra of sodium and lithium.
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To calculate the shape of the NMR curves, we used our specially developed simulation
program involving the numerical calculation of the energy levels and the transition
probabilities with the diagonalization of the matrix elements of the total Hamiltonian
(quadrupole Hg and Zeeman Hy) of the nuclear system taking into account the spatial
orientation of the magnetic moments of copper described above.

As an example, the fig.2 shows ****Cu NMR experimental and simulation spectra in the
magnetically ordered phase of LiCu,0,. The spatial orientation of the planar spin spirals in
the Cu*"-O chains layers m = I, II, III, IV in zero external magnetic field and magnetic field
directed along the axis of the crystal ¢ is shown in fig.1.
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Fig.2. ©*®Cu NMR spectra in the magnetically ordered phase of LiCu,05 single crystal at
T =10 K for the external magnetic field directions Hy || a, b, ¢ (e). The narrow spectral peaks
conform to ***Cu NMR spectra at room temperature. Solid line represents the spectrum
simulated in the model of planar helix.
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Introduction

Catalysis of lower alkenes (C,-C4) dimerization by nickel complexes is the subject of
great number of research for over four decades. The processes of low molecular
oligomerization of a-alkenes and vinyl aromatic hydrocarbons allow to obtain cheap tonnage
petrochemical products (ethylene, propylene, styrene) turning into monomers for synthetic
polymers, intermediates for fine chemicals, detergents and floating agents. These reactions are
the basis of the industrial production of propylene oligomers. One of such processes is
"Dimersol" that is producing of propylene oligomers, which are high octane gasoline, in the
presence of catalytic systems based on complexes of nickel and organoaluminum compounds
(NiX2-AIRX5.0).

Known nickel-containing catalytic systems for dimerization and oligomerization of
lower alkenes can be divided into the following five groups according to the oxidation state of
the transition metal in the precursor and the nature of the cocatalyst [1, 2]: (1) nickel(II)
complexes with the general formula L,NiX; (X = anionic ligand; L = donor ligand, such as
phosphine, phosphite, or diimine; n = 1 or 2) in combination with aluminum alkyl halides; (2)
organic or hydrido complexes of Ni(Il) activated by Lewis acids, including aluminum alkyl
halides; (3) Ni(0) complexes in combination with Bronsted acids; (4) Ni(0) and Ni(I)
complexes in combination with Lewis acids; (5) Ni(Il) complexes, e.g., Ni(PPh;),Cl,
dissolved in an ionic liquid consisting of aluminum chloride and a weak Lewis base such as
triphenylbismuth or N-methylpyrrole.

The conceptions about decisive contribution to the catalytic process of hydride
complexes Ni (II), formed by the interaction of nickel (II) with an organoaluminum
compound are the most experimentally validated. Hydride mechanism of conversion of lower
alkenes is often postulated (without any experimental proving) and when a Lewis acid
without hydrogen is used as a co-catalyst.

Here, we report the study of the interaction mechanism between Ni(0) and Ni(I)
phosphine complexes with the general formulas Ni(PPh;)»(C,H4) and Ni(PPh3),Cl (n = 2, 3)
in combination with Lewis acids by magnetic resonance methods (NMR and ESR). The
establishment of the basic steps leading to the formation of active nickel complexes for
dimerization of lower alkenes is also presented.

Experimental results and discussion

Although various nickel containing systems have been investigated for half a century,
the problem of formation of active complexes and elucidating their nature (composition and
structure) in the catalytic systems and in particular reactions is still challenging researchers. A
specific feature of the catalytic systems examined is that they consist of many components.
There are examples of the formation of catalysts containing five components or more. These
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systems are distinctive in that a multiplicity of reactions occurs at the active catalyst
formation stage and in that they are multiphase ones and are sensitive to various impurities. In
addition, the turnover frequency (TOF), turnover number (TON), and selectivity in the
processes catalyzed by these systems depend significantly on the substrate, on the proportions
of components in the system, on the order of their interactions, on process parameters
(primarily on temperature), and on some other factors, for example, the storage time of the
toluene solution of BF; OFEt,.

For BF; OEt; that was stored in a Schlenk flask, the following changes were observed in
the ''B, '’F, and '"H NMR spectra. Initially, the "H NMR spectrum shows resonance signals
from diethyl ether (6 =1.15 ppm, t, ) = 7.3, CHs; 6=3.85ppm, q, ) = 7.3, CH;), which
forms an adduct with BF; (BF5 OEt,); in the course of time, a broad signal appears and grows.
The ''B and '"F NMR spectra showed, along with the major signals of BF; OEt, at 0 and
— 76.6 ppm, broad singlets at 8 = — 0.9 ppm (‘'B NMR) and § = — 70.8 ppm ("’F NMR). These
data indicate BF; OEt; hydrolysis under the action of water that is present in the solvent and
penetrates into the solution from the environment through the ground glass joints, followed by
BF; H,O disproportionation yielding HBF4 and other boron and fluorine containing acids [3].
Thus, the higher activity of the catalytic system prepared using a stored BF; OEt; solution is
due to the formation of Bronsted acids. To minimize the influence of Bronsted acids the
interaction between Ni complexes and BF; OEt, was performed with freshly distilled BF;
OEt,.

The reaction between the Ni(PPhs),(C,H4) and BF; OEt; completed in 1 — 1.5 minutes
at room temperature. As a BF; OEt; solution in toluene-d® is added to a Ni(PPh3),(C,Hy)
solution in toluene-d® in an ethylene atmosphere, the color of the mixture changes from
yellow to dark brown. The '"H NMR spectra of the Ni(PPhs),(C,Hs) — BF3; OEt, reaction
system recorded during the reaction showed, along with signals from the aromatic protons of
the coordinated PPhs ligands (6 = 7.23 — 7.69 ppm) and from methyl groups (6 = 1.14 ppm)
and methylene groups (6 =3.63 ppm) of diethyl ether, signals from intermediate nickel
complexes, namely, complex multiplets at 0.39 — 0.93 and 2.85 — 3.39 ppm and signals in the
6.5 — 7.0 ppm range. The appearance of the complex multiplets centered at 0.66 and 3.12 ppm
was accompanied by a weakening of the resonance signal from coordinated ethylene
(6=2.66 ppm). An upfield shift of the resonance signals from methylene groups
(6 =0.6 ppm) is typical of organometallic derivatives whose methylene groups are bonded to
boron or aluminum atoms. In particular, the signals of the CH; group in AlEt; are observed at
0.45 ppm (q, 2H, 'J = 8.24 Hz) and those of CHj occur at 1.22 ppm (t, 3H, 'J = 8.24 Hz). In
organoboron derivatives, such as [PhCHzCHzBFg]*Ki as distinct from organoaluminum
derivatives, the methylene group at the boron atom shows itself in the '"H NMR spectrum as a
complex multiplet in the 0.28 — 0.40 ppm range. The second CH, group is characterized by a
multiplet at & = 2.42 — 2.48 ppm [3]. This is due to the fact that the ''B nuclei have a spin of
3/2 and a hyperfine structure appears as a result of proton coupling with the nuclei of both
boron and fluorine. The spin—spin coupling constants are fairly large; for example, for HBF;

they are 1J113_H =211 Hz and 2JF_H =108 Hz (q/t) [4].

The multiplets observed in the 'H NMR spectrum of Ni(PPhs),(C,Hs) — 5 BF3 OEt,
reaction system include quartets with spin—spin coupling constants on the order of 65 Hz
(6 =0.66 ppm) and 60 Hz (& = 3.12 ppm). The location of the region of multiplet signals, the
large spin—spin coupling constants, and the literature data suggest that the resonance signals
with multiplet centers at 0.66 and 3.13 ppm are due to the Ni'— CH,—CH,— or
Ni(F) - CH,— CH,— BF, fragments. This intermediate can result from attack of boron
trifluoride on coordinated ethylene in the Ni(PPhs),(C,H4) complex. After the completion of
the reaction, the multiplets in the '"H NMR spectrum disappear and, along with new signals
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from aromatic protons in the 7.20 — 7.25 ppm range (m), a broad weak signal is observed at
=—12.6 ppm, which is due to hydrides.

The *'P NMR spectrum of the Ni(PPh;3),(C,Hy4) — 5 BF5 OEt; reaction system after the
end of the reaction shows no signal from the initial complex, Ni(PPhs),(C,H4)
(0p = 38 ppm, s). The major signal from the Ni(PPhs),(C,H4) conversion product is a singlet at
26 ppm. Its position corresponds to coordinated PPhs ligands (Ad = 32 ppm). The absence of a
hyperfine structure indicates the equivalence of the phosphine ligands in the coordination
sphere of nickel. In addition, the >'P NMR spectrum exhibits resonance signals at 8 = 21 ppm
(d, J =24 Hz) and weak signals at op = 44 and 155 ppm. Additional experiments demonstrated
that the resonance signal at 6p =21 ppm are due to the BF; OEt, adduct. The appearance of
the resonance signals in the low field is rather surprising, since signals from phosphorus
nuclei in free or coordinate phosphites (P(OR)s3), in phosphines with electron accepting
substituents, e.g., PR3 X, (X = Hal) [5], and in coordinated PPh,OH ligands occur in this
region.

The formation of the anion as a result of the interaction between the components of the
Ni(PPh;),(C,Hs) — 5 BF5 OEt; catalytic system is confirmed by F NMR data. The ’F NMR
spectrum of the reaction system after the completion of the process showed, along with a
signal from BF; OEt; (8 = 76 ppm), resonance signals at 59, 64, and — 71 ppm.

The signals at 64 and — 71 ppm are due to BF; OEt; and the BF4 -anion, respectively.
The formation of the anion indicates the occurrence of a redox reaction between the
components of the catalytic system and the formation of cationic nickel complexes stabilized
by phosphine ligands. Thus, BF; OEt; acts as a Lewis acid in the formation of the nickel
catalysts, binding part of the triphenylphosphine, and as an oxidizer.

Additionally in order to verify hypotheses concerning the nature of active complexes in
the Ni(PPh;),(C,H4) — BF3; OEt, system by EPR spectroscopy, we analyzed samples taken
from the system during the conversion of ethylene. In the EPR spectrum of the reaction
solution a resonance signal appears only at the reaction beginning (5 s after the beginning of
the reaction) and after the addition of triethyl phosphate (gj(z) =2.013, gi(x)=2.2005,
g.(y)=2.186) (fig.1). According to literature data [6], the parameters of this signal are the
same as in the EPR spectrum of the [Ni(PPh;),(P(OEt)3),]BF4 complex. The fact that the EPR
signal appears after the addition of P(OEt); can be explained by the Ni(I) complexes being in
the dimeric state [4] or by their formation via a redox reaction between P(OEt); and Ni(Il),
since triethyl phosphite is a strong reductant. Note that, in the EPR spectra of subsequent

90 3
H

g = 2,003

Fig.1. EPR spectrum of the sample obtained with the Ni(PPhs),(C,Hs) — 5BF; OEt; system
in the course of ethylene conversion after the introduction of triethyl phosphite at 77 K
(sample taken at 5 s after the beginning of the reaction).
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reaction samples, resonance signals were missing even after the introduction of P(OEt)s,
although ethylene oligomerization lasted 90 min and the TON of the reaction in this period
was 300 (mol C,Ha4/(mol Ni)).

Conclusion

The experimental data obtained in this study and information available from the
literature on the reactions occurring in the system considered suggest the following reaction
scheme, which accounts for the role of the substrate in the formation of catalytically active
complexes:

CH,-CH,-BF,
) + - / +BF;
PuNi (CHy) + BFs —= P,Ni-CH-CHy-BF; —= P,Ni -

F
B~ [P.Ni-CH,-CH,-BF,]|BF,
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Organophosphorus compounds are widely used in medical chemistry. Among them
quaternary phosphonium salts, namely vitamin B¢ (pyridoxine), are of special interest. It
participates in over a hundred enzymatic reactions involved in biosynthesis, metabolism, and
regulatory functions in living organisms.

Design of new biologically active substances and drugs with desired properties is
impossible without the information about three-dimensional structure and dynamics of the
compounds in solution. From this point of view, the method of nuclear magnetic resonance
(NMR) is one of the most powerful tools for such studies. It allows one to define the spatial
structure of the compounds, to investigate the dynamic processes from a qualitative point of
view and, finally, to quantify the energy parameters of conformational transitions.

This work represents the study of the conformation and dynamics of some new
quaternary phosphonium salts derivatives containing pyridine fragment. 'H (500.13 MHz),
P (202 MHz), °C (125.758 MHz) NMR spectra of the investigated compounds 5,6-
Bis[triphenylphosphonio(methyl)]-2,2,8-trimethyl-4H-[ 1,3 ]dioxino[4,5-c]pyridine dichloride
(compound I, fig.1) and  5,6-Bis[triphenylphosphonio(methyl)]-2,8-dimethyl-4H-
[1,3]dioxino[4,5-c]pyridine dichloride (compound Il, fig.1) at different temperatures were
recorded using Bruker “Avance -500 II TM” spectrometer.

2CI

a) Compound [ b) Compound TI

Fig.1. The chemical structure of the investigated compounds

Then lineshape analysis of the signals broadened by chemical exchange was carried out
by WinDNMR-Pro 7.1.14 program. The activation parameters were calculated using the
Eyring equation (values are shown below).
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Functional AGy, kJ/mol AH?, kJ/mol AG”, kJ/mol

groups (T=243 K)
Compound | CH;-12,13 - 38.0+0.5 37.9
CH,-14,16 - 38.2+0.5 37.5
Compound 11 CH,-14 1.86 37.4+0.5 37.1
CH,-14° 1.86 37.4+0.5 37.1
CH,-16 1.86 38.0+0.5 36.8
CH»-16’ 1.86 37.4+0.5 37.1

Conformational exchange between two forms obtained by simultaneous symmetrical
rotation of P+-(Ph); groups around the C5-C14 and C4-C16 bonds is observed for the studied
compounds | and Il. Two most stable conformations of compounds | have almost the same
energies and the similar population. The contents of two the most stable conformations of
compounds Il in solution are different. Energetically more favorable dominant form has the
concentration about 75% in solution. The content of less energetically favorable minor form is

approximately 25 % in solution.
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The motivation of this work is to create a novel multifunctional material, where the
cooperative magnetic properties (ferro-, ferri-, or antiferromagnetism) will coexist with spin
crossover. Iron ions possessing spin-crossover properties are suitable to prepare
multifunctional magnetic materials since they represent one of the best examples of molecular
bistability. The strategy proposed by us may open a way to design switching magnets in
which the magnetic ordering of the system could be tuned, using the opportunity to induce the
SCO phenomenon by applying the external stimuli such as light or pressure. However, this
challenging goal requires first the preparation of such a material which is able to display the
coexistence of spin crossover and magnetic ordering.

