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EDITORIAL

https://doi.org/10.26565/2075-3810-2020-43-01

6th INTERNATIONAL CONFERENCE
“NANOBIOPHYSICS: FUNDAMENTAL AND APPLIED ASPECTS”

6™ International Conference “NANOBIOPHYSICS: Fundamental and Applied
Aspects” — NBP-2019 took place on October 14, 2019 in Kyiv, Ukraine, at the Institute of
Physics of the National Academy of Sciences of Ukraine.

“NanoBioPhysics” conference series was jointly launched in 2009 by B. Verkin Institute
for Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine and the Institute of Physics of the National Academy of Sciences of Ukraine.
Previous five conferences were organized on biennial basis in Kyiv and Kharkiv alternatively.

The NBP-2019 conference brought together the scientists working in the fields of
nanoscience, nanotechnologies and molecular biophysics and dealing with the biological
macromolecules or/and their complexes with any kind of nanoparticles or nanostructured
media. The goal of the conference was to discuss recent achievements and to push forward
this innovative area of science and technology.

In the conference 63 scientists arrived from 14 countries (Photo 1), they made
36 lectures, including 17 invited speakers, and 27 poster presentations. Book of abstract with
107 pages was published [1]. The lectures were delivered by famous scientists from Ukraine,
Belarus, Italy, France, Latvia, Lithuania, Estonia, Germany, Poland, Czech Republic, Canada,
Denmark, USA and Egypt.

Photo 1. Participants of the 6th International Conference “NANOBIOPHYSICS: Fundamental and Applied
Aspects”, the Institute of Physics of 2019, Kyiv, Ukraine.

© Dovbeshko G.I., Karachevtsev V.A., Berest V.P., Kosevich M.V, 2020
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The latest achievements and advances in both academic and commercial aspects of

NanoBioPhysics were enlightened in the following sessions:

¢ Physical properties of biomolecular nanosystems;

¢ Interactions of biomolecules with nanoparticles and nanostructured surfaces;

¢ Enhancement of optical processes in biomolecules by nanostructured metal surfaces;

e Biomolecules, hybrids of biomolecules with carbon nanostructures (graphene,
nanotubes, fullerenes, and other carbon nanoparticles);
Theory and computer modeling of nanoscopic biological systems;
¢ BioNano-materials, -composites and their applications.

Urgent subjects of nonobiophysical research were covered in the plenary invited lectures.
In the framework of the subject of experimental investigations and computer modeling of
physical properties of biomolecular nanosystems Professor Rinken A. (Tartu, Estonia)
reported about characterization of single molecule interactions between proteins and their
ligands using total internal  reflection  fluorescence  (TIRF)  microscopy;
Professor Kryachko E.S. (Kyiv, Ukraine) discoursed the retrospective of exploration of point
tautomeric mutations in the base pairs of DNA.

A number of lectures enlightened achievements in scrutinizing of interaction of
biomolecules with carbon nanostructures and nanoparticles and their promising applications.
Professor Demchenko A.P. (Kyiv, Ukraine) surveyed application of fluorescent carbonic
nanoparticles (C-dots) as efficient instruments in molecular and cellular research. Professor
Strek W. (Wroctaw, Poland) told about laser stimulated lighting of graphene materials.
Professor Karachevtsev V.A. (Kharkiv, Ukraine) delivered a talk about photoluminescence
from single-walled carbon nanotubes for biosensing and biomedical applications.
Dr. Biloivan O.A. (Kyiv, Ukraine) described utilization of carbon nanomaterials in design of
electrochemical biosensors. Dr. Stepanian S.G. (Kharkiv, Ukraine) reported on computational
study of MoS; complexes with nucleic acid bases.

Phenomena that accompany interactions of biomolecules with nanostructured surfaces
and nanoparticles formed the basis for so called surface-enhanced techniques. Professor
Bandarenka H. (Minsk, Belarus) compared the results of macromolecules analysis using
metallic nanoparticles and nanovoids by exploiting surface enhanced Raman scattering
spectroscopy (SERS). Dr. Damin A. (Turin, Italy) highlighted aspects of synthesis and
characterization of Au/SiO, systems for SERS. Professor Dragan A.l. (Kyiv, Ukraine)
described recent progress and perspectives of metal-enhances fluorescence (MEF) in
biomedical studies. Dr. Boiko V. (Wroctaw, Poland) told about potentialities of near-infrared
persistent luminescence phosphors nanoparticles for optical imaging of biological tissues.
Professor Berzina B. (Riga, Latvia) discussed applications of luminescent nanoparticles for
optical imaging of biological materials and tracing the processes occurring in biomaterials.
Professor Lukowiak A. (Wroctaw, Poland) reported about luminescent bioactive glasses and
composites.

Physical properties of complex biomolecular nanosystems were exemplified at the cell
and biomembrane levels. Professor Martra G. (Turin, Italy) covered the issue of the
interactions of silica nanoparticles with membranes and discussed the insights on surface
features responsible for membranolysis. Dr. Berest V.P. (Kharkiv, Ukraine) reported about
membranotropic action of Gramicidin S and its relation to lipid membrane composition.
Dr. Artemenko A. (Prague, Czech Republic) told about biocompatible substrate on the basis
of nanocrystalline diamond films for proteins absorption. Professor Yesylevskyy S.A. (Kyiv,
Ukraine; Besancon, France) described recent methodological advances in molecular
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dynamics simulation of the curved membranes. In the lectures of Dr. Nasr M. (Zewail,
Egypt), Professor Dovbeshko G.1. (Kyiv, Ukraine) and Professor Matta C.F. (Halifax,
Canada) (last in format of video presentation) the problems of biophysical role of
mitochondria, its vibrational markers and controlled thermogenesis in mitochondrion were
considered. Dr. llchenko O. (Lyngby, Denmark) told about a new generation of Raman
instruments and an application of Raman spectroscopy for mapping of orientation of
semiconductor crystals and pharmaceutic tablet formulation (via Skype).

In the framework of the conference special sessions devoted to the progress of
collaborative projects related to NanoBioPhysics subjects were organized. A round table
dedicated to HORIZON 2020 project “Asymmetry of biological membrane: theoretical,
experimental and applied aspects” (690853 — assymcurv - H2020 — MSCA - RISE-2015)
was moderated by the project coordinator Professor Dovbeshko G.1. (Kyiv, Ukraine). NATO
SPS 985291 project Workshop “Towards getting of “lipid passport” of pathogenic
microorganisms by physical and computational lipidomics” was conducted by the coordinator
Professor Bogdanov M. (Houston, USA) under the motto “Moving from conventional
lipidomics to physical and computational lipidomics, e.g. building of supramolecular lipid
structures”. In the lecture of Professor Bogdanov M. the challenging questions were raised:
“What new strategies do successful pathogenic bacteria deploy to “camouflage” their surface
such that it is not recognized either by infected host or “man made” surveillances systems?
What strategies can be developed by us?” A number of urgent topics were surveyed at the
Wokshop in the presentations of Professor Dovbeshko G.1. (Kyiv, Ukraine) “IR and Raman
markers of artificial and real membranes and their changes under external stimuli”, Professor
Rinken A. (Tartu, Estonia) “Possibilities of fluorescent spectroscopy for visualization of
supramolecular lipid structures”, Professors Ramseyer C. and Yesylevskyy S.A. (Besancon,
France) “Computer-aided molecular dynamic simulations of supramolecular lipid structures”.

The best posters were awarded: on the first day, poster presented by Cheropkina H.
(Turin, Italy) “Electrochemical detection of pesticides by human flavin-containing mono-
oxygenase 1” was recognized as the best one (chairman Dr. Berest V.P.); on the second day
Tarabara’s U. (Kharkiv, Ukraine) poster “Competitive DNA binding of europium
coordination complexes and trimethine cyanine dyes” was the best one (chairman Professor
Lukowiak A.).

The conference was partially sponsored by the HORIZON 2020 project, NATO 985291
SPS project “A novel method of detection of biohazards”, and the Project 11/1 2019 of
National Academy of Sciences of Ukraine “Development of 2D materials and “smart” sensors
for biomedical and biological purposes”.

The next conference of the series is expected to be organized in autumn 2021 in Kharkiv.

In this issue Biophysical Bulletin publishes some articles based on materials presented at
the NBP-2019 Conference.
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6-ta MI’KHAPOJIHA KOH®EPEHIIA
«HAHOBIO®I3UKA: ®YHIAAMEHTAJIBHI TA INTPUKJIAIHI ACIHEKTHW»
I'.L JloBGemko', B.O. KapaquueBZ, B.II. BepecT3, M.B. KoceBuu™
ZIHcmumym @izuxu Hayionanvnoi axademii nayx Yxpainu, np. Hayxu, 46, Kuis, 03028, Yxpaina
2 isuko-mexniunuii incmumym nuzbkux memnepamyp im. b.1. Bepxina Hayionansnoi akademii nayx Yipainu,
np. Hayxu, 47, Xapxis, 61103, Vkpaina
? Xapriscoxuii nayionanenuii ynisepcumem imeni B.H. Kapasina, maiidan Céo600u, 4, Xapkis, 61022, Yipaina

Iocra wmixkHapomHa koHgepeHtiss «KHAHOBIO®I3UKA: ¢dynmaMeHTanbHI Ta TpPUKIANHI aCIEKTH»
(NBP-2019) BinOymnacs 1-4 xostHs 2019 p. B IHcTHTYTI (bizukm HamionanbHoi akanemii Hayk Ykpainu
(KuiB, Ykpaina). [Tonepenui n’ste KoHbepeniit, nounHarouu 3 2009 poky, IpOBOIWIUCS OJUH pa3 Ha
JIBa POKH CHUJIbHUMH 3yCHIUIAMU (Di3MKO-TEXHIYHOTO IHCTUTYTY HU3bKHX TemrepaTyp iM. b.I. Bepkina
HAH VYxkpainu ta [Heruryty ¢izukun HAH Ykpainu no uyep3i y Xapkosi ta Kuesi. ¥ kondepeHuii B3suiu
yudacTh 63 HpoBiJHUX HAyKOBUSA 3 14 kpaiH cBiTy, 30kpema 3 Ykpainu, binopyci, Itanii, ®panuii, Jlarsii,
Jluteu, Ecrtonii, Himewuunu, [lombimi, Yechkoi PecmyOmiku, Kawmamu, [anii, CIIIA ta Apabckoi
PecniyOniku  €runer. Byno mpencrasneno 36 HayKOBHX JOINOBIJACH Ta MOHAJ COTHI CTEHIOBHX
npe3eHTanii. MeToro KoHdepeHIil ctaB 0OMiH iH(pOpMAIli€l0 CTOCOBHO HOBITHIX JOCATHEHb y raiysi
HaHOOi0(I3MKHM, CHpPSMOBaHMI Ha CTHMYJIOBaHHS IIOJAJIBIIOTO PO3BHUTKY SK (YHIaMEHTaJIbHUX
JOCTIKeHb, TaK 1 iHHOBAIill y BIATOBIAHWX Tady3sx HaHOTexHoJoril. JpyXHi gopMar HayKOBOTO
3i0paHHs 3a0e3rednB OOMIH ifiesIMH y paMKaxX TaKMX aKTyaIbHHX TEMaTHK SIK (Pi3HUYHI BIACTHBOCTI
OiOMOTIEKYISIPHUX HAHOCHUCTEM, B3a€MOJis OiOMOJNEKYN 3 HAHOYACTHMHKAMH Ta HAHOCTPYKTYPOBAaHUMH
MOBEPXHSMH, [OCHJICHHS ONTHYHUX TMpPOLECIB Yy OiOMOJIeKyIaX BHACHIIZOK I1X B3aemonii 3
HAHOCTPYKTYPOBaHHUMHU METAICBUMHU MTOBEPXHSIMH, CTBOPEHHS HAHOTIOpHUIIIB O10MOJIEKYJI 3 ByTJICLIEBUMH
HAHOCTPYKTYypaMH, Teopis Ta KOMII'IOTEpHE MOJCIIIOBAHHA HAHOCKOMIYHMX O10JOTiYHUX CHCTEM,
MPAaKTUYHE 3aCTOCYBaHHs OiOHaHOMAaTepiadiB Ta OIOHAHOKOMIIO3UTIB. Y pamkax KoHpepeHiii Oyso
OpraHi30BaHO cleliaNbHi cecii Iy CHUIKyBaHHS YYacHUKIB MOTOYHMX MDKHApOJHHUX HPOEKTIB 3a
nporpamamMu HORIZON 2020 ta NATO Workshop. Marepianu xondepenuii NBP-2019 Bunano y 36ipui
Te3.

KJIFOYOBI CJIOBA: Hanobiodisuka; OimMoiekynspHi HaHOcHCTeMH; OioHaHOMarepianu; Oi0HAHOKOMIIO3UTH;
HaHOCTPYKTYPOBaHi MOBEPXHi; MIKMOJIEKYJIAPHI B3a€MOIii; KOMIT FOTEPHE MOJICITIOBAHHS.

6-1 MEXKITYHAPO/JHAS KOHO®OEPEHIIA
«HAHOBNO®UN3UKA: ®YHIAMEHTAJIBHBIE U ITPUKJIAJHBIE ACIIEKTBI»
I'.1. JloBGemxko', B.A. Kapauesues’, B.IL. Bepect’, M.B. Kocepuu®®
! Hnemumym ¢usuxu Hayuonansnoti akademuu nayk Ypaunsi, np. Hayxku, 46, Kues, 03028, Yipauna
2 Qusuxo-mexnuueckuil uHcmumym Huskux memnepamyp um. b.1. Bepxuna Hayuonanvhou akademuu Hayk Yxpaunst,
np. Hayku, 47, Xapvkos, 61103, Vkpauna
3Xapbkoec;<uﬁ HayuonanvHwlll ynusepcumem umenu B.H. Kapasuna, ni. Céo600ul, 4, Xapvkos, 61022, YVkpauna

Illectas Mmexaynapoanas koudepenius «HAHOBUO®U3UKA: ¢dyHaaMeHTalbHBIC W MPHKIAIHBIC
acriexkts» (NBP-2019) cocrostnack 1-4 oktsadpst 2019 r. B UnctutyTe Gusnkn HanmoHanbHOM akageMun
Hayk Ykpaunbl (KneB, Ykpanna). IlepBole nsath xoHpepenuuit, Hauunas ¢ 2009 rona, npoBOAMINCH C
JIByXTOAWYHBIM HHTEPBAJIOM COBMECTHBIMH YyCUIMSIMH DHU3HKO-TEXHUYECKOTO HMHCTUTYTa HHU3KUX
temrniepatyp um. b.J. Bepkuna HAH VYkpaunsr u Uncruryra ¢uszuku HAH Ykpannsl nmoouepentHo B
XapokoBe u Kuese. B xoH(epeHnn npuHsm yqactiue 63 BeIyIINX YYeHBIX U3 14 cTpaH, B 4aCTHOCTH,
Vkpaunsl, benapycu, Urtanmuu, ®pannnu, Jlateum, Jluteel, Octonnn, ['epmannu, [lonpmu, Yemckoit
PecnyOnmuku, Kamamer, Jlammm, CIIIA wu ApabGckoit Pecyomumku Ermmer. Beuto mpeacraBneno 36
Hay4yHBIX JOKJIAoOB M OOJiee COTHHM CTEHIOBBIX Ipe3eHTaluid. llenpro xoH(epeHIuH sBIsICS 0OMEH
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nHpOpManreil 0 HOBBIX JOCTIKEHUSIX B OOJIACTH HaHOOMO(DM3WKH, HAPABICHHBIA Ha CHMYJIHPOBAHHE
JATTbHEHINETO Pa3BUTHS Kak (yHAaMEHTAJIbHBIX HCCIIEIOBAHUM, TAK M MHHOBAIIMH B COOTBETCTBYOLINX
obnactsax HaHOTexHOJOorHd. OOCYXIEHHE INPOXOJWJIO B paMKaX TaKUX AaKTyalbHbIX TEMAaTHK Kak
(u3nueckre CBOMCTBAa OMOMOJIEKYJIIPHBIX HAHOCHCTEM, B3aMMOCHCTBHE OMOMOJIEKYI C HAHOYACTHLIAMH
U HAHOCTPYKTYPUPOBAHHBIMHM IOBEPXHOCTSIMH, YCWJIEHHE ONTHYECKHX IIPOIECCOB B OHMOMOIEKYNax
BCJICJICTBHE WX B3aUMOJEHCTBUSI C HAHOCTPYKTYPUPOBAHHBIMH METANIMYECKUMH ITOBEPXHOCTSIMH,
CO3/laHMEe HAHOTHOPUZOB OMOMOJIEKYJ C YIVIEPOJHBIMH HAHOCTPYKTYypaMH, TEOPUS U KOMIIBIOTEPHOE
MOJICIUPOBAaHWE  HAHOCKONWYECKMX  OMOJOrMYECKMX  CHUCTEM,  IPaKTHYeCKoe  IPUMEHEHUE
OuoHaHOMaTepuanoB 1 OMOHAHOKOMITO3UTOB. B paMkax koH(epeHInY OblIa OpraHU30BaHa CrICIUAIbHAS
ceccust JUIsl OOLIEHUS] YYaCTHUKOB TEKYLIMX MEXIYyHapOJHBIX MpoekToB mo mporpammam HORIZON
2020 u NATO Workshop. [1o marepuanam xonpepenunu NBP-2019 n3nan cOOpHUK T€3HCOB.

KJ/IFOYEBBIE CJIOBA: HaHoOMo(duU3MKa; OHOMOJIEKyIIpHBIC HaHOCHCTEMBI, OMOHaHOMAaTepHabI;
OGHMOHAHOKOMIIO3HUTbI; HAHOCTPYKTYPHPOBAHHbIE TIOBEPXHOCTH; MEKMOJICKYJISIPHBIC B3aUMOACHCTBYS; KOMITBIOTEPHOE
MO/IeIIMPOBAHHE.

6th INTERNATIONAL CONFERENCE
“NANOBIOPHYSICS: FUNDAMENTAL AND APPLIED ASPECTS”
G.I. Dovbeshko', V.A. Karachevtsev’, V.P. Berest’, M.V. Kosevich>®
! Institute of Physics of the National Academy of Sciences of Ukraine, 46 avenu Nauki, Kyiv, 03028, Ukraine
2 B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine,
47 Nauky Avenue, Kharkiv, 61103, Ukraine
* V.N. Karazin Kharkiv National University, 4 Svobody Square, Kharkiv, 61022, Ukraine

6" International conference “NANOBIOPHYSICS: Fundamental and Applied Aspects” (NBP-2019) took
place on October 1-4, 2019 at the Institute of Physics of the National Academy of Sciences of Ukraine
(Kyiv, Ukraine). Previous five conferences, starting from 2009, were organized due to joint efforts of
B. Verkin Institute for Low Temperature Physics and Engineering of the NAS of Ukraine and Institute of
Physics of the NAS of Ukraine on biennial basis in Kyiv and Kharkiv alternatively.63 leading scientists
from 14 countries took part in the conference, Ukraine, Belarus, Italy, France, Latvia, Lithuania, Estonia,
Germany, Poland, Czech Republic, Canada, Denmark, USA and Arab Republic of Egypt were
represented. 36 scientific lectures, including 17 invited, and 27 poster presentations were made. The goal
of the conference was in exchange of information concerning recent achievements in the field of
nanobiophysics, aimed at the inspiration of further advancement of basic investigations as well as
innovations in the related areas of nanotechnology. Friendly format of the scientific meeting provided the
exchange of ideas in such urgent topics as physical properties of biomolecular nanosystems, interactions
of biomolecules with nanoparticles and nanostructured surfaces, enhancement of optical processes in
biomolecules by nanostructured metal surfaces, formation of nanohybrids of biomolecules with carbon
nanostructures, theory and computer modeling of nanoscopic biological systems, applications of
bionanomaterials and bionanocomposites. In the framework of the conference special sessions for
communications between the participants of the current international projects HORIZON 2020 and
NATO Workshop were organized. Book of abstract based on NBP-2019 materials was published.

KEY WORDS: nanobiophysics; biomolecular nanosystems; bionanomaterials; bionanocomposites;
nanostructured surfaces; intermolecular interactions; computer simulation.
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UDC 576.311.347

A NOTE ON THE CONSEQUENCES OF A HOT MITOCHONDRION: SOME
RECENT DEVELOPMENTS AND OPEN QUESTIONS'

Peyman Fahimi*”, Mohamed A. Nasr™‘, Lazaro A. M. Castanedo™’, Youji Cheng™,

Cyrus A. Toussi™®, Chérif F. Matta™®"*
“Department of Chemistry and Physics, Mount Saint Vincent University, Halifax, Nova Scotia, Canada B3M2J6
*Département de chimie, Université Laval, Québec, Québec, Canada G1V 0A6
“Center of Excellence for Stem Cells and Regenerative Medicine (CESC), Zewail City of Science and
Technology, 6th of October City 12588, Egypt
“Department of Chemistry, Saint Mary's University, Halifax, Nova Scotia, Canada B3H3C3
*Department of Biomedical Engineering, Hakim Sabzevari University, Sabzevar, Iran
'Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada B3H4J3
*Tel.: +1-(902)-457-6142; Fax: +1-(902)-457-6134; E-mail: cherif- matta@msvu.ca
Submitted November 14, 2019
Accepted January 16, 2020

Background: Chrétien and co-workers (PLOS Biology. 2018;16(1):¢2003992) recently suggested that the
mitochondrion might possibly be hotter than its surrounding (by as much as 10°C).

Objectives: To examine the validity of this claim and review the possible implications and repercussion of such
a claim — if true — on some aspects of mitochondrial biochemistry and biophysics.

Results: Both the chemical gradient and the electrical gradient Gibbs energy terms in the central equation of
chemiosmotic theory are temperature dependent, the first explicitly and the second implicitly. A hotter
mitochondrion — as claimed — would imply a 3% correction in the chemical gradient term, but we cannot
estimate the corresponding effect on the electrical term at this time since the functional dependence of the
voltage on the temperature is not known to the best of the authors’ knowledge. Further, if this claim is true and
to the extent claimed (10°C), this may imply some heat-engine character for mitochondrial thermodynamic
operation albeit this may only represent 4% at most.

Conclusions: Doubts and criticisms regarding the suggestion of a hotter mitochondrion have been raised and are
briefly discussed. These doubts are contrasted with some data and considerations that support the claim of a
hotter mitochondrion. It is concluded that the mitochondrion is probably hotter than its environment but not to
the extent claimed by Chrétien et al. and that the thermodynamic efficiency and the mode of operation of the
mitochondrion as an electrochemical battery are very slightly perturbed by even the maximum claimed revision
of the temperature of its operation.

KEY WORDS: hot mitochondrion; mitochondrial biophysics; ATP synthase; Maxwell demon; chemiosmotic
theory.

MO0 TAPSTYUX MITOXOH/IPII: JIESIKI HOBI PO3POBKH TA BIIKPUTI INTAHHSA
Heiiman ®axumu™®, Moxamen A. Hacp™, Jlazapo A. M. Kacranego™’,
Momzi Uenr™?, Caiipyc A. Tycci**, Illepud ®. Marra™**"
“@axynemem ximii ma gizuxu, Yuisepcumem Maynm-Cenm-Bincenm, 'anigpaxc, Hosa Lllomaanois, Kanaoa B3IM2J6
bKa¢edpa ximii, Ynisepcumem Jlasanwv, Keebex, Keebex, Kanaoa G1V 046
“Ilenmp nepedosozo doceidy 3i cmosbyposux krimun i pezenepamusnoi meduyunu (CESC), Micmo nayku i mexuixu 3eseiin,
Micmo imeni 6 ocoemusi 12588, Ecunem
Ximivnuii paxyromem, Yuicepcumem Cesmoi Mapii, Ianipaxe, Hosa Illomnandis, Kanaoa B3H3C3

' This communication is patterned after the presentation of the corresponding author (C.F.M.) entitled
“Controlled Thermogenesis in the Mitochondrion” presented at the 6" International Conference on
Nanobiophysics: Fundamental and Applied Aspects (NBP-2019) held at the Institute of Physics of the National
Academy of Sciences of Ukraine in Kyiv (Ukraine), 1-4 October 2019.

© Peyman Fahimi, Mohamed A. Nasr, Lazaro A. M. Castanedo, Youji Cheng,
Cyrus A. Toussi, Chérif F. Matta, 2020
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_ ‘Kaghedpa biomeduunoi insicenepii, Ynisepcumem Xaxim Cabzesapu, Cabsesap, Ipan
IXimiunuii paxynomem, Yuisepcumem Janxaysi, anigpaxe, Hosa llomnandis, Kanada B3H4J3
" Ten.: + 1- (902) -457-6142; ®akc: + 1- (902) -457-6134,; E-mail: cherif matta@msvu.ca

AxTtyanbHicTb. Kpetben T1a #ioro koneru (Chrétien ef al., PLOS Biology. 2018; 16(1): €2003992) HemonaBHO
NPUIYCTWIIN, 110 MITOXOH/PIT MOXXYTh OyTH TEILTIIINMH, HDK X oTodeHHs Ha nimx 10°C.

Meta po0oTH: PO3IIISIHYTH OOIPYHTOBAHICTH LOTO TBEPIUKEHHS Ta, SIKIIO BOHO BipHE, NMEPErisIHYyTH HOTro
MOJKJIMBI HACIIAKY [UIA JESIKHUX acIeKTiB 010XiMii i 010i3UKH MITOXOHIPIH.

PesyabTaTH. Y LEHTpanbHOMY pIBHSHHI XEMIOCMOTHYHOI Teopii oOWaBa WiIeHHW, K XIMIiYHOTO, TakK i
eJIEKTPUYHOTO, TpamieHTIB eHepril [i0ca 3anexaTh BiJ TeMIepaTypu: MepIInii SBHO Ta APYTHil HesBHO. ["apsda
MITOXOHJIPIsl, SIK CTBEPIDKYEThCs, mependadae 3% mompaBky Ui XIMIYHOTO Tpajii€eHTa, MPOTE Hapa3i MU He
MO’KEMO OIIHWTH BiIIIOBIIHUN BHECOK B €IEKTPHYHY CKJIAJ0BY, OCKUIBKH, K BiZIOMO aBTOpaM, QyHKI[iOHAIbHA
3aJIOKHICTh HANpPYTH BiJ TemIiepaTypud He Bijoma. Kpim Toro, sIKIo e TBEpIXKEHHS BIpHO 1 BiIIOBigae
3asBIeHOMY 3HaueHHIO y 10°C, 1ie Mo)Ke 03HayaTu IeBHY MOIIOHICTh JI0 TEIUIOBOrO JABHUI'YHA Ul BUKOHAHHS
MITOXOH/IPIi€I0 TEPMOANHAMIYHOT POOOTH, X0Ua Liei BHECOK MOXKE CKJIaAaTH He Oiubiue Hix 4%.

BucnoBku. BucnosieHo Ta KOpOTKO OOroBOpPEHO CYMHIBM 1 KPUTHYHI 3ayBa)KCHHS ILNOJO IPHITYLICHHS
ICHyBaHHS rapsiaux MitoxoHnapid. L{i cyMHIBY cynepedaTh AESKUM JaHUM i MipKyBaHHSM, IIO MiATBEPIKYIOTH
iIel0 mpo rapsdi MiToXoHIpii. POOMTHCS BHCHOBOK, IO MITOXOHIpii, WMOBIpHO, € OUIBII TEIJIMMH, HIX
HaBKOJIMIITHE BHYTPIITHHOKIIITHHHE CEPEIOBHIIE, ajie HEe B Till Mipi, SIK CTBEpIKYI0Th KpeTheH 3i clliBaBTOpaMH,
Ta 10 TepMOANHaMivHa e(heKTUBHICTD i cIoci0 (hyHKIIOHYBaHHS MiTOXOHJPII K eIeKTPOXiMigHOI OaTapei ayxe
HE3HAYHO 3MIHIOIOTHCS HaBITh NP MaKCUMAalbHIN 3asBJIeHIN 3MiHi 11 po0090i TeMIIepaTypH.

KJIFOYOBI CJIOBA: rapsiua MiToxoHmapis, 6iodisuka mitoxouapiit, ATd-cuHTa3a, neMoH MakcBesia, XeMiOCMOTHYHA
Teopis.

K BOITPOCY O I'OPAYUX MUTOXOHAPUAX: HOBBIE PASPABOTKHU U OTKPBITBIE
BOITPOCHI
Meiiman ®axumu™®, Moxamen A. Hacp™, Jlazapo A. M. Kacraneno™,
Ex3n Yenr™!, Caiipyc A. Tycen™, Illepud ®. Marra™*H*
“Kageopa xumuu u ¢pusuxu, Ynueepcumem Maynm-Cenm-Buncenm, Ianupaxc, Hoeas [llomaanous, Kanaoa B3M2J6
bKad)e()pa xumuu, Ynueepcumem Jlasanv, Keebex, Keeoex, Kanaoa G1V 046
“IJenmp nepedogozo onvima no cMEoI08bIM Kiemrkam u pezenepamusnot meouyune (CESC), I'opoo nayku u mexuuxu
3esetin, I'opoo umenu 6 okmabps 12588, Ecunem
XNumunecxuii gaxynemem, Yuusepcumem Ceamou Mapuu, I'anugpaxc, Hosas [Llomnanous, Kanaoa B3H3C3
~ “Kagedpa buomeouyunckoii unicenepuu, Ynusepcumem Xaxum Cabsesapu, Cabsesap, Upan
TXumuueckuii paxynomem, Yuusepcumem Janxaysu, Ianugpare, Hosas Illomnanous, Kanada B3H4J3
*Ten.: + 1- (902) -457-6142; @axc: + 1- (902) -457-6134, e-mail: cherif- matta@msvu.ca

AxtyaabHocTh. Kpetben ¢ coaBropamu (Chrétien et al, PLOS Biology. 2018;16(1):¢2003992) nenaBHO
MPEAINOJI0KNIN, YTO MUTOXOHAPHH MOTYT OBITh TEIlIee, YeM OKpy»Karolas cpena Ha nensix 10°C.

Leanr padorsr: PaccMoTpeTh 000CHOBAaHHOCTH 3TOTO YTBEP)KAEHHS M, €CIM OHO BEPHO, IEPECMOTPETH €ro
BO3MOJKHBIE ITOCIIEACTBHS ISl HEKOTOPBIX aclieKTOB OMOXUMHHU ¥ OMO(PU3NKH MUTOXOHIPHH.

PesyabTaThl. B neHTpanbHOM ypaBHEHMH XEMHOCMOTHYECKOH TeopHu 00a WieHa, KaKk XMMHYECKOro, TaK M
AIEKTPUYECKOTO, TPAgUeHTOB dHepruu [mObOca 3aBHCAT OT TeMIepaTyphbl: MEpBBIA SBHO M BTOPOW HESBHO.
Tlopstuast MUTOXOHAPHS, KaK YTBEPKIACTCS, MOIpasyMeBaeT 3%-10 IMOMpaBKy A XMMHYECKOTO TpaJHeHTa,
OJTHAKO MBI HE MOXKEM Ceifdac OICHUTh COOTBETCTBYIOIINH BKJIA]] B SJICKTPUIECKYIO COCTABIISIONIYIO, TIOCKOIBKY
(hyHKIMOHATBHAS 3aBUCHMOCTD HAIIPSDKEHHS OT TEMIEepaTypbl, HACKOJIBKO M3BECTHO aBTOpaM, HE yCTAHOBJICHA.
Kpome Toro, eciam 3T0 yTBep)KACHHE BEPHO M Pa3HOCTh TEMIIEPATyp COOTBETCTBYET 3asSBICHHOMY 3HAYCHHIO B
10°C, TO MOXXHO TIPEAIOJOKHUTH CYIICCTBOBAHME HEKOETO IMOJ00WS TEIIOBOTO ABHIATENS U BBIIOTHEHUS
MHTOXOH/IpHEIl TEPMOAMHAMUYECKON pabOoThI, XOTS 3TOT BKJIa] MOKET COCTaBJIAThH He OoJblie yeM 4%.
B])IBO)I])I. beum BBIABUHYTBI W KpaTKO 06Cy)KI[eHI)I COMHCHUA M KPUTUYCCKHUC 3aMCUaHHs OTHOCUTECILHO
MNPEANOJIOKECHHUA O TOpAYNX MHUTOXOHAPHAX. OTH COMHEHHUS MMpoTUBOpCYaT HEKOTOPLIM JaHHbBIM U
COOOpaXEHHsM, KOTOpble TOAJECP)KMBAIOT MJACKD O TOPSYMX MHTOXOHApMAX. Jlemaercss BBIBOA, 4TO
MHUTOXOH/IDHSI, BEPOSITHO, SIBJIIETCS Oojiee TEIUIOW, YeM OKpy’Karollas ee cpela, HO He B TOW CTENEHH, Kak
yTBepKIaroT KpeTbeH M COaBT., W 4YTO TepMOAUHAMUYecKas 3((EeKTHUBHOCTh M CIIOCO0 (YHKIMOHHUPOBAHHS
MHUTOXOHJIPHH B KadecTBE JIIEKTPOXHMHYECKOW Oaraped HapymIaroTcs BechMa HE3HAYHTENBHO Nake MpU
MaKCHUMAaJIbHOM 3asBIICHHOM U3MEHEHUH €€ padodel TeMIIepaTyphl.

KJIIOYEBBIE CJIOBA: ropsyas MuUTOXOHIpus, Ouodusuka mutoxoHmpuii, ATd-cunTaza, nemMoH MakcBemia,
XEMHUOCMOTHUYECKASA TECOPUS.
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Since Philip Siekevitz coined the term, the mitochondrion has been recognized as the
“powerhouse of the cell” [1]. A thermal power-plant’s efficiency # is given by the celebrated

Carnot formula:
n- 1—@—} . 1)
hot

However, the living cell is considered to operate under isothermal conditions (at a
temperature of 37°C in humans), even though this view may require minor revision. For an
isothermal system, the efficiency can be described by the more general equation:

wo w
AG(T) AH-TAS’
that is, the ratio of useful work w (or energy containing product such as ATP) over the energy
content of ingested foodstuffs.

Mitochondrial energy efficiency is important in characterizing and understanding a
number of diseases (e.g. in insulin resistance of cells that results in diabetes mellitus [2], or in
the well-known switching of metabolism to glycolysis in cancerous cells known as the
Warburg effect) and in understanding thermodynamic aspects of biological evolution [3].
Thermodynamic efficiency clearly depends on temperature through AG ’s dependence on the
temperature of the surrounding thermal bath in isothermal conditions (Eq. (2)) or on the
difference in the temperatures of two compartments in the case of a heat engine when a
temperature gradient exists (Eq. (1)). Hence, knowledge of the temperature of operation of the
mitochondrion and its surroundings is crucial for a proper understanding of its
thermodynamic efficiency.

Using a molecular thermometer mito thermo yellow (MTY) that distributes preferentially
inside the mitochondrial matrix [4], Chrétien et al. have recently suggested that the
mitochondrion operates at temperatures that are higher than their immediate cellular
surroundings, temperatures that can perhaps fetch as high as 50°C [5]. Doubts on the
interpretation of the experimental data have been cast by Lane [6] to the effect that it may be
just a matter of degree, that is, the mitochondrion is probably hotter than the rest of the cell
but perhaps not as hot as Chrétien et al. claim.

n= 2)

PROBLEM FORMULATION

Other concerns have been raised against the used MTY by Arai ef al. who suggested that
MTY fluorescence signal can be affected by several parameters that include pH, oxygen
species, membrane potential, viscosity, and ionic strength [4]. Moreover, MTY dye has
showed different sensitivity depending on the tissue type. Another concern is the possibility
of MTY dye leakage from mitochondria which may give false positive results of increased
mitochondrial temperature. This leakage has been attributed to the non-covalent bonding of
MTY to the mitochondrial aldehyde dehydrogenase [4]. Although it is known that MTY dye
binds to mitochondrial aldehyde dehydrogenase, its precise location inside the mitochondrial
matrix is not exactly known [7]. Other possible caveats have been discussed by Lane such as
the possibility of MTY fluorescence quenching at high concentrations [6].

The experimental design by Chrétien et al. has tackled most of the previously mentioned
concerns showing, for example, that the decrease in fluorescence was specific to the increased
mitochondrial temperature [5]. Other conceptual and theoretical concerns can be raised not
against the increase in the mitochondria temperature but against the extent of this increase.
Baffou et al. have previously shown that that the maximal temperature increase by
endogenous thermogenesis in cells cannot exceed 10 K for the entire cell and 10 K for
mitochondria, later known as the 10° gap, as a critique for reported temperature elevations
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measured by thermosensitive probes [8]. However, other authors have criticized some points
that were overlooked by Baffou et al. and which may make the 10° gap unnecessarily true
under realistic biological conditions and approximations [9, 10].