Until now, work in this direction was carried out in the following way. The material
structures have been constructed through the self-assembly of two different magnetic sub-
lattices of transition metal ions having distinct properties. Namely, spin crossover (SCO)
metal complexes have been integrated into 1D, 2D or 3D magnetically ordered sub-lattice of
the other metal complexes. Examples of coexistence of the spin crossover behavior with
magnetic ordering are very few today [1].

We suggest another way to obtain such bi-functional system: embedded SCO iron(III)
complex into the focal point (core) of dendrimer molecule. This bi-functional system will be
prepared by only one type of metal complexes. It is known that dendritic molecules can self-
assemble into ordered supramolecular structures [2]. So, it can be expected that the self-
organization of dendrons will generate a magnetic ordering in a system as it has been in the
case of dendrimerfunctionalized gold nanoparticles (NPs) showing ferromagnetism at room
temperature [3].

The synthesized iron(IIl) bis[3,5-di(3,4,5-tris(tetradecyloxy) benzoyloxy)benzoyl-4-
oxy-salicylidene-N’-ethyl-N-ethylene diamine]hexafluorophosphate complex was
characterized by gel permeation chromatography, elemental analysis, FT-IR, NMR
spectroscopy and MALDI-ToF-MS method. Based on these results has been proposed the
schematic model of the complex given in fig.1. The compound is a monocationic bis(ligand)
Fe(IT) complex [Fe(L),]'PFs, where iron(III) ion has an octahedral geometry with N4O,
donor atoms formed by three atoms (ONN) of tridentate ligand (L). The liquid crystalline
properties of the sample were studied by differential scanning calorimetry and optical
polarizing microscopy.

EPR is a powerful technique for observing spin transition and studying spin dynamics in
Fe’" complexes. This method allows not only a confirmation of the existence of low-spin (LS)
and high-spin (HS) fractions in the compound but also an investigation of their evolution with
temperature. EPR spectra demonstrate the presence in the system of three types of iron(IIl)
centers: two types of HS ions (I- type—D =0.421 cm™, E=0.109 cm™, g=2, with strong
low-symmetry crystal field and II- type — 0.02 cm™ <D <0.03 cm™, E=0, g =2 with weak
distorted octahedral crystal field) and one of LS with g, = g, =2.21, g, = 1.935.
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Fig.1. Schematic models of the compound.

It is important to note that the observation of distinct HS and LS EPR signals implies
that the spin-state interconversion rates in the region of 4.2 — 300 K are slower relative to the
X-band EPR time scale (ca. 10" s™).

The temperature dependence of the EPR lines integrated intensity (/) is one of the
sources of information about the spin transition process. The magnetic behavior of the
compound reflected by the temperature dependencies of / and 7xT product of the whole EPR
spectrum is shown in fig.2. One can see that the temperature dependence of 7 has complicated,
two-step behavior: it reaches the maximum at 10 K and then drops to a minimal value at
about 70 K and further begins to grow (fig.2). Variation of /xT product from temperature
shows that the complex undergoes a gradual spin transition (fig.2b), where the direct
(4.2 — 300 K) and the inverse (300 — 4.2 K) thermal cycles practically coincide.
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Fig.2. (a) The temperature dependence of the EPR lines integrated intensity of the whole EPR
spectrum. (b) The 7 x T vs T plot, showing a stepwise behavior.

For understanding the origin of the observed anomaly in our compound the temperature
dependencies of the EPR lines integrated intensity were examined for each type of Fe(IIl)
centers separately. The analysis of the EPR signals for each type of iron centers was based on
the procedure of the model spectrum fitting to the observed experimental one. To fit the EPR
spectra we used the standard EasySpin-EPR spectrum simulation program. The parameters of
the fit were the g- and D-tensor components, D-strain, the line shape and the widths of the
individual components AH.

103



PROCEEDINGS

The EPR integrated intensities (/) for all three types of iron(IIl) centers demonstrate the
maximum at T¢ =10 K in the first temperature interval of 4.2 — 70 K. The appearance of
maximum on the curves shows that the LS-LS, LS-HS and HS-HS iron centers are coupled by
antiferromagnetic exchange interactions. This conclusion is confirmed by Mossbauer
spectroscopy data presented below.

The temperature dependence of / for HS centers of the I-type shows that the number of
these centers monotonously decreases after 10 K. This fact means that HS centers of the
I-type do not take part in spin transition.

The magnetic properties of the compound were characterized in details by Mdssbauer
spectroscopy. Spectrum recorded at 310 K (fig.3) consists of one broad doublet with
parameters (dr. = 0.35 mm/s, Qs = 0.72 mm/s), which correspond to the high-spin (HS) state
of the Fe(III) ion in an octahedral environment.
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Fig.3. Mossbauer transmission spectra of the compound at various temperatures.

One could expect to find a superposition of the quadrupole doublets of two spin states
(HS and LS) at lower temperatures, as observed in the structurally similar complexes in [4]
However, only one quadrupole doublet with a broad line width is observed in the whole
temperature range. This phenomenon indicates that the electronic relaxation time between the
HS and LS state is faster than the lifetime of the nuclear excited state of iron”’ (1x107 s) and
the iron nucleus “sees” an average of the properties of both states, and that the values of the
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Mossbauer parameters are averaged and depend on the population of each form.

At the temperature below 60 K, a magnetic hyperfine structure (Hops = 454.5 kG at 5 K)
appears in the spectrum and becomes more pronounced with further decrease of the
temperature (fig.3). This indicates a process of magnetic ordering, more precisely, magnetic
spin correlations with frequency v < 10" Hz of the spin fluctuations. At the same time, a small
part of the quadrupole doublet remains in the spectra at 5 K. In the temperature range between
60 and 10 K, the hyperfine structure of spectra has a superparamagnetic-type of behavior. The
relaxation character of the hyperfine components is the result of collective spin flips of small
regions (clusters) of the material. So, below 60 K spectra demonstrate a magnetic phase
transition from the paramagnetic to antiferromagnetic (AF) type of ordering with a wide
temperature range of superparamagnetism existence.

Conclusion

EPR and Mossbauer spectroscopy have been used to study the magnetic properties of
spin-crossover dendrimeric iron(IIl) complex, which possesses mesomorphic properties. So,
we may conclude that the antiferromagnetic exchange interactions prevail in the first
(4.2 - 70 K) temperature interval, while the spin equilibrium process between LS and HS
centers of the II-type dominates in the second (70 — 300 K) one. The magnetic ordering and
spin-crosscover coexistence has been detected for the first time in iron(III) dendrimeric
compolex.
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Statins, such as pravastatin, play a crucial role in the management of
hypercholesterolemia. To understand the biochemical basis of such important properties of
statins it is necessary to study their physicochemical characteristics and pharmacology at the
molecular level. The efficacy, metabolism, and safety of statins depend on their location in
molecular membranes [1]. An understanding of how these drugs interact with cellular
membranes may further help to elucidate an origin of their pharmacologic properties.

The chemical structure of the pravastatin (fig.1) dissolved in D,O was confirmed by the
results of 1D 'H and C and 2D NMR experiments. Conformational features of the
pravastatin molecule in D,0 solution are studied by 2D NOESY NMR experiments. Observed
NOESY correlations proved the proximity of two aliphatic chains of the molecule.
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Fig.1. The chemical structure of pravastatin (a, dashed lines — presentation of the observed
NOESs) and conformational structure (b, hydrogen atoms are not shown) of pravastatin.

On the basis of the nuclear magnetic resonance experiments it was established that
pravastatin can form intermolecular complexes with sodium dodecyl sulfate (SDS) micelles
by the interaction of its hydrophilic groups with the polar surface of the micelle. This
interaction is similar to the interaction of pravastatin molecules with the surface of cell
membranes.

This work was funded by the subsidy of the Russian Government to support the
Program of Competitive Growth of Kazan Federal University among World’s Leading
Academic Centers.
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The “Arctic” (E22G) single-point mutation of the Alzheimer’s AP peptide is a rare
mutation found in a few families in northern Sweden, leading to earlier onset of Alzheimer’s
disease [1]. It has been shown that the arctic mutation is one of known intra-f-amyloid
mutations causing a typical clinical picture of Alzheimer’s disease.

We used 2D NMR spectroscopy to investigate the conformation of the “wild type” and
the“Arctic” mutation of ABj.40 Alzheimer’s amyloid peptide in a sodium dodecyl sulfate
micelle solution mimicking biomembranes

AB1.40 AB1.20(E22G) [2]. The solution structuresrevealedthat the
_ _ Arctic mutation of A;.4o interacts with the
Wild type Arctic type surface of SDS micelles mainly through the

Leul7-Asn27 3jo-helical region, while the
Ile31-Val40 region is buried in the
hydrophobic interior of the micelle. In
contrast, the wild-type AP;.40 interacts with
SDS micelles through the Lysl6-Asp23a-
helical region and the Gly29-Met35
fragment. Interactions are hydrophobic in
nature for both the mutant and the wild-type
peptides.These observations clearly show
that both the peptide conformation and the
peptide-to-membrane binding are very
sensitive to a single amino acid substitution,

Fig.1. NMRstructures of the arctic and the

wild type ABi49 bound to a SDS micelle such as E22G in the case of the Arctic

mutation. Single amino acid substitutions

may affect the rate of aggregation, structure and interaction of toxic oligomers of Afpeptides

with phospholipid membranesthat may be correlated with pathogenicity differences of A
variants causing early onsets of Alzheimer disease.
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The sugars are known for their cryoprotective activity [1]. It is well known that sucrose
and trehalose can protect cell and its interior from damaging action of freezing and
desiccation. It is considered that some sugars might replace the water around polar heads in
cell membranes, thus stabilizing its structure in the absence of water. This action of sugars
was called the water replacement hypothesis [2]. In addition, it is considered that the
cryoprotective action of sugars associates with the affect on mobility of lipid bilayer [3].

To study the effect of sugars presence on the mobility of cell membrane electron spin
echo technique was used. This technique allows to obtain information about anisotropic
transverse relaxation, which depends on

molecular motions. This  method 6l .
provides information about the mobility 2] = water "
of different parts of lipid bilayer below a il 1 fis i
temperature of 250 K. At higher 5] a
temperatures continuous-wave EPR can ¥ 4] . 2 =
give some information about molecular = , P .
motions.The aim of this work is to study 2 5] o R O 8

the influence of sugars on the mobility 1] . "

of cell membrane. The stearic acids spin- 0] . o OE

labeled at 5" and 16" carbon position sla = & K

along aliphatic chain with nitroxide 21
radical were mixed with 1,2-dipalmitoyl- W A0 M e N I 3 A w8
sn-glycero-3-phosphocholine  (DPPC) T®

and hydrated in water-sucrose and  Fig.1. Anisotropic relaxation rate of stearic acid
water-trehalose mixtures. The difference spin-labeled at 5" position hydrated in water,
between action of sucrose and trehalose water-trehalose and water-sucrose mixtures.
was shown.
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Abstract

Xanthophyll carotenoids play a special role in the prevention and treatment of visual
diseases. These carotenoids are not produced by the human body and must be consumed in
the diet. On the other hand, extremely low water solubility of these carotenoids and their
instability restrict their practical application as components of food or medicinal
formulations.The preparation of supramolecular complexesof zeaxanthin and lutein with
glycyrrhizic acid, its disodium salt and natural polysaccharide arabinogalactan allows to
minimize the aforementioned disadvantages when carotenoids are used in food processing
(colors and antioxidant capacity) as well as for production of therapeutic formulations
considering the better solubility and stability. In the present study the formation of
supramolecular complexes and their stability in model reaction with ozone were investigated
by NMR relaxation and optical absorption techniques.

Introduction

Carotenoids belong to the class of tetraterpenes and tetraterpenoids. They are organic
pigments that are found in the chloroplasts and chromoplasts of plants and some other
photosynthetic organisms, including bacteria and fungi.Carotenoids are effective antioxidants
that can neutralize free radicals in photosynthesis. Lutein and zeaxanthin (fig.1)belong to the
group of oxygenated carotenoids called xanthophylls.They are accumulated at highest

Fig.1. Structural formula of lutein
HO™ (top) and zeaxanthin

concentration in the macula of the human eye, and perform protective functions from UV
radiation and free radicals [1]. These two carotenoids can impede the onset of age-related
macular degeneration and have been recently added to the list of potentially beneficial
nutrients provided by leafy greens. The main drawback in practical using of these carotenoids
is their absolute insolubility in water and poor chemical stability.

The effective approach to improve the effectiveness and safety of poorly soluble drugs
is to increase their solubility and dissolution rate bythe formation of “host-guest” complexes
with synthetic or natural water-soluble polymers or oligomers [2-13].This study is devoted to
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the NMR and optical study of complexation of carotenoids lutein and zeaxanthin with natural
complexantsderived from the plant: the triterpene glycoside glycyrrhizic acid (GA) a natural
compound extracted from the licorice root [14], its disodium salt (sGA), and arabinogalactan
(AG), a natural water soluble polysaccharide extracted from Siberian larch [13]. Some unique
properties of GA and AG complexes of -carotene, canthaxanthin, lutein and zeaxanthin had
been already demonstrated earlier by optical and EPR techniques [4-8]. In the present study
we used mechanochemical way of complex preparation which allows preparing complexes of
insoluble drugs in solid state at one technological step [11-13].

Experimental

Lutein (90%) was purchased from Kemin, and zeaxanthin (90%) fromKalsec;As the
“host” molecules we used arabinogalactan from Siberian larch wood [13], glycyrrhizic acid
from Ural licorice root [14] and disodium salt of glycyrrhizic acid (CFS, 98%) from Shaanxi
Sciphar Biotechnology Co., Ltd.Mechanochemical method of water-soluble complexes
preparation is described in details in our previous papers [6, 7, 11-13].

Optical spectra and decay kinetics of carotenoids were recorded usingthe SF-2000
spectrophotometer (Spectrum, Sankt-Petersburg) in the spectral range from 190 to 1100 nm in
1 cm quartz cuvette.

'H NMR spectra in solutions were recorded on a Bruker DPX-200 NMR spectrometer
(200MHz) in CD3;0OD and D,0O. Measuring of the phase relaxation times T, was performed
using the standard Carr-Purcell-Meiboom-Gill sequence (CPMG) of the type
P1(90°) — (t — P»(180°) — 1), — registration, where T = 0.6 ms is a fixed time delay, the n value
was varied from 0 to 4028.

Results and Discussion

The T, relaxation time is very sensitive to intermolecular interactions and diffusion
mobility of molecules. Proton relaxation time of molecule inside the complex issignificantly
reduced because diffusive and rotary mobility are slow. Change of T,isusually considered as a
proof ofcomplex formation. Relaxation times T, was measure for the CH protons at the
double bond. Fig.2. shows the echo decaykinetics of zeaxanthin CH protons in pure form in

T, relaxation times of =CH- protons

T,(Zea, MeOD) = 526 + 60 msec

2 T,(Zea-GA, MeOD) = 285 + 40 msec
T,(Zea-GA, D,0) = 135 + 10 msec

T T T T T T T T
0 300 600 900 1200
time, msec

Fig.2. The echo decay kinetics in CPMG experiment of zeaxanthin CH protons in pure
form in methanol and in the complex with sGA (5SmM) in methanoland D,0.
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methanol and in the complex with sGA (5SmM) in methanoland D,0.

Complexes with AG and disodium salt of glycyrrhizic acid were prepared
bymechanochemical synthesis.

Relaxation time of CH protons of pure carotenoidsin methanolis 560 + 60 ms. T, is
slowed down to 285 + 40 ms after addition to this solution a5 mM of disodium salt of GA,
due to complex formation. In the water environment glycyrrhizic acid can forms micelles,
therefore the further decrease of relaxation time to 135+ 10ms can be explained by
incorporation of carotenoid inside the micelle.

The investigationthe oxidation stability of carotenoidsand their complexes was carried
out using model reaction with ozone molecule.

Decay kinetics of signals of carotenoids lutein (fig.3) and zeaxanthin were recorded in
75% water-ethanol solution for 5 minutes on the wavelength 380 nm with continuous ozone
bubbling.Reaction with ozone results in breaking of double bonds and decrease of carotenoid
concentration monitored by optical absorption. For pure lutein fast decay of absorption signal
wasobserved. For complexes with AG (5x10° M) and disodium salt of GA (1 mM) the
significant reduce of oxidation rate was detected.

1,24 — Lut
—— Lut+ AG
—— Lut + sGA
1,04
0,8 1
A ]
S 0,6
0,4 -
0,2
T T T T T " T ' )
100 150 200 250 300
time, sec

Fig.3.Kinetics of lutein concentration decay in 75% water-ethanol solution during oxidation
by ozone in pure form and in the complexes with the AG, 5 x 10 M, and sGA, 1 mM.

Mathematical processing of these kinetics by exponentialfitting results infollowing
values of decay time: for pure lutein t =150 + 20 sec, for lutein with AG t = 2800 + 300 sec,
and for lutein complex with sGA time T = 1560 + 200 sec.

Thus, the interaction of carotenoids lutein and zeaxanthin with arabinogalactan and
disodium salt of glycyrrhizic acid leads to the formation of water-soluble supramolecular
complexes. These complexes are substantially chemically stable with reaction of ozone, as
compared to pure carotenoids.
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Introduction

Quaternary ammonium salts exhibit a catalytic action for the reaction of radical
decomposition of hydroperoxides [1, 2], that promotes the liquid-phase oxidation process of
hydrocarbons by molecular oxygen under mild conditions [3, 4]. Variation of hydroperoxides
and onium salts structure allows creating purposefully new initiator systems with
predetermined reactivity. The results of kinetic studies showed that the catalysis of
hydroperoxide decomposition in a presence of onium salts includes a stage of intermediate
complex formation [1, 2, 4]. Different structural models of the hydroperoxide - onium salt
complexes were proposed on the base of molecular modeling results [2, 4]. The purpose of
this work is a complex study of the 1,1,3-trimethyl-3-(4-methylphenyl) butyl hydroperoxide
interaction with tetraecthylammonium bromide by the kinetic, NMR 'H spectroscopic and
molecular modeling methods.

Experimental

1,1,3-Trimethyl-3-(4-methylphenyl)butyl — hydroperoxide (ROOH) was purified
according to Ref. [5]. Its purity (98.9 %) was controlled by iodometry method.
Tetraecthylammonium bromide (EtsNBr) was recrystallized from acetonitrile solution by
addition of diethyl ether excess. The salt purity (99.6%) was determined by argentum metric
titration with potentiometric fixation of the equivalent point.

NMR 'H spectroscopy investigations of the hydroperoxide and hydroperoxide — Et;NBr
solutions were carried out in acetonitrile-d; (D;CCN). The NMR 'H spectra were recorded on
a Bruker Avance 400 (400 MHz) using TMS as an internal standard. D;CCN was SIGMA-
ALDRICH reagent and was used without additional purification, but it has being stored above
molecular sieves for three days.
1,1,3-Trimethyl-3-(4-methylphenyl)butyl hydroperoxide (4-CH3-CsH4-C(CHj3),-CH,-(CHj3),C-
0-OH) NMR 'H (400 MHz, acetonitrile-d;, 297 K, & ppm, J/Hz): 0.86 (s, 6 H, -
C(CH3),00H), 1.33 (s, 6 H, -C¢H4C(CHj3),-), 2.03 (s, 2 H, -CH;-), 2.28 (s, 3 H, CH3-CcHy-),
7.10 (d, J= 8.0, 2 H, H-aryl), 7.29 (d, J = 8.0, 2 H, H-aryl), 8.49 (s, 1 H, -COOH).
Tetraethylammonium bromide (Et4NBr) NMR 'H (400 MHz, acetonitrile-ds, 297 K, & ppm,
J/IHz): =1.21 (t,J= 8.0, 12 H, -CH3), 3.22 (q, J = 8.0, 8 H, -CH>-).

Quantum chemical calculations of the equilibrium structures of hydroperoxide
molecule, Et4zNBr and ROOH - Et4sNBr complexes were carried out by AM1 semi-empirical
method implemented in MOPAC2012™ package [6]. The nature of the stationary points
obtained was verified by calculating the vibrational frequencies at the same level of theory.
Solvent effect in calculations was considered in the COSMO [7] approximation.
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Results and discussion

Chemically activated hydroperoxide decomposition in the presence of Et;NBr is
suggested to proceed in accordance with following kinetic scheme (Scheme 1). It includes the
stage of a complex formation between the hydroperoxide molecule and Et4NBr ions as well as
the stage of complex-bonded hydroperoxide decomposition [1, 2].

ROOH +Et,NBr (L); [complex] —% 5 products , (1)
where K¢ — equilibrium constant of the complex formation (dm*mol™"), and k;, — rate

constant of the complex decomposition (s ).

The interaction between 1,1,3-trimethyl-3-(4-methylphenyl)butyl and hydroperoxide
tetracthylammonium bromide can be observed by relative change of the chemical shifts in the
NMR spectra. Thus the effect of AlkyNBr on the signal position of hydroperoxide in the
proton magnetic resonance spectrum has been investigated to confirm the complex formation
between 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide and tetraecthylammonium
bromide at 297 — 313 K. There is no hydroperoxide decomposition in NMR experimental
conditions (rate constant of the hydroperoxide thermolysis reaction in acetonitrile is

K21 =1.2810"" ¢ [8]). In the NMR 'H spectrum of ROOH chemical shift at 8.49 ppm is

term
assigned to proton of the hydroperoxide group (-CO-OH). Changing of hydroperoxide
concentration within 0.01 — 0.05 mol dm does not lead to a shift of the hydroperoxide group
proton signal in spectrum. Addition of an equivalent amount of tetraecthylammonium bromide
to the system leads to a shift -CO-OH group proton signal to the side of the weak fields
without splitting or significant broadening.

Subsequent NMR 'H spectroscopic studies were carried out in conditions of the
quaternary ammonium salt excess at 297 —313 K. The concentration of ROOH in all
experiments was constant (0.02 mol-dm ), while the concentration of Et;NBr was varied
within the range of 0.1 — 0.3 mol-dm . The monotonous shifting of the NMR signal with
increasing of Et4NBr concentration without splitting and significant broadening shows fast
exchange between the free and bonded forms of the hydroperoxide. Such character of signal
changing of the hydroperoxide group proton in the presence of Et4NBr (fig.1) indicates the
formation of a complex between hydroperoxide and Et4NBr in the system. Thus, observed
chemical shift of the -CO-OH group proton (9, ppm) in the spectrum of ROOH — Et4NBr
mixture is averaged signal of the free (droomw, ppm) and complex-bonded (Somp, ppm)
hydroperoxide molecule.

A6, ppm

0,6 0,8 1,0 1,2 1,4

Fig.1 Dependence of change of the
proton chemical shift of the ROOH on
the Et4NBr initial concentration in direct
(1) and Foster - Fyfe equation (2)
coordinates ((ROOH]y = 0.02 mol-dm,
[E4NBr] = 0.1 — 0.3 mol-dm >, 297 K,
CDsCN)

[IgNhalev

0,0 dl dZ 0,3
[Et,NBr], mol-dm™
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A nonlinear dependence of the changes of the proton chemical shift Ao
(AS = 6 — Sroon) of hydroperoxide group on the Et4NBr initial concentration (fig.1) was
obtained. In conditions of Et4NBr excess and formation of the 1:1 complex for the analysis of
the experimentally obtained dependence the Foster - Fyfe equation can be used [9]:

AS/[Et,NBr]=K.(AS,, —AS), )
where K¢ — the equilibrium constant of the complex formation between hydroperoxide and

Et4NBr, dm3-m01'1; Abuqax — the difference between the chemical shift of the -CO-OH group
proton of complex-bonded and free hydroperoxide (Admax =06,0mp —§ROOH), ppm. This

dependence of the Ad on the Et4NBr initial concentration is linear (fig.1) in the coordinates of
equation (2). The equilibrium constants of the complex formation between hydroperoxide and
EtsNBr (K¢) and the chemical shift of the -CO-OH group proton of complex-bonded
hydroperoxide were determined and listed in table 1.

Table 1.The thermodynamic parameters of complex formation between the
1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide and EtsNBr

3, -1 AcompI{ 5 Acom Sa Azc?anG H
LK Ke, dm™mol Ocomp: PPM kJ-mol™ Jmol " K! kJ-mol™
297 5.70 £0.07 10.35 +0.99
303 474+ 041 10.52 +1.00
-17 + -43 + -4.2
308 4.15+0.18 10.50 £0.92 17+3 43+ 10 3
313 4.06 = 0.09 10.49 +£0.92

The chemical shift of the complex-bonded hydroperoxide ..., weakly dependent on
temperature and is in the range 10.33 — 10.52 ppm (table 1). Enthalpy of the hydroperoxide -

Et4NBr complex formation is (—17i3) kJ-mol'l, which is consistent with value of

(—19 + 2) kJ-mol” determined on the base of kinetic data [1]. The magnitude of the Gibbs free
energy of complexation is negative, indicating the complex stability in this system.

Possible structure of the reactive hydroperoxide — catalyst complex has been
considered. Model of the substrate separated ion pair (SubSIP) is one of the possible
realization of join action of the salt anion and cation in hydroperoxide molecule activation. In
this complex hydroperoxide molecule is located between corresponded cation and anion
species (fig.2). The solvent effect can be considered by means of direct inclusion of the
solvent (acetonitrile) molecule to the complex structure.

Associative interactions of a hydroperoxide molecule with Et4NBr lead to the peroxide
bond dissociation energy (Do.o) decrease. Difference between bonded and non-bonded
hydroperoxide Do.o value is ADg.o =44 kJ ‘mol™" and is in accordance with experimental
activation barrier decreasing in the presence of Et4NBr: AE, =36 kJ -mol ™! [1].

In the framework of proposed structural model the hydroperoxide molecule is directly
bonded in complex with ammonium salt anion and cation. This fact is in accordance with
experimental observations. Solvated anion approximation allows to directly account the
solvent effect on the reactivity of complex bonded hydroperoxide.
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Fig.2. 3D structural model of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide —
Et4NBr complex with combined action of the cation, anion and the solvent molecule obtained
by AM1/COSMO method

Conclusions

Thus, a complex formation between 1,1,3-trimethyl-3-(4-methylphenyl)butyl
hydroperoxide and Et,;NBr has been shown by kinetic and NMR 'H spectroscopy
investigations. Complexation enthalpies defined by these methods coincide. Complex
formation enhances hydroperoxide reactivity. Lowering of the activation barrier for the
complex-bonded hydroperoxide decomposition as compared with its thermolysis in
acetonitrile is 36 kJ'mol™'. A structural model of the hydroperoxide — Et;NBr complex has
been proposed. Formation of the complex with proposed structural features is accompanied
with chemical activation of the aralkyl hydroperoxide molecule.
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Determination of the spatial structure of DNA fragments is interesting for further
investigations of their interactions with various compounds or studying the influence of its
modifications. In this paper we have investigated a three-dimensional structure of the DNA-
duplex d(CAGCGGCGTG)*d(CACGCCGCTG) by NMR.