Lane applied the 10° gap criticism of endogenous thermogenesis to the 10°C increase in
mitochondrial temperature, doubting the correctness of the 10° gap calculations and at the
same time doubting the 10°C increase value [6]. Finally, a conceptual problem was raised by
Lane about what the meaning of temperature measurement in mitochondria if a steep
temperature gradient (10°C) exists since — by definition — temperature is the average kinetic
energy [6].

Much more dramatically, and based on an order of magnitude estimation of the power
consumption of a growing bacterial cell and the thermal conductivity of water, Sear
challenges the Chrétien ef al.’s finding and arrives at a maximum estimated energy flux of 1
W/m? which translates into a temperature gradient of a maximum of 1 K/m, that is, a
maximum gradient of the order of a uK across the dimensions of the cell [11]. Sear’s
challenge is to essentially falsify the proposition of any notable temperature difference
between cell compartments since at the most these would be in the micro-Kelvin range.

However, the fact remains as to how can one explain away Chrétien et al.’s results? And
also the fact that other experimenters have come to similar conclusions, albeit not as dramatic
as Chrétien et al.’s 10°C gradient. For instance, Shen et al. use rhodamine B methyl ester dye
as a mitochondrial thermometer to establish that the natural anti-inflammatory autacoid
prostaglandin E; (PGE;) can decrease the intracellular temperature of hepatocytes [12]. These
workers argue that Chrétien ef al.’s findings are consistent with theirs since PGE;
downregulates metabolism and, hence, heat production in the hepatocites [12]. Using
fluorescent thermometry, Okabe et al. report a 1°C gradient between the cell nucleus and the
cytosol [13, 14]. The presumed existence of (significant) intracellular temperature gradients
motivated researchers to develop molecular thermometers that can penetrate mammalian cells
and yeast (see for example Ref. [15]).

DISCUSSION

If indeed the mitochondrion is hotter than its surroundings, even by a few degrees, then
some of our understanding of mitochondrial biochemistry and biophysics may possibly need
to be slightly revisited. We insist on the adjective “slight” since even in the most extreme case
of ~ 10°C temperature gradient, this would translates through Eq. (1) into a theoretical
maximum of only ~ 4% revision of the efficiency, while this number drops to a maximum of
~ 0.3% for a 1°C gradient which is, at best, a perturbation that is much less than any hoped-
for precision of intracellular conditions. One has also to consider the local random fluctuation
of temperature in very small confined spaces in the spatial dimensions [16] as well as in the
temporal dimension [17].

Hence, and more explicitly, such a revision may include a reconsideration of the explicit
dependence of the first term (AGchem) in the Gibbs energy expression of the chemiosmotic
energy (Eq. (1)) on T and also the indirect effect of the temperature on the second electric
term (AGelec.):

AG =23nRTApH+n.7 Ay, (3)
N N

AGehem,

where ApH =pH, —pH_,, and Faraday’s constant .7 = 96.485 kJ-V'"-mol”, which yields
fora ApH = 1 unit and 37°C:

AG,

elec.

AG =23RT+.7(0.25V) ~ 6 kI +24 kI ~30kJ-mol ", (4)
AG&:hﬁ:m AGIC.

(20%)  (80%)
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where mol here refers to a mole of protons.

Now if we assume a temperature of 320 K (i.e., 47°C, ten degrees higher than normal
body temperature), and focusing only on the chemical term (ignoring the potential term since
we do not know the functional dependence of the potential on the temperature at this point),
the change in AG per proton would be then:

AAG,,, =(AGy —AG, ) =23x1xRx10x1~0.2kJ.mol™, (5)

chem. chem.

for a ApH of one unit, which is a very small correction of the order of 3% of the chemical
(minor) term. At this point we have no estimates of the effect of temperature on the dominant
electrical term. As for temperature, pH, and concentrations, and in view of the small physical
space of the mitochondrial “capacitor”, one must also account for the local and temporal
fluctuation of the voltage and its associated electric field across the inner mitochondrial
membrane [18, 19]. Furthermore, the obligatory energy dissipation by ATP synthase, a
Maxwell demon as it acts as a molecular sorting machine [20—22], should be mildly revised as
well whereby the minimum energy of kg71n2 per proton crossing it should be increased by 10
ksTIn2 (which represents a correction of ~ 3% at the most). Finally, perhaps one can also
consider a minor aspect of a “heat engine” operation in the mitochondrion whereby one can
add an energy term proportional to [1-(7,,/T,.)]-

None of the above considerations touch upon another crucial aspect that would be far
more (exponentially) sensitive to a temperature difference and that is kinetics aspects. In fact,
just from simple Arrhenius law, for a reaction with an activation energy of say 50 kJ/mol, the
ratios of the rate constants’ in the two extreme cases of 1°C temperature gradient (37°C —
38°C) and 10°C gradient (37°C — 47°C) would be bracketed by:

E,(1 1
~1.06(at 38°C) < %zeR[Tl Tz} < ~1.83 (at 47°C), (6)

1

implying an almost doubling of reactions (with £, = 50 kJ/mol) in the mitochondrion at the
higher end of the temperature gradient scale, and a 6% rise in the rate of this reaction for a
1°C gradient.

Nasr et al. have recently examined some of the biological consequences of a possible
“hot mitochondrion” [3]. Among the problems that such a higher temperature mitochondrion
is representing is that of the instability of mitochondrial macromolecules, particularly proteins
and nucleic acids, at elevated temperatures as they can approach or reach their melting
temperatures. This is further complicated by the known increase in reactive oxygen species
(ROS) production at these higher temperatures (see Ref. [3] and references therein). Nasr et
al. suggest that heat shock proteins (Hsps), abundant in the mitochondria and primarily
thought to act as molecular chaperones to ensure the proper folding of imported proteins, may
also act according to their conventional role as stabilizers of protein structures at higher
temperatures. These Hsps can also have a secondary role as protectants against the
temperature-dependent increase in ROS levels. These propositions are corroborated by the
presence of other compatible solutes (known thermoprotectants and stabilizers of protein
structures) such as di-myo-inoitol-1,1’-phosphate, and also by the richness of at least some
mitochondrial nucleic acids encoding for Hsps in purine tracks compared to their cytosolic
counterparts [3].

Purine tracks are long segments of a nucleic acid that have purine bases stacked one on
the top of the next, and - given the larger aromatic rings of purines compared to pyrimidines —
this imparts added stability to these nucleic acids presumably to confront the hotter
mitochondrial environment [3]. The very presence of these Hsps and their proposed role as
structural stabilizers against the insults of the higher temperature argues in favor of the
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proposition that the mitochondrion could be indeed “hotter” than its surroundings, but the
open question appears to be “by how much?”

Hotter or not, the fact remains that temperature must be maintained within a range that
allows for the proper functioning of the mitochondrion. So the next question enquires on how
the mitochondrion is capable of maintaining its thermal homeostasis? How does it regulate its
temperature within an acceptable range? The authors are proposing a feedback mechanism for
the regulation of the temperature of the mitochondrion [23].

The proposed control loop is based on the realization that the rate limiting step of the
electron transport chain (ETC) is the lateral diffusion of ubiquinone/ol (in its various
oxidation states, collectively referred to as “UQ” species) within the inner mitochondrial
membrane [24, 25]. An increase in the rate of heat production will be associated with a rise in
the temperature of the mitochondrion, the higher temperature will decrease the viscosity of
the membrane which, in turn, increases the diffusion coefficients of UQ. The faster mobility
of UQ accelerates the electron transport chain, and as a result enhances the rate of proton
pumping into the inter-membrane gap. The higher gradient created as a result will be
associated with a stronger (chemiosmotic) electric field perpendicular to the membrane (and
larger voltage across the inner mitochondrial membrane). As any capacitor, this electric field
exerts a pressure P over the capacitor dielectric medium (here the phospholipid membrane
itself) according to:

& 2 7
P=—F ,

where ¢ is the dielectric constant of the membrane and £ is the magnitude of the electric field
normal to the membrane.

This increase in the pressure on the membrane liquid crystal, in turn, increases its
viscosity which reduces the diffusion coefficient of UQ putting the breaks on the further
pumping of protons and of heat generation. The loop can operate in the opposite mode if the
heat production is lower than optimal. This positive/negative feedback mechanism provides
an explanation for the thermal homeostasis needed to maintain the mitochondrial temperature
within working bounds.

CONCLUSION

Whether the mitochondrion is hotter than its surrounding remains debated. The literature
appears to point to a hotter mitochondrion but with probably a lesser temperature gradient
than suggested by Chrétien et al. The implications on the thermodynamic efficiency of the
mitochondrion are, at best, a small perturbation and probably negligible within the biological
context. However, and due to the exponential nature of Arrhenius equation, a small rise in
temperature can have a considerable effect on the kinetics of the reactions of the Krebs cycle
and of the electron transport chain.
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Background: Elaboration of new luminescent nanomaterials for imaging of biological materials
including cells of living organisms and their parts is highly actual. These materials must meet a number of
requirements such as low toxicity, inherence of intensive luminescence, low costs of raw material and
symple synthesis methods. AIN nanopowder is one of such prospective materials fitting the above
requirements. Our long time investigations on spectral characteristics for III group element nitrides allows
chose of doped AIN nanopowder as prospective candidate for developing of luminescent markers for
imaging of biological materials.

Objectives: The aim of the present study is spectral characterization of AIN nanopowder doped with Mn
and evaluation of its use as luminescent marker for biological materials.

Materials and methods: AIN nanopowder with average size of polycrystalline grains of 60 nm and the
same doped with Mn were sythesized in Institue of Inorganic Chemistry, Riga Technical University.
Photoluminescence and its excitation spectra of the materials were studied at room temperature using a
self-made set-up.

Results: It was found that in undoped AIN nanopowder at room temperature luminescence of native
defects forms a wide and complex band peaking at 415 nm. This blue luminescence can be excited with
ultraviolet light from two spectral regions around 315-340 nm and 260 nm. Two luminescence
mechanisms are proposed dependent on the spectral region of exciting light. The first of them results in
the intra-center luminescence, but the second one is recombination luminescence.

Incorporation of Mn atoms in the crystalline lattice of AIN nanopowder forming AIN:Mn NP results in
appearance of intensive red luminescence at 600 nm, which can be excited with light from two excitation
bands at 260 and 480 nm. Two mechanisms responsible for an appearence of the red luminescence of Mn
are proposed. They are the intra-center luminescence and recombination luminescence mechanisms. In
this case the red Mn luminiscence prevails and the blue luminescence characterizing the host material has
not been observed.

Conclusions: AIN nanopowder doped with Mn atoms is a prospective material for use as luminescent
marker for imaging of biological materials. Properties of this material are in a good agreement with the
main requirements obligated to biological materials: i) AIN NP has low toxicity; i) AIN:Mn NP
possesses intensive red luminescence at 600 nm, which can be excited either with the ultraviolet light
around 260 nm or with visible light around 480 nm; i) it is relatively cheep material and it can be
synthesized using simple synthesis methods.

KEY WORDS: aluminum nitride; nanopowder; aluminum nitride doped with Mn; photoluminescence;
excitation spectra; biological materials.

JIIOMIHICHHEHTHI AIN:Mn HAHOYACTUHKMU JJI51 OITUYHOTI'O 306PAKEHHS
BIOJIOT'TYHUX MATEPIAJIIB
b. Bep3sina, JI. TpinkJep, B. Kopcakc, P. Pycka

ITncmumym meepoozo mina, Yuigepcumem Jlameii, 8ya. Keneapaea, 8, Puea, LV-1063, Jlamsis

AkTyanabHicTh. Po3poOka HOBMX JIIOMIHECHEHTHHX HaHOMATepialiB sl Bidyamizamii 010JIOTiYHHX
MarepiaiiB, BKJIIOYAIOYM KIITHHM Ta IX CKJIagOBi, € JOCHTh akTyajpHOw. Lli marepiamu moBHHHI
BiJINIOBiJIaTH PSITy BUMOT, TaKUX K HU3bKAa TOKCUYHICTh, BUCOKA IHTCHCHBHICTh JIFOMIHECIICHIIIT, HU3bKI
BUTPATH CUPOBHHHU Ta MpocTi Meroau cuHTe3dy. Hanomoporrok AIN — oauH 3 TakuX NEpCrIeKTUBHUX
MaTepiamiB, IO BiANOBIJAIOTh BHINE3a3HAYCHMM BUMOraMm. Hamri OaraTopiudi IOCIiIKEHHS
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CHEKTPANBHUX XapaKTepUCTUK HITpuAiB emeMeHTiB Il rpymm m03BONAIOTE 00paTH  JIerOBaHWIA
Ha”omopomok AIN 1t po3poOKH TFOMIHECIIEHTHOTO MapKepa I Bidyarizamii 0i0J0Ti9HIX MaTepiaiB.
Mera poGorn. MeTa LBOrO JOCIHIIKEHHS — CIEKTpalibHa XapakTepUCTHKa HaHomopouky AlIN,
JeroBaHOro Mn, Ta OI[iHKa MOXKIMBOCTI HOTO BHUKOPHCTAHHS SIK JFOMIHECLEHTHOTO Mapkepa s
OioJOTIYHMX MaTepiaiB.

Marepianu i metomu. Hanonopomiok AIN i3 cepenHiM po3amipoM nostikprcTaniyHux 3eped 60 HM ta Mn
TAaKOTO X PO3MIpPY 3epeH, OyB CHHTE30BaHUI B IHCTHTYTI HeopraHiuHOi XiMii PH3bKOro TEXHIYHOTO
yHiBepcutery. DOTONIOMIHECHEHIII0 Ta CHEKTpH 30Yy/DKEHHs MarepialiB BHMBYAJIM IPHU KiMHATHii
TEMIIepaTypi 3a JOMOMOT0I0 YCTAaHOBKH, BUTOTOBJICHOI B HALLIOMY iHCTHTYTI.

PesyabraTu. byno BcraHoBieHO, 10 B HejeroBaHoMy HaHonopoiuky AIN mpu KiMHaTHIN TemmepaTypi
JIFOMIHECLIEHIIISl HATUBHUX AE(EKTIB yTBOPIOE MIMPOKY 1 CKIaJHy CMYTy Ha JoBxuHI xBwii 415 um. Ll
CHHSI JTFOMIHECIIEHIIiT MOXe 30yKyBaTHCSA yIAbTPa(ioIeTOBIM CBITIIOM 3 IBOX CHEKTPAIBHUX OONacTei
npubmmzao 315-340 BM 1 260 HM. 3ampormoHOBAaHO JBa MeEXaHI3MH JIFOMIHECIEHII] 3aJIe)KHO Bij
CHEeKTpaNbHOI 00acTi 30ymKyrodoro cBiTina. [lepmuM 3 HUX € BHYTPIIIHBOIIEHTPOBA JIFOMIHECIICHITIS, a
JIPYTUM — peKoMOiHamiifHa TFOMiHECIICHITiS.

Bkitouennss aromiB Mn y KpucramiuHy pernitky HaHomopomky AIN, mo yrBoproe AIN:Mn
HaHOYACTUHKH, TIPHU3BOJUTH JO MOSBU iHTEHCHBHOI YepBOHOI JroMiHecteHmii mpu 600 HM, ska Moxe
30yIXKYBaTHCS CBITJIOM 3 JBOX CMYT 30y/pkeHHs Ha 260 Ta 480 HM. 3amponoOHOBAaHO JBa MEXaHI3MH, IO
BIINOBIAIOTH 3a TOSBY YEPBOHOI JitOMiHecueHIii Mn: BHYTpIIIHBOLEHTPOBa Ta peKoMOiHaliiHa
JIOMIHECLEHIlis. Y I1[bOMY BHIIAJKy IIepeBaka€ YepBOHA eMicii Mn 1 He CHOCTEepIraeThCsl CHHS
JIFOMiHECILIEHIIisl, 0 XapaKTepu3ye Marepian HeaeroBanuid AIN.

BucnoBkn. Hanonopomok AIN, neroBanuii atomamMu Mn, € NEpPCHEKTHBHUM MaTepiaioM s
BUKOPHCTAHHS SIK JIIOMIHECIIEHTHOTO MapKepa i 300pakeHHS OiojoriyHMX MartepianiB. BmactuBocTi
BOTO MaTepiay Ao0pe Y3roDKYIOThCS 3 OCHOBHHMH BHMOTaMH 10 OiojoriuHmx Mapkepis: i) AIN
HAHOYACTUHKN MAlOTh HU3BKY TOKCHYHICTB; i) AIN:Mn HaHOYACTHHKH MAarOTh IHTCHCHUBHY YEPBOHY
nroMiHecteHmio npu 600 HM, sIKy MOXHA 30yKyBatu abo ynbTpadioneToBUM CBITIOM Onn3bko 260 HM,
a00 BUIUMUM CBIiTIIOM OJu3bK0 480 HM; ii7) 11e BiIHOCHO JENIeBHI MaTepiall, i HOro MOKHA OTPUMATH 32
JIOTIOMOTOI0 TIPOCTUX METOJIIB CHHTE3Y.

KJIIOYOBI CJIOBA: HiTpH] aTIOMiHI0; HAHOTIOPOLIOK; HITPU AFOMIHI0, IeroBaHHA Mn; (OTOTFOMIHECIICHITIS,
CIIEKTpH 30y I KEeHHsT; Oi0JIOTiuHI MaTepiaiy.

JIOMHUHUCHEHTHBIE AIN:Mn HAHOYACTHUIBI IS ONTUYECKOI'O U30BPAKEHUS
BUOJIOIT'NYECKHUX MATEPHUAJIOB
b. Bep3una, JI. Tpunkiep, B. Kopcake, P. Pycka

Hnucmumym meepoozo mena, Ynusepcumem Jlamsuu, yn. Kenzapaea, 8, Puea, LV-1063, Jlameus

AKTyajbHOCTb. Pa3paboTka HOBBIX JIIOMHHECIIEGHTHBIX HAHOMATEpUalOB Ul  BU3YAIN3alNU
OMOIOTrMYECKNX MAaTepHaoOB, BKIIOYAs KIETKH M MX COCTABISIOIINE, SBISICTCS AOBOJBHO AKTYaJTbHOH.
OTH MaTepuasbl JOJDKHBI OTBEYaTh DSy TpPeOOBaHMH, TAaKMX KaK HHM3Kas TOKCHYHOCTB, BBICOKAsS
WHTEHCUBHOCTD JIIOMUHECLEHIIMH, HU3KUE PACXOIbl CHIPbS M NPOCTBIE METOABI cHHTe3a. Hanomopomniok
AIN — onuH W3 TakUX TEPCHEKTHBHBIX MAaTepUalioB, KOTOPHIE OTBEYAIOT BBIIICYIOMSIHYTHIM
TpeboBanusaM. Hamm MHOTONIETHHE MCCIENOBAaHUS CIIEKTPAIBHBIX XapaKTEPHUCTUK HUTPHUIIOB JJIEMEHTOB
I rpymmsl MO3BONISIIOT M30paTh JIerMpoBaHHbIH HaHOMOpOIIOK AIN s pa3paboTKU JTFOMUHECHEHTHOTO
Mapkepa JUIs BU3yalu3alii OMOJIOTHYECKUX MaTepUaIoB.

Heapr padorel. Llens 3TOro HccnenoBaHusi — CHEKTpalbHas XapakTepucTHKa HaHoroporika AIN,
JIETUPOBAHHOTO Mn, U OLlEHKAa BO3MOXKHOCTU €T0 HCIIOJIb30BaHMs Kak JIIOMUHECLIEHTHOTO Mapkepa ajs
OHMOJIOrMYECKNX MaTepHaIoB.

Marepuansl n metoasl. Hanonopomox AIN co cpeHnM pa3MepoM NOJIMKPUCTAIUTMUECKHUX 3epeH 60 HM
1 Mn ¢ TakuM e pa3MepoM 3epeH, OBUT CHHTE3UPOBaH B MIHCTUTYTe HEOPTaHWIECKOH XUMUH PIkcKoro
TEXHHYECKOTO YHHBepcuTeTa. DOTOMOMHUHECIICHIINIO M CIIEKTPHI BO30Y)XKICHUS MaTepHalioB HM3ydasld
IIPH KOMHATHOM TEMIIEPAType ¢ IOMOLIbIO YCTAHOBKH, N3TOTOBICHHOM B HAIlIEM HHCTUTYTE.
Pesyabrarbl. BbUIO yCTaHOBIGHO, 4YTO B HEJIErMPOBaHHOM HaHomopoiike AIN npu KoMHATHO#
TEMIIEpaType JIIOMHHECIEHINS HATHBHBIX J€(PEKTOB 00pa3yeT MIMPOKYIO U CIOXKHYIO IIOJIOCY Ha JJIMHE
BOJIHBI 415 HM. DTa CHHSS JIOMUHECIICHIMS MOXKET BO30YXKIAThCs yIbTPa(roIeTOBBIM CBETOM U3 JIBYX
CHEKTpalIbHBIX obOnacteil npubnmsurensHo 315-340 HM m 260 Hm. Ilpennaraercs nBa MexaHHU3Ma
JIOMHUHECUEHIIMH B 3aBHCUMOCTH OT CIIEKTPAJIbHOM 00iacT BO30y)kaaromiero cBera. [IepBbIM M3 HUX
SIBJISIETCS] BHYTPEHHELICHTPOBAs! JIIOMHHECIIEHIINS, & BTOPBIM — PEKOMOWHAIMOHHAS JIIOMHUHECIICHIINSI.
Bkirouenne atoMmoB Mn B KpHUCTaUIMUYECKyIo penieTky HaHomopoika AIN, uro oOpazossiBaeT AIN:Mn
HAHOYACTUIIBI, IPUBOJUT K MOSBICHUI0 MHTEHCUBHOU KpacHOH toMuHecueHnmu mnpu 600 HM, KoTOpas
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MOXKET BO30YKIAaTbcsi CBETOM € IBYX moioc Bo30OyxkmeHus Ha 260 m 480 mM. Ilpemmaraercst mBa
MEXaHH3Ma, KOTOpbIE OTBEYAIOT 3a IMOSBJICHHE KPacCHOW JIIOMMHECLEHUMH Mn: BHYTpPEHHELEHTPOBAas U
pEeKOMOMHAIIMOHHAS JIIOMHHECICHIINSA. B 3ToM ciydae mpeoOmamaer kpacHas smuccus Mn u He
HaOII0HaeTCs CHHSS JIIOMUHECLIEHIINA, KOTOpask XapaKTepu3yeT MaTeprall HelernpoBaHHbIil AIN.
BoiBoabl. Hanomoporok AIN, gernpoBaHHbIN aToMaMu Mn, SIBISIETCS MEPCIICKTUBHBIM MAaTEPHAIIOM JIJIS
UCIIOJIb30BaHMS B KAYECTBE JIIOMHHECLIEHTHOTO MapKepa Juisd n300pakeHHss OMOJIOTHYECKUX MaTepHaIoB.
CBoOMCTBa 3TOr0 MaTepuajia XOpOIIO COTJIACYHOTCS C OCHOBHBIMU TPEOOBAaHHMSIMHU K OHOJOTHUYCCKHM
Mapkepam: i) AIN HaHOYACTUI[BI MMEIOT HHU3KYK) TOKCHYHOCTbH; i) AIN:Mn HaHOYACTHIIBI HUMEIOT
WHTCHCUBHYIO KpacHyI0 JIIOMUHecHeHIMI0 1npu 600 HM, KOTOPYHO MOXXKHO BO30YXKIaTh WM
yIbTpauoNeTOBEIM CBeTOM BOMM3M 260 HM, WM BHAMMBIM cBeToM BOxm3um 480 HM; iii) 3TO
OTHOCHUTEJIBHO JICLIEBBI MaTepHal, U €ro MOKHO MOJIYYUTh C MOMOUIbIO IPOCTHIX METOAOB CUHTE3A.
K/IFOYEBBIE CJIOBA: Hutpun aIiOMHHHS; HAHONOPOIIOK, HHUTPHI QJIOMHHHUS, JIETMPOBAaHHbBIA Mn;
(hOTOMOMHHECTIEHITHS; CTIEKTPHI BO30YKICHHUS; OMOJIOTHUECKIE MAaTEPUAIIBL.

At present elaboration of new luminescent nanomaterials is in progress due to their
suitability in different fields of application including smart technologies and life sciences.
One direction of this application can be related to biology and medicine. Due to a small size
of nanomaterials being much smaller than the dimensions of the cells of living beings, it is
possible to use the luminescent nanomaterials as luminescent markers for biological materials
or controllable agents for drug transport in medicine. In order to use a particular material as a
luminescent marker its properties must satisfy a number of requirements: i) low toxicity of the
material, i7) intensive and controllable luminescence of the material in a convenient spectral
region, iii) low costs of raw material and simple synthesis methods. Our long-time
investigations on spectral properties of III group element nitrides allow prediction that doped
AIN nanopowder in general could satisfy these requirements.

Aluminum nitride (AIN) is luminescent wide band gap solid state material with wurtzite
crystalline structure possessing a lot of excellent properties such as high thermal stability and
hardness, high thermal conductivity and low electrical conductivity [1, 2]. Different forms of
AIN material are known including bulk materials such as the single crystals and ceramics, and
nanosize ones (nano particles, nanorods, nanotubes etc.). AIN is characterized with a wide
band gap exceeding 6 eV [3-5]. Different types of defects are characteristic for this material
including point defects, which are mainly responsible for the luminescent properties of the
material [6-9]. The main point defects in AIN crystalline lattice can be related to the host
material caused by Al or N vacancies (vaj, VN, respectively), interstitials (ia;, ix) and others.
Besides, the point defects can be caused by the dopants such as oxygen and carbon atoms
substituting for the host nitrogen which are forming the so-called native defects incorporated
during the synthesis of the material or specially added dopants. All these defects are forming
their energy levels inside the band gap in thus determining optical properties of the material.

The aim of this study is spectral characterization of AIN nanopowder doped with Mn
together with evaluation of its use as luminescent marker for biological materials.

MATERIALS AND METHODS

AIN nanopowder (NP) consisting of polycrystalline grains with average size of 60 nm
was synthesized in Institute of Inorganic Chemistry, Riga Technical University by using
plasma-chemical synthesis [10]. Raw aluminum powder (99.4%) with particle size in the
range of 20—40 um was injected and evaporated into nitrogen (99.9%) high-frequency plasma
flow. In order to promote formation of AIN and to reduce particle growth ammonia was
introduced additionally in high temperature flow containing aluminum vapors.

AIN NP doped with Mn — AIN:Mn NP was prepared in similar way by injection of
mechanical mixture of aluminum with manganese (Fluka, 99%) into plasma flow.

Photoluminescence (PL) and excitation (PLE) spectra of AIN NP and doped AIN:Mn NP
were measured at room temperature (RT) using a home-made set-up, consisting of the
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following parts: i) a sample holder mounted inside of the sample chamber of a closed cycle
refrigerator (CCS-100/204, Janis Research Corporation); ii) a light source — a deuterium
lamp (LD-400) for luminescence excitation and iii) a luminescence recording system
containing the grating monochromator (Andor Schamrock SR-303i-B) together with the
photomultiplier (Hamamatsu H7468-03). All necessary spectral corrections related to the
measurements are taken into account.

RESULTS AND DISCUSSION

Spectral characteristics of the raw material — AIN NP and doped AIN:Mn NP have been
studied at room temperature.

AIN NP. Photoluminescence and its excitation spectra of AIN NP are shown on Fig. 1, a,
and b, respectively. As it is seen from the Fig. 1, a, irradiation of the AIN NP sample with
light from the ultraviolet (UV) spectral region results in appearance of a wide and complex
blue luminescence band peaking at 415 nm (the blue luminescence — BL). This BL can be
excited within a wide spectral region of UV light consisting of several sub-bands (Fig. 1, b).
This spectral region covering the defect-induced absorption in AIN NP can be divided into I
and II spectral intervals.
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Fig. 1. AIN NP, RT. a— photoluminescence spectrum at 335 nm excitation at room temperature.
b — luminescence excitation spectrum.

Analysis of the spectra depicted on Fig. 1, a, and b allows revealing of two mechanisms
causing the native defect-induced BL. One of them is intra-center mechanism, when light
absorption and emission occur inside one and the same defect. This mechanism is realized
when the exciting UV light corresponds to the spectral interval I depicted on Fig. 1, b. This
assumption is based on the following facts. Firstly, the maxima of the luminescence and
excitation bands are situated very close and difference between them (the so-called Stokes
shift) does not exceed 1 eV (Fig. 1, a, and b), which is characteristic for the intra-center
processes. Secondly, our recent measurements of luminescence kinetics showed that in this
case the BL decay forms an exponential pulse with the decay time of an order of 107 s,
characterizing the intra-center luminescence [11].

When the exciting light is corresponding to the II spectral interval (Fig. 1, b) the BL
formation most credibly is caused by the recombination processes. In this case there are two
different but mutually interacting defect types, when one of them is responsible for absorption
of the exciting light, but the other one — for light emission. There are several observations
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speaking in favor of this assumption. i) As it is seen from the (Fig. 1), in this case the Stokes
shift energy is about 2 eV, considerably exceeding the value typical for the intra-center
luminescence processes. ii) Besides, it is known that irradiation of bulk AIN (ceramics) with
light from the spectral interval of 250-270 nm results in appearance of recombination
processes causing the luminescence of oxygen-related defects [12-17] together with an energy
storage in material, which can be released via thermally or optically stimulated processes [ 18—
21].

For identification of the defect types responsible for the BL in AIN NP, at first we can
exclude the well-known oxygen-related defects observed in bulk AIN, which also emit the
blue luminescence [16], because the total PLE spectrum of this luminescence differs from that
observed in the present investigation. We assign the native defects, which are responsible for
the BL luminescence in AIN NP to nitrogen vacancy type defects known as the so-called F-
centers [22]. This assumption is in a good agreement with the results obtained from the
theoretical studies of AIN where presence of deep energy levels within the band gap of AIN
caused by nitrogen vacancy type defects are revealed [23-25].

The BL mechanisms and involved defects are more detailed discussed in our recent paper
[31].

AIN:Mn NP. PL and PLE spectra of AIN:Mn NP measured at RT are depicted on Fig. 2,
a and b, respectively. The PL spectrum consists of a single band peaking at 600 nm, having an
asymmetric long wavelength side extending up to 800 nm, which could include several sub-
bands with low intensity. The spectral position of 600 nm for Mn luminescence is in a good
agreement with those observed by other authors [26, 27]. The PLE spectrum of Mn
luminescence consists of two main bands (Fig. 2, b). One of them at 480 nm with a shoulder
at 400 nm can be related to the direct absorption of Mn defects, whereas the PLE band at 260
nm seems to be coincident with excitation of the recombination BL band in AIN NP (Fig. 1,
b). It allows assumption that irradiation of AIN:Mn NP with 260 nm light results in 600 nm
Mn luminescence caused by recombination processes.
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Fig. 2. AIN:Mn NP, RT. a— photoluminescence spectrum under 260 nm excitation. b — luminescence
excitation spectrum.
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In summary, the results observed allow conclusion that in AIN:Mn NP Mn impurity is
forming a luminescence center, which can be excited either directly by 480 nm light
absorption accordingly to the intra-center luminescence mechanism, or through absorption of
260 nm light resulting in recombination luminescence mechanism. Besides, for AIN:Mn NP
the BL at 415 nm which is characteristic for AIN NP (Fig. 1, a) is not observable. It allows
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assumption, that for doped AIN NP the impurity luminescence is usually more intensive than
that caused by the nitrogen vacancy type native defects.

Spectral properties of AIN:Mn NP emitting intensive red luminescence are clearing the
way of material for application as luminescent markers of biological objects. Besides, it is
reasonably to consider, that AIN NP is with low toxicity, because it is never mentioned in the
lists of toxic nanomaterials observable in the annual reports of leading supervising companies
[28-30]. Nevertheless, it seems reasonable to test the toxicity of AIN NP in future.

In summary, we can conclude that properties of AIN nanopowder doped with Mn atoms
are in a good agreement with the main requirements for biological sensors: i) it does not
belong to the materials with high toxicity; i) AIN:Mn NP possesses intensive red
luminescence at 600 nm, which can be excited either with the ultraviolet light around 260 nm
or with visible light around 480 nm; iii) it is relatively cheep material and it can be
synthesized using simple synthesis methods.

CONCLUSIONS

In summary, the present spectral investigations of AIN nanopowder and the same doped
with Mn atoms allow the following conclusions. i) In AIN NP the native defect-caused blue
luminescence around 415 nm appears, which can be excited either via intra-center processes
with UV light from 315-340 nm spectral region or through recombination processes caused
by the sample irradiation with light from 250-270 nm spectral region. The luminescent
defects responsible for the BL can be related to the so-called F-centers based on nitrogen
vacancies. ii)) For AIN:Mn NP the Mn-caused intensive red luminescence at 600 nm is
predominant, which can be excited either by UV light around 260 nm or visible light at 400—
480 nm. iij) AIN:Mn NP is a prospective material for use as a luminescent marker for imaging
of biological materials.
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Background: Photonic crystals are structures characterized by periodic modulations of the refractive
index with a period commensurate with the wavelength. This periodicity is associated with the existence
of a complete band gap in the spectrum of the electromagnetic states of the crystal. The stop zone is
called the band gap for the highlighted direction in the crystal. Globular photonic crystals are called three-
dimensional photonic crystals, which consist of the same diameter globules. The pores between the
globules in the opal allow one to change the refractive index and optical contrast of the material. The task
of controlling the stop-zone frequency limits of a globular photonic crystal without changing its physical
structure is of practical interest. The easiest way to control the stop-zone parameters is to fill the pores of
the photonic crystals with materials with different refractive indices, for example, DNA. Control of the
optical parameters of a globular photonic crystal can be used for the creation of optical detectors, sensors,
test systems, a quantum biocomputer as well as analyzing and studying a conformational state of DNA.
Objectives: the creation of SiO, globular photonic crystals modified by DNA and studying of the
influence of DNA on their optical properties.

Materials and Methods: Ethyl alcohol, distilled water, ammonium hydroxide, tetraethoxysilane and
DNA were used to synthesize SiO, photonic crystals. Aqueous DNA solution was used to infiltrate the
photonic crystals. We used a visible range spectroscopy for optical experiments and a finite-difference
time-domain (FDTD) method for numerical calculations.

Results: SiO, globular photonic crystals modified by DNA were synthesized with 195 nm globules. The
reflection spectra of the obtained photonic crystals were measured. A red-shift of the stop-zone maximum
after the infiltration of photonic crystals with DNA molecules was found. The electric field distribution
was calculated for the photonic crystal with 200 nm globules.

Conclusions: FDTD calculations in the linear mode show that the presence of point defects in the
structure of the photonic crystal influences the amplification of the local electric field in the interglobular
space of the photonic crystal, which houses the DNA molecule at infiltration. The DNA infiltration into
the pores of a photonic crystal changes the effective refractive index of the system by 5.99%. Synthesis
Si02 photonic crystals with DNA leads to the formation of a more ordered structure at the macro levels.
Thus, DNA serves as a template-like structure for photonic crystals to be assembled on. In this case, the
effective refractive index of the system increases by 6.01%.

KEY WORDS: SiO, globular photonic crystal; stop-zone; a molecule of DNA.

CHUHTE3 I BJIACTHUBOCTI SiO, ®OTOHHUX KPUCTAJIIB, MOAUDPIKOBAHUX /THK
M. Oaenuyk, T. 'anyas, O. Ilepenepiii, A. Herpiiiko, I'. JloB6emko
Inemumym ¢hizuxu HAH Vkpainu, npocnekm Hayxu, 46, Kuis, 03028, Yrpaina

AxTyanbHicTb. DOTOHHUMH KpHICTAIAMH HA3WBAIOTh CTPYKTYPH, SKAM BIIACTHBI TIEPIOIMYHI MOJIYILLIIi
koe(ilieHTa 3aJOMJIEHHA 3 TEpIOfOM, CIIBMIDHAM 3 JOBKHHOIO CBITJIOBOI XBIUI. 3 HAsSBHICTIO IIi€l
MIEPiOANIHOCTI TOB’S3aHe ICHYBaHHS IOBHOI 3a00pPOHEHO! 30HHM B CIIEKTpPi BIACHUX EJIEKTPOMArHITHUX
craHiB Kpuctary. CTON-30HOI0 Ha3MBAIOTh 3a00pOHEHY 30HY JIS BHUAUICHOTO HANPSAMKY B KPHCTai.
Oco0nKBHi THTEPEC CTAHOBIISATH TPUBUMIpPHI (DOTOHHI KPUCTANH, SIKI CKIAAAI0THCS 3 TI00Y OJJHAKOBOTO
niametpy. Taki CTpyKTypH Ha3MBalOTh TI00YIsIpHUMU (POTOHHMMH KpHcTadaMu. HasBHICTE B (DOTOHHOMY
KpUCTaJIl MOp MDK DIIOOYJaMH J03BOJISIE 3MIHIOBATH TMOKA3HHK ONTHYHOTO KOHTPACTy Marepianry. 3amada
KepyBaHHSI TOJIO)KECHHSIM 3a00pOHEHOI 30HH TJI00YIIIPHOTO (POTOHHOTO KpHCTATy Oe3 3MIHH HOro (hizudHOl
CTPYKTYpH CTaHOBUTh TpakTH4HMI iHTepec. Haiimpocrimmm crmocoOoM KepyBaHHS —IapameTpaMmu
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3a00pOHEHOI 30HM € 3alOBHEHHA MOp (POTOHHUX KPHUCTATIB MarepiajaMd 3 pPi3HUMH ITOKa3HHUKAMH
3anomiieHHs1, Hanpukian, JJHK. KepyBanasa onTrdHIME HapamMeTpamMu TIIOOYISIPHOTO (DOTOHHOTO KPHUCTAITY
MOXe OyTH BHKOPHCTaHO /I CTBOPEHHS ONTHYHHX JETEKTOPiB, CEHCOpIB, TECT-CHCTEM, KBAaHTOBOTO
OiokoMIT’10Tepa, a TAKOXK aHaJT3y Ta BUBUEHHs KoH(popMattiiiHoro crany JJHK.