Investigations were performed in water solutions: in D,O (99.99%) and in H,0O:D,O
(9:1). Duplex concentration was about 1 mM. For the presence of the necessary ionic
strength, we added a salt buffer comprising 0.1 M NaCl and 0.1 M NaH,PO,. In addition,
200 uM Na,EDTA were added to chelate paramagnetic impurities. 'H and *'P NMR data
were acquired on a Bruker AV-600 spectrometer (‘H: 600.30 MHz; *'P: 243.1 MHz) at
temperatures 5°C — 60°C. We used water suppression for the solution in H,O:D,0: PE-WS5
[1] for one-dimensional and W5 [2] for two-dimensional spectra. 'H—"H NOESY spectra
were obtained with standard pulse programs at temperatures 15.3°C and 33.3°C, with 100,
200 and 400 ms mixing times. Chemical shifts in 'H and *'P NMR spectra are calibrated
against an internal standard — DSS (6 Me 0.0 ppm) and by indirect calibration respectively
[3]. NMR spectra were processed using Bruker TopSpin 2.1. For the signal assignment we
used CcpNmr Analysis 2.3.1 [4].

Assignment of nucleotide signals in '"H—"H NOESY spectra was obtained by the
standard strategy “sequential walking” for right-handed forms of the DNA, using the path
HI'GG— 1) — H6/8(1) — H1'(i) (fig.1) and the path H2'/H2"(i— 1) — H6/8(1) — H2'/H2"(i) (fig.2)
(1 — residue number). Assignment of deoxyribose proton signals, H5 — H6 cytosine’s and
H7# — H6 thymine’s cross-peaks was derived with the help of '"H— 'H COSY spectra. Signals
of adenine’s H2 protons were identified by corresponding NOESY cross-peaks H2 — H1".
During the assignment procedure, we determined most proton chemical shifts of the duplex.
Chemical shift values are represented in the table 1.

Duplex signals in *'P NMR spectrum (fig.3) are within 1 ppm region. This means that
observable fragment of the DNA is in a B form [5]. In 'H-'H NOESY spectrum we observe
G:H1 — C:H41/H42 and A:H2 — T:H3 cross-peaks for all base pairs, except for terminal pairs.
It follows therefrom that corresponding base pairs are coupled by hydrogen bonds according
to the Watson-Crick scheme. The first and last base pairs were not detected due to end-
fraying. In addition, chemical shifts of guanine’s H1 protons and thymine’s H3 protons are
typical for the B-DNA. Moreover we observe H1'(i) — H5(i+1), H2"(i) — H5(i+1) and H2"(i) —
Me(i+1) cross-peaks in '"H—'"H NOESY, which are nonobservable or have a negligible
intensity for an A-DNA.

Structure calculations were performed in the simulated annealing method with the
torsion dynamic using CNS1.21 [6] and ARIA2.3.1 [7].

We thank Dr D. Pyshnyi and G. Shevelev (ICBFM SB RAS) for a given DNA and for
their help with the sample preparing.
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- 585

-5.90
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-6.00
-6.05
610
-6.15

83 82 a1 80 79 78 77 76 75 74 73 72 ppm

Fig.1. The fragment of 'H — "H NOESY spectrum. NOEs between H6/8 and H1' (600 MHz,
Tm = 100 ms, T = 15.3°C). Solid and dashed lines represent sequential assignment for two
DNA strands. Numbers specify nucleotides.

ppm

16

-1.7

-1.8

-1.9

-20

-21

-22

23

-29

84 83 82 81 80 79 78 17 716 715 74 713 72 71 ppm

Fig.2. The fragment of "H — 'H NOESY spectrum. NOEs between H6/8 and H2'/H2" protons
(600 MHz, t,, = 100 ms, T = 15.3°C). Solid and dashed lines represent sequential assignment
for two DNA strands. Numbers specify nucleotides.
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Fig.3. >'P NMR spectrum of the duplex. There is an intensive signal of the phosphate buffer
on 0.9 ppm.

Table 1. Proton chemical shifts of the duplex at the temperature 15.3°C. Values are
represented in ppm. Chemical shifts of H1, H3, H41 and H42 protons were determined in

H,0:D,0 (90:10), of other protons — in D,0O (99.99%). ND — not determined; “—” — not
exist.

Residue H6/H8 | HS/H2/Me | H1' | H2' | H2" | H3' | H4' | HI/H3 | H41 | H42
Cl1 7.61 5.87 551 1.81 229 |4.67[4.02| ND |8.17|7.00
A2 8.27 7.79 596 | 2.79 | 290 | 5.03 | 4.37 - - -
G3 7.74 - 5771254 |2.64 498|440 | 12.81 — —
C4 7.23 5.24 5.66 | 1.83 | 2.32 | 4.81 | 4.14 - 8.25 | 6.35
G5 7.84 - 559 1266|274 |498 |4.33 | 13.10 - -
G6 7.75 - 588255272 (498|441 | 1294 - -
C7 7.28 5.29 5.65(2.01 237|483 |4.15 - 8.26 | 6.37
G8 7.92 - 596|263 275|497 | 437 | 12.82 — —
T9 7.18 1.54 58511.92 234|485 |4.16 | 13.92 — —
G10 7.90 - 6.14 | 2.62 | 2.37 | 4.69 | 4.18 | ND — —
Cl11 7.65 5.89 5571189235469 |403| ND |8.13|7.00
Al2 8.36 7.91 6.21 | 2.76 | 2.88 | 5.02 | 4.41 - - -
C13 7.27 5.30 558 | 1.96 | 2.34 | 4.82 | 4.17 - 8.20 | 6.59
Gl14 7.87 - 587 12.63 270|498 437 | 1294 - -
Cl15 7.35 5.30 5931205244 | 4.82 | 4.05 - 8.15 | 6.35
Cle6 7.42 5.54 5.5112.05|2.39|4.83]4.09 - 8.52 | 6.78
G17 7.92 - 593 12.68 2731499 |4.39| 12.96 - -
C18 7.41 5.38 5941200 245 |4.77 | 420 - 8.24 | 6.62
T19 7.34 1.69 580 [ 1.98 | 2.35|4.84 | 4.11 | 14.15 - -
G20 7.92 - 6.14 | 2.64 | 2.37 | 470 | 4.19 | ND — —
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Magnetic crystals with low-dimensional structure of antiferromagnetic exchange bonds
remain in a paramagnetic state far below the Curie-Weiss temperature Tcw. Low temperature
magnetic properties of these magnets are similar to that of spin-liquid phase in zero
temperature limit. The suppression or even absence of the ordering is due to strong quantum
fluctuations. The spin systems with strong quantum fluctuations and a small order parameter
are close to a quantum-critical point separating the ordered and quantum-disordered states. A
quasi-two-dimensional (2D) S =1/2 dielectric antiferromagnet Cs,CuCly is an example of a
magnetic system with spin correlations emergent in a wide temperature range below
Tew =4 K, but still above the ordering point Ty = 0.62 K. In crystals of Cs,CuCly, the Cu®*
magnetic ions are placed on stacked 2D layers with a distorted triangular lattice with a strong
exchange J= 4.35 K along the base of the triangular unit and weaker exchange integral

J'=0.34 J along lateral sides of the triangle. The interlayer exchange J" =0.045J is the
weakest one; see fig.1.

The continuum of spin excitations observed in Cs,CuClys corresponds well to the two-

spinon continuum of a Heisenberg spin
S=1/2 chain [1, 2, 3, 4]. The 1D nature of
spinon excitations in this 2D structure is
attributed to the geometric frustration of
exchange bonds J', as shown in numerical
simulations [5] and in the analytical
approach [6]. This frustration results in an
effective decoupling of spin chains directed
along b-direction. The spinon continuum
corresponds mainly to that of an S=1/2
\ Heisenberg anti-ferromagnetic chain but is
¥ : modified by the uni-form Dzyaloshinsky-
\ Moriya (DM) interaction of magnetic ions

! \ ‘\ within a chain [7]. In the previous works

a b [9, 10] the fine structure of the continuum of
. ) spin excitations at ¢ — 0 was revealed by
Fig.1. The structure of exchange bonds in  ¢lectron spin resonance (ESR) method repre-

CSQCUCL;.

senting a doublet of resonance lines, which
was called “spinon doublet”.

The aim of the present work is to study the evolution of this exotic spinon doublet at the

increase of the magnetic field till the saturation value and above. The doublet exists at
H || &,¢ . We produced the detailed measurements at H || &.
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The spinon doublet in Cs,CuCly; may be explained [8,9] by analyzing the model
Hamiltonian

|:|ZZJ§i‘§i+1_5'§iX§i+1+gﬂBH'§i- (1)

Here i enumerates magnetic ions within a chain. It contains three terms: the first

describes intrachain exchange J, the second — uniform DM interaction D between chain
spins, and the third is the usual Zeeman term with anisotropic g-factor. Analysis of the
Hamiltonian (1) predicts frequencies of ESR at the arbitrary direction of the field H in
relation to DM vector D [9]:

: 2)

Detailed symmetry analysis of the allowed DM interactions in Cs,CuCly shows that
there are four different orientaitions of the DM vector in four spin chains passing through the
elementary cell. The DM vector is expressed via the chain’s integer coordinates Y, z as
follows:

27zhv:‘g,uBl:l i%f)

D,,=D,(-1)’a+D.(-D’C. (3)
Here z numerates magnetic b-c layers, y numerates chains within a layer. It can be clearly
seen that for the Cs,CuCly four crystallographically inequivalent chains have identical ESR
frequencies at H || a,b,c:

D, )+ (zD,)’

T
2rxhv, = H+
a \/(ga/uB 2 4

; (4)

2
mvb=J<gbyBH>2+%<D:+Dz>, 6

! ; 7D 7D,)’
= }m HS Zﬁhvc=\/(gc,uBHi 2°)2+( 4a) . (6)

The magnetic resonance signals were

recorded as field dependences of the
transmitted microwave power in the fre-
quency range 60 <v <210 GHzatT=0.5K

S
I

i L using microwave resonator and wave-guide
|

vacuum

insert combined with the microwave
spectrometer including *He pump refrige-
rator. The sample was fixed by Apeizon N
grease inside the copper resonator, which
was placed in vacuum and connected via a
heat transfer link to the chamber of the *He
pump refrigerator. A RuO, thermo-meter
placed on the bottom of the reso-nator
monitored the temperature of the resonator.

The ESR signal at T>10K is a
typical single resonance corresponding to g-
- vacuum . factor values g,, . =2.20,2.08,2.30 for the

-

T

magnetic field H || 4,b,€ . At cooling below
4 K, a significant change of ESR line shape

Fig.2. *He — pump spectrometer.
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and position was observed: for H || b the resonance line is shifted to lower fields whereas for

H || &,C it is transformed to a spinon doublet [9].

We studied the frequency evolution of ESR signals at H ||d and T = 0.5 K. Results are
illustrated in fig.3. In spite of the fact that the spin system is in the ordered phase (at

Cs2CuCl4, T=0.5 K, collapse of the spinon-doublet 1n a field Hl|a

250

10

T
o
L
‘ ratio of intensities of components of doublet vs field of the right component ‘ |9 8
P ©
—
200 | g=2.2o'/ Y {8 g
<
P |, E
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Fig.3. Frequency-field dependence for ESR in Cs,CuClyat T=0.5K and H || d.

T=10.5K) the spinon doublet found in the spin-liquid phase (0.62 K <T <4 K) exists for
higher frequencies, v > 60 GHz. We revealed that the doublet collapses in a field H = 48 kOe
indicating that strong quantum fluctuations are noticeably suppressed by the field about a half
of the saturation field Hg, = 84.4 kOe. This behavior of the doublet is qualitatively confirmed

by use of the Miiller ansatz [11], see fig.4.

Frequency (GHz)

200
150

100

w
o
| I 1

1 = 1
Cs:.ZCuCI4
Hl a,

only D, component

is accounted for

" H_,in 1D chain]
approximation

-------- Paramagnet
—— Muller ansatz numerical
ffffffff Low-field analytical

3 4 5 6 7 8
Field (T)

Fig.4. Frequency-field dependence for ESR in Cs,CuCl; at T=0K and H || @ according
to Mueller ansatz model.
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In recent decade a special attention has been paid for nitrogen—vacancy (NV) center in
diamond because of its’ unique quantum properties. Particular, owing to its unique optical ex-
citation cycle that leads to the optical alignment of triplet sublevels of the defect ground state,
the NV center can be easily initialized, manipulated, and readout by means of optically de-
tected magnetic resonance (ODMR) at room temperature. Such feature gives rise for applica-
tion of the NV defects in quantum magnetometry with optical pumping, quantum information
processing and bioimaging [1].

The diamond NV defect is in many ways the ideal object but it is currently quite diffi-
cult to fabricate devices from diamond. It remains difficult to gate these defects electrically.
That is why a search for systems possessing unique quantum properties of the NV defect in
diamond that can extend the functionality of such systems seems to be a very promising ob-
jective.

A search to find defects with even more potential has now been launched. Silicon Car-
bide (SiC) was suggested to be able to open up a whole new world of scientific applications
[2,3].

The main result is that the optically induced alignment (polarization) of the ground-state
spin sublevels of the Si vacancy related defects in two most common hexagonal SiC poly-
types (4H- and 6H-SiC) was observed for the first time at room temperature [4]. In distinction
from the known NV defect in diamond [1] and recently observed defects in SiC [5], two op-
posite schemes for the optical spin alignment of the defects in 4H- and 6H-SiC were realized
at room temperature upon illumination with unpolarized light. The alignment schemes vary
depending on the defect type, temperature, SiC polytype, and crystalline position.

As far as SiC is a well-developed semiconductor material we fabricate the p/n junction
based on 6H-SiC polytype and achieve the electrically driven luminescence of the and Si va-
cancy related defects. Such result potentially means that spin sublevels of the defects can be
aligned not only optically but also electrically [6].