MeTta po6oru. Metoro pobGortu € crBoperHs: SiO, roOyIsspHUX (OTOHHHX KPUCTAIIB, MOIU(PIKOBAHHUX
JIHK, ta BuBuenns piuBy JIHK Ha 1X onTHYHI BIACTHBOCTI.

Marepianu i meronu. J{ns cunrtesy SiO, QOTOHHMX KPHUCTaIIB BUKOPHCTOBYBABCSl CIIUPT E€THUIJIOBHH,
JMUCTWIbOBAHA BONA, TiIPOKCHI aMoHito0, Tterpactokcucuiad, JIHK. Byno 3acrocoBano ontuuny
CHEKTPOCKOIIII0 BUIAMMOTO Aiana3oHy Ul eKCIEPUMEHTAIBHUX JOCII/DKEHb Ta MaTEeMaTUIHUH ITakeT —
METO]1 MOJICJIIOBAHHS CKIHYEHHHX Pi3HHLB B YacoBiit 06macti (FDTD) — aust yrcenbHUX po3paxyHKIB.
PesyabraTu. byno cunrezoBano SiO, rino0OyisipHi poToHHI KprcTanu, moaudikosaHi JIHK, 3 giamerpom
rmobyn 195 HM. BumipsHO cnekTpu BimOMBaHHA onxep)KaHWX (OTOHHUX KpucramiB. [Toka3aHo 3CyB B
YepBOHY OOJIACTHP MAaKCHMYMY CTOI-30HH (DOTOHHHX KpPHCTAJiB IpH HasBHOCTI B HuX Moiekyn JHK.
[TpoBeneHo po3paxyHKH PO3NOIITY EIEKTPUIHOTO TIOJISA B CTPYKTYPi (POTOHHOTO KPUCTAIY 3 iaMeTpaMu
o0y 200 HM.

BucHoBku. Pospaxynku meromom FDTD B miHiHHOMY pEXHMMi IOKa3ylOTh, IO HASBHICTh TOYKOBHUX
JeeKTiB B CTPYKTYpi (POTOHHOTO KPUCTAJY BILIMBAIOTH HA IMiACHICHHS JOKAIHHOTO ENEKTPUIHOTO IO
B MDKMIOOYJISIpHOMY HpOCTOpi (DOTOHHOTO KpUCTaly, B sKOMYy poaMimeHa woisekyna JIHK mnpu
inginprpauii. Iadinsrpanis JJHK B SiO2 ¢oToHHMI KpUCTall BUKIUKAE 3MIHH €(EKTUBHOIO MOKa3HUKA
3aoMJIeHHs cucteMu Ha 5,99%. Cunre3 SiO2 ¢dortonHoro kpuctaiy 3 JHK npussoaute 10 yTBOpeHHs
OibII BIIOPSAKOBAHOI CTPYKTYpH (OTOHHOTO Kpucranmy Ha MakpopiBHi. Omke, JTHK e cBoepigaum
TEMIUIEHTOM TIpU CTBOPEHHI (hoTOHHOTrO KpHcranmy. IIpu oMy e(eKTHBHUI NOKAa3HHK 3aJOMIICHHS
cucremu 30iblryeThes Ha 6,01%.

KJIFOYOBI CJIOBA: SiO, rno0yssipauit GpoTOHHHUI KpucTal; cton-30Ha; Monekyita JJHK.

CHUHTE3 U CBOMCTBA Si0, ®POTOHHBIX KPUCTAJLJIOB, MOAU®UIIAPOBAHHBIX JITHK
M. Ouenuyk, T. I'anyns, A. Ilepenepnii, A. Herpuiiko, I'. JloB6emko
Huemumym ¢usuxu HAH Yrpaunwl, npocnexkm Hayxu, 46, Kues, 03028, Yxpauna

AKTyajbHOCTb. DOTOHHBIMM KpUCTANIAMH NPHHATO HA3blBaTh CTPYKTYpPbl, KOTOpbIe OOIamaroT
HEePHOANYECKIMH MOAYJISILIAME KO3 (HIMEHTA IIPeTIOMIICHHUS C TIEPHOIOM, COTIOCTABUMBIM C JUTMHON BOJIHBL.
C 5TOl NepHOIMYHOCTHIO CBS3aHO CYIIECTBOBAaHHE MOJHOM 3anpeli€HHON 30HBI B CHEKTPE COOCTBEHHBIX
NEKTPOMArHUTHBIX COCTOSIHUMM KpucTajuta. CTON-30HON Ha3bIBAIOT 3aNpellEHHYIO 30HY JUIS ONPEenEéHHOro
HanpasiieHus1 B kpucrawe. OcoOblii HHTEpeC NMPECTABIIOT TPEXMEPHBIE (POTOHHBIE KPUCTAILIBI, COCTOSIIIE
n3 TII00yJ OAMHAKOBOTO JMamerpa. Takue CTPYKTypbl HPHMHATO Ha3blBaTh IJIOOYISIPHBIMH (DOTOHHBIMU
KpuctaulamMi. Hanmuwe B omane mop Mexmy INoOyjJamy IO3BOJISIET M3MEHSTh II0KA3aTellb ONTHYECKOro
KOHTpacTa MaTepuaia. 3ajada YIpaBiIeHHS ITOJIOKSHHMEM 3alpeléHHON 30HBI TI00YIIPHOTO (HOTOHHOTO
Kprctayuia 0e3 M3MEHEHHsI ero (pU3MYecCKOM CTPYKTYpBl MMEeT HpakTHdeckuit mHTepec. CaMbM TPOCTHIM
CIIoco0OM YTPaBIIEHHs TTapaMeTpaMyl 3alpeliEHHOM 30HbI SBJSCTCS 3al0JHEHHE MOp (POTOHHBIX KPHUCTAILIOB
MaTrepuajlaMd C Pa3HBIMH TIOKa3aTelsiMu mpeiiomiienus, Hampumep, JHK. VYmpasnenne onrtugeckumu
napamMeTpaMy I7100yJIPHOTO ()OTOHHOTO KpHUCTaUIa Ma)KeT ObITh HCIIONB30BAHO UL CO3AHMS ONTHYECKHX
JIETEKTOPOB, CEHCOPOB, TECT-CUCTEM, KBAHTOBOTO OWOKOMIIBIOTEpA, a TAKKE aHaIM3a M H3YYCHHS
koHpopmarorHoro coctosamst JJHK.

Heapr padorbl. llenbio paboTbl siBisieTcss co3paHue SiO; IOOYNSAPHBIX (DOTOHHBIX KPUCTAILIOB,
moauburmposanubix JIHK, u usyuenue nusuus JJHK Ha ux ontudeckue CBONCTBA.

Marepuansl u Metoasl. /s cunTeza SiO; GOTOHHBIX KPHCTAJUIOB MCIOJIB30BAIMCH STHIOBBINA CIUPT,
JUCTIJUIMPOBAaHHAs  BOJa, THAPOKCHI aMMoHMsA, Terpadtokcucwnad, JIHK. HcnosnesoBanacek
CHEKTPOCKONHS B BHIMMOM JIHara3oHe JJIsl ONTHYECKUX SKCIEPHMEHTOB M MaTeMaTHYECKHil IaKeT —
METOJ MOJICTTUPOBAHM KOHEUHBIX pa3HocTel Bo BpeMeHHo o0iactu (FDTD) — mis pacderos.
Pesyabtathl. beutn cunaTesmpoBanbl SiO, (oToHHBIE KpHcTamwisl, MomudummpoBanHsle JHK, c
muaMeTpoM Tio0yn 195 M. M3MepeHBl CHEeKTpBHl OTpPaKeHHs ITONYYEHHBIX (POTOHHBIX KPHCTAJUIOB.
ITokazaHo cMelieHHe B KpAacHYI 00JacTh MakCHMyMa CTOI-30HBI NMpH HHQWIBTpannud (HOTOHHBIX
kpuctauto mosiekynamu JJHK. [IpoBenensl pacuéTsl pactpeaeneHns MIeKTPUIECKOT0 O B CTPYKType
(OTOHHOTO KpHCTalIa ¢ Anamerpamu o0y 200 HM.

BoiBoabl. Pacuersl Merogom FDTD B nuHeiiHOM peXvMe MOKa3bIBaKOT, YTO MPUCYTCTBHE B CTPYKTYpE
(hOTOHHOTO KpHCTAJJIAa TOYEUHBIX JIEEKTOB BIUSIET HA YCHIICHUE JIOKAJHHOTO 3JIEKTPUYECKOTro MOJIs B
MEXIII00YJISIPHOM IIPOCTpaHCTBE (POTOHHOTO KpUCTalIa, B KOTOPOM pacrioiaraercst mosiekyiaa JJHK npu
nnunbrparu. MWudwistpanns JHK B SiO2  ¢GoTOHHBIA KpUCTalul NPHUBOIUT K H3MEHEHHIO
3¢ GEKTUBHOTO MOKa3aTels MpeloMiIeHus cucteMbl Ha 5,99 %. Cunre3 SiO2 (GOTOHHOrO KpHCTailIa C
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JHK mpuBogutr k oOpa3zoBaHHio 0Oojiee YHOPSAIOYEHHOH CTPYKTYpPHl (OTOHHOTO KpHCTallla Ha
MakpoypoBHe. Takum o6pazom, JJHK wmoxker OBITH CBOCOOpa3sHBIM TEMIDICHTOM TIPH CO3JaHUH
¢dortonHoro kpucramia. [Ipu 3Tom 3 PeKTHBHBIN MOKa3aTENb MPEIOMIICHHUSI CHCTEMBl YBETUUUBACTCS Ha
6,01 %.

KJIIOYEBBIE CJIOBA: SiO, rio0ynsipHblii ()OTOHHBIN KpUCTAILT; CTON-30Ha; Moekysa JTHK.

Photonic crystals (PC) are space-periodic structures whose permittivity varies with a
period commensurate with the wavelength in the visible and near-infrared ranges. The PC has
either a full three-dimensional band gap associated with the periodicity of the structure [1] or
a stop-zone (a band gap in a given direction in the crystal) [2]. The interaction of the
electromagnetic field with such structures is determined by the interference effects that
accompany the diffraction of visible light in three-dimensional periodic lattice, which can be
compared with a strong modification of the energy spectrum of the electromagnetic modes [3,
4]. Among the most promising materials for PC formation are synthetic opals formed by
monodisperse spherical SiO particles, which form densely packed layers parallel to growth
surfaces [2, 5], colloidal structures composed of TiO, spherical microparticles [6, 7], and
inverted opals [8, 9, 10]. Technological features of the growth of synthetic photonic structures
in different laboratories lead to the samples with different properties and different degree of
ordering of the crystal lattice. Therefore, studying the effect of the real crystalline structure of
the PC on the stop-zone parameters is still an urgent task [11].

Up to 26% of the total volume of a PC makes pores formed between globules [12]. By
infiltrating the PC with different substances, e.g. DNA, it is possible to model a new
conformation of DNA, namely, stretching DNA [12] and to change drastically the effective
refractive index of the system with DNA, and therefore to control its optical parameters [13].
Studies of the active centers infiltrated into a photonic crystal are of fundamental interest and
allow us to investigate the unique optical properties of PC composites. Activated by rare earth
ions, SiO; spheres can be used as active elements in nanosensors, microlasers [14, 15], and
luminescent markers [16]. Particles of highly dispersed SiO, have an effective ability to
adsorb amino acid and DNA molecules onto their surface [17]. Increased interest in such
systems is associated with the ability to effectively control the propagation of light inside the
PC [2]. Controlling of the optical parameters of a globular PC can be used for creation of
optical isolators, modulators, polarization converters, detectors, sensors, optical computers, or
test systems.

In this work we study the influence of DNA on the forming of SiO, photonic crystal and
its stop-zone parameters and do numerical experiments of light propagation through the PC
structure.

MATERIALS AND METHODS
In this work, SiO; photonic crystal and DNA-Si0O, photonic crystal were synthesized.

SiO; photonic crystal

In the first stage of the process, the synthesis of a monodisperse suspension of SiO;
spherical particles was performed using a modified Stober method [18] by hydrolysis of
tetracthoxysilane (TEOS) in alcohol-aqueous medium with ammonium hydroxide as a
catalyst. The size of the particles depends on the concentration of the components in the
reaction mixture. Specifically, a mixture of C,HsOH (96%) — 25 ml, TEOS-1 ml, H,O-
13.25 ml, NH4OH (25%) — 0.89 ml was used. The resulting aqueous suspension of these
particles was placed in a cell for a long period (up to 1 month). Under the action of gravity,
Si0, particles were deposited at the bottom and self-assembled into a three-dimensional
periodic structure. In the second step, the precipitate obtained was dried and annealed in a
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muffle furnace for 12 hours: first at 150°C, and then the temperature was elevated to 750°C
and the samples were kept at this temperature for 4 hours. The obtained samples have a
porous structure with a continuous void network formed between SiO, spheres.

Si0O; photonic crystal infiltered with DNA
Deoxyribonucleic acid (DNA) sodium salt from salmon testes (Sigma-Aldrich CAS
Number 438545-06-3) was used to infiltrate the SiO, photonic crystal. 1 mg of DNA was
added to 0.5 ml of distilled water. The solution was maintained at 5°C for 24 hours. During
this time, it became gel-like. The PC specimens were twice covered with the gel solution with
a periodicity of 3 h until complete drying.

DNA-SiO, photonic crystal

Another experiment was carried out in such a way that 1 mg of DNA was added to
13.25 ml of distilled water at the first stage of the SiO, synthesis-with the same proportions of
the remaining components as above. So, we used a mixture of C,HsOH (96%) — 25 ml,
TEOS-1 ml, DNA+H,0-13.25 ml, NHsOH (25%) — 0.89 ml. The resulting aqueous
suspension with DNA was placed in a cell for a 1 month for getting three-dimensional
periodic structure. However, the precipitate obtained was not dried in an oven but was
maintained for 10 days at room temperature. As result we obtained the DNA-SiO, photonic
crystals.

The photo of the surface of the DNA-Si0O, photonic crystal is shown in Fig. 1. The photo
was obtained with DM 2500M Leica microscope and has a 50x magnification. A clear
structure of the synthesized crystals can be observed.

WHITE LIGHT
SOURCE

o
DETECTOR
Fig. 1. Microscopic image of DNA-SiO, photonic crystal. Fig. 2. Optical scheme for the Bragg scattering

measuring.

Spectrometer Ocean Optics USB 2000 (USA) was used. The scheme of the optical
experiment is presented in Fig. 2. Broadband white light from a halogen lamp was incident
onto the PC surface. It was possible to change a sample holder and a detector angular position
to get an angular dependence of the PC reflection spectra.

To simulate light wave propagation through PC structure we used Lumerical high-
performance photonic simulation software FDTD [19].
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RESULTS AND DISCUSSION

Optical experiments
We experimentally investigated the optical properties of the SiO, photonic crystal as well
as the SiO, photonic crystal infiltrated with DNA, and DNA-SiO; photonic.
Fig.3. shows the reflection spectra measured at different angles of incidence light for: (a)
Si0; photonic crystal synthesized according standard technology; (b) SiO, photonic crystal
infiltrated with DNA; (c) DNA-SiO, photonic crystal without annealing.
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Fig. 3. Reflection spectra of (a) SiO, photonic crystal, (b) SiO, photonic crystal infiltrated with DNA and (c)
DNA-SiO, photonic crystals measured at the light incidence angles 24°, 28°, and 32°.

The position of the stop-zone is determined by the angle of incidence light. For pure SiO;
photonic crystal (Fig. 3a), the stop-zone with a maximum at A = 409, 402 and 396 nm is
observed at the light incident angles of 24°, 28°, and 32°, respectively. By the formula

Amax = 2DA/2/3 - \/ngff(l) — sin%(0) (1)

we can estimate the size of the PC globules. There, A4, 1s stop-zone maximum; D — diameter
of PC globules; n,¢r(4) — effective refractive index, calculated as

ey () = SNy E ) f @

and depending on the refractive index n;(4) of i-components comprising the system, and their
volume fraction f;; & — light incident angle. For a pure photonic crystal, we have a two-
component system consisting of SiO, globules and the air. In publications [20, 21] it was
shown that the pores make up 26% of the total PC volume. Therefore, we take f; = 0.74 and
f> = 0.26. More information about the calculated parameters nes (A) and D, measured values
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of A.qe at different angles, the refractive indexes taken from work [22], and their volume
fraction are presented in Table 1, block “SiO,-PC”.

Table 1. Experimental values and calculated parameters of the studied PCs.

Light |Stop-zone
incidence |maximum | ngo, | fsio, | Nair | fair | Mo | fu,0 | Mona | fona| Tesr D, nm
angle © | A4, M
Si0,-PC
24° 409 1.4692 | 0.74 |1.0003 | 0.26 1.3629 | 192.55
28° 402 1.4699 | 0.74 |1.0003 | 0.26 1.3635 | 192.32
32° 396 1.4706 | 0.74 1.0003 | 0.26 1.3640 | 192.94
Si0,-PC infiltrated with DNA
24° 442 1.4662 | 0.74 1.0003 | 0.02 | 1.3373 | 0.18 | 1.6031 | 0.06 | 1.4446 | 195.26
28° 433 1.4669 | 0.74 1.0003 | 0.02 | 1.3377 | 0.18 | 1.6052 | 0.06 | 1.4454 | 193.97
32° 422 1.4679 | 0.74 |1.0003 | 0.02 | 1.,3381 | 0.18 | 1.6079 | 0.06 | 1.4446 | 192.29
DNA-SiO, PC

24° 438 1.4665 | 0.74 |1.0003 | 0.02 | 1.3375 | 0.18 | 1.6031 | 0.06 | 1.4449 | 193.46
28° 430 1.4672 | 0.74 |1.0003 | 0.02 | 1.3378 | 0.18 | 1.6052 | 0.06 | 1.4456 | 192.59
32° 422 1.4679 | 0.74 |{1.0003 | 0.02 | 1.3381 | 0.18 | 1.6079 | 0.06 | 1.4464 | 192.03

DNA infiltration into the pores of the PC (Fig. 3b) leads to a red-shift of the stop-zone
maximum by 33, 31, and 26 nm at the light incidence angles of 24°, 28° and 32°,
respectively. The studied system should be considered as a four-component one consisting of
SiO, glubules, which occupy 74% of the total volume, as well as air, water and DNA,
accounting for 26% of the total volume. In the process of DNA infiltration, the air is displaced
from the pores by the DNA aqueous solution. However, within a margin of error, not more
than 2% of the air can remain in the pores. DNA and water occupy the remaining 24% of
interglobular volume. The calculated data are presented in Table 1, “SiO,-PC infiltrated with
DNA” block. The effective refractive index of the system “SiO,-PC infiltrated with DNA”
increases by 5.99%.

The addition DNA into the suspension of spherical SiO, particles showed that the stop-
zone maximum (Fig. 3c) is red-shifted by 29 nm, 28 nm, and 26 nm at the light incidence
angles of 24°, 28°, and 32°, respectively. We observe a peculiarity in the reflection spectra: as
the angle of incidence increases, the intensity of the reflected light increases. This is due to
the reduction of scattering losses in the presence of aqueous DNA solution in the pores, and
due to the PC was not annealed, since the PC annealing at high temperatures would result in
DNA burning. The addition of DNA into the PC suspension leads to the formation of a more
ordered structure, as evidenced by the narrowing of the half-width of the Bragg peak in the
reflection spectrum by 15 nm. The effective refractive index of the system “DNA-SiO, PC”
increases by 6.01%. So, DNA influence on the forming of structure of photonic crystal. DNA
serves as template-like structure for photonic crystals to be assembled on. The calculated data
are presented in Table 1, block “DNA-SiO, PC”.

Previously, it was shown in work [12] that the introduction of water into the pores of the
PC leads to a slight shift of the stop-zone maximum (by 5 nm). Infiltration of DNA aqueous
solution into the pores of the PC as well as DNA introduction into the SiO, suspension at the
stage of synthesis, leads to more significant optical changes.
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Numerical experiments

FDTD is a numerical technique used for modeling computational electrodynamics. It is a
really powerfull tool for modeling optical and electrical effects in PC. If you want to find field
distribution inside the PC, the FDTD method is one of the most advanced. You take a mesh
and replace the continuum space by a discrete set of nodes. Then solve the system of
Maxwell’s equations for the discrete mesh using boundary conditions.

Synthetic opal was built of SiO, spheres packed in a face-centered cubic (FCC) lattice.
The calculated refractive index was 1.46, the SiO, sphere diameter was 200 nm, which is
comparable with the experimental data. There were 10 layers in Z direction. The plane waves
with linear polarization and different wavelengths were incident on the surface in [111]
direction.

We first calculated the opal stop-zone wavelength using the Bragg law. After this we
calculated the transmission spectrum of a broadband source using FDTD method and compare
the results. In both cases the stop-zone wavelength was 440 nm. According to the obtained
experimental results, for the further simulation we choose the wavelength 440 nm — as the
value that matches the center of the opal stop-zone.
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Fig. 4 Electromagnetic field distribution in XZ and YZ opal planes calculated for the wavelength 440 nm
propagation in: (a) perfect periodic structure, (b) structure with defects

Near-field electromagnetic field distribution in XZ and YZ opal planes for the
wavelength 440 nm was calculated at the following approximations. The electromagnetic
pulse propagates in the z-direction, spheres diameter — 200 nm with the refractive index
n =1.45 are surrounded by air; light is linearly polarized in the y-direction. Figure 4a presents
the simulation results. The right picture (Fig. 4b) corresponds to opal with defects. The left
picture (Fig. 4a) corresponds to opal with perfect periodic structure.

The results were taken from three orthogonal plane monitors. The black circles mark the
opal silica globules. The color scale shows the intensity of the electric field at different space
points. The electric field at some regions of the PC is about 3 times larger than the incoming
field. The filed energy tends to concentrate in the regions with low permittivity, in our case in
the air pores between silica globules.
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As a next step, opal periodic structure with two point defects was considered. One sphere
was completely removed and the diameter of another adjacent sphere was reduced by one
third. The field distribution was calculated for 440 nm wavelength (Fig. 4b). The field pattern
was the same. All graphs are depicted in two colour scales — maximum field value for the
current plane, and maximum value obtained for all measurements. In the case of structural
defects that may be present in any real synthetic opal, it can lead to even greater redistribution
of the field intensity (~10 times, not for data presented here) [23] and concentration of light
energy in the interglobular space. Though the defects are not good for the opal stop-zone, they
may cause higher inhomogeneity of the electromagnetic field distribution in the PC structure.

CONCLUSION

The photonic crystals made of SiO, and DNA were synthesized by the Stober method and
characterized. It has been shown that DNA can be used as a template-like structure for
photonic crystals synthesis leading to a more orderly structure on a macroscale, namely
hundreds of microns and more.

Computer simulation of light propagation through the PC structure demonstrates the
localization of the electromagnetic field in the regions with less refractive index, i.e. in the
pores between the globules of synthetic opal. Thus, for certain wavelength in certain points
we can expect an enhance a local field inside the photonic crystal up to 3 times in perfect
crystal and order more in defect crystal using it for further application.
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Background: In the last years some of us developed methods for preparing, through simple synthesis
protocols, gold nanoparticles supported on silica surfaces: in that cases, bottom-up approaches has been
adopted (i.e. starting from HAuCl, precursor) and high surface area silica (Aerosil 300) was chosen as
support (together with controlled pH conditions), to facilitate Au dispersion. The obtained substrates showed
the ability to enhance Raman signals of dosed molecules pyridine and bi-pyridine and/or of silanols species
populating the silica surface. Following this idea, in this paper we will present results concerning surface-
enhanced Raman spectroscopy (SERS) activity of substrates obtained by a top-down technique (i.e. gold
sputtering) which allowed depositing gold nanoparticles at surfaces of silica nanoparticles. Pyridine
molecule has been then used as a probe molecule to estimate the SERS activity of the obtained substrates.
Objectives: The purpose of the work was to study the SERS activity of the prepared substrates through
the estimation of limit of detection (LoD) of pyridine molecule dosed from solutions (benzene was used
as solvent) with decreasing pyridine concentration.

Materials and methods: For the preparation of the samples AOX50 silica (Evonik Industries, surface arca
of 50 m%*/g) in form of pressed disk, a gold target and a K575X Turbo Sputter Coater (Quorum
Technologies) were used. Methods applied: UV-Vis-NIR spectroscopy; HR-TEM microscopy; Raman
spectroscopy.

Results: Prepared Au/AOXS50 substrates with nominal Au thickness 10 nm were characterized by the
UV-Vis spectroscopy and HR-TEM microscopy. They showed a relatively complex absorption profile
extending to the NIR region. The substrates contained gold nanoparticles with diameter in the range of
2.0-3.5 nm. By using the 785 nm exciting laser line (suggested by the results coming from UV-Vis
spectroscopy) for recording Raman spectra, it was possible to observe characteristic pyridine Raman
signals by contacting Au/AOXS50 substrates with vapour phase of benzene solutions with pyridine
concentration as low as 107 M comprising LoD. This allowed us to estimate roughly an enhancement
factor of 10%, as compared with 12.4 M pyridine dosed at naked AOX50 silica surface.

Conclusion: Through a top-down technique it was possible to prepare effective SERS substrates
composed by Au nanoparticles dispersed at AOXS50 silica surfaces. LoD for pyridine dosed from the
vapour of its benzene solution appeared to be 107 M and the SERS enhancement factor, using as a
reference Raman spectra of 12.4 M pyridine interacting with naked AOX50 silica, has been estimated to
be approximately 10°,

KEY WORDS: SERS; gold nanoparticles; silica; sputtering.

E®EKTUBHA ITOBEPXHA JJIS1 SERS, OTPUMAHA HAHECEHHSM
30JI0TA HA KPEMHE3EM METOJOM «3BEPXY BHU3»
A. Jlamin, II. IBanuenko, M. ®aoo6iani, [:x. MapTpa
Daxynomem ximii ma Llenmp nanocmpyxmyposanux inmepeiicie ma nogepxomw,
Yuisepcumem Typuny, eyn. I1. Iicypia, 7, Typun, 10125, Imanis

AxTyaspHicTh. HelonaBHO o11H 3 HAC po3po0KMB METO ] IPUIOTYBAHHS 30JI0TUX HAHOYACTHHOK Ha ITOBEPXHI
KpEeMHE3eMy: B IIbOMY BHIIAKy OyJO 3aCTOCOBAaHO METOJ «3HM3Y JOBEpXy» (a came, IOYMHAIOUHM 13
npekypcopy HAuCly), BHKOPHCTOBYIOYM JIOKCHJ KPEMHIO i3 BHCOKOK IHUTOMOK) IUIOMICIO MOBEPXHI
(Aepocun A300) sik ocHOBY (Ipu KOHTpoiboBaHOMY pH) i mokparmieHHs qucnepcii 3omota. Otpumani
Marepiaii MPOAEMOHCTPYBAJIM 3/aTHICTD ITiICHIIIOBATH PaMaHIBCbKI CHTHAIM aJCcOpPOOBAaHMX MOJIEKY
HipUIUHYy Ta OimipuauHy Ta/ab0 MOBepXHEBUX CrUlaHOMIB. Crimyroum miil imei, mana po0oTa AEMOHCTpYE
pe3yNbTaTH CTOCOBHO AaKTHBHOCTI CyOCTpAaTiB IS IACHICHOI ITOBEPXHEI0 PaMaHIBCHKOI CIIEKTPOCKOIIIT

© Damin A., Ivanchenko P., Fabbiani M., Martra G., 2020
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(surface-enhanced Raman spectroscopy, SERS), miaroToBieHux METoqOM «3BepXy BHIBY» (3 PO3IMMICHHIM
30J10Ta), SIKUH JO3BOJISIE OCAKYBATH HAHOYACTHHKH 30JI0Ta HA MOBEPXHI HAHOYACTHHOK TIOKCHIY KPEMHIFO.
Mormekynu mipuauHy Oyu BUKOPHCTaHI K 30HAM Ut oniHkH SERS akTHBHOCTI OTprMaHIX CyOCTpaTiB.
Meta po6otu. Metoro ganoi pobotu € BuBueHHA SERS akTHBHOCTI BHTOTOBIIEHHX CyOCTpaTiB MIISIXOM
BHU3HAYECHHS MEXI BUSBJICHHS MOJEKYJ MipHINHY, HAHECEHHWX 13 PO34MHIB (pPO3YMHHHK — O€H301) 3i
3HMKCHHSM KOHIIEHTpALIIT MipUIUHY.

Marepianu i meToau. /[t npurotyBaHHs 3pa3kiB BUKOPUCTOBYBaIH Jiokcu kpemHito AOX50 (Evonik
Industries, muToMa moepxHs 50 M*/r) y (OpMi IPECOBAHMX IHCKIB, 30/I0Ty MillleHb Ta PO3MIIIOBAY
K575X Turbo Sputter Coater (Quorum Technologies). Bukopucrani meromm: Y®- Ta Buanma
cnekrpockonist, HR-TEM mikpockomnisi, PamaHiBcbka CIIEKTpOCKOTIisI.

Pesyabratu. IlpuroroBani cyOcrpatm Au/AOXS50 (HominampHa TOBIIMHA 30j70Ta 10 HM) Oynm
oxapakTepru3oBaHi 3a gomomororo Y®- ta Bumumoi crnekrpockomii Ta HR-TEM wikpockomii. Born
MPOAEMOHCTPYBAIIA BiTHOCHO CKIAJHUN TPOQie MOTIMHAHHA, MO MPOCTATAE€ThCA A0 OmmkHBOrO Y
nmiamasony. CyOcTpaTd CKIamanuch i3 30J0THX HAHOYACTHHOK miameTpoMm Omm3pko 2,0-3,5 HM.
Bukopucranas mns 30ymKeHHA J1a3epy Ha JOBXKUHI XBmiai 785 HM (oOpaHoi Ha ocHOBI nmaHmx Y®-
BHJIMMOT CIIEKTPOCKOITii) Al peecTpanii PamMaH-CIEKTpiB J03BOJWIIO criocTepiraté Paman-curHamm,
XapakTepHi U1 nipuaAnHy, npu KoutakTi Au/AOXS50 cy6crpaTiB 3 mapoBoio $a30r0 po3uUHy MIpHIUHY Y
Gen3omi i KOHUEHTpaliero mipuaunay 10 107 M, 1o ckiajgano Mexy #oro BusiBieHHs. Lle 103BONMIO
npuGmmsHo ouinuTH (axrop mixcuienns (PIT), mo craHoBuTh Ommsbko 10° y mopiBusHH 3 12,4 M
HipUINHY, HAHECEHOTO Ha MoBepxHIo uncroro AOX50.

BucnoBkn. Meron «3BepxXy BHHU3» J03BoiMB mnpuroryBatn edekrtuBHi SERS cybOcerpatn, 1mo
CKJIaZIalOThCs 13 HAHOYACTWHOK 30JI0Ta, JUCIIEProBaHMX Ha ToBepxHI kpemHezeMy AOXS50. Mexa
BUSIBJICHHs TipumuHy BusBuBcs 107 M (pu HaHeceHHI 3 mapu iforo posumny y Gemzoni), Ta ®IT SERS
6yB ouiHennii mpu6au3Ho B 10° (BHKOpHCTOBYIOUM SIK cTaHzapT Paman-cniektp 12,4 M mipuauny B
KOHTAKTi 3 ToBepxHero umncrtoro AOXS50).

KJIFOUYOBI CJIOBA: SERS; 30510Ti HAHOYaCTUHKH; JIOKCUJT KPEMHII0; PO3MUIICHHS.

IOPEKTUBHASA MOAJOXKKA JIJIS SERS, IOJTYUEHHAS HAHECEHHUEM 30JI0TA HA
KPEMHE3EM METOJOM «CBEPXY BHU3»
A. Namumn, I1. UBanuyenko, M. ®adoouanu, J:x. Maptpa
Daxynomem xumuu u Llenmp nanocmpykmypupoganvix unmep@eticos u nogepxuocmeil,
Yuusepcumem Typuna, yn. I1. icypus, 7, Typun, 10125, Umanus

AxTyanbHocTh. HemaBHO oamH m3 Hac pa3paboTaiy METOA NPHUTOTOBICHHUS 30JI0TBIX HAHOYACTHUI[ Ha
MTOBEPXHOCTH KpPEMHE3eMa: B 3TOM CiIydae ObLI MPUMEHEH METOJ| «CHHU3Y BBEpX» (2 MMEHHO, HaUHHAS C
npekypcopa HAuCly), ucnone3yst IMOKCHI, KPEMHHUSI C BBICOKOH yaAenbHOM ruiomansio (Aspocun A300)
KaK OCHOBY (TIpH KOHTpOJMpoBaHHOM pH) /yist yirydieHus: qucrepcuu 30i10ta. [1oaydeHHbIe MaTepHalIbI
MPOJIEMOHCTPUPOBAIN CIIOCOOHOCTh K YCHJIGHHIO PaMaHOBCKHUX CHI'HAJIOB aJCOPOMPOBAHHBIX MOJIEKYII
NUPUIMHA W OWNMPHUIMHA W/WIM TOBEPXHOCTHBIX cuiaHoioB. Ciemys 3Toil mpee, naHHasi pabora
JIEMOHCTPUPYET pe3yNbTaThl KacaTelbHO AaKTUBHOCTH CyOCTpaTtoB il ITOBEPXHOCTHO-YCHJICHHOMN
pamaHOBCKOH criekTpockonuu (surface-enhanced Raman spectroscopy, SERS), mnpurotoBieHHBIX
METOZOM «CBEpXY BHU3» (C PaCHBUICHHEM 30JI0Ta), KOTOPHIA MTO3BOJISIET OCAXKIAaTh HAHOYACTHUIIHI 30JI0Ta
Ha TIOBEPXHOCTH HAHOYACTHI] TUOKCHIA KpeMHHS. MOJIeKyIbl MpUINHA OBUTH UCTIONB30BaHBI KaK 30H/IBI
i oieHkr SERS akTHBHOCTH MOTy4eHHBIX CyOCTpaTOB.

Heas padotel. llenpio manHON paboTel sBisgercss u3ydeHue SERS akTHBHOCTH H3TrOTOBIIEHHBIX
cyOcTpaToB TyTEM OmpeleNeHus Ipeaesia OOHApyKeHHS MOJIEKyNl NHPUANHA, HAHOCHBIINXCS U3
pacTBOpoB (pacTBOPUTENHs — O€H301T) ¢ yOBIBAIOIIEH KOHIIEHTPAIIEeH THPUANHA.

Marepuansl m Meroabl. s mpUroToBiNEHHs 00pa3loOB ObUIM HCIIOJIB30BAHBI: JTUOKCH] KPEMHUS
AOX50 (Evonik Industries, yaemprast mmomans 50 M*/r) B (opMe MPECcCOBAHHBIX HCKOB, 30710TAs
munieHb u pacnbututesib K575X Turbo Sputter Coater (Quorum Technologies). Mcnonb30BaHHbIE
Metonbl: Y ®-suaumas cnekrpockonus, HR-TEM muxpockonusi, PamaHoBckast CieKTpOCKOIHS.
Pesyabtatsl. [Ipurorosiennsie cyocrparsl Au/AOXS0 (HoMuHanbHas TojimuHA 30si0ta 10 HM) ObUIH
oxapaktepu3oBaHbsl ¢ momommplo Y®-sumumoint cnektpockonuun ¥ HR-TEM  wmmukpockormuu. OnHu
MPOAEMOHCTPHUPOBAIA OTHOCUTEIHHO CJIOXKHBIM MPOQMIs IOTJIOMICHNS BIUIOTE 1Mo OmmkHero WK
muamazoHa. CyOcTparbl comepikaid 30J0ThIeé HAHOYACTHIEI C auamerpoM okono 2,0-3,5 um. Ilpm
WCTIOJF30BaHUH TOJOCHI BO30OYXAEHUs ja3epa 785 HM (BBIOpaHHON Ha OCHOBAaHWHU pPe3yibTaToB Y D-
BUIMMOI CIIEKTPOCKONHHU) JJsl 3amucd PaMaHOBCKMX CIIEKTPOB OBUIO BO3MOXKHO HaONIOIATh
paMaHOBCKHE CHUTHANBI, XapakTepHbIe ISl MUPUINHA, TpH KoHTakTe Au/AOXS50 cybcTpaToB ¢ MapoBoit
(asoii pacTBOpa MUPHIMHA B GEH30JIE ¢ KOHLIEHTpALKEH MUPHUINHA BILIOTH 10 107 M, uto cocTaBisio
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Tpejies ero oGHApyKEHHS. DTO MO3BOIMIO MPHOIH3NTENHHO OLEHNTS (pakTop yeuenus (DY), kak 10° B
cpaBHeHUH ¢ 12,4 M nipuanHa HAHECEHHOTO Ha MOBEPXHOCTH yrcToro AOXS50.

BoiBoabl. MeTo/1 «cBepXy BHHU3» MO3BOJIMI NPUroToBUTh dhdekruBHbie SERS cyOctparsl, cocTosiue
W3 HAHOYACTHUI] 30JI0Ta, AWCIEPTHUPOBAHHBIX Ha ToBepXxHOCTH KpemHesema AQOXS50. Tlpenmen
oGHapy KeHHs TMPUIMHA OKa3asics paBHbIM 107 M (IIpy HAHECEHMH 3 TIAPOB €ro PacTBOpPa B GEH30E), 1
®Y SERS 6bun omenen npuGmmsutensHo B 10° (ucmombsyst xak crammapt Paman-crexktp 12,4 M
MUPUINHA B KOHTaKTe ¢ HOBEPXHOCThIO unctoro AOX50).

KJIIOYOBBIE CJIOBA: SERS; 30510Tble HAHOYACTHIIBI; IUOKCHI KPEMHHUS, PACIbIIICHHUE.

Raman spectroscopy is a non-destructive spectroscopic technique finding an application in
a wide variety of fields of investigation (catalysis, clinical and forensic chemistry, cultural
heritage conservation and characterization, material science). Despite its potential great utility,
such technique suffers from an intrinsic low sensitivity due to the physical phenomenon
underlying it. Thus, it is hardly applicable to systems where the investigated species (the active
site of a catalyst or a molecule of particular interest) is in low concentration. To increase
sensitivity of Raman spectroscopy, resonance conditions can be adopted: in this case the use of
an exciting laser line, falling in the electronic absorption of the studied species. This approach
helps in the selective enhancement of signals coming from their vibrational features, making
Raman spectroscopy a site(molecule)-selective technique too.

In the last years another approach strongly bound to nanotechnology knew a wide
diffusion. This is based on the observation, made in the late 70s-80s of the past century, that
when molecules interact with roughened (nanostructured) coinage metal surfaces, and suitable
exciting laser lines are adopted, some of their Raman signals result to be enhanced of several
order of magnitude [1, 2], thus allowing their identification even at very low concentration.
Such a technique, nowadays well known as surface-enhanced Raman spectroscopy (SERS)
can overcome the limitations of Raman spectroscopy, increasing its performance in fields of
investigation heavily dominated by the “low concentration problem”, such as those
concerning bio-sensing [3—6], detection of bacteria [7], food analysis [8] and more in general
analytical chemistry [9, 10] are.

Recently some of us developed methods for preparing, with simple synthesis protocols,
gold nanoparticles supported on silica surfaces: in that cases, bottom-up approaches has been
adopted (i.e. starting from HAuCly) and high surface area silica (Aerosil300) was chosen as
support (together with controlled pH conditions), to facilitate gold dispersion. The obtained
substrates showed the ability to enhance Raman signals of dosed molecules (pyridine and bi-
pyridine) and/or of silanols species populating the silica surface [11]. Following this idea, in
this work we are presenting the results concerning SERS activity of substrates obtained by a
top-down technique (i.e. gold sputtering) that allows depositing gold nanoparticles at silica
surface. Pyridine (hereafter Py) molecule has been used as a probe and the enhancement
ability of such substrates has been evaluated mainly through the evaluation of a limit of
detection (LoD) in respect of the adopted probe molecule. An enhancement factor roughly
estimated by comparing Raman spectra obtained on gold containing substrates with those
recorded on bare silica nanoparticles contacted with Py will be presented too.

MATERIALS AND METHODS

Silica supports: parent silica supports for gold deposition were obtained by pressing
(5 tons of applied pressure) AOX50 powder (Evonik Industries, 0.6 g) in the form of disk of
about 32 mm diameter. AOXS50 system is a well-known type of silica, with Specific Surface
Area (measured by BET method) equal to 50 m”/g and a silanol surface density of
1.4 (SiOH)/nm™.

SERS substrates: substrates for SERS (Au,/AOX50, x is a nominal thickness, in nm, of
sputtered gold) were prepared by sputtering gold on the above described AOX50 supports
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with a K575X Turbo Sputter Coater (Quorum Technologies). Parameters of the
instrumentation were set to achieve a nominal thickness of gold layers x to be equal to 10 nm.

UV-Vis-NIR Diffuse Reflectance (DRUV-Vis-NIR) measurements: collection of DRUV-
Vis-NIR spectra (1200-200 nm range) was performed with a Variant Cary 5000
spectrophotometer, equipped with a R928 PMT UV-Vis detector and a PbS NIR detector.
Teflon pellet was used as reference for 100% of reflectance. Samples were investigated as
such at ambient conditions.

HR-TEM measurements: the morphological characterization of the investigated systems
was carried out with a JEOL JEM-3010-UHR transmission electron microscope (300 kV
accelerating potential) and equipped with a 2k x 2k Gatan US1000 CCD camera. In this case,
samples were re-prepared by grinding the silica supports with subsequent gold sputtering for
reaching the desired gold layer thickness.

Raman measurements: Samples for Raman measurements at ambient conditions were
prepared by cutting small pieces (5-5-1.1 mm) of the investigated supports and placing them
inside a 1 cm path UV cuvette (Helma, QS). Py (Sigma Aldrich, >99.8%) has been dosed
from the vapour phase as such or from benzene (Sigma Aldrich, >99%) solutions at variable
concentrations by evaporating 10 pl of liquid placed inside the UV cuvette before sealing it by
tape. All Raman spectra were collected on the above described systems by employing an
inVia Raman Microscope (Renishaw) and an exciting laser line falling at 785 nm (Renishaw
Diode laser). Laser light was focused at the sample through a 20x ULWD MSPIan objective
(Olympus, N.A. 0.4); back-scattered light (Rayleigh light removed through an edge filter) was
analyzed by a 1200 I/mm grating and then sent to a CCD detector. Just 0.05% of the laser
power reaching the sample (80 mW) was used in order to avoid its damage or/and
modifications. Each presented Raman spectrum is the average of three spectra (collected on
three different points of the investigated sample, the homogeneity of the sample being so
verified) each one resulting as the sum of 20 acquisitions (in the 2350-100 cm’ interval) of
20 s of duration.

RESULTS AND DISCUSSION

The obtained AulOnm/AOX50 substrates were characterized by means of DRUV-Vis-
NIR and HR-TEM techniques (see Fig. 1, panels A and B respectively). As far as DRUV-Vis-
NIR results are concerned, Au;jonm/AOX50 substrates showed a broad absorption in the 500-
900 nm range (see curve b in Figure 1 A), unlike the spectrum of bare AOX50 silica (see
curve a, Fig. 1 A) and of bulk gold (curve c, Fig. 1 A). HR-TEM analysis (see Fig. 1 B for a
representative micrograph of Au;onm/AOX50) suggested that this absorption is mainly
connected to the complex plasmonic features characterizing the observed Au nanoparticles
(average diameters in the 2.0-3.5 nm range) aggregates.

Finally, the strong absorption observed in the Vis-NIR range showed also that the
adoption of an exciting laser line falling at 785 nm (see dotted red line in Fig. 1 A) to record
Raman spectra should be a good choice, in order to obtain a reasonable enhancement towards
the adopted probe molecule.

Raman spectra of Aujgn/AOXS50 contacted with vapour phase of Py/benzene solutions
(with Py varying in the 12.4-1x107 M concentration range) where collected as described in
Raman measurements Section; the results are reported in Fig. 2. Pure Py (12.4 M) dosed in
such conditions, results in two well-resolved signals, located at 1040 and 1015 cm’,
respectively. On the basis of literature data [12], they are can be assigned to vg and vo, which
in pure liquid Py fall respectively at 1031 and 993 cm™ [13]. The observed blue-shift (and the
change in the intensity ratio between the two signals too) with respect to the liquid phase is an
evidence of a direct interaction of Py with Au atoms at the surface of gold nanoparticles [14].
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No liquid or liquid-like Py is detectable in such conditions, neither when pure Py (12.4 M) is
dosed. By following v9 along Raman spectra recorded at decreasing Py concentrations (see
solid lines of Fig. 2 A, from top to bottom), it clearly emerges that Py LoD, under such
conditions, can be fixed at a concentration as low as 107 M. Finally, when comparing the
intensity of vo peak taken at 10”7 M with that recorded at the same conditions on bare AOX50
contacted with 12.4 M Py (see black solid line in Fig. 2 B), one can estimate a SERS
analytical enhancement factor [15] of Py at Aujnm/AOX50 substrate of about 10, suggesting
a remarkable SERS activity of substrates obtained with the above described protocol.

Fig. 1. A: DRUV-Vis-NIR recorded respectively on a) AOXS50 (black line), b) Au;pn/AOXS50 (blue line), and
¢) bulk Au (grey line). B: HR-TEM image taken on Aug,,/AOX50 substrate.

Fig. 2. Raman spectra recorded with 785 nm exciting laser line on: A — Auyg,/AOX50 contacted with
solutions at variable Py concentration in the 12.4x10” M range and B— AOXS50 contacted with 12.4 M Py.

CONCLUSIONS
Through a top-down technique it was possible to prepare effective SERS substrates
composed by Au nanoparticles dispersed at AOX50 silica surfaces. LoD of pyridine resulted
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to

be 107 M concentration (when dosed from vapour phase of benzene solutions) and the

analytical enhancement factor (using as a reference Raman spectra of 12.4 M pyridine
interacting with bare AOX50 silica) has been estimated to be approximately 10°,
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Background: Considered merocyanine molecules have donor D and acceptor A moieties connected by
polymer chain. The conjugated donor D and acceptor A parts of merocyanine molecules are planar in the
ground state. The D-n-A molecular complexes can change their conformations in an excited state due to
cis-trans-conformational transitions. The viscosity of the solvent affects conformational changes,
photoluminescence (PL) decay and PL lifetime. Therefore the PL of merocyanine molecules strongly
depends on medium in excited and ground states. A nematic liquid crystal was utilized as a solvent for
merocyanine molecules since it is characterized by long range order, orientates merocyanine molecules
along its axis and is sensitive to external electro-magnetic field. The molecules with conjugated donor D
and acceptor A parts are promising for molecular electronics (instruments for recording and processing
information), optoelectronics (laser technologies) and biological research (fluorescent probes like
prominent thioflavin T), since their PL essentially depends on the nature of the environment.

Objectives: The main objective of this paper is to investigate and explain impact of liquid crystal
medium on considered molecules. Also influence of molecular conformational changes on their spectral
properties is considered.

Materials and Methods: Two types of merocyanine molecules M-1 and M-2 were investigated. The
spectral properties of molecules in different organic solvents such as acetonitrile, toluene, glycerol, and in
4-pentyl-4'-cyanobiphenyl (5CB) liquid crystal were compared. Stationary and time-resolved emission
spectra of molecular merocyanine solutions were used to investigate conformational changes of
molecules. To determine a lifetime of molecular excited states, a technique of Time Correlated Single
Photon Counting with picosecond resolution in time was used.

Results: The results indicate that optical properties strongly depend on conformation of conjugated
donor-m-acceptor compounds. A relaxation of dye molecules to the ground state is accompanied by
conformational changes. The quantum yield and lifetime of PL increase in more viscous solvents. The
liquid crystal made conformational changes of considered molecules in ground and excited states.
Conclusions: Analysis of the results serves as a basis for constructing a theory that explains properties of
D-n-A molecular compounds under optical excitation. The molecular pairs are formed by merocyanine
and liquid crystal molecules. The liquid crystal molecule defines conformation of merocyanine molecule
in a pair. Moreover, both types of merocyanine molecules in liquid crystal have the same conformation.
This hypothesis explains similarities of optical properties of M-1 and M-2 molecules in liquid crystal.
KEY WORDS: photoluminescence; 4-pentyl-4’-cyanobiphenyl (5CB); D-n-A molecular complexes;
merocyanine dyes.

OJIYOPECHEHIIA MOJIEKYJISIPHUX KOMITIO3UTIB, IO CKIAJAIOTHCA 3
HEMATHUYHOTI'O PIIKOI'O KPUCTAJY 1 MEPOLIAHIHIB
M.B. ManunoBcskmnii, M.M. CeBprokoBa, FO.I1. [InupsaTuncskuii
Incmumym ¢hisuxu HAH Vkpainu, npocn. Hayxu, 46, Kuis, 03028, Yxpaina

AKTyaJIbHicTh. PO3IIIsTHYTI MOJIEKyJIM MepoliaHiHy MaroTh JOHOPHI Ta aKLENTOPHI rpynu 3'€[HaHI MOJIMEPHUM
JIAaHI[IOI'OM. CHpS[)KeHi JIOHOpHa DTa aKOerTopHa A yacTuHH MepOHiaHiHOBI/IX MOJICKYIJI € IUITaHApHUMHU B OCHOBHOMY
crani. D-m-A MONEKyNspHI KOMIUIEKCH MOXXYTHb 3MIiHIOBAaTH CBOIO KOH(opMariro B 30ymKEHOMY CTaHi
3aBISKH LUC-TPAaHC-KOH(OpPMAIHHUM TiepexonaM. B’s3KicTh BIUIMBAE Ha 3MiHYy KOH(OpMAIIii, a TaKoX
Ha 3aracanHs Gotomominectenuii (OJI) Ta 11 yac xutrsa. Uepes ne OJI MeponiaHiHOBUX MOJIEKYI SIK B
OCHOBHOMY, TaK i B 30yPKEHOMY CTaHi CHJIFHO 3aJIeKHUTH BiJ cepeoBHUIIa. HemMaTHaHMIA piaKwiA KpUCTal

© Malynovskyi M. B., Sevryukova M.M., Piryatinski Yu.P., 2020
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OyB BHKOPHCTaHHWH $K PO3YMHHHK JJIsI MOJEKYJI MEpOIliaHiHy, OCKUIBKH BiH OpPIi€HTYE MOJEKYIH
MEpOIliaHiHy B3JOBK CBO€l OCi Ta UYyTIMBHHA JO 30BHIMIHBOTO EINEKTPOMArHiTHOro moisd. D-m-A
MOJIEKYJISIPHI KOMIUIEKCH € NEPCHEKTUBHUMH JUI MOJIEKYJIIPHOI €JIEKTPOHIKY (MpWiIaan IS 3alucy Ta
00po0OKH iH(OpMAIIil), ONTOEIEKTPOHIKK (JIa3epHI TEXHOJOTIT), a TAKOX I OIOJOrIYHKMX IOCIIIKCHD
(ciexTpanpHi 30HAM Ha 3pa3ok Bigomoro TioduasiHy T) ockineku @JI X MOJEKYI CyTTEBO 3aJIEKUThH
BiJl IPUPOJIU CEPEIOBHIIIA.

Meta po6orn. OcHOBHa MeTa JaHOi POOOTH — JIOCHINTH Ta MOSCHUTH BIUIMB PIAKOKPHUCTAIIYHOTO
Cepe/IoBUIIIA Ha PO3IJISHYTI MOJIEKYJIH. A came: K CEpelOBHIIC BIUIMBA€ HAa KOH(OpPMAIlHHI 3MiHH
MOJIEKYJI Ta Ha IX CIIEKTpaJIbHI BJIaCTHBOCTI.

Marepianun Ta Metoau. /lociijpkeHo Ba THIIM MOJIeKyJ Mepouianiny — M-1 ta M-2. [TopiBHioBanucs
CHEKTpaIbHI BIACTUBOCTI 3ralaHUX MOJIEKYJ B PI3HUX OPraHIYHUX PO3UYMHHHUKAX, TAKUX SIK alleTOHITPHIL,
TONyON, TIiNepuH Ta pigkmid kpuctan 4-neHtwin-4'-mianoOidenin (SUB). dnga  mocmimkeHHS
KOH(POpPMALiHHIX 3MIiH MOJEKYJ1 BHKOPHUCTOBYBAIUCH CTAlllOHAPHI Ta YacOPO3IUTbHI CIIEKTPH
BUIIPOMIHIOBAHHS MOJICKYJISIPHHX PO3YHMHIB MepouiaHiHy. s BU3HAUYEHHS 4acy >KHTTS MOJICKYJSIPHHX
30y/DKEHHX CTaHIB OyJia BAKOPUCTaHA METOIMKA YaCOCKOPEIbOBAHOTO MiPaXyHKy MOOJANHOKUX (DOTOHIB
3 MKOCEKYHHOIO PO3AUTHFHOIO 3aTHICTIO Y Yaci.

PesyabraTu. Pe3ynbratu mokasyroTh, 10 ONTHYHI BIACTUBOCTI CHJIBHO 3aliekaTh Bij KoH(popmamil
CHPSDKEHHST IOHOP-T-aKLENTOPHUX CHOIYK. Y OLIbLI B’SI3KMX PO3YMHHHMKAX 30UIbLIYIOTHCS KBaHTOBUIA
Buxin i yac xurtsa OJI. PinkokpucraniyHe cepeoBHUIIE 3MiHIOE KOHPOPMAIIIF0 MEPOIiaHIHOBUX MOJICKYII
SIK B OCHOBHOMY, TaK 1 B 30y/UKEHOMY CTaHaXx.

BucHoBKkH. AHai3 pe3ynbTaTiB € MIATPYHTSAM Uil NMOOYZOBH TeOpii, sSKa MOSICHIOE BJIACTHBOCTI
MOJIEKYJISIpHUX D-m-A cnonyk micns ontuyHOro 30y/pKeHHs. MOJEKyld MepowliaHiHy Ta piaKoro
KpUCTaTy YTBOPIOIOTh MOJICKYIIPHI TapH. PiIKoKpucTalidyHa MOJIEKyJia BH3Ha49ae€ KOH(OPMAIio
MOJIEKYJTH MEpOIliaHiHy B mapi. bimbmme Toro, oOuaBa THIM MEpOIIaHIHOBHX MOIEKYN Y pPiIKOMY
KpUCTali MamTh OJHAKOBY KoH(popmamito. lle TpHUIymieHHS TMOSCHIOE TMOMIOHICTh ONTHYHUX
BJIacTHBOCTEH Mosiekyn M-1 ta M-2 y pigkomy KpucTaii.

KJIIOYOBI CJIOBA: dotomrominecuenuist; 4-nentin-4'-mianodipenin (51b); D-n-A MonekynspHi KOMIUIEKCH;
MepOL[iaHiHOBI OapBHHUKH.

®JIYOPECHEHI WA MOJIEKYJISAPHBIX KOMITIO3UTOB, COCTOALIUX U3
HEMATHYECKUX XKUJKUX KPUCTAJIJIOB U MEPOLINAHUHOB
M.Bb. ManunoBckuii, M.M. CeBprokosa, FO.I1. [TupsiTuHcKuUii
Hnemumym pusuxu HAH Yxpaunwl, npocn. Hayxu, 46, Kues, 03028, Ykpauna

AKTYyaJIbHOCTB. PacCMOTPEHHBIE MOJIEKYJIBI MEPOLIMAHUHA MMEIOT AOHOPHBIE U AKUEHTOPHbIE IPYIIIbL,
COETMHEHHBIE MonuMepHOoH 1enblo. ComlpsbkeHHble JOHOpHBle D u  aknentopHele A 4acTH
MEpPOLMAHUHOBBIX MOJEKYN SBISAIOTCS IJIAHAPHBIMM B OCHOBHOM COCTOSHUM. D-m-A MonekyisipHbIe
KOMIUIEKCBI MOTYT M3MEHSTH CBOIO KOH(OpManuio B BO30YXKIEHHOM COCTOSHHM OJylaronmapsi Iuc-
TpaHC-KOH(OPMALMOHHEIM TepexoaaM. Bs3kocTh BiHseT Ha W3MEHEHHE KOH(pOpMAlMH, a TaKke Ha
3aryxanne QotomromuHecteHnun (DJI) u ee Bpems xm3HU. [TosTomy DJI MepoMaHMHOBBIX MOJEKYI,
KakK B OCHOBHOM, TaK M B BO30Y)KJJICHHOM COCTOSIHMH, CHJIBHO 3aBHCHUT OT cpeabl. HemaTndeckuil KUkt
KpHCTaJUl ObUT HMCHOJNB30BaH B KAa4eCTBE PACTBOPHUTENS IJISI MOJICKYJ MEpPOLMAaHWHA, MOCKOJIBKY OH
OPUEHTHUPYET MOJIEKYJIbI MEPOLMAHWHA BJOJIb CBOEH OCH W UYyBCTBHTENEH K BHEIIHEMY
3JIEKTPOMAarHUTHOMY TMOJI0. D-m-A  MONEKYIApHbIE KOMIUIEKCHI SIBISIFOTCS MEPCIEKTHBHBIMHU IS
MOJICKYJISIPHOM 3JIEKTPOHUKHU (MIpHOOPHI I 3amucd U 00pabOTKH HMH(OpPMAIIMH), ONTOICKTPOHHKH
(J1azepHbBIE TEXHOJIOTHH), & TaKXKe JUIsl OMOJIOTMUECKUX UCCIIE0BaHUH (ClIEKTpalIbHBIE 30H/AbI, HAIPUMEP
n3BecTHbIN THOGIaBUH T) nockonbky JI 3THX MOJIEKYII CYIIECTBEHHO 3aBUCHT OT ITPUPOJIBI CPEJIBL.
Hear pa6orsl. OcHOBHas LeNb JaHHOW pabOTBl — HCCIENOBaTh W OOBSICHUTH  BIMSHHUE
JKUJAKOKPUCTAIIIMUECKOW CpeAbl Ha paccMaTpUBaeMble MOJEKYJbl. A HMMEHHO: KaK cpeja BIUSET Ha
KOH(OpMallMOHHbIE U3MEHEHHUSI MOJIEKYJI U Ha X CHEKTPaJbHbIE CBOMCTBA.

MaTtepuaabl 4 MeToabl. VcciemoBaHo aBa Trma MoJeKyd Meponnaninaa — M-1 u M-2. CpaBHHBaIUCH
CHEKTpAJIbHbIE CBOMCTBA YIOMSIHYTBIX MOJEKYN B Pa3IMYHBIX OPraHUYECKUX PACTBOPUTENAX, TAKUX KaK
AI[ETOHUTPIJI, TOJYOJ, TTHUIEPHH W >KuAkuid Kpuctawwn SCB. Jlns uccrnemoBaHus KOH(OPMAIOHHBIX
U3MEHEHHUI MOJIEKYJI MCIIOJIb30BAIMCh CTALlMOHAPHBIE U Pa3JClICHHBIE BO BPEMEHH CIIEKTPBI M3JIy4EHHs
MOJIEKYJISIPHBIX PAaCTBOPOB MEpOLMaHuHa. JIJIsl OnpeiesieHnsl BPEMEHH JKU3HHU BO30YKACHHBIX COCTOSIHUH
MOJIEKYJl OblJa HCHONB30BaHA METOAMKA CKOPPEIMPOBAHHOIO BO BPEMEHM IIO/ACYETa CIUHUYHBIX
(hOTOHOB C MUKOCEKYHIHBIX Pa3pELICHUEM BO BPEMEHH.

Pe3yabTaTbl. Pe3ynbrarhl MOKa3bIBaIOT, YTO ONTHYECKHE CBOWCTBA CHIIBHO 3aBHCST OT KOH(opMmauuu
COTIPSAKECHUA HOHOP-T-aKHETITOPHBIX COCﬂHHeHHﬂ. B Oonee Bsa3kux PaCTBOPUTEIIAX YBCIUUNBACTCA
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KBaHTOBBIN BbIXOX M Bpems xm3HH DJI. JKuakokpucrammudeckas cpeia H3MEHSeT KOH(OpMAIHio
MEpPOIMaHNHOBBIX MOJIEKYJ KaK B OCHOBHOM, TaK U B BO30YKIEHHOM COCTOSHHSIX.

BbiBoabl. AHaIM3 pPeE3yNbTAaTOB CIYXXKHT OCHOBOM MAJISI MOCTPOCHHSA TEOPWH, OOBICHSIONIEH CBOMCTBA
MOJIEKYJISIpHBIX D-m-A coennHEeHHH MOocie ONTHYECKOTO BO30YXKIeHHS. MOJEeKyasl MEpOIHaHUHA H
KHUJIKOTO KpHCTaimia 00pa3yloT MOJNEKYJSpHBIE Mapbl. B mape >KUIKOKpUCTAUIMYECKas MOJIEKyna
orpezessieT KoH(GopMalUo MOJIEKyJIbl MepoliaHiHa. bosee Toro, 06a Tua MEpOLIMaHUHOBBIX MOJIEKYJI
B JKHJIKOM KpUCTaJUIE MMEIOT OAMHAKOBYIO KOH(POPMAIMIO. DTO NPEIIOJIIOKEHNE OOBSCHIET CXOJCTBO
ONTUYECKHUX CBOMCTB MoJieKylI M-1 u M-2 B )KHUIKOM KpHCTaJJIe.

KJIIOYEBBIE CJIOBA: ¢dotomomunecnennus; 4-neHTmi-4'-unanodudpenun (5CB); D-m-A  MonexymsapHbIe
KOMILJICKCBI; MEPONUAaHUHOBBIC KPACUTEIIH.

The structure of merocyanine molecules may be either planar or twisted [1]. The
photoluminescence (PL) of D-n-A complexes strongly depends on molecular structure. We
may investigate their properties in different shapes by changing medium, since viscosity of
solvent affects structure of merocyanine molecules [2, 3]. Considering a structure of liquid
crystals (LC) we assumed that it is possible to utilize them as the elastic molecular mediums.
Moreover, liquid crystals might be used as the template for orientational ordering of
luminescent organic molecules placed in them [4, 5]. The interaction of molecular D-n-A
complexes based on merocyanine dyes with LC template produces interesting phenomena:
formation of merocyanine and LC molecular pairs, conformational specification of D-n-A
complexes and delaying of conformational changes of D-m-A complexes during their
relaxation from the excited state. Merocyanine and LC molecular structures form a
nanocomposite material that is easily controlled by external electric and magnetic fields and,
thus, can be used in electro-optics and nonlinear optics.

We are interested in the conformation-dependent optical properties of merocyanine dyes.
For this reason the optical spectra properties of the merocyanine dyes in the 4-pentyl-4'-
cyanobiphenyl (5CB) liquid crystal were compared with their spectral properties in organic
solvents of various viscosities — acetonitrile, glycerol, and polarities — acetonitrile, toluene.
The optical investigation techniques, such as stationary photoluminescence, time-resolved
emission spectra were used to analyze kinetics of conformational transformations.

EXPERIMENTAL SECTION

1.1 Samples preparation
The merocyanine molecules are supramolecular D-n-A complexes (Fig. 1) M-1 (2-(3-{2-
[4-(dimethylamino)phenyl]vinyl}-5,5-dimethylcyclohex-2-en-1-ylidene)malononitrile) ~ and
M-2 (2-{5,5-dimethyl-3-[2-(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-1j]quinolin-9-yl)vinyl]
cyclohex-2-en-1-ylidene } malononitrile). These molecules are utilized as the organic dyes.

Fig. 1. Structural formulas of merocyanine molecules. 1 — dimethylaminogroup, 2 — benzene ring,
3 — m-electron system of metin groups (carbon chain), 4 — malodinitrile residue, ¢ and y-torsion angles.
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The M-1 and M-2 molecules consist of dimethylamino group, benzene ring, T-electron
system of metin groups (carbon chain) and malodinitrile residue. The conformation of M-1
molecule depends on two torsion angles ¢ and y. The angle ¢ specifies the orientation of the
dimethylamino group relative to the benzene ring. The angle v defines the orientation of the
benzene ring relative to the carbon chain and malodinitrile residue. The energy barrier of
N(CHS,), rotation relative to the benzene ring equals to 2800 cm™! and energy barrier of
benzene ring with dimethylamino group rotation relative to the carbon chain equals to 700—
1000 cm™1[2]. The M-2 molecule consists of the same elements, but rotation of N(CHs), is
blocked bytrimethylene bridges, thus, ¢ = 0°. Synthesis of M-1 and M-2 is described in the

articles [6, 7].
HyCs—( %{} CN

Fig. 2. Structural formula of liquid crystal4-pentyl-4'-cyanobiphenyl (5CB).

Liquid crystal 4-pentyl-4’-cyanobiphenyl (Fig. 2) was used as a solvent for D-n-A
complexes. The LC was provided by Merck. SCB LC is at nematic phase at 22.5-35.5°C. A
crystalline phase is below 22.5°C and an isotropic phase is above 35.5°C. The supramolecular
D-n-A complexes were provided by Institute of Organic Chemistry, NAS of Ukraine.
Samples were prepared by mixing the supramolecular complexes with SCB LC. Since
merocyanine molecules were dissolved in chloroform by manufacturer, samples were keeping
warm at 80°C to evaporate chloroform. To measure the PL of merocyanine dyes in 5CB
template, we used optical quartz cuvettes 100 um thick. The concentration of merocyanine
molecules was 5+ 107> per LC molecule.The acetonitrile (low viscosity) and the glycerol
(high viscosity) were also used as the solvents for M-1 and M-2 molecules.

1.2 Equipment

The optical density spectra were measured by Lambda 1050 UV/VIS/NIR (Perkin
Elmer). The stationary PL spectra were measured by USB2000 + UV-VIS-ES spectrometer
through optical fiber 600 pm diameter. The light-emitting diodes (LED) LLS-270, 385, 390
(Ocean Optics B.V.) were used to excite stationary PL. A semiconductor laser EPL-405 with
Aex = 405 nm and pulse duration 40 ps was used to excite non-stationary PL. The frequency
of laser pulses could be changed from 20 MHz to 10 KHz. A LED with A,,, = 255 nm and
pulse duration 900 ps was used to excite PL in UV range. The lifetimes of excited states t
were measured by time-correlated single-photon counting (TCSPC) technique. The time
dependence of the PL was approximated by the expression:

1(6) = IRF - Iy Aexp (= ). (1)

IRF — impulse response function;
i — a number;
7; — the lifetimes of excited states;
A; — the pre-exponential factors;
t — a time.
A certified colloidal solution was used to determine IRF. The time-resolved emission
spectra (TRES) were measured by Life Spec II spectrofluorometer (Edinburgh Instruments
Ltd, UK).
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RESULTS AND DISCUSSION

2.1 Optical properties of M-1 and M-2 molecules in acetonitrile

The optical density and PL spectra of M-1 and M-2 molecules in acetonitrile (highly
polar solvent) are shown in Fig. 3. The concentration of each solution is ¢ = 2-107° mol/L.
The bands in PL spectra with A,,,,, < 450 nm are caused by the electronic transitions from
the local electronic states of dimethylamino group. The PL bands with 4,,,,, > 450 nm are
necessitated by first singlet(S, — S;)mn™ electronic transition that strongly depends on a
carbon chain conformation [8]. The absorption spectral bands with 4,,,, = 498 nm and
Amax = 545 nm are also caused by the first singlet electronic transition. The absorption
bands of M-2 solution are shifted to long-wavelength region by 47 nm more than the
absorption bands of M-1 solution. Stokes shift in Fig. 3 is equal to 182 nm (5374cm™1). An
investigation of solution M-2 in acetonitrile was described in paper [8].
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Fig. 3. Optical density (curves 1, 2) and PL (curves 3, 4) spectra of
molecular solutions M-1 (curves 1, 3) and M-2 (curves 2, 4) in
acetonitrile at 300 K. A, =255 nm.

The lifetime of PL is an average time of remaining molecules in an excited state.
Determination of the PL lifetime allows us to find energy transfer speed, the reaction rate in
an excited state and information about interaction of excited molecule and medium. The
calculations prove that conjugated parts (dimethylamino groups) of M-1 and M-2 molecules
are planar, that is typically for m-electron systems [9]. The conformational changes of M-1
and M-2 molecules in an excited state lead to decrease of PL lifetime and quantum yield. The
kinetic curves of PL decay of M-1 (a, c) and M-2 (b, d) [8] molecules solved in acetonitrile at
296 K (a, b) and 4.2 K (¢, d) are shown in Fig. 4.

The PL decay of organic dyes in acetonitrile solvent at room temperature (296 K) is
monoexponential with lifetime in subnanosecond range. The PL decay at low temperature
(4.2 K) is well interpolated by biexponential function (2) with lifetimes in picosecond and
nanosecond range.

Ip,(t) = Aje™ "1 + Aye~t/m 2)

The PL lifetimes of different wavelength were determined from PL decay curves and are
shown in Table 1. The date set of M-2 was kindly provided by authors of article [8].
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Fig. 4. Kinetic PL decay curves of molecular solutions M-1 (a, c) and M-2 (b, d) in acetonitrile at 296 K (a, b)
and at 4.2 K (b, d). 4., = 405 nm.

Table 1. PL lifetimes of different wavelengths of molecular solutions M-1 and M-2 in acetonitrile.

The contribution of each of the decay components T4 and T, is determined as a percentage.
x? — standard deviation of lifetime.

Apy.nm 71, PS T2, PS X’
M-2, T=296 K 680 135 1,574
765 135 1,680
M-2, T=4,2 K 630 115 (10%) 1700 (90%) 1,184
680 129 (7%) 2096 (93%) 1,201
730 110 (20%) 1400 (80%) 1,243
M-1, T=296 K 630 520 1,280
680 520 1,236
M-1, T=4,2 K 620 268 (13%) 1980 (87%) 1,141
690 220 (27%) 1940 (73%) 1,740
740 216 (16%) 2100 (84%) 1,120

The molecules M-1 and M-2 in acetonitrile solvent have a very low quantum yield at
room temperature. Such a low quantum PL yield for molecules is explained by its torsional
relaxation (change in angle y upwards to 90°) in the excited state [7]. Torsional relaxation
causes a state that is characterized by almost zero value of the oscillator force and is non-



51
Fluorescence of molecular composites that consist of nematic liquid crystal...

fluorescent. The transition from fluorescent to non-fluorescent state is delayed by the
viscosity of the medium and is the main reason for the insignificant quantum yield in low
viscous solvents. However, quantum yield is high in acetonitrile at low temperature because
torsional relaxations are frozen.

2.2 Optical properties of M-1 and M-2 molecules in toluene

The stationary PL spectra of M-1 and M-2 molecules in toluene (weakly polar solvent)
are shown in Fig. 5 a. The emission of the first (S; = S,) electronic transition is shown in this
region. The excitation wavelength A,, = 337.1 nm was emitted by a nitrogen laser. It is
worth mentioning that the PL quantum yields of merocyanine solutions are higher at low
temperature than at room temperature. The PL spectral structure and bands maxima of
investigated samples in toluene do not depend significantly on temperature changes (from
296 K to 42 K). The PL spectrum of M-1 in toluene at 4.2 K consists of
589 nm and 625 nm bands with shoulder at 660 nm. The band at 625 nm and 680 nm
shoulder is typical for PL of M-2in toluene at 4.2 K. The spectra of M-2 in toluene were also
investigated in paper [8].

101 10
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S 0,6 5 06
< ©
g 04 T 04
0,2 0,2
, s 1 s 1 s 1 s 1 s 1 s 1 n J 0’0 I 1 1 1 1 h J
560 600 640 680 720 760 800 560 600 640 680 720 760 800
A, Nm A, NM
a b

Fig. 5. PL spectra of molecular solutions M-1 (curves 1, 2) and M-2 (curves 3, 4) in toluene (a) and
acetonitrile (b) at 296 K (curves 2, 4) and 4.2 K (curves 1, 3). A, = 337.1 nm.

As it is shown in Fig. 5 a, b, the solvent polarity significantly affects PL of samples in the
region of first electronic transition at room temperature. Changes of polarity of the medium
induce conformational transformation of carbon chain [10] and vary electric dipole moment
of merocyanine molecules in exited state. It is known that the PL of many dye solutions does
not depend on polarity of solvent at low temperature, because there are no solvation
processes. But in Fig. 5 a, b it is shown that the PL depends on polarity even at 4.2 K [8].The
common for both solvents is short-wave shift of the PL bands maxima at low temperature
compared to bands maxima at room temperature.