So that, SiC with developed device technologies is a very attractive material for practi-
cal applications. These altogether make the Si-vacancy related defects in SiC very favorable
candidate for spintronics, quantum optics, quantum information processing, magnetometry,
biolabelling.
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The magnetic resonance imaging (MRI) has a wide range of applications in medical
diagnostic. To increase the quality and quantity of obtained information the contrast agents
are use. It helps to determine the location of the affected area and its characteristics. The most
commonly used intravenous contrast agents are based on chelates of gadolinium. We
synthesized the series of nanosized samples LaF; and LaFs:Gd** and investigated by nuclear
magnetic resonance.

Colloidal water solutions of nanosized crystalline particles of LaFsz; LaFs with 20
minutes hydrothermal treatment; LaFs; doped with Gd**; LaF; doped with Gd*" with 20
minutes hydrothermal treatment were prepared. Concentration of Gd** in respective solutions
was 15.9 mM/L. NMR signals of protons were registered by Chromatech 20M NMR
spectrometer. Water solutions at different concentrations were prepared and 'H relaxation
rates were measured. For comparison, characteristics of the commercial preparations
Magnevist®, Gadovist® were used. As a result relaxation rates of LaF; doped with Gd** are
higher than rates of commercial preparations (fig.1).

- - - 1 .
Longitudinal relaxation rates of H Transversal relaxation rates of 'H

T T T
iy LaF;:Gd 0 min
A LaF :Gd 20 min

—— Gadovist
T Magnevist

100 - 4 LaF:Gd Omin
& LaF:Gd 20 min

—— Gadovist

————— Magnevist

80 -

120 4
60

M o
I‘I2.s

40

18
C(Gd), mM/L C(Gd), mM/L

Fig.1. T; and T relaxation rates of protons for LaFs:Gd®" solutions with different
concentrations of Gd** and commercial preparations Magnevist®, Gadovist®. The
experiment was carried out at temperature of 37°C.
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Effect of superconducting spin valve and triplet superconductivity in
Fel/Cu/Fe2/Cu/Pb heterostructures
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'Zavoisky Physical-Technical Institute, Kazan Scientific Center of Russian Academy of
Sciences, Kazan, Russia

’L.D. Landau Institute for Theoretical Physics RAS, 119334 Moscow, Russia

3Leibniz Institute for Solid State and Materials Research [FW Dresden, D-01171 Dresden,
Germany

e-mail: kamandi@mail.com

It is well known that ferromagnetism and superconductivity are two antagonistic
phenomena because ferromagnetism requires parallel (P) and superconductivity antiparallel
(AP) orientation of spins. The exchange field in a ferromagnet which aligns the electron spins
parallel is usually much larger than the pairing interaction which couples electrons with
opposite spins in a singlet Cooper pair and can easily destroy the superconducting pair.
Therefore, when superconducting (S) and ferromagnetic (F) layers are put into contact the
Cooper pairs can penetrate into the F layer only over a small distance r. For example, the
value of &7 in pure Fe is less than 1 nm (see, e.g., [1]). The exchange field acting on the
Copper pair in the F layer gives rise to a finite momentum of the pair whose wave function
exhibits therefore a damped oscillating behavior. This results in many new effects: spatial
oscillation of the electron density of states, a nonmonotonic dependence of the
superconducting transition temperature 7. of F/S/F trilayers on the F-layer thickness and the
realization of m Josephson junctions in S/F/S systems.

The physical origin of the spin switch effect based on the S/F proximity effect relies on
the idea to control the pair-breaking, and hence the superconducting transition temperature 7,
by manipulating the mutual orientation of the magnetizations of the F layers in a
heterostructure comprising, e.g., two F- and one S-layer in a certain combination. This is
because the mean exchange field from two F layers acting on Cooper pairs in the S layer is
smaller for the antiparallel (AP) orientation of the magnetizations of these F layers compared
to the parallel (P) case. The possibility to develop a switch based on the S/F proximity effect
has been theoretically substantiated in 1997 by Sanjiun Oh et al. [2]. They proposed the
F1/N/F2/S layer scheme where an S film is deposited on top of two F-layers, F1 and F2,
separated by a thin metallic N-layer. The thickness of F2 should be smaller than the
superconducting coherence length to allow the superconducting pair wave function to
penetrate into the N layer. For the first time a full switching between the superconducting and
the normal states when the mutual orientation of the F layers is changed has been
experimentally demonstrated by our group for CoOy/Fe/Cu/Fe/In multilayer [3]. Further study
of the spin valve effect in this system showed its oscillating sign-changing behavior in the
dependence on the Fe2-layer thickness AT (dr.2) [4].

Bergeret et al. [5] have shown for the first time that in the S/F system if the exchange
field is homogeneous, not only singlet but also a spin-triplet component of the
superconducting condensate with the zero projection of the total spin of the Cooper pairs in
the direction of the magnetization My is generated. This triplet component penetrates into the
ferromagnet over a short distance similar to the singlet component. In its turn the triplet
component with projection of the total spin of the Cooper pairs in the direction of
magnetization Mg Sz = +1 can be generated, in particular, by noncolinear magnetizations of F
layers. Fominov et al. [6] developed the theory for noncollinear orientation of ferromagnetic
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magnetizations case for F1/F2/S heterostructures. It was obtained that at the perpendicular
orientation of ferromagnetic magnetizations the characteristic minimum 7, should be
observed in these heterostructures. This effect is a manifestation of triplet superconductivity.

Unfortunately, such experiment on the CoO/Fel/Cu/Fe2/In system turned out to be
unrealizable under well-controlled conditions owing to a low value of 7, for indium and its
extreme sensitivity to small out of plane tilting of the external magnetic field. Therefore we
replaced In by Pb with higher superconducting critical. We obtained an experimental evidence
for the occurrence of the long-range triplet component of the superconducting condensate in
the studied spin-valve heterostructure. It is manifested in a nonmonotonic behavior of the
superconducting transition temperature 7, of the Pb layer upon gradual rotation of the
magnetization of the ferromagnetic Fel layer Mg, with respect to the magnetization of the
Fe2 layer Mg, from the parallel (P) to the antiparallel (AP) orientation. We observe a clear
minimum of 7, near the orthogonal configuration of Mg.; and Mg,.

In course of this study very unpleasant fact has been found: that is the sample
degradation within one-two weeks (see fig.1). This didn’t allow us to study in details the
properties of the samples. We suppose that this degradation is caused by the interdiffusion of
Fe and Pb atoms through the Fe2/Pb interface. To prevent such interdiffusion may help the
introducing of the interlayer between Fe2 and Pb layers.

In the present paper we overcame the degradation of the spin valve samples
CoOx/Fel/Cu/Pb by introducing the Cu interlayer between Fe2 and Pb layers. We present
new experimental data on the dependencies of the spin valve effect AT, on the thickness of
both F layers Fel and Fe2. We have demonstrated a full spin valve effect for this system and
confirmed the expected appearance of the long range triplet component in the Cooper
condensate in the Fel layer.

The anti-diffusion Cu interlayer didn’t prevent interaction between S and F orders in the
heterostructures. It was obtained that Pb layers is sensitive to both Fel and Fe2 layers even in
the presence of the Cu layers. The consistent replacement both of the Fe layers by the Cu
layer leads to T, increase. The 7, value for Cu(14)/Pb(60) is 1K lower than the bulk value.
One can suppose that the 7,-suppression going from the Cu anti-diffusion layer is about 0.1
K. Meanwhile according to fig.3 the 7. difference of the Fe(5)/Cu(1.2)/Pb(60) and
Fe(5)/Pb(60) is about of 1 K. At the same time our study of the 7. dependence on the Cu-layer
thickness (fig.2) shows that one can neglect the role of the Cu layer in the 7. suppression.

Fe(5)/Cu(1.2)/Pb(60)  Fe(5)/Pb(32) Cu(10)/Pb(60)

Stable As prepared Cu(4)/Pb(60)
| Cu(2)/Pb(60)

10f Cu(1)/Pb(60)
| el
—~ 0.8- 9 [ g
2 < | 1 T
& 04 7 I | BulkPb
o E ] { I +
y g "'
00f . 0'0'"7"*, —
40 45 50 55 60 65 7.0 60 64 68 72 76
T (K) T (K)
Fig.1. Time evolution of the Fig.2. Overview of the superconducting
superconducting properties for the Fe/Pb transitions. The 7, increases with
and Fe/Cu/Pb systems. decreasing thickness of the copper
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Therefore, an additional 7, suppression which is seen from fig.3 is caused by the increasing

the transparency of the Cooper pairs when

L Bulk.

introducing the Cu interlayer between the Fe2

T (K)
S = N W R SN @

Fe/Cu(1.2 nm)/Pb]

and Pb layers. Low transparency of the Fe/Pb
border means that the S order is not strongly
influenced by the F order leading to a high 7,
value.

The ordinary spin valve effect results are
] shown on fig.4. Because of the superconducting
|  properties improvement we were able to obtain
full switching effect of the superconducting
current.
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120 The triplet spin valve effect results are
depicted on fig.5. The minimum of the 7. at
orthogonal orientation of the Fe layers is related
to the presence of the superconducting triplet
components.

Fig.4. Superconducting transitions for parallel and
antiparallel orientation of the Fel and Fe2 layers
magnetizations for the sample

CoOx/Fel(0.8)/Cu(4)/Fe2(0.5)/Cu(1.2)/Pb(60)/SiN.
Full switching effect successfully realized.

Fig.5. The T.dependence on the angle between
magnetizations (a) of Fel and Fe2 layers of the sample
CoOx/Fe(5)/Cu(4)/Fe(0.8)/Cu(1.2)/Pb(60)/SiN.
The rotating magnetic fields are 500 Oe (a), 1000 Oe
(b). Theoretical calculations using triplet spin valve
model by Fominov et al. [6] on the (a,b) insets are
shown by red curves.

Using an additional layer of copper at the interface Fe2/Pb allowed to stabilize the
superconducting properties of our samples, in addition managed to improve the transparency
of the interface F / S. We have observed the effect of full switching superconducting current
in the modified samples, and also managed to observe the effect of triplet superconductivity.
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ZnO:Mn has attracted a lot of attention due to a predicted high Curie temperature [1].
Ferromagnetic behavior at room temperature has been confirmed experimentally not only for
ZnO:Mn, but also for ZnO doped with Fe, V and other transition metals [2].

Manganese incorporates into ZnO in the Mn®" charge state (electron configuration 3d°,
%S5 electron spin S = 5/2). The Mn”" center has been studied by means of electron nuclear
double resonance (ENDOR) in various materials [3 — 5]. In the case of ZnO:Mn, however,
only the classical cw EPR technique in X-band (frequency around 9.5 GHz) has been
employed [6 — 9]. For ZnO:V, the V*" (3d, *F3, S=3/2) [10 - 12] and V*" (3d% °F,, S=1)
[12] ions have been observed by means of EPR. Another V-related defect in ZnO has also
been observed in ODEPR [13]. The ENDOR method has been successfully used in studies of
various defects and defect complexes in ZnO [14 — 16]. In this report we present a study of
the manganese and vanadium impurities in ZnO by means of high-frequency ENDOR
spectroscopy.

Four nominally undoped ZnO single crystals were used in the present investigation: a
melt grown, vapor-phase grown and two hydrothermal ZnO samples. All crystals contained
Mn as a residual impurity, and the vapor-phase grown sample also contained the V impurity.
The EPR/ENDOR experiments were carried out on a Bruker Elexsys 680 EPR spectrometer
with the microwave frequency around 94 GHz (W-band) in the temperature range of 6 to
20 K. EPR spectra were detected by monitoring the electron spin echo signal using the
standard 772 - 7- & pulse sequence. ENDOR spectra were recorded using the standard Mims
sequence via the changes in the stimulated echo intensity [17].

Fig.1 shows EPR spectra of manganese and vanadium in ZnO single crystals.
H =3 O/B{ + 15BgS — gy 14, BI + SAI +FI, (1)
k,m

where the first term represents the zero-field splitting; the second and third terms are the
electron and nuclear Zeeman interaction; the forth and fifth terms stand, respectively, for the
hyperfine (HF) interaction and the quadrupole interaction.

Since the nuclear spin of >>Mn (natural abundance 100%) is | = 5/2, the fine structure of
the EPR spectrum consists of five groups. The electron spin of the Mn>" ion S=5/2.
Therefore, each group is composed of six hyperfine-structure lines. The leftmost lines of the

sextets correspond to the EPR transitions [Mg, m, ==5/2) <>|Mg +1,m, =-5/2). With the

magnetic field parallel to the c-axis, the spacing between the centers of adjacent sextets is
around 2D, where the zero-field splitting parameter D =3B =-252.18(4) G [6]. ENDOR

spectra measured in all six EPR transitions of Mg =—1/2 <> Mg =+1/2 are shown in fig.2.

ENDOR line positions of the nuclear transitions within the Mg =+1/2 manifolds

calculated from the Hamiltonian (1) (without the quadrupole interaction) are
|A|/2+ f, =148 MHz and |A|/2— f, 76 MHz, where f_ is the Larmor frequency of the

**Mn nuclei. The quadrupole interaction leads to the appearance of five nuclear transitions
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within each Ms manifold, which are numbered 1 to 5 for Mg =-1/2 and 1’ to 5 for

M, =+1/2 in fig.2.
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Fig.1. (A) Fragment of EPR spectrum of Mn?" in a melt grown ZnO single crystal recorded
forB|[cand B Lc. T=6K, f~94.1 GHz. (B) Fragment of EPR spectrum of V>" and
unidentified V-related defect X in a vapor-phase grown ZnO single crystal recorded under UV
illumination (A=355 nm) for B L ¢ for two different lengths of the microwave n/2-pulse.
T=10K, f=93.932 GHz.
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Fig.2. (Right) Fragment of the EPR spectrum of the Mn®" ion a hydrothermally grown ZnO
single crystal for B || c. T =20 K, f=93.892 GHz. Additional lines in the low-field part of the
spectrum do not originate from Mn”". (Left) ENDOR transitions of the >>Mn nuclei recorded

in the six EPR lines of the M =—1/2 <> M =+1/2 transition. T =20 K, f=93.931 GHz.