2.3 Optical properties of M-1 and M-2 molecules in glycerol
The PL spectra of molecular solutions M-1 and M-2 in glycerol with the bands maxima at
697 nm and 710 nm respectively are shown in Fig. 6.
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Fig. 6. PL spectra of molecular solutions M-1 (1), M-2 (2) in glycerol at 296 K.
Aex = 405 nm.

The PL bands maxima of molecular solutions M-1 and M-2 in glycerol are slightly
(3-4 nm) shifted to long-wave region compared to acetonitrile.

The kinetic of PL decay of M-1 (a) and M-2 (b) molecular solutions in glycerol for many
wavelengths is shown in Fig. 7. The kinetic curves for these samples are biexponential.
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Fig. 7. Kinetic PL decay curves of molecular solutions M-1 (a) and M-2 (b) in glycerol at 296 K. 1,, =
405 nm.

The PL lifetimes of supramolecular D-n-A complexes solved in glycerol at room
temperature are shown in Table 2. These lifetimes are much longer compared to PL lifetimes
of M-1 and M-2 in acetonitrile at 296 K.

In contrast to acetonitrile, glycerol is very viscous solvent that is why torsion relaxations
are delayed there, thus, quantum yield increases and the PL lifetime prolongs.
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Table 2. PL lifetimes of different wavelengths of molecular solutions M-1 and M-2 in glycerol.

The contribution of each of the decay components 71 and T is determined as a percentage.
x? — standard deviation of lifetime.

App, nm Ty, ps T, PS X
M-2,T=296K 700 120 (35%) 850 (65%) 1.146
760 160 (25%) 770 (75%) 1.020
M-1,T=296 K 640 120 (22%) 1350 (78%) 1.100
680 1080 1.460
700 160 (11%) 1340 (89%) 1.080

2.4 Optical properties of M-1 and M-2 molecules in liquid crystal 5CB

The PL spectra and kinetic PL decay curves of molecular solutions M-1 and M-2 in the
liquid crystal (LC) 5CB are shown in Fig. 8 and Fig. 9 respectively. The benzene rings of
5CB molecule are non-coplanar in the ground state and coplanar in an excited state. The angle
between benzene rings is in range 0° — 30°[11, 12]. The LC molecules emit in both
conformations. The molecules of cyanobiphenyl in the nematic phase form pre-dimeric
centrosymmetric structures with the arrangement of cyanobiphenyl molecules on a head-to-
tail rule [13]. The pre-dimeric pairs aresandwich-type complexes that are usually formed from
non-coplanar 5CB molecules. Due to steric restrictions, the molecules in such pairs are at a
significant distance from each other. Since the distances between molecules are shorter in an
excited state [12, 14], interaction between molecules increases and pre-dimeric pairs become
excimers.
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o
1
0,24 J 0,2
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Fig. 8 a. PL spectra of molecular solutions M-1 Fig. 8 b. PL spectra of molecular solutions M-1

(curve 1), M-2 (curves 2, 3) in the SCBLC at 296 K. (curve 1), M-2 (curve 2) in the SCBLC at 4.2 K.
Aex = 385 nm (curve 1), A, = 530 nm (curve 2), Aex = 405 nm (curves 1, 2).
Aoy = 270 nm (curve 3).

It is known that the classical excimers are characterized by the PL band at 422 nm with
long lifetime (t = 12 ns) at room temperature [12]. Since it is seen quenching of excimer PL of
5CB in Fig. 8 a (curve 3), we propose that the dissolved merocyanine dye molecules displace
one of the cyanobiphenyl molecules in the pre-dimeric pairs and new pairs of merocyanine
and LC molecules are formed. The PL spectra bands at 337 mm and 375 nm in
Fig. 8 a (curve 3) might be emitted by monomers and dimers of LC [12, 14]. Considering the
similarities of spectral shape in range Ap; > 600 nm (Fig. 8 a, b) we assume that the M-1 and
M-2 molecules adjust to conformation of SCB LC molecules. The liquid crystal, as a template
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for the molecular D-n-A complexes, specifies their orientation and can lead to some
conformational changes in the structure of merocyanine dyes in the ground state, but the
significant torsional conformational changes in the excited state are not allowed due to

considerable elasticity of the LC.

Time-resolved emission spectra (TRES) of M-1 and M-2 in 5CB LC at 4.2 K are shown
in Fig. 10. The map of TRES is shown in Fig. 11.
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Fig. 9. Kinetic PL decay curves of molecular solutions M-1 (a) and M-2 (b) in SCB LC at4.2 K. 4., = 405 nm.

PL, a. u.

Table 3. PL lifetimes of different wavelengths of molecular solutions M-1 and M-2 in 5CB LC.

The contribution of each of the decay components T4 and T, is determined as a percentage.
x? — standard deviation of lifetime.

2

A, nm T4, PS Ty, PS X
M-2, T=42 K 550 384 (12%) 1482 (88%) 1.216
600 551 (12%) 1874 (88%) 1.131
680 142 (5%) 2023 (95%) 1.153
M-1,T=42 K 520 162 (32%) 844 (68%) 1.142
620 80 (5%) 2096 (95%) 1.442
680 2167 1.103
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Fig. 10. TRES of molecular solutions M-1 (a), M-2 (b) in the 5SCBLC at 4.2 K. 4., = 405 nm.
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Fig. 11. Map of TRES of molecular solutions M-1 (a), M-2 (b) in the SCBLC at 4.2 K. A,, = 405 nm.

The fastest changes in the PL spectra of M-1 solution are observed at the initial time
interval t; = 0.1 — 1 ns after optical excitation at spectral ranges 480-550 nm and
640-760 nm. There also is a slow PL component at interval t; = 0.1 — 8 ns, that prevails at
the spectral range 550-650 nm. The most intense PL of molecular solution M-1 in the 5CB
LC is at the spectral range 550—650 nm. The main difference of M-2 solution is a high
intensity at the spectral range 460-550 nm at short delay times (t; = 0.1 — 1 ns).

CONCLUSIONS

Analyzing optical properties of merocyanine dye molecules in different solvents, we
summarize that torsional relaxations of D-n-A complexes in low viscous solvents are frozen
at 4.2 K. The solvents with high viscosity delay torsional relaxations of merocyanine
molecules also. Blocking of torsional relaxations significantly increases quantum yield and
prolongs PL lifetime of M-1 and M-2 molecular solutions. The PL spectral properties
(spectral shape and bands maxima) of molecular solutions M-1 and M-2 in 5CB LC are
similar. This phenomenon is explained by formation of merocyanine and liquid crystal
molecular pairs and conformational adaptation of both types of merocyanine molecules to
5CB LC molecules. The concentration of molecular solutions is low 5-107>merocyanine
molecules per one LC molecule. Since the conformations of M-1 and M-2 molecules are
almost identical, the m-electron conjugation of benzene ring and carbon chain is similar in
both types of molecules and, thus, we see corresponding spectra.
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Background: The technological developments for nanocellulose production from cheaper plant materials
compared to wood, in particular, agricultural waste is an urgent task of nanobiophysics. The discovery of
possibility of expanding the functional characteristics of materials in compositions with modified
cellulose particles essentially stimulated the interest of researchers in cellulose composites. Surface
modification of cellulose particles by functional materials, such as dyes, metal oxides, silicon, allows
applying composites with modified cellulose in various areas of modern industry. A significant
improvement in the operational performances of functionalized cellulose particles can be achieved by
using them as filler in polymers. Epoxy resin compositions with modified and unmodified cellulose
particles, studied in present work, are an example of hybrid biosystem. The interfacial interaction of filler
particles with the epoxy matrix, their concentration and dispersion can change the physical and chemical
properties of the biopolymer and the functional parameters of biocomposites. Studying the influence of
external fields on the physical and chemical properties of epoxy resin-based biosystems and their
influence on operational parameters seems to be an urgent problem of advanced and sustained materials
science.

Objectives: The purpose of this work was to develop an effective nanocellulose synthesis from plant
materials and surface functionalization of micro- and nanocellulose particles with clathrochelate iron (II)
dye as well obtaining biocompositions of epoxy resin with functionalized and non-functionalized micro-
and nanocellulose, and to explore of the morphology, chemical resistance, mechanical and thermal
properties of epoxy composites with cellulose micro and nanoparticles.

Materials and methods: The studying objects were the composites of epoxy resin Eposir-7120 with a
polyethylene polyamine “PEPA” hardener in a ratio of 6.2:1 and 10% cellulose micro and nanoparticles.
The microcellulose obtained from wood has been a commercial product. Nanocellulose has been
synthesized from organosolv cellulose obtained from Miscanthus x giganteus stalks. Surface modification
of micro- and nanocellulose was performed using the clathrochelate iron (II) dye. The specific surface
area of cellulose particles was determined using low-temperature nitrogen adsorption-desorption
according to the Brunauer-Emmett-Teller method. Mechanical parameters were determined using
universal Shopper and UMM-10 machines. Thermal analysis was performed using Q1500 analyzer.
Swelling was determined by the gravimetric method.

Results: Elastic modulus E, compressive strength ¢ and thermogravimetric parameters were determined.
It was shown that in composites with micro and nanocellulose the E rises in 7.0-12.2% while the o
increases in 9.1% for composites with cellulose micro particles. The loading resin with nanocellulose and
modified cellulose microparticles no affects the ¢ value of composites. The thermal stability of epoxy
polymer (310°C) reduces after loading with micro and nanocellulose to 290 and 300°C, respectively.
Chemical resistance of composites with both celluloses to 20% nitric acid reduces. In neutral medium
swelling characterizes by rapid sorption to saturation of 15-20% acetone in 36 hours.

Conclusions: Thus, the synthesis method of nanocellulose from plant materials and functionalization of
its surface with clathrochelate iron (II) were developed. Light response of dye was detected in visible
spectral range. Epoxy resin composites with 10% micro and nanocellulose were obtained. The filling

© Sigareva N.V., Barbash V.A., Yashchenko O.V., Shulga S.V., Starokadomsky D.L.,
Gorelov B.M., 2020
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effect with micro- and nanocellulose at elastic modulus, compressive strength, and thermal stability of
epoxycomposites was studied. The swelling processes run similarly in composites with cellulose micro
and nanoparticles.

KEY WORDS: epoxy composite; microcellulose; nanocellulose; synthesis; mechanical parameters;
thermal parameters; chemical resistance.
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AKTyajbHicTh: TeXHOJIOTIUHI PO3POOKH /sl BUPOOHMITBA HAHOLENIONO3M 3 JIEMIEBIIMX POCIMHHHUX
MaTepialliB y MOPIBHSAHHI 3 AEPEBUHOIO, 30KpeMa, CLTECHKOTOCIIONAPCEKUMH BiIXOIaMH, € aKTyalbHUM
3aBIAaHHSAM Cy4YacHOI HaHOOIO(i3uKku. BigKpUTTS MOXIHMBOCTI pO3MIMpPEHHS (PYHKIIOHAIEHUX
XapaKTEPUCTHK MaTepialiB y KOMIIO3UIISAX 3 MOIU(IKOBAaHUMH YACTHHKAMH IIENOJIO3H MO CYTi
CTHMYJIIOBAJIO 1HTEpeC AOCHIMHHUKIB [0 IETIOJO3HUX KOMIO3UTIB. Mojudikaiiisi moBepxHi 4aCTHHOK
LENTI0I031 (YHKIIOHATFHIMHI MaTepiajaMy, TAKUMHU SIK OapBHUKH, OKCHAN METaliB, KPEMHIH, T03BOJISIE
3aCTOCOBYBATH KOMIIO3UTH 3 MOJAM(IKOBAHOIO IEIOJIO3010 B PI3HUX 00JIACTAX CYy4acHOI MPOMHUCIIOBOCTI.
IcroTHe moMiMIIEHHs eKCIUTyaTaliiHUX MapamerpiB (YHKIIOHATI30BAaHUX YAaCTHHOK IIEJFOJIO3M MOXKHA
OTpUMaTH, BUKOPHCTOBYIOYM IX B TMOJliMEpax B SKOCTI HamnoBHIOBad4iB. [IpukianoM riOpuaHux
010KOMIO3UTIB € BUBYEHI y AaHii poOOTI KOMIIO3UTH E€MOKCHIHOI CMOJIM 3 YaCTUHKaMHU Mo ]ikoBaHOT
Ta HeMmoauQikoBaHOT wemono3n. MikdazHa B3a€MOJis YAaCTHHOK HANlOBHIOBAYa 3 EIOKCHIHOIO
MaTpHLelo, X KOHLEHTpAaLisi Ta JAUCIEPCHICTh MOXYTh 3MiHIOBaTH (i3MKO-XIMIYHI BJIACTHUBOCTI
GiomomimMepy Ta (QpyHKIIOHANBHI TapamMeTpu 0i0KOMITO3UTIB. JloCiiKeHHs BIUTUBY 30BHIIIHIX YHHHUKIB
Ha ()i3UKO-XIMiYHI BIACTHBOCTi 0i0CHCTEM Ha OCHOBI €MTOKCHIHOI CMOJHM Ta IX BIUIMB Ha €KCIUTyaTalliiHi
HapaMeTpH € aKTyaJbHOIO MPOGIIEMOO CYyJacHOTO MaTepiao3HaBCTBA.

Meta poboTH: po3podka eheKTHBHOTO CHHTE3Y HAHOIIETIOJIO3HU 3 POCIMHHUX MaTepiajiiB Ta MPOBEICHHS
(hyHKIiOHAMI3aIii TOBEPXHI MIKpPO- Ta HAHOIETIONIO3HMX YaCTHHOK Kiarpoxenmarom 3amiza (II),
OTpUMaHHsl OIOKOMIO3HUIIM ENOKCHUIHOI CMOJIM 3 BHXIJHOKW Ta (yHKIIOHAII30BAHOI MIKpPO Ta
HAHOIIEIIFOJI03010, JOCHI/DKEHHS MOpPQOJorii, XiMIi4HOI CTIMKOCTi, MEXaHIYHMX Ta TEPMIUYHUX
BJIACTHBOCTEH €MOKCHIHUX KOMIIO3UTIB 3 MIKPO- Ta HAHOYACTUHKAMH LIEJTIOJIO3H.

Marepiann ta Meroau. O0'eKTaMu JOCHIKEHHsI OyJIM KOMITO3UTH ernokcuHol cmonu Eposir-7120 3
noJjieTHiIeHno iaMiHoBuM 3arBepukyBadeM “PEPA” y cmiBBimHOmenui 6,2:1 Ta 10% wMikpo- Ta
HAHOYACTHHOK LENI0I03U. MIKpOIenono3a, OTpUMaHa 3 JIEPEeBHHH, Oyina KOMEPLIHHHUM IpPOIYKTOM.
Hanouemtono3a cHHTE30BaHa 3 OPraHOCOJIBBEHTHOI IIEJIONIO3M, OTpuMaHoi 3i creben Miscanthus x
giganteus. Mopangikanito TOBEpXHI MIKpO- Ta HAHOIEIOJIO3W MPOBOJWIN OapBHHKOM —
knatpoxenatom3amiza (II). IluromMy mMOBEepXHIO YaCTHHOK MEJIONIO3M BH3HAYANM 32 JOTIOMOTOIO
HU3BKOTEMITEpaTypHOI afacopOrii-mecopOitii a3oTy 3a MmetonoM bpynayepa-Emmera-Tennepa. MexaniuHi
mapaMeTpy BHU3HAYaJIM 3a JOMOMOTOI0 yHiBepcadbHHX MamuH Shopper Ta UMM-10. TemnoBuit aHami3
MpoBeNH 3a gornoMororo aepiBarorpada Q1500. HabyxaHHs 1ociimKyBaiy rpaBiIMETPHYHIM METOIOM.
Pesyabratn. BusHaueHo Monynb npykHOCTi E, MINHICTP Ha CTHCK G Ta TepMOIPaBIMETPHYHI
napameTpu. [Toka3aHo, 1110 B KOMIIO3UTaX 3 MIKPO- Ta HAHOIIEIJI03010 F minBuInyeTbes Ha 7,0—12,2%, a
o 30inbmyerscs Ha 9,1% JUIs KOMIO3UTIB 3 MIKpOYaCTMHKaMM 1IEN0j03u. HaroBHEHHs cMoiu
HAHOYACTUHKAMH IIEJFOJIO3M Ta MOJU(IKOBaHOI MIKPOLEIIOJIO3H HE BIUTMBAE Ha 3HAYEHHS G KOMITO3MTIB.
Tepmiuna crabinpHicTh enokcuaHoro mnoiiMepy (310°C) 3HMKyeTbes MNCIs HANlOBHEHHS MIKpO- Ta
HaHOIENM0103010 g0 290 Ta 300°C BigmoBigHO. XiMiYHA CTIMKICTh EMOKCHKOMIIO3UTIB 3 MIKpO- Ta
HAHOIENM0T03010 10 20%-1 a30THOI KHCIIOTH 3HIKYEThCA. Y HEHTpalIbHOMY CEpEeIOBHINI IPOIEC
HaOyXaHHS €TOKCHKOMITO3UTIB XapaKTepH3YEThCS IBUAKOIO copOuiero 1o HacudeHHs 15-20% aneToHoM
3a 36 TOQVH.

BucHoBku. TakuM 9uHOM, PO3pPOOJIEHO METON CHHTE3y HAHOLENIONO3M 3 POCIMHHHX MarepialiB Ta
npoBezieHa (yHKIIOHaI3alis 11 noBepxHi knaTpoxenarom 3aiiza (II). Ceitosa peakisi aqcopOOBaHOTO
OGapBHUKA BUSBJICHA y BUANMOMY CIIEKTPaIbHOMY Aiana3oHi. OTpuMaHi KOMITO3UTH €MTOKCHIHOI CMOJIH 3
10% Mikpo- Ta HAHOIICIIONIO3W. BHBUEHO BIUIMB HANOBHEHHS MIKPO- Ta HAHOILCIOIO030I0 HAa MOMYJIb
NPY>KHOCTi, MIIHICTh Ha CTHCK, TEPMIYHY CTIHKICTh ernokcukoMnosuTiB. IIporecu HaOyxaHHS
BiZI0YBaIOThCSI AHAJIOTIYHO Y KOMIIO3UTAX 3 MIKPO- Ta HAHOLIEITIOJIO3010.
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BJIUSHUE LHEJUIIOJIO3HBIX YACTHUL HA XUMHNYECKYIO CTOMKOCTb,
MEXAHHUYECKUE U TEPMAYECKHUE CBOMCTBA SMOKCUIHbIX KOMIIO3UTOB
H.B. Curapéra’, B.A. Bap6am’, O.B. Smenko’, C.B. Illyibra’,

JI.JI. Crapokanomcknii', 5.M. lopesios'
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AKTyajbHOCTh: TexHonorndyeckue pa3pabOTKH IPOM3BOJCTBA HAHOLEIIONO3bI M3 OoJiee JelIeBhIX
pacTHTENBHBIX MaTepualioB II0 CPAaBHEHHIO C JPEBECHHOHM, B YacCTHOCTH, CEJIBCKOXO3SHCTBEHHBIMHU
OTXO/IaMH, SIBIISIIOTCS aKTyaJbHOW 3ajauell coBpeMeHHOW HaHOOMOGM3MKH. OTKpHITHE BO3MOXKHOCTH
pacmmpeHust (QYHKIHOHAIBHBIX XapaKTEPUCTUK MATEpHAJIOB B KOMIIO3MLMUSAX C MOJU(UIIMPOBAHHBIMHU
YacTHIAMH IEJUIIONIO3bl CYIIECTBEHHO CTHUMYJIMPOBAJIO HHTEPEC HCCIeAoBarenell K LEeIUTIOI03HBIM
KoMro3utaM. Moaudukanus MOBEPXHOCTH YaCTHI[ LEJUTIONO03bI (YHKIMOHAIBHBIMH MaTepHaJIaMHU,
TaKUMH KaK KpacuTelIHW, OKCHABl METaJuIOB, KPEMHHH IIO3BOJIIET TPUMEHATh KOMIIO3HUTHI C
MOIU(UIIMPOBAHHONW  IEJUIIONO30H B PA3NMYHBIX OOJACTSIX COBPEMEHHOM IPOMBIIIIEHHOCTH.
CyliecTBEHHOE YIIy4IIEHHE OKCIUIyaTallOHHBIX IapaMeTpoB (YHKLIHOHAIM3UPOBAHHBIX YACTHIL
LEJUTI0JI03bI MOXKHO JIOCTHYb, HUCIIONB3Ys WX B IOJMMEpax B KadyecTBe HamoiHuTens. lIpumepom
FI/I6pI/IJIHI)IX OHMOKOMITIO3UTOB SBIISIIOTCS N3Yy4YCHHLIC B IlaHHOﬁ pa60Te KOMIIO3HUTbI 3HOKCI/I[[HOI>1 CMOIJIbI C
YacTHLAMH MOAM(MUIMPOBAHHOW M HeMOAM(HIMPOBAHHOHN LeIIr0N03bl. MexdasHoe B3auMoeiicTBIe
YaCTHIL HANOJHUTENS C SMOKCHUIHONW Marpullel, MX KOHIEHTpAIMs W AUCIEPCHOCTh MOTYT U3MEHSThH
(pM3UKO-XMMHUYECKHE CBOMCTBA OHOIONIMMEpPa M OSKCIUTyaTallMOHHBIE IapaMeTpbl OHOKOMIIO3UTOB.
HccnenoBanye BIUSHUS BHELIHUX BO3JIEHCTBUN Ha (PU3MKO-XUMHUYECKHE CBOWCTBA OMOCHUCTEM HA OCHOBE
STIOKCUIHOM CMOJBI M HMX 3KCIUTyaTalMOHHBIE IMapaMeTphl MPEICTaBIAETCS aKTyaJIbHOH NHpOoOIeMOn
COBPEMEHHOT'O MAaTepHAJIOBEICHNSI.

Ieapr pabdoThl: pazpaboTka 3¢G(HEKTHBHOTO CHHTE3a HAHOILETIONO03bI W3 PACTUTEIBHBIX MaTEpPHANIOB,
npoBeeHne HYHKINOHATH3AINH OBEPXHOCTH YaCTUIl MUKPO- M HAHOLIETIONO03bI KJIATPOXENaTOM JKele3a
(Il), nomyueHnne  OHMOKOMIIO3MTOB  DMOKCHIAHOW  CMONBI €  (YHKIMOHAIW3UPOBAHHOH
He()yHKIMOHAIIM3UPOBAHHOM MMKPO- M HAHOILEIIONO030H, W HCCIeJoBaHHE MOP(OIOTHH, XUMHUYECKOH
CTOﬁKOCTH, MEXaHUYECKHUX HU TCPMHUYCCKUX CBOICTB ONOKCHUAHBIX KOMIIO3UTOB C MHUKPO- U
HAaHOYACTHUIIAMU IIEJUTIONIO3HI.

Marepuansl u MeToabl. O0beKTaMK HCCIeIOBaHKs ObLIM KOMITO3UTHI SMOKCUAHON cMoubl Eposir-7120
C NOJIUATWIEHNONMaMUHOBBIM oTBepauteneM “PEPA” B cootnomenuu 6,2:1 u 10% MHUKpOLELTION03b] U
HAHOYACTHIl LEJUTIOI03bl. MUKpPOLEIIIIoNo3a, IOMydYeHHas W3 JPEeBECHHBI, OblIa KOMMEPYECKHM
npoxykroM. HaHomenrono3za cHMHTE3MpOBaHa W3 OPraHOCOJIBBEHTHOW IIEIUIIONIO3bI, ITIOJyYEHHOH W3
crebneit Miscanthus x giganteus. Mogu(uKanuio MOBEpXHOCTH MUKPO- M HAHOLEINIOIO3bI TPOBOVIH
KpacuteneM — KiarpoxenaroM skenesa (II). Y nenbHyro HOBEpXHOCTh YaCTHIL LEIUTIOJIO3bI ONIPEAEIISIIN C
MIOMOIIBI0 HU3KOTEMIIEPAaTYPHO! afcopOuuu-aecopomu azora no Merony bpynayspa-Ommera-Temnepa.
MexaHuueckre MapaMeTpbl OMpeNesisuld ¢ MOMOIIBI YHHBepcanbHbiX MaiiuH Shopper 1 UMM-10.
TeroBod aHaNM3 BBINOJNHSIIM C noMolbio JepuBarorpada Q1500. HaOyxanue ompenessiu
IPaBUMETPHYECKUM METOIOM.

PesyabTaTsl. OnpeneneHbl MOIY/b yIPYrocTH £, MPOYHOCTh Ha C)KaTHE G U TEPMOTPaBUMETPUUECKHE
napameTpsl. [1okazaHo, 4TO B KOMIIO3UTaX ¢ MUKPO- M HAHOLEN0I0301 £ noBbimaercs Ha 7,0-12,2%, a ¢
yBenmuuBaercs Ha 9,1% ais KOMIO3WTOB € MHKPOYAcTHUIIAMH II€JUTIONO3bl. HarongHeHne cMoJb
HAHOLIEILTION030M W MOJIU(PHUIIMPOBAHHON MHKPOLEIUTION030H HE BIMSET HA BEIUYMHY G KOMIO3UTOB.
Tepmudeckas craOmiIbHOCTE 3rokcuaHoro nonumepa (310°C) cHuKaeTcst 1mociie HaloJIHEHUS MUKpO- U
HaHo1emo01030# 10 290 1 300°C cooTBETCTBEHHO. XMMHUYECKast CTOMKOCTh STIOKCHKOMITO3UTOB C MHUKPO-
1 HaHOLEMoI0301 K 20%-i1 a30THOI KHCIOTe CHIbKaeTcs. B HeWTpanbHOH cpexe mpouecc HaOyxaHWs
XapakTepusyercst ObICTpoii copOrueii 1o HackimeHus 15-20% areroHoMm 3a 36 4acos.

BeiBoabl. Takum 00pa3zoM, pa3paboTaH METOM CHHTE3a HAHOLIENONO3bl U3 PACTUTENILHBIX MAaTEPUANIOB U
mpoBefeHa (QYHKIIMOHAIM3AIMs €€ TOoBepxHOCTH KiarpoxenmaroMm kene3a (II). CeeroBas peaxnms
aZicOpOMpPOBAHHOTO KpacuTessi OOHapyXKeHa B BHIMMOM CHEKTpaIbHOM Juana3oHe. I[loirydeHsl
KOMITIO3HUThI 3HOKCI/II[HOI>1 cmoiel ¢ 10% MUKPO- U HAHOUECJIIIOJIO3bI. I/I3yqu0 BJIMAHHUC HAIIOJITHCHHA
MHUKpPO- U HAHOIIEIIOJI030i Ha MOJYJb YIPYrOCTH, IPOYHOCTH Ha CXKAaTHE, TEPMHUUYECKYIO CTOHKOCTB
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SIIOKCHUKOMIIO3HUTOB. HpOI.[CCCBI Ha6yX3HI/I$I IMPOTEKAOT aHAJIOTMYHO B KOMIIO3UTaX C MHUKPO- H

HAHOLIEJUITIOJI030H.
K/IIIOUEBBIE CJIOBA: »Sn0KCHKOMIIO3UT, MHUKPOLC/UIIOJ03a; HAHOLEIUIIOI03a; CHHTE3; MEXaHUYeCcKHe
napaMeTpbl; TEPMUUECKHIE TapaMeTphl; XUMHYECKas CTOHKOCTb.

The development of a technology for the production of micro and nanocellulose from
cheaper plant materials compared to wood, in particular, agricultural waste is an urgent task
of modern materials science [1-4]. Interest in micro and nanoparticles of cellulose increased
significantly after the discovery of possibility of expanding functional characteristics of
materials in compositions with modified cellulose micro and nanoparticles [5, 6]. Thus, the
loading with cellulose particles of structural materials allows reducing their weight while
maintaining the strength of composites, in particular, the filling of polymers with
nanocellulose leads to an increase in the strength of biocomposites [7, 8]. Surface
modification of cellulose particles by electrically conductive or photoactive compounds, such
as dyes, metal oxides, silicon, allows applying composites with modified cellulose in micro-
and optoelectronics [9-12].

It should be noted that in hybrid polymer composites, cellulose is often applied as a
structural material, which, on the one hand, reduces the composite weight and, on the other
side, is a reinforcing component of the material. Reinforcement is achieved by increasing the
surface reactivity of micro and nanocellulose particles by grafting atomic functional groups
that can chemically interact with the polymer chain atoms and enhance the polymer structure.
In addition, to expand the operational performances of composites, for example, optically,
biologically, and photo-active functional groups can be grafted onto the cellulose surface. In
the hybrid polymer biosystems with modified cellulose their physical and chemical properties
essentially depend both on the interfacial interaction of active surface sites of modified
cellulose particle with atomic groups of polymer chains and the influence of polymer matrix
on the interaction of atomic groups of functional modifiers with the surface centers of
cellulose particles. Interfacial interaction can significantly change the polymeric matrix
structure, the electron density distribution in the composites, and, accordingly, their
operational parameters. Besides, the structural organization of the hybrid biosystem depends
on the dispersion and surface reactivity of the organic filler. Therefore, for a controlled
change in the functional parameters of created biocomposites, it is essential to know the
physical behavior of hybrid biosystem under the influence of external factors. In this work as
external factors acting on biocomposites the mechanical compression load, temperature field
and action of aggressive environment were used.

In recent time there are three methods used to produce nanocellulose from plant matter,
namely, mechanochemical [13, 14], enzymatic [15] and chemical [16]. The latter synthesis
method was used in present work since it is the least energy and financially expensive.
Synthetic cellulose is obtained from many cellulose-containing materials [17-21]. In this
work the stalks of plant material promising for cellulose production [22] were used for the
synthesis of nanocellulose.

The purpose of present work was to develop an effective environmentally friendly
organosolvent method for producing nanocellulose from Miscanthus x giganteus stalks to
modify its surface with an optically active dye and to study the morphology of particles,
chemical resistivity, mechanical and thermal properties of polymer composites with cellulose
micro and nanoparticles. Wood micro sized cellulose was used to compare the surface
reactivity effect of cellulose obtained from various sources on the hybrid biocomposite
properties. The micro sized cellulose dispersion was chosen so that it has the order of the
nanomaterial dispersion. An epoxy resin was used as the polymer matrix of composites.
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MATERIALS AND METHODS

The epoxy resin composites with both celluloses upon filling of 10% wt have been
investigated. We use commercially available wood microcellulose.Microparticles of cellulose
have an irregular shape with transverse sizes in the range of 50-300 um. Nanocellulose has
been synthesized from cellulose obtained from Miscanthus x giganteus stalks using
environmentally safer organosolvent method. Organosolvcellulose was obtained in two steps.
In the first stage, the miscanthus stalks are treated in a mixture of glacial acetic acid and 35%
hydrogen peroxide in a volume ratio of 70:30% at the liquid to solid ratio 10:1, at temperature
95 £ 2°C during 30-240 min. In the second step, the obtained cellulose was subjected an
alkaline treatment at the liquid to solid ratio 12:1, at a temperature of 95 + 2°C during 15—
240 min. Alkaline treatment of organosolvmiscanthus cellulose (OMC) was washed with hot
distilled water to neutral pH and stored in sealed packages under constant temperature
conditions. The quality of parameters for obtained OMC samples were determined by
standard methods [23].

To obtain nanocellulose hydrolysis of the wet OMC was carried out with a solution of
sulfuric acid at a concentration of 43% and 50% at the liquid to solid ratio 10:1 at
temperatures of 40 and 60°C for 30—90 minutes. The calculated amount of sulfuric acid with
the relevant concentration was slowly added to flask with the OMC suspension. The reaction
temperature was maintained in the range of 40-60°C. At the end of the reaction time the
hydrolysis was stopped by ten-fold dilution with distilled water and the suspension was
cooled to room temperature. The hydrolyzed nanocellulose was washed three times with
distilled water by centrifuging at 4000 rpm and subsequent dialysis until neutral pH was
reached. Ultrasonic treatment of the nanocellulose solution was performed using an ultrasonic
disintegrator UZDN-A (SELMI, Ukraine) with 22 kHz duration of 30 to 60 min. The
cellulose suspension was placed in an ice bath to prevent overheating during processing. As a
result, the suspension had the appearance of uniform gel-like dispersion. The obtained
particles have the form of nanofibers with transverse sizes of 1040 nm and a length of
several micrometers [5, 14, 22].

Resin Eposir-7120 (Italian product) with a hardener polyethylene polyamine "PEPA" in a
ratio of 6.2 : 1 was used as polymer composite matrix. To create resistant to external factors
the color of polymer composites with nanocellulose the clathrochelate iron (II) dye was added
in the nanocellulose dispersion [24]. For staining in red colora suspension was prepared
containing 1.2 g nanocellulose particles in a solution of 1.5 mg iron (II) clathrochelate in
10 ml methylene chloride. Obtained suspension was treated by ultrasound with frequency
22 kHz and duration 20 min. The resulting suspension was poured into a weighed portion of
epoxy resin and uniform mixing of the mixture was achieved by mechanical stirring. The
residual solvent was removed sequentially by heat treatment at 40°C and vacuum treatment at
133.3 Pa. Then the hardener was added to the uncured epoxy resin composition with a dye.
Air bubbles formed by stirring the mixture were removed from the uncured resin by vacuum
at 40°C. Samples for physical investigations were prepared from the obtained composition.
The distribution of colored nanocellulose particles at the epoxy composite surface is shown in
Fig. 1, where the light spots are caused by the red light emission from dye adsorbed on the
nanocellulose.

The structural formula of cellulose-dye complex for cellulose macromolecule with
adsorbed clathrochelate Fe (II) is presented in Fig. 2. Dye molecules bind to the surface sites
of cellulose particles forming relatively strong complexes. Hydroxyl groups are surface sites
forming hydrogen bonds with adsorbed molecules. Surface centers form chemical bonds after
preliminary chemical activation of the surface [25, 26]. An example of a hydrogen bond
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between the macromolecular cellulose surface site and an adsorbed dye molecule is shown in
Fig. 2.

Fig. 1. Distribution of colored cellulose particles at the epoxy composite surface.

Iridescent paints are widely used to protect against the counterfeits using color copiers.
Clathrochelate composite materials allow you to get an individual red “imprint” of the touch
marks on the object.

Fig. 2. Structural formula of cellulose-dye complex.

Mechanical parameters of polymer composites were determined using universal
machines Shopper and UMM-10. Thermal analysis was performed using Q1500
derivatograph with heat rate 10°C/min. Swelling was determined by the gravimetric method

at room temperature. Swelling was calculated as Ag = q(l) —q(O) , here q(t) is the weight

of samples after being in solution for time ¢, q(O) is the sample weight before a start of

swelling process. Scanning electron microscopy (SEM) was performed using a PEM-1061
SELMI microscope, Ukraine.

RESULTS AND DISCUSSION

Microcelluloseand nanocellulose particles distribution in epoxy matrix
Microcellulose particles are approximately uniformly distributed in the epoxy matrix.
The particle size is in the range of 50-350 um (Fig. 3 a), and the microparticles have a
developed surface with complicated morphology (Fig. 3 b).
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Fig.4 shows a CEM image of the surface of epoxy composite with cellulose
nanoparticles. It can be seen from the figure that the filler contains particles ranging in size
from 1 pum to large associates, consisting of several nanocellulose fibers with transverse sizes
up to 10 um and a longitudinal size of up to 30 um.

It should be noted that nanocellulose particles have a less developed surface compared to
wood microcellulose particles (Fig. 3 b). However, measurements of the specific surface area (s)
by the Brunauer-Emmett-Teller method showed that the specific surface area of nanocellulose
particles is 4.7 m*/g and more than 3 times exceeds the specific surface of microcellulose particles
s = 1.5 m*/g. Coating of cellulose particles with molecules of clathrochelate (0.1 wt. %) leads to a
reduction in the nanocellulose specific surface to s = 2.3 m*/g, while the s value of microcellulose
particles coated with clathrochelate increased to 1.9 m%/g.

The decrease in the specific surface area of nanocellulose is apparently due to the fact
that the cellulose agglomerates visible in Fig. 4 are globular formations of entwined cellulose
nanofibers. Coating with cumbersome clathrochelate complexes of the surface of upper
cellulose nanofibers forming globules overlaps the surface sites of cellulose nanofibers
located inside the globules, excluding them from participation in surface reactions and
reduces the specific surface of globular formations.

o

WD=19.8mm 20.00kV __ x50.0 20.00kV __ x500
a b

Fig. 3. CEM image of the surface layer of epoxy composite with microcellulose (@) and the surface of
cellulose microparticle (b).

20.00kV  x3500
Fig. 4. CEM image of the surface layer of epoxy resin filled with nanocellulose.

The growth in the specific surface area of cellulose microparticles modified with
clathrochelate is related to an increase in the surface reactivity due to oxygen and OH sites
ofclathrochelate molecules grafted to the surface sites of microparticles (Fig. 2).
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Thus, in the epoxy matrix the high dispersion of cellulose nanoparticles is related with
cellulose nanofiber globules. Particles of microcellulose do not form aggregates in the epoxy
matrix.

Mechanical parameters
The elastic modulus £ and the compressive strength ¢ have been determined from the
loading curves of the epoxy resin and its composites with micro and nanocellulose. The
ovalue or, in other terminology, the forced elasticity limit separating elastic and inelastic
deformation regions corresponds to the P extremum on the loading curves (Fig. 5).

Fig. 5. Dependence of deformation
of neat epoxy resin (a) and its
composites with nanocellulose (b)
and microcellulose (¢) on loading.
Dashed lines correspond to the
values of the forced elasticity limit.

In unfilled resin samples the loading curves characterize by a region of elastic
deformations, where the strain ¢ linearly varies with increasing loading, and a region of
conformational strains where & is weakly dependent on loading and whose volume is
proportional to the polymer free volume. The elastic deformation takes place in all samples,
while the volume magnitude of configurational deformations of polymer chains depends on
the filler origin. The elastic modulus value for a neat resin is 1127.7 MPa, and the
compressive strength value is 92.6 MPa. The introduction of nanocellulose increases the E
modulus to 1206.2 MPa and practically does not affect the strength value ¢ equal to 90.8
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MPa. In addition loading with nanocellulose lowers the region value of configurational
deformations of polymer chains and the free volume magnitude in the polymer matrix (Fig. 5,
b).

Filling resin with microcellulose significantly increases both the modulus £ to 1265 MPa
and the compressive strength to 101.5 MPa. Besides, in the matrix the free volume decreases
and the configurational deformation of polymer structure is suppressed (Fig. 5, c).

Thus the loading of polymer with micro and nanocellulose particles leads to an increase
in the elastic modulus of composites. The £ module behavior is due to the filling epoxy resin
with a more plastic dispersed component and, as a consequence, a growth in the composite
compressibility. Besides, the obtained nanocellulose do not have a reinforce effect on the
strength of the epoxy composite. The reinforce effect of functionalized cellulose nanofibers
on the strength of their compositions with epoxy resin have been observed in [27, 28].
Microcellulose particles give raises the most significant effect on the strength of composites.
Such effect can be depended both on the free volume magnitude of polymer matrix and a
greater surface reactivity of cellulose microparticles in comparison with the surface reactivity
of nanocellulose particles. It is known [29] that the chemical bonding of polymer
macromolecule atoms with the surface sites of filler particles leads to stabilization of the
polymer structure and arising its strength.

To check the effect of surface state on the composite strength, the resin was filled with
microcellulose particles coated with 0.1 wt. % of clathrochelate. Coating microcellulose with
clathrochelate molecules, which bind to the surface sites of microparticles (Fig. 2), increases
the number of active sites and the reactivity of microcellulose surface with grafted molecules.
Mechanical loading of composites with modified cellulose having a large surface reactivity
shows that the growth of £ modulus weakens to 1206 MPa, while the strength ¢ remains
practically unchanged and amounts to 93.3 MPa. Besides, in composites with modified
microcellulose the region of configurational deformation reveals at loading curves. Their
loading curve is similar with that shown in fig 5b. Hence the behavior of composite strength
does not depend on the surface reactivity of cellulose particles.

Thus, in epoxy composites their strength behavior is determined by the free volume value
of polymer matrix, while variations in the elastic modulus are related to the elasticity of
cellulose particles.

Thermal properties

The results of thermogravimetric analysis of the neat resin indicate that the thermal
degradation of polymer occurs in the temperature range of 270—750°C with heat release and
has a thermal oxidation character and a thermal stability of 310°C (at the level of mass loss of
12%) (Fig. 6 a).

Loading resin with cellulose reduces the thermal stability of the polymer matrix, which in
the nano- and micro cellulose composites is 300 and 290°C respectively. In addition, a
reduction in heat release in a result of decomposition reactions of composites with
nanocellulose by 9.0% and microcellulose by 12.0% (Fig. 6 b, ¢).

Thus, the filling of the epoxy polymer with micro- and nanocellulose particles reduces
the thermal stability of the composite matrix and the heat release intensity in a result of
thermo-oxidative destruction of the defect-free polymer structure.

The behavior of the thermal parameters of composites is due to changes in the polymer
structure upon the loading with filler particles. The reduction in the thermal stability of
composites is caused with an appearance of unbound fragments of polymer chains and cross-
links in the polymer structure. It is known [30] that the destruction of unbound or unfasten
moieties begins at lower temperatures than the temperature of thermal decomposition for a
defect-free polymer structure. Hence a decrease in the thermal stability of composites is
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related with beginning destruction of unbound fragments of polymer structure. Moreover such
process is more pronounced in composites with microcellulose where the reduction in thermal
stability is 20°C.

Fig. 6. Results of thermogravimetric
(TG), differential thermal (DTA) and
thermogravimetric (DTG) analyzes
of neat resin (a) and its composites
with micro- (b) and nanocellulose

(©).

The appearance of unbound atomic groups and polymer structure disturbances apparently
leads to diminish in the energy of intra-atomic bonds in unbound moieties and polymeric
atomic groups located near polymer structure violations. Hence the destruction of the violated
polymer structure occurs with releasing less heat.

Chemical resistance
The chemical resistance of materials was determined in an oxidizing medium — 35%
hydrogen peroxide solution, acidic medium — 20% nitric acid solution, and neutral medium
— organic solvent, acetone (analytical grade). The swelling kinetics of composites with micro
and nanocellulose in an oxidizing medium indicates that the resistance of materials to
swelling grows with filling and does not depend on the origin of cellulose particles and the
polymer structure strength (Fig. 7).
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Fig. 7. Swelling curves in a 35% solution of Fig. 8. Swelling curves in a 20% solution of nitric
hydrogen peroxide of neat resin (1) and its acid of neat resin (1) and its composites with nano
composites with nano (2) and microcellulose (3). (2) and microcellulose (3).

Curves are the exponents obtained by theoretical fitting of experimental results.

In aggressive acidic environment the chemical resistance of composites decreases
(Fig. 8). In this case a correlation of 4g with the mechanical strength of the polymer structure
takes place. So the swelling of composite with nanocellulose significantly exceeds the Ag
value for the composite with microcellulose. Note that the swelling kinetics in an oxidizing
and acidic medium are described by an exponential dependence, which may indicate a similar
mechanism for the diffusion of hydrogen peroxide and nitric acid molecules in the composite
bulk.

The swelling kinetics of neat resin and its composites with cellulose in a neutral medium
characterizes by rapid absorption of acetone for 20-30 minutes. Then the slight changes in
swelling for neat resin and a slow smooth increase in swelling for composites with increasing
t. The composites with nanocellulose, for which the increase in 4g for 480 h was 18%,
compared with the rise in Ag for neat resin up to 23% has the highest chemical resistance to
swelling. Their chemical resistance grows up 12%. At the same time the chemical resistance
of composites with microcellulose reduces in 12% in compare with that for neat resin (Fig. 9).

T T T T T T T T T
0 150 300 450
t, h
Fig. 9. Swelling kinetics in an acetone solution of neat resin (1) and its composites with nano (2) and
microcellulose (3).
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Note that in the composites the swelling value in a neutral medium and its intensity
significantly exceeds the 4¢g values in an acidic and oxidizing environment for time of 450 h.
Thus the loading of epoxy resin with particles of micro- and nanocellulose weakly affects the
chemical resistance of the composites. Composites with nanocellulose particles are most
resistant to oxidizing and neutral environments.

The swelling behavior depends on the physical processes at the interface and in the
polymer volume, such as the magnitudes of the surface and diffusion barriers. It can be
assumed that the rapid increase in swelling in a neutral medium is due to the weak influence
of the surface barrier on the embedding solvent molecules into the materialvolume and a
small diffusion barrier contributing rapid filling of the polymeric free volume with solvent
molecules.

CONCLUSIONS

The two-stage method for producing nanocellulose from plant materials using acid
hydrolysis of organosolv cellulose was carried out, the modification of micro and
nanocellulose surface with a dye was fulfilled and their compositions with epoxy resin have
been obtained. Surface morphology of cellulose particles was studied.

Surface functionalization of cellulose particles with iron clathrochelate increases the
surface reactivity of microcellulose particles and reduces the reactivity of the nanocellulose
surface. The light response from red dye adsorbed on the surface of the cellulose particles
incorporated in the epoxy matrix has been recorded. The epoxy environment does not affect
the internal molecular electronic transitions in the dye.

Changes in mechanical, thermal properties and chemical resistance of composites with
micro- and nanocellulose in three aggressive environments have been investigated. Loading
of epoxy resin with particles of micro and nanocellulose weakly affects the chemical
resistance of composites. Composites with nanocellulose are most resistant to influence of
oxidizing and neutral environments.

The introduction of both types of cellulose into the epoxy resin leads to an increase in the
elastic modulus of composites. However, the compressive strength in composites with
microcellulose increases while in composites with microcellulose modified with dye and
nanocellulose that practically does not change. The magnitudof the composite strength is
related to variations in the matrix free volume upon filling and it does not depend on the
surface reactivity of filler particles. The reinforcing effect of fillers increases with a free
volume reduction in the composites. Filling epoxy polymer with particles of micro and
nanocellulose reduces the heat resistance of the composite matrix and the intensity of heat
release during thermal oxidative destruction. The influence of cellulose particles on the heat
resistance of composites is attributed to appearance of unbound moieties of polymer chains in
the matrix upon filling whose thermal destruction realizes with less heat release.
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AKTyalbHOCTb. B mocnenHee Bpems KOMIIO3MTHbIE MaTepHanbl HAa OCHOBE HAHOYACTHL[ U
O6MOIOrMYECKNX MOJIEKYJI WHTEHCHBHO HCCIENYIOTCA Onarojapsi yHHUKaJbHBIM (PU3MKO-XUMHYECKUM H
6I/IO(l)I/l3I/IlleCKI/IM CBOMCTBaM MEPCICKTUBAM IPUMCHCHUA B pa3JIMUYHbIX O6ﬂaCT}1X TeXHOJ’IOFHﬁ, TEXHUKHU
n MCIUIUHBI. MHorue na6opaT0p1/n/1 MMpOBOAAT OKCHEPUMEHTBI C KOMIIO3UTHBIMU MarcpuajlaMu Ha
OCHOBE YIJIEPOAHBIX HAHOYACTHIl M Pa3IM4YHbIX 2D-HaHOMAaTepHaIOB C IIENIBI0 CO3/IaHUS Ha X OCHOBE
qyBCTBUTEIBHBIX OMOCEHCOPOB, Pa3padOTKH HOBBIX (DYHKIMOHAJIBHBIX MAaTEpPHAIOB [UIsi OHOJOTHH M
MenuuuHbl. [IIMpoKMi CHeKTp NpaKTHYeCKHX NpPUMEHEHWH TpeOyeT QyHIaMEHTaNIbHBIX 3HAaHUH O
CTPYKTYpE CO3JaHHBIX KOMIIO3WTOB, SHEPrHM B3aMMOJCHUCTBHS MEXIY KOMIIOHEHTAMH M WX
CHEKTPATBHBIX XapAKTEPUCTUKAX.

Hesan padoTsl. Llenpro pabOTHI SBIAETCS UCCIEIOBAHIE CTPYKTYPHBIX OCOOCHHOCTEH OMOKOMITO3UTHBIX
IeHoK okcuaa rpadena (GO) u gucynspuna monudaena MoS, ¢ Mmonekynamu S-0pomypanmia (SBrU) u
5-0pom-2’-ne3okcuypuauHa (SBrdU) u mnonyuenune uHMOpMAlMM O B3aUMOJCHCTBHM MEXIYy HUX
KOMITOHEHTaMH Ha OCHOBAHUH JAaHHBIX MH(ppaKpacHOi Dypbe CHEKTPOCKONHNN M KBAaHTOBO-XMMHUYECKHX
pacdeTos.

Marepuansl m Meroabl. J[isi M3MepeHHMH HMCHONB30BalCS BaKyyMUpyeMblii uH(pakpacHblii Dypbe
cnekrpomerp. KOMIO3WMTHBIE IJIGHKH CO37aBajld KalelbHbIM METOJOM Ha OCHOBE OKcuaa rpadeHa
¢upmb  GRAPHENEA, BoxmHOW cycneH3uu mopouika ucyibpuga moinmbiaeHa MoS,, a Takke
ouomonexyn SBrU wum 5BrdU. [lns KBaHTOBO-XMMHYECKHX pPAaCUYE€TOB MOJEIBHBIX CTPYKTYp
ucrionp3oBanach nporpamma Gaussian 09, a rtawke nporpamma Firefly 8.0, B koTtopod dvacTH4HO
ucnoip3oBaH kox nporpaMmmel GAMESS (USA).

Pesyabrarbl. IlomydeHbl 9acTOTBI M HMHTEHCHMBHOCTH HMH(PAKpacHBIX IOJIOC  IOTJIOLICHUS
6mokommo3uTHEIX wWeHOK (SBrU/GO, SBrU/MoS,, 5BrdU/GO u 5BrdU/MoS;) ¢ pa3HBIM KOJIMYeCTBOM
6uomonexyn. IIpoBeneHO OTHECEHHE TMOJIOC TOTVIOMICHNS KOMIIO3UTHBIX IUIEHOK K COOTBETCTBYIOIIUM
TUIIaM HOPMAaJBHBIX KoyiebaHui. OmpeneneHbl SHEPrUH B3aHMMOJCHCTBHS B MOJEIBHBIX CTPYKTypax.
YcraHoBieHa aMoppHOCTh (pa3ynopsI04eHHOCTh) CTPYKTYphI KiactepoB SBrU B kommnosurtax SBrU/GO
NPy HHU3KOM KOHUEHTpauuu Ouomosnekyn. [lokazaHo, uTo KoMmo3uTel MoS, sBIsIIOTCS Oolee
HEOJHOPOAHBIMH, YeM KoMo3uThl GO.

BoiBoapl. [lomoca mormomenuss xkonebanmii vCO ¢ dgacroroit 1783 CM'I, a TaKXe II0JIOCHI
BHEIUIOCKOCTHBIX jAedopmarmoHubix Kosebanuit YNH SBrU uyBCTBHTENBHBI K CTPYKTYpE KJIACTCPOB
5BrU B KOMITO3UTHBIX IUIeHKax. [IpogeMOHCTpUpPOBaHO, YTO B KOMIIO3UTHBIX IUIEHKaX OKCHJ TrpadeHa
BJIMSIET Ha KOH(popMarroHHoe paBHoBecue SBrdU. YcraHOBIEHO, YTO CTPYKTYPHI CO CTIKHMHIOM MEXKIY
MUPUMUAMHOBBIM KOJIBIIOM HYKJI€03HJa ¥ 0a3albHOHN IUIOCKOCTBIO OKCHA rpad)eHa sSBISIOTCS Hanbosee
SHEPreTUYECKH BBITOAHBIMH.

KJIIOYEBBIE CJIOBA: ocuoBanms JIHK; nykmeosunsr, Tpaden; okcua rpadeHa; aucynbhun
MONHOIeHa; KBaHTOBO-MexaHn4eckne pacueTsr; UK-Dypbe crieKTpocKomwsI.

CHEKTPAJIBHI I CTPYKTYPHI OCOBJIMBOCTI BIOKOMIIO3UTHUX IIJIIBOK OKCHUAY
I'PA®EHY I JUCYJb®IAY MOJIBAEHY 3 MOJIEKYJIAMU 5-6POMYPALINJTY
TA 5-bPOM-2'-IE3OKCUYPUIUHY
10.B. Py6in, O.10. Ianos, JI.®@. Beaoyc, B.O. KapaueBuen
Dizuxo-mexniyHull incmumym nuzokux memnepamyp im. b.1. Bepxina Hayionanvroi akademii nayx Yxpainu,
npocn. Hayxu 47, Xapxis, 61103, Yxpaina

© Py6un 10.B., UBanoB A.1O., benoyc JI.®., Kapauesues B.A., 2020



72

10.B. Py6un, A.1O. lBaunos, JI.®. benoyc, B.A. Kapauepiien

AxTtyanabHicTb. OCTaHHIM YacoM KOMIIO3UTHI MaTepiali Ha OCHOBI HAHOYACTHHOK 1 Oi0JOTIYHHX
MOJICKYJ] IHTEHCHUBHO [OCHI/DKYIOThCS 3aBASKH YHIKQIBHUM (PI3UKO-XIMIYHUM 1 Oio(i3nyHUMU
BJIACTUBOCTSAIMH 1 MEPCIIEKTHBAM 3aCTOCYBaHHS B PI3HHUX 00JACTAX TEXHOJIOTiH, TEXHIKH 1 MEAWLIMHH.
bararo yabopaTopiii IPOBOAATH €KCIEPUMEHTH 3 KOMIIO3UTHUMHU MartepiajaMH Ha OCHOBI BYIJIELEBUX
HAHOYACTUHOK 1 pi3HUX 2D-HaHOMarepiasliB 3 METOI CTBOPEHHS Ha IX OCHOBI YyTJIHMBUX Oi0CEHCOPIB,
PO3pOOKH HOBUX (DYHKIIOHATBHUX MaTtepiaiiB i Oiosorii Ta Meauiuuu. LIIUpokuii CrieKTp MpaKTUYHUX
3aCTOCYBaHb BUMarae (yHIaMEHTaJIbHUX 3HaHb MPO CTPYKTYpy CTBOPEHHX KOMIIO3UTIB, EHEpril
B3a€MO/Iii Mi>K KOMITOHEHTaMH Ta iX CHEeKTpalbHi XapaKTepPUCTHKH.

MeTta podoTn. MeToro poboTH OyJI0 TOCHIIPKEHHS! CTPYKTYPHUX 0COOIMBOCTEH O10KOMIIO3UTHHUX IUTIBOK
okcuay rpadeny (GO) u qucynsdiny monidaeny MoS, 3 monekynamu S-6pomypariia (SBrU) i 5-6powm-
2'-ne3oxcuypuanHa (5BrdU) i orpumanHs iH(QopMAIIil po B3aeMOIiF0 MiXK IX KOMITOHCHTAMH Ha ITiICTaBi
nmaHux iHppadepBoHOi Dyp’€ CIIEKTPOCKOIIi Ta KBAHTOBO-XIMIYHHAX PO3PaxXyHKIB.

Marepiann Ta mMeroau. /[ BUMipIOBaHb BHKOPHCTOBYBAaBCS BaKyyMyeMuil iHppadepBoHuit Dyp’e-
cnekrpomerp. KOMMO3UTHI IUTIBKM CTBOPIOBAIMCS KparejlbHUM METOJOM Ha OCHOBI OKcuay rpadeny
dipmu GRAPHENEA, BogHOi cycnensii mopomky aucyiabdiny momioaeHy MoS,, a TakoX 06i0MOIeKy
5BrU i 5BrdU. [Ing KBaHTOBO-XIMIYHHX PO3paxyHKiB MOJEIBHUX CTPYKTyp Oyna 3amisHa mporpama
Gaussian 09, a takox nporpama Firefly 8.0, B skiit yactkoBo Bukopucranuid kox nporpamu GAMESS
(USA).

PesyabraT. OTpUMaHO 4acTOTH Ta IHTEHCHBHOCTI iH(ppauepBOHUX CMYT HOIJIMHAHHS 010KOMITO3UTHHX
wriiBok (SBrU/GO, 5BrU/MoS,, 5BrdU/GO i 5BrdU/MoS,) 3 pi3Horo KinbKicTio 6iomMoieky:n. [IposeaerHo
BIZIHECEHHSI CMYT' IOTJIMHAHHS KOMITO3MTHHMX IUTIBOK JIO BIANOBIJHMX THIIIB HOPMAJbHHUX KOJIMBAHb.
BusnaueHo  eHeprii  B3aeMonmii B MOAETNBHHX  CTPYKTypax. BcraHoBneHo — aMop(HICTP
(po3ymopsaKoBaHiCTh) CTPYKTypu KiactepiB SBrU B kommnosurax 5SBrU/GO mnpu HH3BKiH KOHIEHTpaii
6iomonexyn. [TokazaHo, mo koMmo3uTi MoS; € OiTbIT HeoqHOPiMHIUMH, HixK Komrio3utu GO.

BucnoBku. Cmyra nornuaanss komsanb vCO 3 yacToToro 1783 cM™', a Takox CMyTH MO3aIIONIHHHEX
nepopmaniiianx xomuBarbk YNH 5SBrU wytmuBi 1o ctpykrypu kinactepiB SBrU B KOMITO3UTHHX TUTiBKaX.
[IponeMoOHCTPOBaHO, M0 B KOMIIO3WTHHMX IUTIBKaX OKCHI rpadeHy BIUIMBa€ Ha KOH(pOpMaUiiiHy
piBHoBary 5BrdU. BcTaHoBneHO, 0 CTPYKTYPH 31 CTEKIHIOM MIX IiPHMIJHHOBUM KiJbIIEM HYKJICO3HUILY
1 6a3aJIBHOIO0 TUIOIIMHOIO OKCHIY TpadeHy € HaiOUIbII eHepreTUYHO BUT1AHIMH.

KJIIOYOBI CJIOBA: ocuou [IHK; mykieosumu; rpadeHn; okcua rpadeHy; aucyinb(in MoIiOICHY; KBAaHTOBO-
MexaHiuHi po3paxynky; [U-Dyp'e ciekrpockorisi.

SPECTRAL AND STRUCTURAL FEATURES OF BIO-COMPOSITE FILMS
OF GRAPHENE OXIDE AND MOLYBDENUM DISULPHIDE WITH MOLECULES
OF 5-BROMOURACYL AND 5-BROMO-2’-DEOXYURIDINE
Yu.V. Rubin, A.Yu. Ivanov, L.F. Belous, V.A. Karachevtsev

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine,
47 Nauky Avenue, Kharkiv, 61103, Ukraine

Background: Recently, composite materials based on nanoparticles and biological molecules have been
intensively studied due to the unique physicochemical and biophysical properties and prospects of
application in various fields of technology, engineering and medicine. Many laboratories conduct
experiments with composite materials based on carbon nanoparticles and various 2D nanomaterials in
order to create sensitive biosensors based on them, to develop new functional materials for biology and
medicine. A wide range of practical applications requires fundamental knowledge about the structure of
the created composites, the interaction energy between the components and their spectral characteristics.
Objectives: The purpose of the work was to study the structural features of biocomposite films of
graphene oxide (GO) and molybdenum disulfide MoS, with 5-bromouracil (5BrU) and 5-bromo-2'-
deoxyuridine (5BrdU) and to obtain information on the interaction between their components based on
data from the infrared Fourier spectroscopy and quantum chemical calculations.

Materials and methods: For the measurements, a vacuum infrared Fourier spectrometer was used. The
composite films were created by the drop casting method based on graphene oxide from GRAPHENEA,
an aqueous suspension of MoS, molybdenum disulfide powder, as well as 5BrU and 5BrdU
biomolecules. For the quantum-chemical calculations of model structures the Gaussian 09 and the Firefly
8.0 programs were used. In last one the GAMESS (USA) program code was partially used.

Results: The frequencies and intensities of infrared absorption bands of the biocomposite films
(5BrU/GO, 5BrU/MoS,, 5BrdU/GO and 5BrdU/MoS,) with different numbers of biomolecules were
obtained. The absorption bands of composite films are assigned to the corresponding types of normal
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vibrations. The interaction energies in model structures are determined. The amorphous (disordered)
structure of 5BrU clusters in 5BrU/GO composites at a low concentration of biomolecules has been
established. It is shown that the MoS, composites are more heterogeneous than the GO composites.
Conclusions: The absorption band of CO vibrations with a frequency of 1783 cm ' as well as the bands
of the out-of-plane deformation vibrations YNH of 5BrU are sensitive to the structure of SBrU clusters in
composite films. It has been demonstrated that graphene oxide in the composite films affects the
conformational equilibrium of 5BrdU. It has been established that structures with stacking between the
pyrimidine ring of a nucleoside and the basal plane of graphene oxide are the most energetically
favorable.

KEY WORDS: DNA bases; nucleosides; graphene; graphene oxide; molybdenum disulfide; quantum mechanical
calculations; infrared Fourier-transform spectroscopy.

Hanomarepuansl Ha ocHOBe TpadeHa u rpadeHomnogoOHbIX 2D-maTepuasioB, a Takke
OMOKOMITO3UTHBIE MaTepuaibl Ha HX OCHOBE IMPEJCTABISAIOT OOJBIION HHTEpec Jis
pa3IUYHBIX oOOnacTel COBPEMEHHOM HayKd U TeXHUKU. [IpoBOASATCS WHTEHCUBHBIE
UCCIICIOBAaHHS YTJICPOJIHBIX HAHOMATEpUATOB — HAHOTPYOKH, TpadeH W okcua TpadeHa
(GO) — nns cosmaHus OMOCEHCOPOB, pa3pabOTKM HOBBIX areHTOB JUIsl METOJ/IOB
dboToTepManbHON Teparvu, T0CTaBKHU JiekapcTB, cekBenupoBanus JIHK u 1.4. [1, 2]. HoBbrit
UMIYJbC TMOJyYUJIM UCCIEOBAHMUS TAaKUX IIMPOKO H3BECTHBIX JHUXAJIBKOTCHHIOB, KaK
TUCYTB(hUT MonuOeHa (MoS;,) [3, 4]. IlepcnekTuBHBIM KOMIIOHEHTOM
OMOHAHOKOMITO3UTHBIX MAaTEpUANIOB MOXET OBITh psi TaJOT€HIPOU3BOAHBIX A30TUCTBIX
ocnoBanuii JITHK/PHK. Otu Ouonoruuecku akTUBHbIE MOJIEKYJIBI JEMOHCTPHPYIOT HMIMPOKUNA
criektp Oomodusnuecknx 3¢ dexTor [5-8]. Hampumep, Bce S-rayioreHNpou3BOAHBIE ypaluia
crocoOHbI 3ameniath TUMUH B Mouekyiax JIHK, u 3To mupoko mpuMEHSIOT B pa3IndHBIX
ucciaenoBanmsax. Tak, Omaromaps 3¢@GeKTUBHOMY HWHTHOMPOBAHWIO CHHTE3a THMHHA S-
¢ropypaumn (SFU) ucnonb3yroT kak npotuBopakoBbiii npemnapat. SCI- S5I- u 5Br-yparun
UCIIOJIB3YIOT B MCCIIEJOBAHMSX TMPOILIECCOB MyTareHesa [6] M paJualmoOHHOTO MOBPEXKICHUS
JHK [7]. Kpome Toro, 5-Opomypammn (5BrU) wuHTepeceH s co3maHus
(hOTOUYBCTBUTEIBLHBIX JIEKTPOHHBIX HAaHOYCTpOiCTB Ha ocHOBe JIHK [8].

W3BecTHO, YTO pake He3HAUUTENbHAass MOAM(UKALNS a30THCTOTO OCHOBAaHUS WU
(bypaHO3HOTO KOJbI]a MOXET OKa3aTh CYLIECTBEHHOE BJIMSHHE Ha KOH()OPMALMOHHYIO
CTPYKTYpYy U Omojoruueckue GyHKIHMH HyKIeo3uaa. Hampumep, Takoit Moau(pUIIMPOBAHHBIN
HyKJeo3ua, kak SBr-2'-aezoxkcuypuand (5BrdU) MokeT KOHKYpHUpOBaTh ¢ TUMHUIWHOM 3a
BkitoueHue B coctaB JIHK, uro mnpuBogur x wMyrtammsm B JIHK u nonasiaenuro
nponudepanuu kiIeTok. bmaromaps Takoil OMOTOTHYECKON AKTMBHOCTH 3TOT HYKJICO3HU]]
UCTIONB3YIOT, KaK BO BpadeOHOM MpaKTHUKe, TaK U B OMOMEIUIIMHCKHIX UCCIIeTOBaHMIX. Takxke
Mosiekysbl  SBrdU  neMOHCTpHUpYIOT — paauoCeHCUOMIM3UpYOmUd  3PGeKT, MoaaBIss
BOCCTAHOBJICHHE paJHallMOHHO-UHIYIIMPOBAHHBIX pa3peiBOB B aAByxuenouyeunor JIHK.
Co3gaHne KOMITIO3UTHOM CTPYKTYpPhl HYKJICO3WZa ¢ HAHOYACTUICH MOXKET OBITh OJHHUM W3
nyTeld peaju3alui yIpaBleHUs OWOJIOTMYECKON aKTHBHOCTHIO Hykieo3uga. I[losromy,
W3y4YeHHE B3aMMOICHCTBHSI TAIIOTEHIIPOU3BOJHBIX ypalliiia ¢ HAHOYACTHIIAMH TIPEICTABISCT
UHTEpeC AJI1 CO3JaHMsI KOMIIO3UTHBIX HAHOCTPYKTYP C Pa3iIMUYHbIMH OMOTEXHOIOTUYECKUMU
u OmoMenuuuHCKUMH (pyHKIusMu. Mcxons w3 ombiTa HAIMX MPEIBITYIINX HCCIeIOBAaHUN
KOMIO3UTHBIX MJIEHOK [9—11], B kauecTBe 0OBEKTOB IaHHOTO HUCCIIEIOBAaHUS ObUIH BHIOPAHBI
onoxommosutHele wieHkH: SBrU/GO, 5BrU/MoS,, 5BrdU/GO u 5BrdU/MoS,.

Lenpto paboThI SIBISETCA UCCIENOBAHUE CTPYKTYPHBIX OCOOEHHOCTEH OMOKOMIO3UTHBIX
IUICHOK W TOJy4YeHHe WHQPOpPMAIMA O B3aMMOJCHCTBHHM MEXAy WX KOMIIOHEHTaMH Ha
OCHOBaHMHU JaHHBIX uH(ppakpacHOH Dypbe CHEKTPOCKONUM W KBAHTOBO-XMMHYECKUX
pacyeToB.
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MATEPHUAJIBI U METO/bI

W3mepenuss uHdpakpacHblXx @Pypbe CIEKTPOB MPOBOJWINCH Ha YCTaHOBKE IS
CIIEKTPOCKOMMY  HU3KOTEMIIEpaTypHOH  MaTpuuHOW  u30isaiuu. (OCOOCHHOCTH — ATOM
CHEKTPAIbHOM YCTaHOBKM PAaCCMOTPEHBI B psAJe HAIIMX Mpeapiaymux padort [12—-15]. s
co3nanus KoMrno3uToB 0611 uctosbzoBan GO ¢upmet GRAPHENEA (Spain) B Buje BogHOTO
KOJIJIOMJHOTO PacTBOpa ¢ KOHIEHTpAIMeld OKOJIO 2 MI/MI, a Takke nopomok MoS, (Sigma-
Aldrich Europe), o6paboTanHblii yiabTpa3BykoBbIM aucnepraropoM Y3JIH B kosmounmHom
pactBope ¢ Takoi >xe KoHueHtpauueil. BemectBa 5BrU u 5BrdU 6pumm mpuoGpereHsl y
komrannu Sigma-Aldrich Europe. KoMro3utHple TUIGHKH TOJydYaqd W3 CMECH PacTBOPOB
OTJENBHBIX KOMIIOHEHTOB C IOCIEAYIOIIMM HAaHECEHHEM Ha 3epKaja ONTHYEeCKOro OJoka
KpUOCTaTa KamnelbHbIM MeToJoM. Ilepen HaHeceHMEM MpPHUMEHsUIACh YJIbTPa3BYyKOBas
00paboTKa B MPOMEXKYTOYHOH E€MKOCTH B CTAaHAAPTHON OYMCTHOM YIbTPa3BYKOBOH BaHHE
(digital ultrasonic cleaner wim DUC). BwicymuBanue Kamenb IHaMETpPOM OKOJIO 12 MM
npoBojuioch mpu temmneparype 30—40°C. Ilocne HaHeceHUs MIEHOK 3epKajia MOMEIAINCh B
BaKyyMHYIO KaMepy KpHuocTara, KoTopasi oTkaunBaiachk 10 popBakyyma. UK-Dypbe criekTpbl
M3MEpSUTHCh B ONTHYECKOH cxeMe «Ha orpaxenme» [10] B mmamasome 2700-500 cm™' ¢
aroM3UpPOBaHHBIM pa3zpenieHuem 3,0 em™.

Kpome Toro, mist oTHeCeHHUs IOJIOC TOTJIOUICHMS B CIEKTpax IJICHOK OBLIM TaKkKe
MoJIydeHbl cHeKTphl MoJiekys SBrU, m3ommpoBanHbiXx B matpuie Ar. s dbopmupoBaHus
MaTpHIIBl MOJIEKYJISIPHBIC TIOTOKH BEIIECTBA M HHEPTHOTO T'a3a OJTHOBPEMEHHO OCaXKJAUCh Ha
IJIOCKOM MeaHoM 3epkasie npu Temmneparype 10 K. Ilpormecc ocaxkaeHuss MOJEKYJISIPHBIX
IIOTOKOB KOHTPOJIMPOBAJICS C IIOMOIIbIO HU3KOTEMIIEPATYPHBIX KBAapLEBBIX MUKpOBECOB [15].
ATNIMPOKCUMAIIUK TOJIOC TOTJIONIEHUSI AKCIEPUMEHTANIbHBIX CIEKTPOB (QYyHKIMsAMH [aycca
win JlopeHua, 1Uis OLEHKH WX MHTETPaIbHbIX MHTEHCHBHOCTEH, BBIMOIHAJIACH C MOMOILBIO
nporpammsl “Fityk” [16].

J1st KBaHTOBO-XUMHUYECKUX PACYETOB MOEIBHBIX CTPYKTYP HCIIOJIB30BAIaCh MPOrpaMMa
Gaussian 09 [17], a Taxxke mporpamma Firefly (Bepcust 8.0) [18], B KOoTOpOil 4YacTUYHO
ucnonb3zoBan kox mnporpammbl  GAMESS (USA) [19]. Pacyersl BBINOJHSAIUCH Ha
00BEIMHEHHOM rpUa-KiacTepe Wuctutyra MOHOKPHUCTAJIJIOB u Wucturyra
CUUMHTWUIIMOHHBIX MaTepuanoB HAH VYkpaunsl, rpua-xkinacrepe @TUHT um. b.W. Bepkuna
HAH VYxkpaunsl, a Takke ¢ TOMOIIBI0 MONbCKON rpua-uHppacTpykrypsl PLGrid Plus (VO
Gaussian, uatepdeiic QCG-Now).

cun-nzomep (E=0) anmu-nzomep (E=1.2)

Puc. 1. Hymepauusi aToMOB, TOPCHOHHBIE YIJIbI U HanOoJsiee CTa0MIbHBIE CTPYKTYPbl OCHOBHBIX CUH- U AHMU-
koH(popmanmoHHbIX 130oMepoB 5SBrdU ¢ o0o3HaueHHeM B ckOOKaX OTHOCHTENBHBIX 3Hepruil E (kkan/mous),
paccuutanHbIx MeTogoM MP2/6-311++G (df, pd).

Ontumuzaius MoaekyssipHbix cTpykryp SBrU, 5BrdU (Puc. 1) u GO mnpoBoausach
MerogoM Teopun ¢yHKnuoHanma tioTHoctn DFT/B3LYP ¢ pasnuunabiMu  Ga3ucHBIMH
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Habopamu: ot 6-31G(d) no 6-311++G(df,pd). basuc 6-31G(d) ucnons3oBasics nust pparmeHTa
GO. DOmueprus B3aumopeiictBus mexay SBrU m GO, a rawke mexay SBrdU u GO
paccuntbiBanack ¢ BSSE koppekuueit. Takke mis BCeX pacdeTOB MOJIEIBHBIX CTPYKTYp C
OKCHJIOM TpadeHa UCTIOIb30BaIach IMIIMPHUECKas AucnepcruonHas koppekuus D3(BJ) [20].

st SBrU mbl paccMaTpuBaliv TOJIBKO TUKETO-(hOpMY, KaK JOMHHHPYIOIIYIO CTPYKTYPY
JUIsL U30JIMPOBAHHOTO COCTOSIHMA MOJIEKYJbl [21]. PacueTsl mokasanu, 4TO OTHOCHUTENIbHbBIE
SHEPTHH W 3aCeJICHHOCTh KOH(popMamuoHHbIX Hu3oMepoB SBrdU mocrarouno Onu3ku K
napamMeTpaM aHaJIOTHYHBIX H30MEPOB, PACCMOTPEHHBIX HaMU Ui 2'-€30KCH-YpUAMHA U
tumuauHa [13, 14, 22]. Haubonee xapakTepHbIe IPEACTABUTEIN CUH- U AHMU-TIOJIMHOKECTB
KoH(popMarmoHHbIX n3oMepoB SBrdU noka3ans! Ha Puc. 1.