The triangles denote simulated positions of the ENDOR transitions.
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Simulation of the ENDOR spectra of the >>Mn nuclei recorded in the EPR transitions of
Mn”" were performed in the Matlab environment using the Easyspin package for B || ¢ and
B L c. The triangles in fig.2 show simulated line positions. The following parameters of the
Hamiltonian corresponding to the best fit were obtained in a procedure minimizing the
difference between the measured and stimulated ENDOR spectra:

(eQV, /h)=6,889(2) MHz, g, =2,0082, g, =2,0084,

2
A =-224,093(8) MHz, A =-224,782(8) MHz. @

ENDOR spectra recorded in the eight EPR transitions of the V** spectrum (see fig.1)
under UV illumination are shown in fig.3. Transitions of the >'V nuclei (natural abundance

99.8%, 1=7/2) are located at the frequencies around |A|/ 2+ f, ®125MHz and
|A|/ 2 f, =46 MHz, where f_ is the Larmor frequency of >'V. In this case the quadrupole

interaction leads to the appearance of seven ENDOR lines for each Ms.
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Fig.3. (Right) Fragment of the EPR spectrum of V>' in a vapor-phase grown ZnO single
crystal recorded under UV illumination (A=355 nm) for B L ¢. T=10 K, f ~ 93.932 GHz.
(Left) ENDOR transitions of the >'V nuclei recorded in the eight EPR lines of V>*. T=20 K,
f=93.932 GHz.

Due to a structure of the ZnO:V sample no measurements have yet been performed for

B || . Thus, the quadrupole interaction constant for V>* has only been estimated using second
order correction from the B L ¢ ENDOR data:

eQV,,(*'V)/h~3.8 MHz. (3)

In conclusion, the ENDOR spectroscopy was used to investigate the Mn>" and V' ions

in ZnO single crystals. Nuclear transitions of >>Mn and 'V were observed in the ENDOR
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spectra recorded in the EPR transitions of Mn?" and V*', respectively. A well-resolved
quadrupole structure of the spectra allowed us to calculate the quadrupole interaction
constants for the two paramagnetic centers.
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Study of nanodiamond surface is very important task for biomedical application [1].
EPR methods are valuable to approach this task. Recent theoretical [2] and experimental [3]
studies show an importance of surface modification and large influence of such modification
on the both “bulk” and surface defects of nanodiamond particles.

In this research work EPR method has been applied to characterize surface
paramagnetic centers. By means of high-frequency EPR and ENDOR we can distinguish up
to four surface centers, by the same time proving that nanodiamond core is unchanged.
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Fig.1. Davies ENDOR spectrum of sample, modified with fluorine.
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Introduction

In recent years, particular attention is drawn to catalyst systems based on Group 8
metal complexes with a a-diimine ligands for the catalysis of lower alkenes polymerization
reactions. It turned out that replacement of phosphine ligands in the coordination sphere of the
transition metal on a-diimine leads to the transformation of reactions di- and oligomerization
ethylene or propylene to polymerization reactions, moreover the nature of the ligands has a
decisive influence on the polyethylene structure [1, 2, 3].

In the literature, published an extensive experimental data regarding of influence the
catalytic systems composition on characteristics of catalytic processes, as well as the
composition and structure of the catalytically active species. It was obtained sufficiently
conclusive results about the nature of active complexes with hydride or alkyl radicals and a-
diimine in the first coordination sphere of Ni(Il) and with a vacancy for alkene coordination.
The anionic part of the complex is a tetra-halides of aluminum, boron, and similar formations.
N,N-coordinated ligands acted as electron reservoirs that capable of effectively delocalize the
unpaired electron to the antibonding orbitals of 1,4-diazo-1,3-butadiene system, which should
be classified as "Non-innocent" ligands.

On the other hand, in the literature practically there is no information about the catalysis
of hydrogenation reactions on such systems. Taking into account certain similarities of alkene
hydrogenation processes with the processes of di-, oligo- and polymerization seemed
appropriate to spend on similar composition and catalytic hydrogenation reaction systems and
polymerization and get more information about the mechanisms of formation and nature of
the active complexes in catalysis.

Experimental results and discussion

In the study of catalytic systems based on complexes of nickel NiBr,[DAD(-iPr)]
(DAD(-iPr) = 1,4-bis(2,6-diisopropylphenyl)-2,3-dimethyl-1,4-diazabuta-1,3-diene) with
AlEt; or AIEt,Cl the EPR signals were observed. Characteristics of that signals presented in
Table. 1. A view of the EPR spectrum of NiBr,[DAD(-iPr)] - AlEt; with ratio of Al: Ni =3
showed in fig.la. Increasing the Al: Ni up to 5 or 10 does not change the shape of the
spectrum, but only affects on the signal intensity and its stability. The signal from Ni(I) is
reduced during 100 min after mixing the components at Al: Ni = 3 ratio. Parameters of g-
factor corresponds to a biaxially anisotropic Ni(I) complex with a diimine ligand and
probably two bromine atoms in the first coordination sphere [4]. Moreover, there are new
signals in the spectrum, that not previously described in the literature (g; =2,156 and g, =
2,388), which are likely to correspond to a second complex of Ni(I). The identification of this
compound requires further investigation.

For the system NiBr,[DAD(-iPr)] - AIEt,Cl (fig.1b), that active in the polymerization of
ethylene in the range of Al / Ni = 5-100, also was observed ESR signals from Ni(I) and an
anion-radical (see Table 1). The intensity of the Ni(I) EPR signal virtually unchanged, while
the intensity of the anion-radical increases in the time interval 5 - 150 min for ratio AIEt,Cl/
NiBr,[DAD(-iPr)] = 5.
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Table 1. Parameters g-factors of paramagnetic nickel complexes and DAD radical forms

Catalytic system Tobservation, K Radical | Complex I Ni(I) | Complex (II)
Ni(acac),*DAD(-iPr) 77 g=2020 | &-2072
+nAlEL £ =2,234
298 g=2,004 g=2,123 g=2,168
NiBro[DAD(-iPr)] + 77 g=2022 | & 72064 g1 =2,156
nAIES 2,=2219 g, =2,388
298 g =2,005 g=2,118
NiBr.[DAD(-iPr)] + 77 g = 2064
nAIEGLC £=2,2103
298 g=2,006 g=2,119
NiBro[DAD(-CH;)] + 77 &~ 2,00
nAIELC &= 2,225
298 g=2,113
g1 = 2,068
Ni[DAD(-CH;)], + 77 g=2,019 | g=2117 g=2,279
HAIEtzCl g3 = 2,225
298 g=2,003 g=2,114
g1 = 2,064
Ni[DAD(-CH)], + 77 g=2,015 | g=2107 g=2,87
nBF3'OEt2 g3 = 2,226
298 g=2,002
| =2,041 -
Ni(COD), + nBF5-OEt, 77 ﬁz = 2,065 g1 =2,054
. 2237 2=2,361

Increasing in the AIEt;Cl/NiBr,[DAD(-iPr)] ratio leads to a decrease in signal intensity

a g =2,003 b

Fig.1. ESR spectrums of NiBr,[DAD(-iPr)] — 3 AlEt; (a)
and NiBr,[DAD(-iPr)] — 5 AIE,Cl (b) systems at T =77 K.

of Ni(I), although the catalytic activity in the ethylene polymerization is increased.

Similar in shape signals, but with somewhat different parameter g-factor and lower
intensity is observed for the Ni(acac), — AIEt; — DAD(-iPr). Differences in the g-factors
parameters likely to be due to the replacement of bromine anion at acetylacetonate ligand in
the complex Ni(I).

Analysis of the relationship between the intensities of the NI(I) ESR signals and anion -
radical depending on the observation spectra temperature and the Al: Ni ratio suggests the
existence of an equilibrium between the complexes Ni(I)[DAD(-iPr)] and Ni' [DAD(-iPr)]

[4].
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It was observed a rapid decrease in ESR signal intensity of the Ni(I) in the catalytic
hydrogenation of styrene if replacing the argon atmosphere by hydrogen. Consequently, it
was suggested that direct relationship between the concentration of paramagnetic complexes
and catalytic activity of the system is absent.

For the purpose of modeling the active particles nature complex Ni(0)[DAD(-CH3)]»
(DAD(-CH3) = 1,4-bis(2,6-dimethylphenyl)-2,3-dimethyl-1,4-diazabuta-1,3-diene) were
synthesized by the Dieck’s method [5] and for comparison Ni(COD), (COD = I-cis-5-cis-
Cyclooctadiene) [6]. And was studied its behavior under catalytic hydrogenation by EPR
spectroscopy.

ESR spectrum during Ni(0)[DAD(-CH3)], synthesis is transformed. In the first sample
(30 min after the components mixing) triaxial anisotropic signal with g; = 2,051, g, =2,274,
g3=2,441 (T=77K) is observed, which most likely corresponds to (DAD)Ni(solv)Br
(solv = solvent) (fig.2). In the second and third samples only a signal from the [DAD(-CH3)],"
anion-radical with gg = 2,029592 (fig.3) was founded.

| g = 2,003

g=2,003
Fig.2. ESR spectrum of the [DAD(- - ' ‘ _
CH3)]:Ni(solv)Br (solv = solvent), Fig.3. Anion-radical [DAD(-CH3)]” ESR
T=77K. spectrum, T =298 K.

Individual complex Ni(0)[DAD(-CH3)], is active in the styrene hydrogenation (TOF =
2,1 (mol styrene)/(mol Ni-min)), though relatively lower compared to a system based on
Ni(acac), — AlEt; — DAD(-iPr). This is due to a catalyst stability decrease. Addition
introduction  of  AlEt; (ALNi=2) leads to an  increase in  activity
(TOF = 25 (mol styrene)/(mol Ni min)) and stability of catalyst. This result may be due to the
binding DAD with AlEt; and increasing of coordinative unsaturation of nickel active
complexes, as that is most likely to perform cluster compounds.

In the EPR spectra of Ni(COD),-BF;-OEt,, obtained in an inert atmosphere, observed
triaxial anisotropic signal (1) (fig.4, Table. 1) with g, =2,041, g, =2,065, g3=2,237
(T =77 K). E. Dinjus observed that same signal previously [7]. Also there are the very weak

Fig.4. ESR spectrum of the Ni(COD), — 2 Fig.5. ESR spectrum of the Ni(COD), — 2
BF;-OEt, system, inert atmosphere, BF;-OEt, system, ethelene atmosphere,
T=77K. T=77K.
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biaxially anisotropic signal (2) with g; = 2,054, g, = 2,361 in the spectrum. The identification
of that signal requires further investigation. Same signals are observed for Ni(COD),-
BF;-OEt; system in ethylene atmosphere. In this case there is not direct relationship between
the concentration of the paramagnetic complex and the catalytic activity of Ni(COD),-
BF;-OEt; in ethylene oligomerization too.

A similar form of ESR spectra have been taken for systems based on Ni(0)[DAD(-
CH3)], and BF;5-OEt; or AIEt,Cl, under conditions of di- and oligomerization of ethylene (see
fig.6, fig.7 and Table 1).

Fig.6. ESR spectrum of the Fig.7. ESR spectrum of the
Ni(0)[DAD(-CH3)], — 10BF5-OEt, system, Ni(0)[DAD(-CH3)]» — S0AIEt,Cl system,
ethelene atmosphere, T =77 K. ethelene atmosphere, T =77 K.
Conclusion

By EPR spectroscopy it was found that direct relationship between the activity in the
polymerization of ethylene (hydrogenation of alkenes) and concentration of paramagnetic
particles is absent. Perhaps, paramagnetic particles of Ni(I) play the same function in the
regeneration of active alkyl complexes in the oxidation state of nickel is 2, as in modified
phosphines systems [8].
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Spectral analysis has become a routine tool for modern materials researchers. NMR
spectroscopy is not an exception here. The main task is usually not to get some sort of
spectrum, but to interpret the one you've got. It's not a secret that the more complex material
you investigate, the more complex spectra you will get. Experimentalists have to use different
sophisticated techniques to simplify NMR spectra, but it doesn't reach its goal in some cases.
The other way to interpret the spectra is computer simulations of substances. However in this
case you usually have to use approximate methods in order to minimize the computational
costs. The combination of simulations and experiments is the most efficient way nowadays.

If we want to study the structure of a thermotropic liquid crystal, even the designation
of lines in spectrum to the atoms in molecule won't be a trivial task. Fig.1 shows experimental
BC NMR spectra of nematic thermotropic liquid crystal o-hydroxy-4-hexyloxy-4’-
cyanobiphenyl (HO-60CB) in isotropic and liquid crystalline phases. One can see with the
naked eye that some lines in liquid crystalline spectrum absent, others are shifted in different
directions. How can we assign the lines in that situation? NMR in liquids has one major
advantage: dipole-dipole intramolecular interactions are averaging to zero due to fast
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Fig.1. Experimental 13C NMR spectra of HO 60CB in isotropic (top) and liquid crystalline
(bottom) phases.
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molecular reorientations and chemical shifts become isotropic. Hamiltonian in that case has
only three components: Zeeman, chemical shift and J-coupling. Thus the spectrum of the
liquids with low molecular weight can be calculated rather accurately. Many programs for
NMR spectra analysis can predict spectra using not only direct calculations but also tables of
standard chemical shifts for different molecular groups. Using certain chemical software the
isotropic spectrum can be predicted and the correlation between spectral lines and carbon
atoms of the molecule can be found (fig.2).
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Fig.2. Experimental (top) and predicted (bottom) 13C NMR spectra of HO 60CB.