PE3YJIBTATBI U OBCYXJIEHUE
CpaBuenne crektpoB SBrU B Ar maTpuile U KOMIIO3UTHOM IUICHKE IEMOHCTPUPYET
CHWJIBHOE YIIMPEHHUE I0JIOC MOTJIOUIEHMS], @ TaKKe CUIIbHBIA caBur 4yacToT (Puc. 2), Tem He
MeHee, HaJle)KHOE OTHECEHHE IT0JIOC IOTJIONICHUS B IIEHKe BO3MOKHO. B mgmamazone 1800—
1000 cm™! HAXOJATCS TOJIOCHI MOTJIOMIEHUSI BaIEHTHBIX Kosiebanuit vCO, mMUpUMUINHOBOTO
KOJIbIIA ¥ TUIOCKOCTHBIX JepopmarimoHHbIX Koiebanuii (Puc. 2).

A
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Puc. 2. Cpasuenue UK-®Dypoe crniekrpoB Moinekyn SBrU B pasmumunom oxpyxkenuu B “fingerprint”
o6mact 1900-500 cm': A — Ar marpuna mpu 10K; B — kommosuthas mnenka SBrU/GO c
nnotHocThio SBrU 50-10° r/cm®. M3 criekTpa KOMIIO3MTHO# IICHKM BBIYTEH CIIEKTP KOHTPOIBHOM
mnenkn GO (mrotsocts 100-10° r/em?).
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[Ipu o6pa3oBaHUM MEXMOJIEKYJSIPHBIX BOJAOPOJIHBIX CBS3€H B IUIEHKE YacTOTHI MOJIOC
BaJIeHTHBIX KojebOanuit vVCO cmemarwTcs B HHU3KOYacTOTHYIO obOnacte (Puc. 2). Yacrora
BaJIeHTHOTrO Koisiebanust koipua v(C5=C6) mpakrtuuecku He Mensercs (Puc. 2). Yactorsl
OOJIBIIMHCTBA OCTAIBHBIX MHTEHCHUBHBIX TOJIOC MOTJIOMIEHUS B 3TOW 00JIaCTH HE3HAUUTEIBHO
CMENIAIOTCSI B BBICOKOYACTOTHYIO oOnacth (Puc.?2). Pesynbrarel OTHECEHHUS TIOJIOC
COBIAJAIOT C JaHHBIMH, ITOJTYUYEHHBIMU paHee s TieHoK S-xmopypanuia (SCIU) [11].

MOXHO TPEANoNIOKUTh, YTO YACTOTHI IJIOCKOCTHBIX JAe()OpPMAIMOHHBIX KOJICOAHMIA
HU3KOYACTOTHOrO juamasona (<1000 cM') Tamke OyayT H3MEHSTHCS HE3HAYMTENBHO.
OpnHako, B ATOM JAHMANa30He HaXOMSTCS IOJIOCHI TOTJIONICHHSI BHEIUIOCKOCTHBIX KOJIeOaHUI
AK30LUMUKINYECKUX TPYIN MUPUMHUANHOBBIX OocHOBaHWU [11, 12]. 3 nutepaTypHBIX TaHHBIX
W3BECTHO, YTO MPH O0O0pa30BaHUU CETKU BOJOPOIHBIX CBSI3€H B KPUCTAJUTMUECKON CTPYKTYpe
ypauuia HabIoJaeTcsl yBeIMYeHHEe YacTOT MOJI0C MOTJIONEHUS BHEIIJIOCKOCTHBIX KojeOaHui
yN1H, yN3H Ha 200-250 cm™' [23]. Pacuersl M SKCIEPHMEHTHI B HMHEPTHBIX MATPUIAX
MOKAa3bIBAIOT, YTO JIJISI M30JMPOBaHHBIX MoJieKyn ypauuia, SCIU u SBrU yacToTsl konebanmit
YNH otnuyaroTcss He3HauuTenbHO. [lo aHamoruu ¢ ypamwioMm, Ha OCHOBAHWW JAHHBIX IS
MOJIMKpUCTAIITHYeCKUX 00pa3ioB ypammia [23] u SCIU [11], mupokyro moyiocy MOTIOmEeHHS
5BrU ¢ gactoToif 0Kkomo 867 cM' B KOMIIO3HTHOH IUIGHKE MBI OTHECIH K KOJICGAHHIO
Q18(yN3H), a momocy ¢ gacroroii 780 cm™ k Q15(yN1H). Orrecerne YNH 6bu10 Tarke
MOJTBEPXKIICHO PE3yJbTaTOM pacyeTa KoNeOAaTeTbHOTO CIEKTpa MOJETBHOW CTPYKTYpPHI C
numepom SBrU (cm. Hmke Puc. 6).

Pacuersl MOKa3pIBalOT, 4YTO DBHEPrUs CTIKUHI B3auMozeucTBus Mexay SBrU u
dbparmenTom Jseniectka GO HaxoauTcs Ha ypoBHe 18 kkam/monb (Puc. 3 A). DOta BenmunHa
3HAYUTENBHO BBIIIE JHEPTHH CTIKMHTA B aumepax SBrU u apyrux NHUPUMHUAMHOBBIX
ocHoBanuit [24]. Ecim 5BrU oOpasyeT MeXMOJEKYJISIPHYIO BOJOPOJIHYIO CBSI3b C DMOKCH-
rpynmnoii okcuga rpadeHa, TO JHEPTrUs B3aUMOJCUCTBUS BO3pacTaeT g0 22 KKaja/MoIb
(Puc. 3 b).

Puc. 3 A. CtpykxTypa MOJEIBHOTO KIacTepa Puc. 3 b. Crpykrypa MozensHoro kinacrepa SBrUu/GO
5BrU/GO 6e3 MeXMOJIEeKyISIpHON BOJOPOIHOM C MEXMOJIEKYISIpHON BOJOpoaHOM cBsi3bto NH ... O u
ces3u NH ... O u sHEepruel B3anMoaecTBrs SHEpruei B3auMoAEeUCTBUS

E (ctokmur) = —18,5 KKaj1/MOJIb. E (nmoxnas) = —22,6 KKaJl/MOJIb.

Puc. 3 B. CtpykTypa MOAEIBHOTO KJIacTepa Puc. 3T. CtpykTypa MOAEIBHOIO Ki1acTepa
5BrdU/GO c cun-kondopmanmeii Hykieo3naa u 5BrdU/GO ¢ aumu-xoHpopMannei HykIeo3una u
SHEpruel B3auMoAeHCTBUSL SHEepruel B3auMoAeHCTBUSL

E (monnas) = —25.4 xkaji/MoJb. E (nmoxnast) = —31.4 xkaji/MoJb.
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MOo’KHO TPeanoI0XKUTh, YTO B3aUMOAECHCTBHE C SMOKCU-TPYNIaMU OyJIeT CYIIECTBEHHO
BIIMATh Ha accouuanuio MoJiekysa SBrU B KOMMNO3WUTHBIX IUIEHKax. [[ns aHammsza 3Toro
BIUSHUS OBUIM TOJTYYEHBl CHEKTPhl KOMIO3UTHBIX TuieHOK SBrU/GO ¢ pasnoit
koHIeHTparueir Monekyn SBrU (Puc.4). B cmekrpe IUieHKH ¢ caMoil  OOJbIIOi
KoHIeHTparueid SBrU gacTe moJioc moraomenus uMeeT acuMMeTpuanyio Gopmy (Puc. 4 A).
ACHUMMETPHIO MOKET BBI3bIBATH OTpPAKEHHE HH(PPAKPACHOTO H3IMYUYCHHS OT JOCTATOYHO
Oospux MUKpokpuctauioB SBrU, o0pa3oBaBmIMXCS B KOMIIO3UTHOW IUICHKE B IPOIECCE
BbICbIXaHUA. [Ipu yMmeHblleHMM KOHLEHTpauuu Monekyn SBrU acummerpus mosoc
npaktuuecku ucuesaet (Puc. 4 b). Taxxe ymMeHbIIaeTCs HHTEHCHBHOCTH TTOJIOC TTOTJIOMICHUS,
HO, HE MPONOPIMOHAIBHO KOHIIEHTPAIMH. OJTO TOBOPUT OO0 YMEHBUICHHH pPa3MEpOB
kimacrepoB SBrU m ux Oosiee paBHOMEPHOM pacmpenelieHHd B KOMITO3UTHOW TUICHKE.
CoOOTBETCTBEHHO BO3PACTAET BIMSHHUE 3MOKCU-TPYII HAa CTPYKTYpY KiactepoB SBrU. Moxno
MPEINONIOKUTh, YTO CTOXaCTHMYECKUH pa3dpoC SMOKCU-TPYNI IO MOBEPXHOCTH TpadeHa
NpUBEAET K OOJBIIOMY YMCIYy BapuUaHTOB CTPYKTYpbl KiactepoB SBrU. Ilpu nanbHeiimem
JIBYKpPaTHOM YMEHBIIEHHH KOHUEHTpauuu Mojekyd 5SBrU B sKcnepHMMEHTaJIbHOM CHEKTpe
HaOJIr0/1aeTCsl YIIMPEHUE MOJI0C TOTIOMeHNS Ae()OpMAIIMOHHBIX KOJICOAHUN U CHIKCHUH MX
IIMKOBOIl HHTEHCHBHOCTH, OCOOCHHO ISl IIONOC ¢ 4acToTaMu Merbmre 1000 cm (Puc. 4 B).
[Tonmoca mormomenust konebanuss Q18 mpakTuyecku ucye3aeT, a MUKOBas MHTEHCUBHOCTH
nosiockl kosiebanus Q15 cubHO ymensinaercs (Puc. 4 B).

01 _VC20 A

Puc. 4. HK-Dypse CIIEKTPBI
KOMITO3UTHBIX IieHok SBrU/GO mpu
Pa3IMYHON IIOTHOCTH OHOMOJIEKYIT B
o6macti 1900500 cm™:

A — motHocts SBrU 50-10° r/em?;
B — morrocts 5BrU 25-10° r/em?;
B — morHocts SBrU 12107 r/em?.
W3 cnekTpoB KOMMO3HUTHBIX IUICHOK
BBIYTEH CIIEKTP KOHTPOJIBHOU TLIICHKU
GO (motHocTh 100-10° r/em? ).

OnT. NNOTH. OTH. en.

0.05

BNH
vring

0.00

1 l 1 l 1
1800 1300 vcm ™ 800
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Panee, ¢ momonipio criekTpoB mieHOK SCIU, moydeHHBIX OCaXJACHHEM Ha 3epKalio C
temneparypoir 10 K [11], Obuio moka3aHo, 4TO TOJOOHBIE CIEKTPATbHBIE W3MEHEHUS
SBJISIIOTCSL TIPU3HAKaMu aMophHON (C  HEYMOPSAAOUYEHHBIM PACIOJOKEHHEM MOJICKYJ)
CTPYKTYpHI KiacTepoB. B crekrpax kommo3utoB SBrU/GO 3Tu M3MEHEHUS MPOSIBIISIFOTCS
3ameTHee, 4em B crnekrpax kommoszutoB SCIU/GO [11]. Kak um mna S5CIU, xopommmm
[I0OKa3aTesIeM KPUCTANIMYHOCTH CTPYKTYpbl KiacTtepoB SBrU B koMIlo3ure sABIISIETCS 110JI0CA
MOTJIONIEHUS ¢ yacToTol 1783 cm’!. DTa momoca 6bLIa YETKO BUJIHA HE TOJILKO B CIEKTpax
nonukpuctaummyeckux mieHok SCIU, HO u B cmekTpax komMno3uTHbIX mieHok SCIU/GO c
Bbicokoi koHIeHTparmeit SCIU [11]. ITo mepe ymenbmienus konmeHTpanuu SBrU momoca ¢
qactoToit 1783 e mpakTudecku ncyesaer u3 crekrpa (Puc. 4 A, B). Heo6X0XHMO OTMETHTB
OTCYTCTBHE IOJIOCHI ¢ 4acToTol 1783 cM™' B crekrpax mwierok 5BrdU/GO (Puc. 5).

A

e
-
|

OnT. NNOTH. OTH. ef.

o
o

0.05

0.00

l 1
1800 1300 vcMm

1 800

Puc. 5. UK-®yppe crnektpsl KOMIO3UTHBIX IuleHOK SBrdU/GO mpum pa3nmuvHON IUIOTHOCTH
6romoekya B obmact 1900-500 cm™: A — mrotrocts 5BrdU 100-10° r/em?; B — moTHOCTH
5BrdU -50-10" r/cm®; mynkTup — mienka SBrdU na 3epkane. M3 ClIEKTPOB KOMIIO3HTHBIX IIIEHOK
BBIUTEH CIIEKTP KOHTpONbHO# mienku GO (m1otHoeTs 100-107 r/em?).

3aMeHa OCHOBaHMA Ha HYKJICO3HMJ MPHUBOAUT K HEKOTOPHIM HW3MEHEHHMSM B
nHppakpacHbIX crnekTpax mieHok SBrdU/GO. Ecnu mmpuHa mosoc moutu He U3MEHSETCS B
obmactu 1800-1300 CM_I, 10 B auamasone 1300-500 cM™' MOIOCHI MOIJIOMEHUS HEMHOTO
mupe, 4yeM B KoMmmo3uTHbIX MieHkax SBrU/GO (Puc. 5). Ymmpenue momnoc MOXHO
OOBSICHUTh HAJIMYUEM MOJIOC MOTJIOUICHUs 1e(hOpMAIIMOHHBIX KOJIeOaHUH Ne30KCHPUO03HOTO
KOJIbLIA B CIIEKTPE HYKJICO3UAHOTO KOMIO3UTa. B Toke BpeMsi, OJI0CHI MOTJIOIIECHHUS B IIJICHKE
yrcroro Hykjeozuaa SBrdU okaspIBaroTcs 3aMETHO IIUpPE IOJIOC B CIEKTPE KOMIIO3UTA
5BrdU/GO (Puc. 5 A) Bo BceM auanasone 1800—1300 cv™'. Ha BO3MOXHYHO [IPHIHHY ITOCO
addekTa yKazpIBalOT pe3ysbTaThl pacueToB MoAenbHbIX cTpykTtyp (Puc. 3 B, I'). Pacuers
MOKa3bIBAIOT, YTO CTPYKTYpPhl CO CTIKHUHI- (WIM T-T-) B3aUMOJEHUCTBUEM MEXIY
NUPUMHUIMHOBBIM KOJBIIOM HyKJeo3uaa W 0OazanbHOM mmiiockocTbio GO  3HAUMTENBHO
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BeiTOgiHEe SHepretuuecku (Puc. 3 T). D10, HECOMHEHHO, cyXkaeT KoH(OpMaIrMOHHOE
MHorooOpasue SBrdU B KOMIO3UTHOM MJIEHKE U COOTBETCTBEHHO YMEHBIIACT IIUPUHY OJIOC
norjiouieHus. Bo3MokHO, Takasi SHEpPreTuka CTIKUHI-B3aUMOJEUCTBUS TaK)Ke MPUBOAMUT K
JOMHHHUPOBAHMIO CTIKHHT-KoMILIekcoB SBrdU/GO mo cpaBuenuto ¢ SBrU/GO.

1.0 - | 3 i

OnT. NAOTH., OTH.eA.
o
o
|

0.0

1800 v,CcM " 1700

Puc. 6. CpaBHenne uH(ppakpacHbIX KOJIeOATENBHBIX CHEKTPOB MOEIBHBIX CTPYKTYD, PACCUUTAHHBIX
meromoM DFT/B3LYP/6-31+G(d) B o6mactu 1850-1650 cm: 1 — mumep 5BrU; 2 — kommiekc
numep SBrU/GO; 3 — cTpykTypa MOAENBHOTO KOMILIEKCA.

OcHOBaHMEM I TAaKOM TUIOTE3bl SABISAETCA CHM)KEHHE WHTEHCUBHOCTH I10JIOC
norynomiernss vCO B skcnepuMeHTanbHbIx crekTpax SBrdU/GO (Puc. 5 b) mo cpaBHeHUIO
SBrU/GO (Puc. 4 B). Ilornomenue B criektpe mwieHku SBrdU/GO menbine, HeCMOTpS Ha TO,
yro Mousiekys 5BrdU nHa 25% Oonbiue, yem monekyn 5BrU B miuenke 5BrU/GO (¢ yuerom
KOHIIGHTPAIlM W MOJEKYJSIpHOTO Beca). [IpuumHOIi 3TOro CHMKEHUS HWHTEHCHBHOCTH,
COTJIACHO JaHHBIM PAcdyeToB, MOXET ObITh OONbIION THIOXpOoMHBIN dddekT (Puc. 6, kpuBas
2) nisl BaJCHTHBIX KOJI€OaHW MHUPUMHIMHOBOTO KOJbIIA B MOAEIBHOW CTIKHHT-CTPYKTYpE
(Puc. 6, ctpykrypa 3).

CymectBennbie otnuumst or GO mpu B3aMMOACHCTBHM C OHUOMOJICKYJIaMU MOYKHO
oXuaate OT jucyiabpuaa monubaeHa. Ho BHauase paccMoTpuM moapoOHee METox
KaIeJIbHOTO OCAXJICHHS TUICHOK. M3BECTHO, YTO MpPH KareJbHOM OCAaXKICHUH IUIEHOK YacTo
HOSBIISETCS OCOOCHHOCTD B BU/IE€ KOJIBLIEBOTO YTONIIEHHS HA KPato MJIEHKH. Takoe KOJIbLEBOe
yronuienue (unu "coffee ring'") mpucymie MHOTMM TIUIEHKaM, MOJYYEHHBIM KarelbHBIM
UCIIApeHUEM KOJUIOMAHOro pactBopa [25, 26]. Dddexr "coffee ring" BBI3BIBAIOT MOTOKU
KHUJIKOCTH OT LIEHTPa K Kparo KaruIk, 0OYCIIOBICHHBIE HCIIAPEHUEM KHUIKOCTH M TTHHHUHTOM,
WIH, APYTUMM cJoBaMH, (ukcanued rpaHuubl pasgena ¢a3. Ilpu nuHHMHTE miomanb
KOHTaKTa KaIUIA C IOJJIOKKON OCTaeTCs IMOCTOSHHOM, a KPaeBOM YroJl KaIlId ITOCTOSTHHO
YMEHBIIAETCS B Ipolecce ucnapeHus. B pesynabrare rpaieHThl KOHIIEHTPALUN H3y4aeMOoro
BEIIIECTBA B IJICHKE PE3KO YCIIOKHSIOT KOJMUECTBEHHBIEC CIICKTPAIBHBIC N3MEPEHUSI.



80
10.B. Py6un, A.1O. lBaunos, JI.®. benoyc, B.A. Kapauepiien

A b

Puc. 7. Uzobpaxenne xomnosutHoi miuenkn SBrU/GO (A) m kommnosutHoW mieHku SBrU/MoS, (b),
KOTOpble ObUIM HaHECEHbI KallelbHBIM METOJOM Ha 3epkaia. [lnenka b pemoHcTpupyeT KoJblieoOpa3HbIi
ocanok ("coffee ring"), 00ycIIOBIEHHBII MMHHUHIOM I'PaHUILBI paszena (a3 Mpy BHICHIXaHHH.

O6pasupr 5SBrU/GO  geMOHCTpHPYIOT mpakTudeckoe otcyTcTBHe '"coffee ring", u
COOTBETCTBEHHO BO3MOKHOCTh KOJIMUYECTBEHHBIX u3Mmepenuit (Puc. 7 A). Ho mns obpasiion
KOMITO3UTHBIX TuIeHOK SBrU/MoS; (a taxke 5SBrdU/MoS;) addext "coffee ring" sBisercs
6onee BoipaskeHHBIM (Puc. 7 B).

Kpome storo sddekxra, y MoS, ecTh 0COOEHHOCTH, KOTOPHIE MOTYT IOBJIHITH Ha
MEXKMOJIEKYIIpHbIE B3aUMOJICHCTBUS B KOMMO3UTHON IiieHKe. [I0CKONBKY yXe IIUTeNbHOE
BpeMsl HUCCIEAYIOT CEHCOPHBIE BO3MOXKHOCTH MOS,;, OBUIO MPOBEIECHO HEMAJIO PacCUECTOB
SHEPreTUYECKOro B3aWMOJCUCTBUS MHOTHMX MOJEKYJl C OJTHMH HaHoyacThiamu. Kak
MOKA3bIBAIOT JINTEPATYPHBIC JaHHBIC [27], 2HEPTHH B3aUMOJICHCTBUS MEXKIy OCHOBAHUSIMHU
JIHK u 6a3anpHOI IIIOCKOCTBIO JICTIECTKOB M0S,; HaxoAsaTcsa B Auamna3oHe 16—25 kkaja/Moib 1
MPAKTHYECKH ONMU3KH K 3HeprusM B3ammozeicTBus ¢ GO. Ho 3Tu sHepruu 3HAYMUTEIBHO
BBIPACTAIOT MIPU aCOPOIIMH HAa aKTUBHBIE CAlThl aTOMOB Mo, TOCTyHBIE HA OOKOBBIX T'PaHIX
HaHoyieniecTKOB. Tak, xemocop6iusi moniekyn NO, u CO Ha nenectku MoS, nokaszana
skcriepuMenTanbHo. [lpu amcopOrum monekyn CO, yacToTa BajJeHTHOTO KoONeOaHHS ATOU
MOJICKYJIBI yMeHbImaercst ¢ 2143 cm™' (rasosast dasa) 1o 2135 cm™ (agcopOuust Ha Ga3anbHYIO
IJIOCKOCTh) M manee g0 2100 CM'l, u paxe mo 2070 om’! npu xemocopOuuu [28]. C yuetom
3THX JaHHBIX, ObUIO mMpoBeneHo cpaBHeHHE MK-crekTpoB KOMIO3UTHBIX IMIEHOK MoS, ¢
pa3HOl CyMMapHOW IUIOIIAAbI0 0a3albHOM MOBEPXHOCTH, CO CHEKTpamMu Kommo3utoB GO
(Puc. 8).

Ecau cymmapnas miomans 60azaqbHON MOBEPXHOCTH HAHOJIENMECTKOB MoOS, MOCTaTOYHO
OombIas (A7s TOCTHXKEHUS 3TOTO npoBoawi 30 MHHYTHOE MHTCHCHBHOE YJIHTPa3BYKOBOE
n3MmenpbueHne Ha Y3JIH), To B cmektpe kommosuta SBrdU/MoS; BUIHBI YETKHE IMOJIOCHI
nornomierust SBrdU (Puc. 8 A). YacTOThI 3TUX MOJIOC TOCTATOYHO XOPOIIO COTJIACYIOTCS CO
criektpoM 5BrdU/GO, HO MHTEHCUBHOCTH 3HAYUTENbHO MeHbIne (Puc. 8 A, kpuBsie 1 u 2).
CHIKEHNE MHTEHCUBHOCTH MOXKHO OOBSICHUTH MEHBINEH aicopOLUOHHONW e€MKOCThI0 MoS;
no cpaBHeHHIO ¢ GO, u BBIBOJIOM «JUITHUX» Moiekys SBrdU ¢ momomipio addexra "coffee
ring" Ha TpaHUIly KOMIIO3UTHOH IUIEHKA. B TO ke Bpems, MO CPaBHEHHUIO CO CIEKTPOM
5BrdU/GO, MOXHO yBUIETh HEKOTOPOE€ OTHOCHUTEIBHOE YBEIWYCHHE WHTCHCHUBHOCTH
MOTJIONIEHUSI CIIEKTPAJIbHBIX MOJI0C ¢ yactoTamu 1580 CM'I, 1245 cm™ u 1040 e (Puc. 8 A,
kpuBble 1 w 2). Jlng modydeHUs KOMIIO3UTOB C YMEHBIIEHHOHW ILIOMAabI0 0a3aibHOM
MOBEPXHOCTH MPOBOAMIACE 00paboTKa cycrneH3nu MoS; MaTOMHTEHCHBHBIM YJIBTPA3BYKOM C
nomoupto DUC B Teuenue 30 MUHYT. YUHUTHIBas BBIIIECKAa3aHHOE, aJIbHEHIIEE YMEHBIIICHUE
wiomaau 0a3aibHON MOBEPXHOCTH MOS; JHOKHO MPUBOAUTH K CHUKEHHUIO aJICOPOIIMOHHON
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eMKocTH MoS; u coorBerctBeHHO MHTeHCUBHOCTH FTIR cnekrpa. JleicTBUTENBHO, B TAKUX
KOMIIO3UTAaX PE3KO YMEHbBIIAETCS HMHTEHCHUBHOCTH IOJIOC TMOIJIOMICHUS, HO TPH 3TOM
BBIICIISIIOTCSI HOBBIE ITOJIOCHI ITOTJIONIECHHSA ¢ yactoramMu 1580 CM'I, 1245 cm™ 1 1040 cm’!
(Puc. 8 A, xpuBas 3). M0OXHO MPEANOIO0KHUTH, YTO 3TU IOJIOCHI MPUHAIIEHKAT MOJIEKYJIaM
5BrdU, moauduimpoBaHHBIM 3a CUET CHIBHOTO B3auMOACHCTBUsI ¢ MoS; (XemocopOmws).
Bonee yeTko BIusSHUE XEeMOCOPOLWHU MPOSBISICTCS UIS MOJIOC MOTJIOMEHUS KapOOHMIBLHBIX
rpyrnn SBrdU B BHaE OTHOCHUTENHHOTO YMEHBIICHHS TorjomeHus BOmm3u 1700 em’!
(Puc. 8 A, kpuBas 3). [lonock! nornomienus ¢ yactoramu 1245 ev™ 1 1040 cm™ MOT'YT UMETh
OTHOIIEHWE K KOJeOaHWSIM MNHPUMUAMHOBOTO KOJIbLIa, TaK KaK IpU XeMocopOIuu
KapOOHWJIBHBIX TPYIIN, IIOJIOCHI KOJNEOAHW CaxapHOTO KOJbIla HYKJIEO3UJa JOJKHBI
UCIBITHIBATh MEHBIIIEE BIHUSHUE.

1580 cm™  1245¢M” 1040 cm”
: .
' ' '
: : '

OnT. NNOTH. OTH. eA.

BNH 1250 cm™

-1
vring . 10:10 c™m

' yN3H

01

0.0

Puc. 8. UK-®ypbe criekTpbl KOMIIO3UTHBIX IUICHOK B oOmactu 1900-500 em™! MU PA3IUYHON TUIOTHOCTH
oruomonekyr: A) 1 — 5BrdU/GO ¢ mnorsoctsio 5BrdU 100-10° r/em?; 2 — 5BrdU/MoS, ¢ TIOTHOCTBIO
5BrdU 50-10° r/em® (30 mun. Y3JTH mwis MoS,), HHTEHCHBHOCTb yBeIHueHa B 2 pasa; 3 — SBDU/MoS, ¢
motHocThio SBrdU 100-10° r/em? (30 Mun. DUC st MoS,), HHTEHCHBHOCTD YBEIHUEHA B 5 Pas;

B) 1 — 5BrU/GO ¢ motHocTIO 5BrU 25107 r/em?; 2 — 5BrU/MoS, ¢ mwiotaoctsio SBrU 50-10° r/em?
(30 mun. Y3/IH nns MoS,), MHTEHCUBHOCTh yBenauueHa B 2 pasa; 3 — SBrU/MoS; ¢ mwiotHocThio SBrU
100-10° r/em* (30 Mus. DUC amst MoS,), HHTEHCHBHOCTb YBEIHUEHA B 5 Pas.

Jlnst cpaBHEHHMS C STUMH JAHHBIMU OBUIM MOJdydeHbl Kommo3uThl SBrU/MoS,. ns
KOMIIO3UTOB C OTHOCHTENHHO OOJBIION IUIOMIAbI0 0a3anbHONW MOBEPXHOCTH ydacTUl] MoS,
cnektpel TwieHkn SBrU/MoS, xopomo cormacyrorcs co crnekrpamu kommosuta SBrU/GO
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(Puc. 8 b, xkpuBsie 1 u 2). Kak u B cnektpe 5BrdU/MoS; (Puc. 8, kpuBas 2), B CIeKTpe
5BrU/MoS; MOXHO YBUIETHh POCT IMOJIOC MOTJIOMICHHSI MPAKTHYECKH C TEMHU KE YacTOTaMH
1580 cm™, 1250 cm™ u 1040 cm™' (Puc. 8 b, kpuBas 2). YMeHbIICHHE ILIOLALH 0a3aIbHOI
NOBEpXHOCTH MoS, Takke NPUBOAUT K JaJbHEHIIEMY OTHOCHTEIBHOMY  POCTY
WHTEHCUBHOCTU 3THX moJioc noryonieHus (Puc. 8 b, kxpuBas 3). dakTuueckn B KOMITO3HUTE
5BrU/MoS; pactyt Te e moyiockl, uto U B kommo3utre SBrdU/MoS,. Bce 3To mo3BomiseT
MPEANOJIOXKNUTh, YTO BO3MOXHass xemocopomuss SBrU  wu 5BrdU  mpoucxomut
MPEUMYIIECTBEHHBIM 00pa3oM depe3 KapOOHWIbHBIE TPYTITH MTUPUMHUINHOBOTO KOJIBIIA.

Takum oOpa3om, HM3y4eHbI HEKOTOPHIE MEXaHU3Mbl B3aUMOJAEWUCTBHUS B KOMITO3UTHBIX
TUIeHKax Ouosnornyecku akTUBHBIX Mosiekyn SBrU um 5BrdU c akryanpHBIME B HacTosIIee
BpeMsI HAHOCTPYKTypaMH.

BbIBO/IbI

B pabore wuccnenoBaHbl CTPYKTYpPHbIE OCOOEHHOCTH OMOKOMIIO3UTHBIX IIICHOK,
Brumrovaronux owomonekyinsl SBrU m 5BrdU m mmpoko ucmons3yeMble HaHOCTPYKTYPhI
(rpacden u aucynbhua MonubaeHa) U MOTyYeHa HHPOPMALIUS O B3aUMOJCHCTBUN MEXAY HX
KOMIIOHEHTaMHU Ha OCHOBAHUU JAHHBIX MH(pakpacHOM Pypbe CHEKTPOCKONUN M KBAaHTOBO-
XUMHUYECKHX pacyeToB. llpoBeneHHBbIE UCCIEIOBaHHMS TOKa3ajdl MEPCIEKTUBHOCTD
UCIIOJI30BAHHOIO aBTOPAaMHU HKCHPUMEHTAIbHO-TEOPETHUECKOr0 TMOAXO0MAa Uil H3Yy4YEeHHUs
CTPYKTYpPBI U MEXaHU3MOB B3aHMMO/ICHCTBHS B OMOKOMITIO3UTHBIX IIJICHKAX.

IIponeMoHCcTpUpOBaHAa BO3MOXKHOCTb (POPMHUPOBAHUS IMPOCTHIM KaleabHBIM METOJ0OM
JIOCTAaTOYHO OJHOPOJHBIX KOMIIO3UTHBIX IUICHOK Ha OCHOBE OKcuAa TpadeHa c
NUPUMHUIMHOBBIMM ~ OCHOBAaHMSIMM W HyKJIeo3uJamu. BrepBble ObUIM  MOJIyY€HBI
UH(paKpacHble CIEKTPbl TOTJOMEHUS KOMMO3UTHBIX IuieHoK SBrU/GO, 5BrU/MoS,,
5BrdU/GO 1 5BrdU/MoS; u mnpoBeaeH uX aHanu3. BBISABICHBI TOJIOCH TOTJIOMICHUS
UH(PAKPACHOTO CIIEKTPa, HanOojee UyBCTBUTEIbHBIE K M3MEHEHHUIO CTPYKTYpBI KIACTEPOB
OMOMOJIEKYJ B TAKUX KOMIIO3UTHBIX IJIEHKAX.

VYcraHoBiIeHO, 4YTO TpH OO0pa30BaHUM KOMIUIEKCOB B KOMIIO3HTHBIX IUICHKAX,
MEXMOJIEKYJIIPHOE  B3aMMOJAEHCTBHE €  OKCHIAOM  rpadeHa  MOXKET  U3MEHSTh
KOH(OPMALIMOHHOE paBHOBECHE MOJIEKyn S-Br-2'me3okcuypuanHa 10 CpaBHEHHUIO C
U30JIMPOBAaHHBIMM  MoJeKyJamu. Iloka3aHo, 4YTO pe3yibTaTbl KBAaHTOBO-XMMHMUYECKUX
pacueToB, axke A7 OTHOCHTEIBHO MPOCTHIX MOJEIBHBIX KOMIUIEKCOB, O3BOJISIIOT YCIIEIIHO
aHAJIM3UPOBATh SKCIEPUMEHTAIIbHBIE CIIEKTPBHI.

Amnanmu3 MK-cieKTpoB MO3BOJSET MPEANONI0KUTE BO3MOXKHOCTh XxemocopOruu SBrU u
5BrdU B muenkax ¢ mucynbduaom monuoOaeHa. [lokazano, 4ro wHGpaKpacHbIE CHEKTPHI
IUIEHOK KOMITO3UTOB JHCynbduaa MonubaeHa ¢ OMOMOIEKYIaMU MOKHO HUCIOJIb30BATh IS
IKCTIPECC-KOHTPOJISI U3MENIbYCHHUS YaCTHII B CYCIICH3UIX AUCYIb(uIa MO0 IeHA.

[TonmyuyeHHble pe3ynbTaThl MOTYT ObITh HCIOJB30BaHbBl JJsI CO3/aHUS HAa OCHOBE
OMOKOMITO3UTHBIX ~ TUICHOK  YYyBCTBHTEJIBHBIX  OHWOCEHCOPOB,  pa3pabOTKH  HOBBIX
(GYHKIMOHAJIBHBIX MaTEPHATIOB [l OMOJIOTUU ¥ MEAULIUHBIL.
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Background: At lipid interfaces, water plays a crucial role in carrying biological processes, so that there
is a huge interest in unravelling the behaviour of water close to membranes. At charged bio-interfaces,
water dipoles form an organized layer. Probing such an interfacial thin layer buried between macroscopic
bulk environments is a real challenge. Vibrational sum frequency generation (SFG) spectroscopy is
intrinsically specific to interfaces, and has already proven to be an ideal tool to investigate model
membranes and their surrounding water.

Objectives: The goal of this work is to measure the vibrational SFG response of interfacial water around
different model membranes — from easiest synthetic lipids to more complex natural lipids, — in order to
use it as diagnostic signal able to distinguish the lipid bilayer interface by its charge properties.

Materials and methods: Lipid bilayers made either of synthetic or natural lipids (Avanti Polar Lipids)
were physisorbed on CaF, prisms (Crystran), by using the method of the spontaneous fusion of lipid
vesicles, to form so called solid-supported lipid bilayers (SSLBs). The model membranes were
investigated by SFG spectroscopy at the solid/water interface.

Results: The SFG response was measured between 3600 cm™ and 2800 cm™, where OH stretching
vibrations of water molecules show-up. The SFG intensity of the OH peak maximum at 3125 cm™ was
recorded during the adsorption of lipid vesicles on the surface, and provided knowledge of the changes of
the charge properties of the interface due to the adsorption of the model membranes. The SFG signal
indicated that the organization of water was larger at negatively charged than at positively lipid interfaces,
and reached the highest value with natural E. coli cardiolipin layers. Moreover, when the full composition
of natural lipids was unknown, the behaviour of the SFG response enabled establishing the charge
characteristics of the corresponding lipid interfaces.

Conclusion: The SFG response of water enabled estimating average charge behaviour of synthetic and
natural lipid bilayers in pure water, thus paving the way to use the SFG signal of water as new diagnostic
tool to identify lipid interfaces.

KEY WORDS: water; lipid membranes; nonlinear optics; sum-frequency generation; vibrational spectroscopy.

MIK®A3HA BOJIA B CUHTETUYHUX I TIPUPOAHUX JIITIHUX BICJOSX 3A JAHUMU
KOJIMBAJIBHOI CHEKTPOCKOIIII 3 NIICYMOBYBAHHSM UACTOTH
®. Kecce

Jlabopamopis nazepie i cnexmpockonii, Incmumym cmpykmyposarnoi pevosunu Hamiopa,
Hayxoeo-0ocaionuii incmumym npupoonuqux nayk Hamiopa,
Vuieepcumem Hamiopa, eyn. bproccenvcovka, 61, Hamop, B-5000, benveis

AxTyanabHicTh. Boma Bimirpae BUpIMIagbHY poNIb B MPOTIKaHHI OiOJOTIYHUX MPOIECIB HA JIIITiTHIX
MDK(a3HIX MeXax, TOMY iCHy€ BEIWYe3HHU iHTEpEC /10 BUBUYCHHS MOBEIIHKH BOAW MOOIN3Y MOBEPXHI
MeMOpaH. Ha 3apsmkeHHX MiK(Qa3HHX MeXKaxX IUIIONI BOAW YTBOPIOIOTH OPTaHI30BaHWMA IIap.
30HAYBaHHS TAKOTO TOHKOTO MDK(A3HOTO IIapy, IO 3HAXOAUTHCA MDK MaKpPOCKOMIYHUM 00'€MHUM
OTOUEHHSIM, € peajbHOI Mpobiiemoro. KoimBaibHa CIEKTPOCKONIsS 3 IMiJCYMOBYBAaHHSIM YacTOTH
(KCITY) € o cyTi crierudigaoro 10 MK(DAa3HUX MEX 1 BXKe JOBENA, IO € iAeaTbHUM IHCTPYMEHTOM IS
JIOCITIJPKEHHS] MOJISIIbHUX MEMOpaH i HABKOJIMILIHBOT BOJIH.