In liquid crystalline state due to partial orientation of molecules in the magnetic field
one should use heteronuclear 'H-""C decoupling in order to record high resolution °C spectra.
Spectral line shift depends on isotropic and anisotropic parts chemical shift tensor. The
temperature dependence of chemical shift can be written as:

O'(T ) =0,

isotropic

vo,.. S (T), (1)

anisotropic™ zz

where Gisonopic ANd Gunisorropic are the 1sotropic and anisotropic parts of chemical shift
respectively, and S..(7) is liquid crystalline order parameter. If we plot ¢ as function of S_., this
will give us a set of points that can be fitted with straight line. All information we need is
chemical shifts ¢ measured from the spectra, temperature of the substance under study for
each spectrum 7" and temperature of nematic to isotropic transition 7y;. The latter can be
rather rough because we will use it as an adjustable parameter. To get the values of S..(7) we
will use the method described in the paper of Guo and Fung[1], where

Szz(T) = SO(I_T/TNI)}/' (2)

Sy and y are empirical parameters. Combining formulae (1) and (2) we will get the following
equation:

o(T) =4+ B (1-T/T,)", 3)
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where 4, B and C are the fitting parameters. Varying 7; in order to minimize average root

mean square that is calculated as the sum of ( — A)2 for each spectral line divided by

O isotropic
the number of lines in the isotropic spectrum, we will get the set of lines on the (S..) plot
(fig.3). Now we can trace how the spectral lines are shifted with the temperature. That means
we can assign them with exact atoms in molecule. As we get this information we can go
further with the structure analysis, using for example "H-">C NMR spectra to measure dipolar
couplings and compare them to the simulated ones. This will be discussed in detail at the
conference.
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Fig.3. Spectral lines shifts as a function of S,,.
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Cucurbit[n]uril host—guest chemistry has widly been studied in strongly acidic aqueous
solutions due to its extremely poor solubility in virtually all other solvents. Furthermore, most
work has been devoted to the complexation of aliphatic and aromatic ammonium ions which
show exceptional affinity towards the receptor. Conclusive evidence for the formation of 1:1
complexes with internal complexation of the alkyl or aryl moiety has been obtained from
NMR, UV spectroscopy and calorimetric data. NMR is one of the method which can yield
information about the inclusion complex on an atomic level. NMR measurements can be
performed in the solution, this method offers the advantage of providing insights into dinamic
processes as well as structural information at a molecular level. Complexation of CB[n] with
guests molecules causes changes in the chemical shifts of the protons belonging to the CB[n]
and/or guest molecule. We measured 'H NMR spectra for system aminoacid (AA = L-
isoleucin (Ile), L-serin (Ser), fig.1) and cucurbit[7]uril (CB[7]) in different conditions:
concentration, temperatire, pH values.

) HO
(C,D)
(B)

(E.F)

H,C OH

(&)

(D) 0
Fig.1. Isoleucine (left) and serine (right).

'H NMR solution spectra (fig.2, 3) of the complex L-isoleucine and serine with CB[7]
indicates the presence of an equilibrium between free aminoacid and aminoacid, included in
the cucurbit[7]uril.

Investigation of the isoleucine and CBJ[7] system

The L-isoleucine CH-groups (B, C), CH,-group (E, F) and CHs-group (D, G) proton
signals proton signals are broadened losing resolved multiplet structure and shifting up field
relative to “pure” L-isoleucine for the molar ratios Ile:CB[7] as CB[7] concentration grows. In
addition to that CH,-group (E, F) proton signals coalesce at the lowest Ile:CB[7] ratio (0,8:1).
The larger CH,-group (E) signal up field shift indicates the deeper inclusion of this nucleus in
CB[7] cavity in comparison with the CH,-group (F) proton. In consideration of found proton
chemical shifts change at various Ile:CB[7] concentration ratios, it can be assumed that the
{Ile@CBJ7]} inclusion complex configuration should provide experimentally obtained the
largest chemical shift of the CH-group (C) signal. This effect is attained by the inclusion of L-
isoleucine molecule from the side of CH-group (C) proton. To confirm proposed inclusion
complex configuration, one should note that CH,-group (E) proton adjacent to CH-group (C)
proton also has the chemical shift variation at CB[7] concentration increase characteristic of
deeper inclusion in cavity than sterically distant proton (F) of the same CH»-group.
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4 2 0 ppm

Fig.2. 'H NMR spectra of L-isoleucine, Ile:CB[7] mixture in the molar ratio 3,3:1, 1,6:1,
1,1:1, 0,8:1 (upwards) in DCI/HCI solution
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Fig.3. 'H NMR spectra of L-serine, Ser:CB[7] mixture in the molar ratio 3,8:1, 1,9:1, 1,3:1
(upwards) in DCI/HCI solution.
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Investigation of the serin and CB[7] system

The serine CH-group (B) proton signal is broadened losing resolved multiplet structure
and shifted up field relative to “pure” serine for the molar ratios Ser:CB[7] as CB[7]
concentration grows. At the first ratio 3,8:1 AB-system pattern of serine CH,-group (C, D)
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protons turns into one broad signal shifted up field by 17 Hz, then at subsequent concentration
changes corresponding 47 Hz and 74 Hz a pattern of broad signals appears characteristic to
AB-system. This interpretation is testified by temperature increase from 300 K to 320 K
producing better resolution of AB-system with the splitting signal pattern to be seen by serine
CH-group (B) proton. CH;-group (C, D) AB-system parameter estimation shows invariance
of Jep (as it should be expected) and increase of Acp up to 25 Hz at CB[7] maximum
concentration. Also Acp increase is qualitatively seen from the figure where ABX-system
becomes closer to ABC-system. The same character of protons (B, C, D) chemical shift
change demonstrates serine inclusion uniformity into CB[7] molecule cavity conforming with
the small size of serine. Change of the difference Acp of CH,-group (C, D) proton chemical
shifts after CB[7] adding shown by AB-system parameters analysis supports inclusion of
serine in CBJ[7].

The host—guest complexation of AA and CB[7] was confirmed by NMR spectroscopy.
'H NMR spectra of the AA with CB[7] complexes solutions indicates a balance between free
aminoacides and forms, differing in the nature of inclusion in cucurbit[7]uril.

The work is financially supported by Russian Federation President Grant MK-
2514.2014.3 and RFBR 14-03-31177.
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Abstract

We have synthesized the quinone that can form complexes with various metal ions: 2-
phenyl-4-(butylamino)naphtho[2,3-h] quinoline-7,12-dione (Q) to study the effect of
chelation of metal ions by quinones on the generation of free radicals in photoinduced
processes. The anticancer activity of this compound was demonstrated earlier. The chelate
complex with Zn”" ion has been investigated by optical, NMR and CIDNP techniques in the
present study. The formation of the chelate complex was proved from the changes in optical
absorption spectrum of quinone in the presence of Zn ions. The photoinduced oxidation of
substituted dihydropyridine by quinone Q was investigated using CIDNP (chemically induced
dynamic nuclear polarization) as a model reaction — analog of the biologically relevant
oxidation of NADH. It was found that chelate complex of Q with Zn>" ions undergo more fast
decomposition under UVB irradiation by excimer laser with A =308 nm. The yields of free
radicals and reaction products increase by three timed compared with reaction in the absence
of metal ions.

Introduction

Currently, elucidation of the mechanisms of action of drug compounds at the molecular
level and finding ways to increase their activity is an important scientific problem. The
mechanism of action of anticancer quinones is based on the generation of free radicals inside
the cell in dark conditions or under photoexcitation [1, 2].

Q+e—>Q~

Q +0, ©Q+0;°

0," +0," —" 5H,0, +0,
0,"+H,0, -0,+HO +HO’

Q™ + Fe(Ill) - Q + Fe(II)

H,0, + Fe(ll) > HO™ + HO" + Fe(IlI)

Scheme 1. The scheme of the generation of free radicals under dark conditions.

Q+hv—>Q”

Q'+D—->Q"+D"

Q +D—>QH' +(D-H)

Q" +0, >Q+'0,

Scheme 2. The scheme of the generation of free radicals under photoexcitation.

It is known that cancer cells accumulate iron at higher concentration [3]. It was
demonstrated that quinone-chelator forms stable complexes with ions Fe’". Moreover, it was
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shown that Fe ions provide reversibility of the reduction reaction of quinone. However, it is
not known as a quinone binding with metal ions would affect the reactivity of the quinone. In
this regard, the purpose of the present work is to figure out how the binding with the metal ion
affects the ability of the quinone to generate free radicals. We tried to investigate this question
by using the NMR and CIDNP (chemically induced dynamic nuclear polarization) techniques
[4]. For NMR and CIDNP studies we used diamagnetic zinc ions instead of ferric ions.

Experimental

Quinone-chelator 2-phenyl-4-(butylamino)naphtho[2,3-h] quinoline-7,12-dione was
synthesized according procedure described in [1]. Deuterated solvents for NMR, CD;0OD and
D,O (Aldrich) were used as supplied. Chelating complexes of Q were prepared using
Zn(NOs), and ZnCl, (98%, Aldrich). Optical spectra of Q and its complexes were measured
in ethanol using SF-2000 (Spectrum) spectrophotometer with 1 c¢cm quartz cuvette. The
mechanism of phototransformation of Q and its complex with Zn>" was elucidated by using
CIDNP, UV-Vis and NMR techniques. CIDNP method was applied for detection and
identification of free paramagnetic intermediates of the reaction [4]. For CIDNP experiments,
samples in standard 5 mm Pyrex NMR tubes were irradiated directly in the probe of an NMR
spectrometer at room temperature. An EMG 101 MSC Lambda Physik excimer laser was
used as the light source for CIDNP experiments (A = 308 nm, pulse duration 15 ns, average
pulse energy 100 mJ). CIDNP and NMR spectra were detected using NMR spectrometer
DPX-200 (Bruker).

Results and Discussion

At the first stage we have proved the complex formation of the quinone with the zinc
ions using optical absorption method. For this purpose the optical absorption spectra of
quinone were measured at various Zn(NOs), salt concentrations from 0.01 to 0.1 mM. One
can see that optical density at 433 nm growth with increasing salt concentration up to
0.05 mM and than saturated, indicating that the equilibrium is completely shifted to the
complex (fig.1).

0,81 ——0mM zZn*
+0.01 mM
- +0.02 mM
£0,61 +0.03 mM
S +0.04 mM
o +0.05 mM
© 0,4+ +0.06 mM
S +0.07 mM
8— +0.08 mM
0,2 +0.09 mM
+0.1 mM
0’0_ T T T
400 600

A, NM

Fig.1. The absorption spectra of 0.05 mM quinone solution at different concentrations of Zn
(NO3), (0-0.1 mM) in ethanol.

Taking into account concentration of Q = 0.05 mM and the presence of isobestic points,
we can conclude that the chelate complex with Zn ions have 1:1 stoichiometry.
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The second stage was the study the influence of metal binding by quinone on the
efficiency of the generation of free radicals by NMR and CIDNP techniques. CIDNP method
is a powerful tool for the study of photoinduced radical reactions. For this purpose the
photoinduced oxidation of dihydropyridine by quinone was investigated in the presence of Zn
ions. Reaction of the electron transfer of quinones with the electron donor 2,6-dimethyl-3,5-
dicarbomethoxy-1,4-dihydropyridine (DHP) were examined in detail previously [5] fig.2.
shows CIDNP spectra detected during quinone irradiation with DHP in the presence and in
the absence of ZnCl,. The main polarized lines in CIDNP spectra are 4-H and 2-CHj; protons
of initial DHP and reaction product — corresponding pyridine (Pyr, fig.2) [5]. One can see
significant increase of polarization intensity in the presence of metal ions. The same changes
were observed in NMR spactra of the reaction products after photolysis (fig.3). Three fold
increase of the yield of reaction product was detected in the presence of Zn ions.

+ZnCl; 10 mM

[

4-H Pyr

g

_: \J \ 2-CHiPyr' /

0o 9 3 | 2 | 1'
5, ppm
Fig.2. CIDNP spectra registrated during the photolysis of 1 mM Q solution with 4 mM DHP
in the absence and in the presence of ZnCl, (10 mM) in CD3;OD. Irradiation - 256 laser pulses.
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Fig.3. NMR spectra registrated after the photolysis of 1 mM Q solution with 4 mM DHP in
the absence and in the presence of ZnCl, (10 mM) in CD;OD.
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From these results we can conclude that quinone-chelator forms stable 1:1 complex

with Zn*" ion. This complex has enhanced absorption below 500 nm and significant reduced
absorption at A > 500 nm. Increase in the CIDNP intensity and the yield of reaction product
allows one to suggest that the reactivity of the quinone increased in the presence of metal
ions. Taking into account that the free radicals production is the key step of anticancer activity
of this quinone, the present results indicate the perspectives of its practical application.
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Abstract

Deferiprone (L1) is an effective iron chelating drug which is widely used for the
treatment of iron overload diseases. Although L1 itself absorb light with A <310 nm, the
absorption spectra of its metal complexes exhibit intensive absorption band at A > 310 nm. In
the present study we have investigated the photostability of chelate complexes of this drug with
Ca*™ and Zn*" ions by using NMR and CIDNP (chemically induced dynamic nuclear
polarization) techniques. It was found that L1 chelate complexes undergo fast decomposition
under UVB irradiation by excimer laser with A = 308 nm. Free radicals of L1 were detected by
CIDNP method during UVB irradiation of L1 aqueous solution. We propose that the
metabolism of drugs with metal binding properties can be affected by sunlight, as shown by the
chelate complexes of L1 and such changes may cause phototoxic and pharmacological effects
in patients undergoing treatment.

Introduction

Deferiprone (L1) or 1,2-dimethyl-3-hydroxypyrid-4-one is an active iron chelator. It is
used to treat discases associated with an excess of iron in the blood, such as thalassemia.
Moreover, chelators are supposed to be effective antioxidants which prevent oxidative stress

and biomolecular, subcellular, cellular and tissue damage caused mostly

o by iron and copper induced free radicals formation in vivo [1]. Free

OH radical formation is a natural process leading to the production of highly

| | reactive free radical species such as the superoxide, nitric oxide and

hydroxyl radicals. Free radicals and other active oxygen species can

N CH also cause modification or damage of all known organic biomolecules
including DNA, sugars, proteins and lipids [2].

Fig.1. Molecular There.are many studies of phgrmacological ‘properti.es. of L1, but
so far nothing was known about its photochemical activity and the
structure of its radical intermediates. This information can be very
important for the thousands of patients taking L1. Although L1 itself
does not adsorb visible light, the absorption spectra of its Fe(Ill) complexes exhibit intensive
absorption bands between 300 and 800 nm [3]. Irradiation of the L1-Fe(Ill) complexes with
visible light could result in the decomposition of L1 and formation of free radicals or toxic
secondary products which might cause toxicity such as photodermatitis, a toxic side effect
observed with other drugs [4]. Recently it was demonstrated by CIDNP method that L1
undergoes fast decomposition via electron transfer mechanism under direct and photosensitized
UV irradiation (<310nm) [5]. But no data exist on the influence of chelation on the
photochemical stability of deferiprone. Within this context the photochemistry of L1 and its
chelate complexes are of chemical, biochemical, pharmacological and toxicological
importance. So, the goal of present study was to elucidate the effect of metal ions on the
photochemical behavior of L1.

structure of
deferiprone.
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Experimental

Deferiprone was received from LIPOMED INC, USA. Deuterated solvents for NMR,
CDs;0D and D;0 (Aldrich) were used as supplied. Chelating complexes of L1 were prepared
using CaCl, and ZnCl, (98%, Aldrich). Optical spectra of L1 and its complexes were measured
in ethanol using SF-2000 (Spectrum) spectrophotometer with 1 cm quartz cuvette. The
mechanisms of phototransformation of L1 and its complexes with Zn*" and Ca*" were
elucidated by using Chemically Induced Dynamic Nuclear Polarization (CIDNP), UV-Vis and
NMR techniques. CIDNP method was applied for detection and identification of free
paramagnetic intermediates of L1 [6]. For CIDNP experiments, samples in standard 5 mm
Pyrex NMR tubes were irradiated directly in the probe of an NMR spectrometer at room
temperature. An EMG 101 MSC Lambda Physik excimer laser was used as the light source for
CIDNP experiments (A = 308 nm, pulse duration 15 ns, average pulse energy 100 mJ). CIDNP
and NMR spectra were detected using NMR spectrometer DPX-200 (Bruker).

Results and Discussion

To prove the formation of chelate complexes of L1 with various metal ions the optical
absorption spectra of L1 ethanol solutions were measured at various concentrations of metal
salts. As an example, fig.2 shows the changes of L1 absorption spectrum in the presence of
various concentrations of ZnCl,. As seen from fig.2 at certain concentration of salt, the
absorption spectrum of L1 solution reaches saturation, which means that all L1 molecules are
in the complex.

To investigate the influence of metal ions on the photodegradation of L1, NMR and
CIDNP methods have been applied [6]. The combination of these methods allows to detect the
formation of short-lived L1 radicals and to explore the intermediate and final products. All
experiments were performed in CD;OD. All photochemical experiments were conducted with a
pulsed laser (pulse number = 256) with a wavelength A = 308 nm. Fig.3 shows '"H NMR spectra
of L1 solution before irradiation, and after laser irradiation at 308 nm in the absence and in the

1,4

pure L1 (10* M)
+ZnCl(2*10° M)

+ZnCl,(4*10° M)
+ZnCl,(6¥10™ M)
+ZnCl,(8*10° M)
+ZnCl,(1.3¥10™ M)

L
N
L

Lo
o
L

o
(o]
[

Optical density
o o

N e2}

1 L 1

o
[N

0,0 T T T T T ' I ! I ! 1
250 275 300 325 350 375 400
Wavelength, nm

Fig.2. Absorption spectra of 0.1 mM L1 ethanol solution with different concentrations of
ZnCl, (0-0.13 mM).
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Fig.3. "H NMR spectra of 5 mM L1 methanol solution before irradiation, and after
irradiation in the absence and in the presence of Zn and Ca ions (5 mM).

presence of CaCl, and ZnCl,. It can be seen that the photodegradation degree and the total yield
of products is significantly increased in the presence of metal ions. Previously it was shown
that the mechanism of this reaction includes the step of electron transfer between two LI
molecules [5], so we can suggest that two factors contribute to the increase of the reaction
efficiency. Namely, the increase in the optical density of the L1 solution in presence of metal
ions, and close location of two deferiprone molecules to each other, facilitating the reaction.

Fig.4 shows the CIDNP spectra detected during photolysis of L1 methanol solution

40 -

35 »
L1+Zn
30 4
25 4 5
L1+Ca
20
2
9 15 4
O 10
5
L1
0
5
10 T T —F T T 1
9 8 7 6 4 3 2 1

pPm

Fig.4. CIDNP spectra recorded during photolysis of L1 methanol solutions and its
complexes with Zn and Ca ions.
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(5 mM) in the absence and in the presence of Zn and Ca ions (SmM). CIDNP spectrum
detected during laser irradiation of pure deferiprone shows polarized lines of methyl protons of
initial deferiprone (absorption) as well as methyl protons of reaction product (1.5 ppm). As it
was shown in [5], most of the reaction products of L1 photolysis are photochemically unstable
and undergo further phototransformations. The only stable product is 1,2-dihydro-2,3.,4-
trihydroxy-1,2-dimethylpyridine. The most notable effect of metal chelation is the
disappearance of polarization of initial deferiprone in the presence of metal ions which
indicates that the reaction became irreversible in the complex.

Conclusions

The chelate complexes formation of deferiprone with metal ions Ca*" and Zn*" was
proved by optical absorption and NMR spectroscopy. The formation of chelate complexes
leads to an additional long-wavelength absorption band, which greatly accelerates the
photodegradation of deferiprone when irradiated with ultraviolet light at a wavelength of 308
nm. Photodegradation proceeds via free radical intermediates.
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Introduction

The quantum kagome lattice is a fundamental but experimentally elusive frustrated
magnet. Neutron spectroscopy now reveals the ground state and elementary excitations of a
kagome lattice in which the quantum spins form an exotic pinwheel valence-bond state, spin
liquids etc. [1]. YBaCosAlO; is a metal oxide compound with a magnetic kagome
substructure. We have investigated the ground state and low energy spin dynamics of this
material by nuclear magnetic resonance spectroscopy. These experiments were complemented
by measurements of the field dependence of the static susceptibility.

Structure

In this work kagome-compound YBaCo3;AlO; was investigated. The compound has a
layered structure. Cobalt plane represent kagome lattice. But there are possibilities for
magnetic coupling between the kagome layers. For the purpose of separating kagome planes
were invited to use the aluminium ions. Aluminium could enter the site between the planes,
thus destroying the magnetic interactions between Kagome layers [2].

Experiments and results

The ground state of YBaCo3;AlO; has been studied using local methods, including
nuclear magnetic resonance (NMR). NMR measurements were performed on a single crystal
at different temperatures. Al NMR spectra were obtained at fixed frequency f= 85,42 MHz
and f=33,28 MHz (at H=7,7 T and H=3 T respectively) by sweeping the magnetic field.
We used a standard Hahn-Echo sequence, and integrated the echo at each field step.

At high temperatures the spectrum has a well-resolved quadrupole structure. At
temperatures below 10 K, a sharp line broadening was observed. Also the temperature
dependence of the spin-lattice relaxation rates was measured at both frequencies. The most

important result of these experiments was that the dependence of relaxation rate T, (T) has a

peak which shifts with frequency. Measurements of the field dependence of the static
susceptibility also has a peak. Spin glasses are systems whose magnetic moments freeze at
low temperature into random orientations without long-range order [3]. It is generally
accepted that both frustration and disorder are essential ingredients in all spin glasses.

Conclusion

The absence of a well resolved structure of Al NMR line at low temperatures and
characteristic features of the temperature dependences of the relaxation rates confirm the
scenario [1] that only short-range quasi static correlations occur in the system but not a long-
range antiferromagnetic ordering. The realisation of a spin-liquid state is not evident in our
data.

Our conclusions are supported by measurements of the dynamic susceptibility [2],
which also has a maximum of temperature characteristic that depends on the frequency. The

154



PROCEEDINGS

X-ray diffraction data shows, that we have Al/ Co mixed crystal, and most probably it is a
structural disorder that leads to a large defect of the magnetic subsystem. For that reason in
the compound YBaCo3AlO; any conventional or frustrated long-range order does not arise
and a spin-glass state is implemented.

References

[1] Christian Riiegg ., Nature Physics 6, 837-838 (2010)
[2] M. Valldor et al., Phys.review B 78, 024408 (2008)
[3] E. Goremychkin et al., Nature Physics 4, ( 2008)

155



PROCEEDINGS

Crystal field analysis and magnetic properties of the EuF; Van-Vleck
paramagnet

A.V. Savinkov, A.V. Dooglav, D.P. Pavlov, B.Z. Malkin, M.S. Tagirov

Institute of Physics, Kazan Federal University, Kazan, Russia

e-mail: Andrey.Savinkov(@gmail.com

Dielectric Van-Vleck paramagnets are the crystal substances where the crystal field
splits the ground **"'L; multiplet into electron energy levels so that the ground state is a
singlet or nonmagnetic doublet separated from excited energy levels by the interval of 10 —
100 cm™'. Most of studied Van-Vleck paramagnets are the compounds of rare-earth ions with
even number of electrons on the not filled electron shell 4f: Pr**, Eu®", Tb*", Ho>" and Tm®"
(Re*" ions). The 4f electron shell of rare-earth Van-Vleck paramagnets is polarized at the
external magnetic field gathering a nonzero magnetic moment which produces an internal
magnetic field at the nucleus. The internal field is much stronger than the external field in
most of Van-Vleck paramagnets having Pr’", Tb’", Ho’" and Tm’" ions. The Eu3+-based
Van-Vleck paramagnets are of interest because the internal field nearly cancels the external
field [1]. In this study we report on results of the crystal filed analysis and magnetic properties
of the Van-Vleck paramagnet EuF; having the orthorhombic crystal structure Pnma (62)
studied by ""F NMR in powder samples. The crystal field at Eu’" position, spectra of
electronic excitations of the Eu’* ions and magnetic interactions between the rare-earth and
fluorine ions have been on the focus of the study.

The set of crystal field parameters for the Eu’" ions with the Cs point symmetry in EuFs
has been estimated using the semi-phenomenological exchange charge model, and then
corrected by comparing the results of calculations of crystal field energies with the
experimental data.

Transitions of the 4f-electron shell to the excited state and back to ground state occurs at
increasing temperature giving rise to fluctuations of Re’” electron magnetic moment. These
fluctuations affect the NMR spectrum and nuclear relaxation of '°F through the dipole-dipole
and the transferred hyperfine interactions. The '"F NMR spectra were measured in EuF;
powders in the static magnetic field By = 5965 G at the NMR frequency of 23.9 MHz. The
NMR spectra taken at temperatures 4.2 K, 77 K and 300 K were recovered by the Fourier
transform of the spin-echo patterns. The '’F NMR line was found very narrow (~10 G at
4.2 K and ~7 G at 300 K). This suggests that the dipole and transferred hyperfine magnetic
fields induced by the Eu’" ions are negligible because the Eu’" ions are mainly in the ground
nonmagnetic state 'Fo at low temperatures, and at T =300 K these fields are averaged to zero
due to very fast fluctuations of the Eu’" magnetic moments.

Temperature dependencies of '°F nuclear spin-lattice relaxation (NSLR) rates in the
EuF; powder samples were measured in the temperature range 55— 300 K. For Eu’" ion in
EuF;, the energy gap between the ground and the first excided states is ~370 K. Therefore,
excited 4f electrons of Eu’* ion can induce the fluctuating magnetic fields at the '°F nuclei
only at rather high temperatures. It is seen in fig.l that the T,'(T) increases rapidly at
temperatures T > 110 K. Values of 1/T; have been found in the range from 5 to 50 s, i.e. the
F nuclear spin-lattice relaxation is rather slow as compared to relaxation rates in other Van
Vleck paramagnets. We suggest that the increase of T,;(T) in the temperature range
110 - 300 K is determined by weak fluctuations of local magnetic fields induced by Eu’"
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Fig.1. F NSLR rate vs. 1/T in EuF; powder

magnetic moments. Solid line in fig.1 corresponds to the function T, ~exp(—A,/T) with

Ay =370 K. One can see that the "’F NSLR in EuF; is not explained only by the thermal
excitations of the Eu’" ions to the lowest excited crystal field level. Most likely the influence
of other excited levels should be taken into account. Other mechanisms of '’F NSLR in EuF;
will be discussed.

The work was partly supported by the RFBR grants 12-02-00372-a and 14-02-00826.
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We report changes on the structural and magnetic properties of the heavy-fermion
YDbNi, [1] crystalline alloy when submitted to high-energy ball milling. The sample was
characterized by means of DC magnetic susceptibility and electron spin resonance (ESR) of
the intrinsic Yb**. The analysis of the x-ray diffraction data shows a reduction of the particle
size down to 12 nm for 20 h of milling time. The ferromagnetic (FM) contribution practically
dissapears and a new magnetic phase arises at lower temperatures, below Tc, as observed in
other rare earth FM alloys under mechanical milling [2]. In the vicinity of T¢ = 10.5 K, the
ESR parameters (linewidth and g-factor) show distinct anomalies, which can be associated
with a presence of strong magnetic fluctuations at an onset of FM ordering. The Orbach-
Aminov spin-lattice relaxation processes with the involvement of the first excited crystalline
electric field level of Yb** at A ~ 75 K dominate the electron spin dynamics of YbNij in the
paramagnetic phase [3]. The Yb®* ions in bulk YbNi; are primarily located in almost perfect
cubic crystal field. Data of ESR measurements clearly reflect different types of distortions
observed in the core and the surface regions of the nanocrystallites. The sensitivity of ESR is
detected both through direct measurement of resonance field and from the linewidth of the
resonance itself.
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