© Cecchet F., 2020
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Meta pobotn. Meta manoi podorn — BuMipsatu merogoM KCITYU xonmmBameHUEA Biaryk mixkdasHol
BOAWM HABKOJO pPI3HUX MOICTBHUX MEMOpaH, BiJ HAWMPOCTIINX CHHTETHYHHX JIMiAIB JO OLIBII
CKJIaIHUX MPHUPOJHHUX IIMifJiB, 100 BHUKOPHUCTOBYBATH HOTO B SIKOCTI IIaTHOCTHYHOTO CHTHAITY,
3IaTHOTO PO3PI3HATH MOBEPXHIO PO3ALTY JIMiAHOTO Oimapy 3a BIACTUBOCTSAMM i 3apsiay.

Marepiaau Ta metoau. Jlinmiani 6imapu, BUTOTOBIIEHI 3 CHHTETHYHUX a00 MPUPOJHUX JimiaiB (Avanti
Polar Lipids), Oysiu ancop6oBani Ha npusmax CaF, (Crystran) 3 BUKOPUCTaHHSIM METOJY JOBLIBHOTO
3IUTTS JIMIAHAX BE3WKYJ 3 YTBOPECHHSIM TaK 3BaHMX JIiMiIHUX OirrapiB Ha TBepaiii ocHoBi (SSLBs).
MopensHi MeMOpanu OyJiu qociipkeHi 3a formomororo KCITY Ha Mexi po3aiiny TBepje Tiio/Boja.
PesyabTaTi. Binryk KCITU BumiproBamu mix 3600 cm i 2800 cm™', ne mposBisrorsess OH-BanenTHi
KOJIMBAHHs MOIeKy1 Boju. Intencusnicts KCITU makcumymy mixy OH mpu 3125 cm™' peectpypamacs
i 4yac ajacopOIii JMiAHUX BE3WKYJ Ha TOBEPXHI 1 TO3BOJMIIA Ji3HATUCS PO 3MIHU 3apsay Ha
MibK(a3Hiii Mexi BHAcCHiZoOK anmcopbuii momempHux MeMOpaH. Curman KCIIU Bkasye Ha Te, IO
OpraHizallis BOAU IpH BiJ’€eMHOMY 3apsifi Ha JIMiJHAX MekaxX Oyiia OUTBIIO0, HIK IPH MMO3UTHBHOMY, 1
JocsTaia HaWBUIIIOTO 3HAYCHHS Y IPUPOIHUX KapaioiniHoBuX mapiB E. coli. Kpim Toro, Komm moBHUH
CKJaJ TPHPOJHHMX MimiaiB OyB HeBimomuid, xapaktep BimmoBigi KCIIYU mo3BONSB BCTaHOBHUTH
XapaKTepUCTHUKH 3apsiLy BiAMOBITHUX MiK(pA3HUX MEX JIITiIiB.

BucnoBkun: KCCY curHan BOOW I03BOJIUB OIIHHWTH 3apsii CHHTETHYHUX 1 TPUPOTHUX JIITITHUX
OimapiB B UMCTIH BOJI, TUM caMHUM MPOKJIABIIY HuisiX 10 Bukopucranus KCITY curnany Boau B sIKOCTi
HOBOTO JIIarHOCTHYHOTO IHCTPYMEHTY JUIs 1ieHTH(iKallii MexK JIimi/iB.

KJIFOYOBI CJIOBA: Boxa; mimigHi MeMOpaHW; HEJiHIHHA ONTHKA; MiJCYMOBYBAaHHS YacTOTH; KOJHMBaJbHA
CIICKTPOCKOIIIA.

MEX®A3HAS BOJA B CUHTETUYECKHUX U TPUPOJHBIX JIMITANIHBIX BUCJIOAX IO
JAHHBIM KOJEBATEJBHOM CHHEKTPOCKOIIMU C CYMMHUPOBAHUEM YACTOTHI
®@. Kecce
Jlabopamopus nasepos u cnekmpockonuu, Mncmumym cmpyxmypupogannozo eéewjecmea Hamropa,
Hayuno-uccnedosamensckuti uncmumym ecmecmsennvix nayk Hamiopa,

Yuusepcumem Hamwpa, yn. bproccenvckas, 61, Hamwop, B-5000, Beaveus

AKTyaJbHOCTb. Bosia urpaer pemaromnyto poib B IPOTEKaHUH OMOIOTHYECKHX MPOLIECCOB HA JINIHIHBIX
Mex(a3HbIX IpaHHLaX, [I03TOMY CYLIECTBYET OIPOMHBIN MHTEPEC K N3y4YEHHIO NIOBEICHUS BOABI BOJIM3H
MOBEpXHOCTH MeMOpaH. Ha 3apspkeHHbIX Mex(asHbIX TIpaHHLAX JUIOJNU  BOJIBI  00pasyloT
OpPraHM30BaHHBIA CJIOH. 30HIMPOBAaHME TAKOTO TOHKOTO MeEX(a3zHOro Cios, HAaXOMASLIEroCs MEXIy
MaKpOCKOIIMYECKUM OOBEMHBIM OKpY)KEHHEM, sBJsieTcsl peajbHOW npobiiemoil. KonebarenbHas
cnekrpockonus ¢ cymmupoBanueMm dwactoThl (KCCY) sBusercs mo cymiecTBY crenu(UYHONH K
MeX(ha3HbIM TPaHULAM M YK€ JOKa3aya, 4To SBISIETCS MJIeaJbHBIM WHCTPYMEHTOM JUIS MCCIIETOBAHUS
MOJIETIBHBIX MEMOpPaH 1 OKPY’KaIOIEeH NX BOABI.

Heas pa6otel. Liens nanHoN padoTel — u3Meputh MeTogoM KCCY komebaTenbHBINA OTKINK MeK(pa3HOM
BOJIBI BOKPYT PA3IMYHBIX MOJEIBHBIX MEMOpaH, OT CaMbIX IPOCTHIX CHHTETHYECKUX JIMIHUIOB 10 Oosee
CJIOKHBIX HPUPOJHBIX JIMIHIOB, YTOOBI HCIONB30BaTh €r0 B KAYECTBE JHATHOCTHUECKOTO CHTHAJIA,
CIIOCOOHOTO pa3IMyaTh HOBEPXHOCTh pa3zena JUIHIHOTO OHCIIOs 10 CBOMCTBAM ee 3apsna.

Matepuanasl U MeTOAbl. JlMnMaHble OUCIOM, W3TOTOBICHHBIE M3 CHHTETHYECKUX MM IIPUPOIHBIX
nunuaoB (Avanti Polar Lipids), Obun agcopbupoBansl Ha npusmax CaF, (Crystran) ¢ ucrosnb3oBaHreM
METO/Ia CAaMOIIPOU3BOJIBHOIO CIIMSHHUS JIMIUAHBIX BE3UKYJ C 00pa30BaHUEM TaK HAa3bIBAEMbBIX JIUITAIAHBIX
oucnoeB Ha TBepmou mojtokke (SSLBs). MozenbHble MeMOpaHbl OBUTH KCCIIEIOBaHBI C MOMOIIBIO
KCCUY na rpanutie paszesna TBepoe Teao/Boza.

PesyabTaThl. Otkmnk KCCU m3mepsimn mexcay 3600 em™ 1 2800 eM™', rie npossisoress OH-BaneHTHbIe
koneGanuss Monekyn Boxsl. MurencuHocts KCCU makcumyma muka OH mpu 3125 oM’
PETHCTPUPOBATACH BO BpeMs afcOpOLUM JUMUAHBIX BE3WKYJ Ha MOBEPXHOCTH W MO3BOJISIA Y3HATh 00
W3MEHEHHSIX 3apsia Ha TPaHUIlE pa3zelia BCICICTBHE aicopOmmu MonensHBIX MeMOpan. Curaan KCCY
YKa3bIBa€T Ha TO, YTO OpPTaHU3alMsl BOJBI IPH OTPUIATEIBHOM 3apsie Ha JIMMHAHBIX I'PaHUIAX Obuia
Oompile, YeM TpH TOJNOXKHUTENBHOM, W [OCTHraja HAWBBICIIETO 3HAYEHHS Yy TPHUPOAHBIX
KapIUOJIMIIMHOBEIX cjoeB E. coli. Kpome TOro, Korma MONHBIA COCTaB MPUPOIHBIX JIMMHIOB OBLI
HeusBecTeH, xapakrep orBera KCCY mo3Bossiin yCTaHOBUTh XapaKTEPUCTUKH 3apsiia COOTBETCTBYIOLINX
MeK(pa3HbIX IPAHMLI JTUIHI0B.

BoiBogpi: KCCU curHan BoJbl MO3BOJIMJI OLEHUTH 3apsij CHHTETHUECKHX W IPUPOIHBIX JIUIHIAHBIX
OHCII0EB B YHCTOI BOJIE, TEM CAMBIM IPOJIOKHUB IyTh K Uctoib3oBanuio KCCY curnana BoJbl B Ka4eCTBe
HOBOT'O AMAarHOCTHYECKOI'0 MHCTPYMEHTA JUIsl HACHTH()UKALIMY TPAaHULL JIUITHIOB.

KJIIOYEBBIE CJIOBA: Bonma; numuaHele MeMOpaHBI; HENHWHEHHAs ONTHKA; CYMMHPOBaHHE YacTOTEHI;
KoJieOarenbHas CIICKTPOCKOIIHA.
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Biological interfaces and water make an indivisible pair, where the physicochemical
properties and biological processes at biointerfaces are intimately linked to the structure and
the behavior of water.

Among biological interfaces, the cell membrane is an ultimate interfacial system, because
it is that two-dimensional region making the barrier between the inner and the outer cell
environments. Many physiological processes occurring within the membrane barrier are
carried and triggered by water, such as protons and ions transport, metabolites adsorption and
translocation, or proteins folding, for instance [1, 2]. This is why the properties and the
behavior of this small and ubiquitous molecule have attracted the interest of researchers from
different disciplines, from biology and medicine, to chemistry and physics.

A crucial point is that water close to biological interfaces is far from behaving as bulk
disordered water, while it owns specific order and organization [3, 4]. Indeed, upon an
electrical potential, such as the onegenerated by charged interfaces, water dipoles orient along
preferential directions, thus forming an organized layer of water, as long as the electric field
associated to the electrical potential is non-vanishing. The degree of organization and the
thickness over which the organization take place will depend on the physicochemical
properties of the interface, i.e., net molecular charge, surface charge density, molecular
orientation, structure, and hydrophilicity, as well as pH and ionic strength of the liquid
medium [5]. Whatever the process that would modify the interfacial properties, this latter may
affect the organization of such a water layer.

The structure, the order and the behavior of interfacial water close to membrane
interfaces have been extensively modelled with theoretical approaches, while its direct
measure remained long-time unavailable. This limitation has been definitely encompassed
with the advent of vibrational sum frequency generation (SFG) spectroscopy. Indeed, being
based on a second order nonlinear optical (NLO) phenomenon, which is possible only in non-
centrosymmetric environments — like anisotropic bulk materials or interfacial systems, —
[6, 7] SFG spectroscopy is ideally able to probe an organized layer of water, because this
latter owns a non-centrosymmetric structure, contrary to bulk water. Moreover, SFG
spectroscopy probes molecular vibrations, so that it provides the chemical fingerprint of
interfacial water. These skills made SFG spectroscopy a favorite technique to probe water
close to membrane systems [8—22]. The investigation of the SFG response around membrane
models demonstrated that the surrounding structure of water strongly depends on the
physicochemical properties of the interface, and so is tuned by the interactions and the
processes occurring within these biological systems.

Here, we will probe the vibrational NLO response of interfacial water at different models
of lipid membranes, made of synthetic or natural lipids, supported on CaF,. Indeed, the
average charge properties of the interfaces trigger the signal of interfacial water accordingly.
The goal is testing the potentiality of using the SFG response of interfacial water to identify
the underlying lipid bilayer, and then explore new solutions to make SFG spectroscopy a bio-
diagnostic tool.

MATERIALS AND METHODS
Lipid bilayers. We prepared lipid bilayers adsorbed on CaF; prisms from different lipids
Figure 1), namelyl,2-dihexanoyl-sn-glycero-3-phosphoethanolamine (6:0 PE or DHPE), 1,2-
dipalmitoyl-sn-glyero-3-phosphoethanolamine (16:0PE or DPPE), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (18:1 A9-Cis PE or DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (18:1 PS or DOPS), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))]
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Fig. 1. Chemical structures of the lipid compounds used to prepare SSLBs as obtained
from Avanti® Polar Lipids supplier (for E. coli Total Lipid Extract and Yeast Total Lipid
Extract full compositions refers to Avanti® Polar Lipids website).

(18:1 Lysyl PG), E. coli cardiolipin (E. coli CA), E. coli total lipid extract (ETLE) and yeast
total lipid extract (YTLE). All lipid molecules were purchased from Avanti® Polar Lipids,
Inc. (Alabaster, Alabama, USA). SSLBs were obtained through the method of the
spontaneous fusion of lipid vesicles on CaF, (Crystran, UK). CaF, prisms were cleaned by
immersion in a diluted piranha solution (H,SO4:H>0,, 2:1 diluted 10 times) for 1 minute and
then rinsed thoroughly with Milli-Q water (18.2 MQ. cm, pH = 5.5). Lipid vesicles were
prepared by i) solubilizing 2 mg of lipid powder in 300 pL of chloroform (CHCly),
ii) evaporating CHCl; under N, flow, and #ii) adding 1 mL of Milli-Q water. The obtained
solutions were sonicated for 10 min and then centrifuged for 10 min at 6000 rpm. The vesicle
solutions were injected into a Teflon cell containing 1 mL of Milli-Q water (18.2 MQ cm™)
and holding the CaF,substrate, so that the vesicles concentration during the fusion process at
the surface were half of the native concentration. After 3 hours of contact with the prism,
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SSLBs were expected to be formed [21, 23, 24]. The remaining vesicles in solution were fully
removed by exchanging the solution with Milli-Q water. This procedure was carried out by
adding 0.5 mL of Milli-Q water and then removing 0.5 mL of the diluted solution. These
steps were repeated at least 20 times in order to leave the SSLBs in contact with an almost
pure Milli-Q water solution.

SFG setup. The SFG response of water at the interface was recorded with a homemade
SFG spectrometer. Two pulsed incident beams (15 ps, 25 Hz), namely, an IR beam tuned
between 3600-2800 cm™ (average power = 25 mW) and a visible (Vis) beam fixed at 532 nm
(or 18796.99 cm™, average power = 10 mW), were superimposed spatially and temporally at
the CaF,/water interface in a total internal reflection geometry through the prism (Fig. 2). An
SFG beam was generated with a frequency equal to the sum of the two incident beam
frequencies. All measurements were performed at room temperature (22.5°C). To perform
comparisons between samples, the SFG responses were normalized by the IR and Vis beams,
and by the SFG response of the neat CaF,/water interface, which was measured before each
lipid bilayer adsorption. All experiments were repeated at least twice.

Fig. 2. Schematic representation of a SFG measurement at the CaF,/lipid/water interface
in a Total Internal Reflection (TIR) geometry of the incident IR and Vis beams and of the
generated SFG beam.

Theoretical background. Vibrational SFG spectroscopy is based on a 2" order NLO
process, in which the three photon mixing process enables probing the vibrational response of
chemical groups in a nonlinear regime. In a SFG process (Fig. 2), one tunable infrared (IR)
and one fixed visible (Vis) beams are focused at the interface, where their interaction with the
second order susceptibility (y(?)) of matter generates a newbeam at their sum frequency
(SFG, wgpg=wg + wy;s). The key selection rule of 2" order NLO processes is that the y
susceptibility tensor, in the dipole approximation, is zero for centrosymmetric media, while it
is non-zero where the inversion symmetry is broken, like at interfaces. It follows that SFG
spectroscopy provides the vibrational signature of interfacial regions only, while it is
insensitive to their surrounding bulk environments, either solid, liquid or gaseous.

In addition to the interfacial sensitivity, the SFG response of a vibrational mode of the
interface requires this latter is simultaneously IR and Raman active. Definitely, once the
tunable IR beam matches an SFG active vibrational mode of the interface, then there is an
enhancement of the SFG response, accordingly to the following relations:

2
[gpg |X1(vz;3 +)(;(32)| lyishig (1)

where I,;; and I,z are the intensities of the incident visible and infrared beams, )(,(\,2}3 is the
non-resonant part of the effective second order susceptibility that can eventually come from
the electronic properties of the close bulk environment. The X}gz) resonant contribution is

related to the active molecular vibrations as follows:
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Imn dq dq °
where w, and w;g are the frequencies of the q*"molecular mode and of the incident infrared
beam, respectively, I, is the damping factor, and A ;jx is the oscillator strength of the qth

molecular mode, which is the macroscopic response N individual oscillators for which the
2

molecular second order hyperpolarisability S,

is linked to the variations of the dipole

moment and of the polarizability. Tlirfl’; rotates the molecular coordinates Imn into the

interface coordinates ijk, and the braket indicates the average over the molecular orientation

e ] ] -~ . ..
distribution and an" and g—;’" are the variation of the dipole moment (IR activity) and of the

polarizability (Raman activity), respectively, of the q** vibrational mode [25, 26].
In summary, the strict selection rules — that is X}f’ * O,Z—Z # 0 and Z—Z # 0, — combined

to the N2 dependence of the SFG intensity and to the coherent nature of the SFG process,
make SFG spectroscopy ideally able to probe a thin interfacial layer of water molecules close
to an interface, with a chemical selectivity.

RESULTS AND DISCUTION
The SFG spectrum of the neat CaF,/water interface (Fig. 3, top) was systematically
recorded before adsorption of lipid vesicles. The broad band centered at 3125 cm™ is due to

Fig. 3. SFG spectrum (top) of the
neat CaF,/water interface, and
schematic and simplified
representation (bottom) of the
water dipole orientation, with the
H atoms pointing out or towards
the interface, depending on the
sign of the charged interface
(positive charge on the left side,
and negative charge on the right
side).

OH stretching vibrations of interfacial water [20-23]. Indeed, the surface of CaF; is known to
own a slightly positive charge (its zeta potential in pure water is about +20 mV), which drives
the organization of a thin layer of water, possibly with the H atoms pointing out from the
surface (as shown in the simplified picture in the bottom of Fig. 3, left part) [27-29]. The
corresponding maximum SFG intensity was about 0.22 arbitrary units (arb. units) (Table 1).
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This value will represent the reference signal to which all following CaF,/lipid/water
interfaces will refer.

Table 1. SFG maximum signal at the CaF,/water and lipids/water interfaces recorded at 3125 cm™.
The error bars are estimated to =15%.

Interface SFG intensity (arb. units)
CaF,/water 0.22
CaF,/DHPE/water 0.20
CaF,/DPPE/water 0.18
CaF,/DOPS/water 1.50
CaF,/DOPG/water 0.60
CaF,/E. coli CA/water 3.75
CaF,/ETLE/water 0.25
CaF,/YTLE/water 0.31

The adsorption and fusion of lipid vesicles at the CaF,/water interface was monitored in
real time, by recording the SFG intensity at 3125 cm™ for 3 hours of adsorption. Then, the
remaining lipid vesicles in solution were removed, and the SFG maximum intensity of the
CaF,/lipid/water interfaces was measured.

Synthetic Lipid Layers

Neutral zwitterion PE lipids. DHPE, DPPE, DOPE are all neutral zwitterion lipids. Their
difference is in the composition of the hydrophobic chains. DHPE holds two full saturated
aliphatic chains (i.e. 6 aliphatic carbon atoms/chain). The adsorption of DHPE vesicles on
CaF, did not modify substantially the interfacial charge properties, as the signal of water
remained almost constant along the adsorption process (0.2 arb. units). This is in agreement
with both the neutral charge carried by the lipid molecule, and with the weak charge screening
effect induced by short aliphatic chains. Compared to DHPE, DPPE has longer aliphatic
chains (16 C atoms/chain), made also of all saturated bonds. The adsorption of DPPE
decreased the water signal from 0.22 at the neat CaF,interface to 0.10 at the DPPE interface,
indicating a weak screening of the interfacial charges by the lipid layer, whilst the lipid
interface remained positively charged.

DOPE is composed of two aliphatic chains, almost as long as DPPE (18 carbon
atoms/chain), while it carries one unsaturated bond in each aliphatic chain. The adsorption of
DOPE occurred with only slightly decreasing the SFG signal of water to 0.18 arb. units. The
different behavior of DPPE and DOPE in the screening effect can be attributed to the
saturated/unsaturated bonds in the aliphatic chains, which trigger the conformational
organization of the lipid layers. Indeed, the presence of unsaturated bonds affects the phase
transition temperature (Tp,) of lipids [30], so that DOPE (T,=—16°C) is in a liquid-like phase
at ambient temperature, while the full saturated bonds of the DPPE (T,,= +63°C) tails make
the corresponding lipid layer in a gel-like phase. The resulting bilayer structures show a more
densely packed organization for DPPE than for DOPE, with the consequence that DPPE
drives a larger charge screening than DOPE.

Negatively PS and positively Lysyl PG charged lipids. DOPS and Lysyl PG are negative
and positive charged lipids, respectively, with one net charge per molecule. DOPS holds two
negative and one positive charges, while DOPG holds one negative and two positive charges,
which are localized on the polar heads, respectively. Both lipids have the same aliphatic
chains, with one unsaturated bond in each aliphatic chain, giving rise to a liquid-like
conformation of the corresponding bilayers at room temperature. Starting from the intensity
of the CaF,/water signal (0.22 arb. units), once DOPS vesicles were injected in the cell to
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adsorb and fuse on the CaF, surface and form a lipid bilayer, the SFG intensity decreased to
zero in a few seconds, then increased to 1.50 arb. units in the next minute, and remained
stable at this value for the next 3h.The passing from zero of the SFG intensity correspond to
the flip-flop of water molecules from the up to the down conformation (Fig. 3, bottom) [12,
31]. Indeed, DOPS vesicles carried their negative charge close to the CaF, surface, and
screened their positive charge. The further saturation of the surface by DOPS vesicles led to a
strongly negatively charged interface, so that the SFG signal increased back, which
correspond to an organisation of the water dipoles close to the lipid interface. A different
behavior was observed during the adsorption of Lysyl PG vesicles at the CaF,/water interface.
Here, the SFG signal showed a fast increase of the SFG signal to 0.60 arb. units directly,
without passing from zero, in agreement with the positive net charge carried by the lipids
polar heads, which is of the same sign of the neat CaF, surface. Definitely, at the DOPS/water
interface, water dipoles are expected to be oriented with a down conformation (Fig. 3 bottom
right), while for Lysyl PG/water interface they are expected to be predominantly oriented with
an up conformation (Fig. 3, bottom left).

Natural Lipid Layers

Going from the easiest model membranes made of mono-component layers of synthetic
lipids of known chemical composition towards more representative models of real systems
requires facing that the full composition of the lipid layers is unknown.

E. coli cardiolipin. E. coli CA is a mixture of different CA structures, all holding the CA
polar head, carrying two net negative charges, and different hydrophobic chains, which are in
the amount of four per molecule. Starting from a SFG intensity of 0.22 V at the neat
CaF,/water interface, the injection of E. coli CA vesicles in the liquid cell decreased the SFG
intensity to zero in less than 10 minutes, and then this latter increased back and reached a
value as high as 3.75 arb. units after 3h. This behavior indicates that E. coli vesicles screened
the initially positive charge of CaF,, and then the corresponding lipid bilayer provided a
strongly negative character to the interface, which drove a higher organization of interfacial
water. This is possibly due to the structure of CA compounds, which, due to the presence of
four hydrophobic chains per molecule owing strong intermolecular interactions, give rise to
densely packed structures, leading to a higher density of charges per surface area. Moreover,
so densely packed films led to highly organized structures, where the polar heads are
predominantly oriented in a preferential direction, which may favor a large alignment of water
close to the lipid interface.

Total lipid extracts: ETLE and YTLE. E. coli total lipid extract is composed of different
neutral and charged lipids. The known fraction of ETLE (as provided by the supplier Avanti
Polar Lipids), which account for the 82.4% of the total composition, exhibits an average
charge of the lipid composition that is negatively charged, while the remaining 17.6% fraction
was unknown. The injection of ETLE vesicles at CaF,/water interface induced a decreased of
the SFG intensity to zero, and then an increase up to 0.25 arb. units in only one minute. This
behavior is in agreement with a very fast screening of the positive charge of CaF, by ETLE
vesicles, which inverted the sign the interfacial charges from positive to negative. This
statement enabled unravelling that an inversion of the orientation of the water dipoles
occurred, which testified for an average negatively charged character of the ETLE lipid
interface.

Similarly, the exact charge of YTLE was also unknown (see the YTLE composition as
provided by Avanti Polar Lipids). The injection of YTLE vesicles decreased the initial SFG
intensity to zero, and then this latter increased back up to 0.31 arb. units in the next 3 hours.
This behavior suggests an average negative charge of the YTLE lipid layer, which triggered an
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inversion of orientation of the water dipoles from the CaF,/water interface to the

CaF,/YTLE/water interface.

CONCLUSIONS

The SFG response of water wasmeasured at neutral, negative and positive mono-
component lipid bilayers, respectively, andshowed that the highestsignal, corresponding to
a high degree of organisation, was reached at the DOPS negative lipid interface. At natural
lipid layers interfaces, the SFG response of E. coli Cardiolipin layers indicated an
impressive organization of water close to the interface, since the SFG signal increased by
two times larger than at the negative mono-component lipid interface. These behaviors
enabled estimatingthe average charge properties of two natural lipids compounds, namely
E. coli total lipid extract and yeast total lipids extracts, whose full composition was
unknown. The SFG response during the adsorption of the corresponding vesicles onto the
surface demonstrated that these lipid layer interfaceswere in average negatively charged,
with a sligthly higher organisation of water at the YTLE than at the ETLE interface.By
using synthetic lipid layers of known composition as reference signals, it has been then
possible to unravel the average charge properties of natural lipid interfaces. The possibility
to distinguish lipid interfaces by the signal of their organized water environment represents
a possible solution to be explored for developing new, innovative and label-free
biodevices.

ACKNOWLEDGMENT

The author thanks the National Belgian Fund for the Scientific Research F.R.S.-FNRS,
the NATO SPS Program (under the grant number G5292 “Biohazards) for financial support,

and the “Lasers, Optics and Spectroscopies” technological platform (LOS) of University
Namur for instrumental and technical support.

CONFLICT OF INTEREST
The author reports that there is no conflict of interest.

AUTHOR’S ORCID ID
F. Cecchet " https://orcid.org/0000-0001-7740-3383

REFERENCES

of

1. Disalvo EA, Pinto OA, Martini MF, Bouchet AM, Hollmanna A, Frias MA. Functional role of water in

membranes updated: A tribute to Trauble. Biophys Biochim Acta Biomembr. 2015;1848(7):1552-62.
https://doi.org/10.1016/j.bbamem.2015.03.031

2. Ball P. Water as an active constituent in cell biology. Chem Rev. 2008;108(1):74—108.
https://doi.org/10.1021/cr068037a

. Fayer MD, Levinger NE. Analysis of water in confined geometries and at interfaces. Annu Rev Anal Chem.
2010;3:89—107. https://doi.org/10.1146/annurev-anchem-070109-103410

. Gun’ko VM, Turov VV, Bogatyrev VM, Zarko VI, Leboda R, Goncharuk EV, Novza AA, Turov AV,
Chuiko AA. Unusual properties of water at hydrophilic/hydrophobic interfaces. Adv Colloid Interface Sci.
2005;118(1-3):125-72. https://doi.org/10.1016/j.¢is.2005.07.003

. Sanders SE, Vanselous H, Petersen PB. Water at surfaces with tunable surface chemistries. J Phys Condens
Matter. 2018;30:113001. https://doi.org/10.1088/1361-648X/aaacb5

.Shen YR. Surface properties probed by second-harmonic and sum-frequency generation. Nature.
1989;337:519-25. https://doi.org/10.1038/337519a0

. Shen YR. Fundamentals of sum-frequency spectroscopy. Cambridge University Press, Cambridge; 2016.
https://doi.org/10.1017/CBO9781316162613

. Adhikari A, Re S, Nishima W, Ahmed M, Nihonyanagi S, Klauda JB, et al. Water orientation at
ceramide/water interfaces studied by heterodyne-detected vibrational sum frequency generation spectroscopy




94
F. Cecchet

and molecular dynamics simulation. J Phys Chem C. 2016;120(41):23692-7.
https://doi.org/10.1021/acs.jpcc.6b08980
9. Allen HC, Casillas-Ituarte NN, Sierra-Hernandez MR, Chen X, Tang CY. Shedding light on water structure

at air-aqueous interfaces: lons, lipids, and hydration. Phys Chem Chem Phys. 2009;11(27):5538-49.
https://doi.org/10.1039/6901209¢

10. Cyran JD, Backus EHG, Nagata Y, Bonn M. Structure from dynamics: vibrational dynamics of interfacial
water as a probe of aqueous heterogeneity. J Phys Chem B. 2018;122(14):3667-79.
https://doi.org/10.1021/acs.jpcb.7b10574

11. Ishiyama T, Terada D, Morita A. Hydrogen-bonding structure at zwitterionic lipid/water interface. J Phys
Chem Lett. 2016;7(2):216-20. https://doi.org/101021/acsjpclett5b02567

12. Mondal JA, Nihonyanagi S, Yamaguchi S, Tahara T. Three distinct water structures at a zwitterionic
lipid/water interface revealed by heterodyne-detected vibrational sum frequency generation. J Am Chem Soc.
2012;134(18): 7842-50. https://doi.org/10.1021/ja300658h

13. Nojima Y, Suzuki Y, Yamaguchi S. Weakly Hydrogen-bonded water inside charged lipid monolayer
observed with heterodyne-detected vibrational sum frequency generation spectroscopy. J Phys Chem C.
2017;121(4):2173-80. https://doi.org/10.1021/acs.jpcc.6b09229

14. Ohto T, Backus EHG, Hsieh CS, Sulpizi M, Bonn M, Nagata Y. Lipid carbonyl groups terminate the
hydrogen bond network of membrane-bound water. J Phys Chem Lett. 2015;6(22)4499-503.
https://doi.org/10.1021/acs.jpclett.5b02141

15.Re S, Nishima W, Tahara T, Sugita Y. Mosaic of water orientation structures at a neutral zwitterionic
lipid/water interface revealed by molecular dynamics simulations. J Phys Chem Lett. 2014;5(24):4343-8.
https://doi.org/10.1021/jz502299m

16. Roy S, Gruenbaum SM, Skinner JL. Theoretical vibrational sum-frequency generation spectroscopy of water
near lipid and surfactant monolayer interfaces. J Chem Phys. 2014;141:18C502.
https://doi.org/10.1063/1.4895546

17. Singh PC, Inoue KI, Nihonyanagi S, Yamaguchi S, Tahara T. Femtosecond hydrogen bond dynamics of
bulk-like and bound water at positively and negatively charged lipid interfaces revealed by 2D HD-VSFG
spectroscopy. Angew Chem Int Ed Engl. 2016;55:10621-5. https://doi.org/10.1002/anie.201603676

18. Sovago M, Campen RK, Wurpel GWH, Miiller M, Bakker HJ, Bonn M. Vibrational response of hydrogen-
bonded interfacial water is dominated by intramolecular coupling. Phys Rev Lett. 2008;100(17):173901.
https://doi.org/10.1103/PhysRevLett.100.173901

19. Sovago M, Vartiainen E, Bonn M. Observation of buried water molecules in phospholipid membranes by
surface sum-frequency generation spectroscopy. J Chem Phys. 2009;131(16):161107.
https://doi.org/10.1063/1.3257600

20. Toledo-Fuentes X, Lis D, Cecchet F. Structural changes to lipid bilayers and their surrounding water upon
interaction with functionalized gold nanoparticles. J Phys Chem C. 2016;120(38):21399—-409.
https://doi.org/10.1021/acs.jpcc.6b05460

21. Molinaro C, Cecchet F. Label-free, quantitative and sensitive detection of nanoparticle/membrane interaction
through the optical response of water. Sens Actuators B Chem. 2019;289:169-74.
https://doi.org/10.1016/1.snb.2019.03.006

22. Lis D, Cecchet F. Unique vibrational features as a direct probe of specific antigen—antibody recognition at
the surface of a solid-supported hybrid lipid bilayer. Chem Phys Chem. 2016;17(17):2645-9.
https://doi.org/10.1002/cphc.201600419

23. Toledo-Fuentes X, Molinaro C, Cecchet F. Interfacial charges drive the organization of supported lipid
membranes and their interaction with nanoparticles. Colloids Surf B Biointerfaces. 2018;172:254-61.
https://doi.org/10.1016/j.colsurfb.2018.08.018

24. Keller CA, Glasmaéstar K, Zhdanov VP, Kasemo B. Formation of supported membranes from vesicles. Phys
Rev Lett. 2000;84(23):5443—6. https://doi.org/10.1103/PhysRevlLett.84.5443

25. Cecchet F, Lis D, Guthmuller J, Champagne B, Caudano Y, Silien C, Mani AA, Thiry PA, Peremans A.
Orientational analysis of dodecanethiol and p-nitrothiophenol SAMs on metals with polarization-dependent
SFG spectroscopy. Chem Phys Chem. 2010;11(3):607—15.  https://doi.org/10.1002/cphc.200900733

26. Cecchet F, Lis D, Guthmuller J, Champagne B, Fonder G, Mekhalif Z, Caudano Y, Mani AA, Thiry PA,
Peremans A. Theoretical calculations and experimental measurements of the vibrational response of p-NTP
SAMs: an orientational analysis. J] Phys Chem C. 2010;114(9):4106—13.
https://doi.org/10.1021/jp911836k

27.Miller JD, Fa K, Calara JV, Paruchuri VK. The surface charge of fluorite in the absence of surface
carbonation. Colloids Surf A Physicochem Eng Asp. 2004;238(1-3):91-7.
https://doi.org/10.1016/j.colsurfa.2004.02.030




95
Interfacial water at synthetic and natural lipid bilayers probed by vibrational...

28. Lis D, Backus EHG, Hunger J, Parekh SH, Bonn M. Liquid flow along a solid surface reversibly alters
interfacial chemistry. Science. 2014;344(6188):1138-42. https://doi.org/10.1126/science.1253793

29. Khatib R, Backus EHG, Bonn M, Perez-Haro M-J, Gaigeot M-P, Sulpizi M. Water orientation and
hydrogen-bond structure at the fluorite/water interface. Sci Rep. 2016;6:24287.
https://doi.org/10.1038/srep24287

30. Silvius JR. Thermotropic phase transitions of pure lipids in model membranes and their modifications by
membrane proteins. In: Jost PC, Griffith OH, editors. Lipid-Protein Interactions. V.2. John Wiley & Sons,
Inc., New York, 1982. p. 239-81.

31. Dreier LB, Nagata Y, Lutz H, Gonella G, Hunger J, Backus EHG, Bonn M. Saturation of charge-induced
water alignment at model membrane surfaces. Sci Adv. 2018;4(3):7415.
https://doi.org/10.1126/sciadv.aap7415




96
BIO®I3MYHUIM BICHUK Bum. 43, 2020 BIOPHYSICAL BULLETIN Iss. 43, 2020

METONU BIODPIBUYHUX /IOC/IIIDKEHB

Original article
https://doi.org/10.26565/2075-3810-2020-43-10

VIIK 535.372:577.336

®JIYOPECHEHTHI BJIACTUBOCTI HOBEPXHEBUX TKAHUH ABJIYK PI3BHUX
COPTIB B 3EJIEHIHN OBJACTI CIIEKTPY

C.B. Kpusenp, S1.I1. JIazopenko, B.I1. Minaii, C.O. MamijioB
Tnemumym npuxnaouux npobnem ¢isuxu i biogisuku Hayionanvhoi akademii nayxk Yxpainu,
8yn. Bacuns Cmenanuenxa, 3, m. Kuis, 03142, Vkpaina
e-mail: resega(@ukr.net
Haniiimna mo penaxiii 6 Bepecus 2019 p.

Ipwmitasita 1o apyxy 10 moTtoro 2020 p.

AxTtyanbHicTb. TpaaumiiiHi METOIWKMA BH3HAYCHHS BMICTY Ta CKIQJy KOPHUCHHX PEUOBHH Y ILIONAX
JIOCUTH TPYIOMICTKI Ta MaTepiajloeMHi, MOTPeOyIOTh MOAPIOHEHHS Ta CIeniaTbHOI 00pOOKH 010IOTIHHOTO
MaTepiary. OIyopecleHTHII METOZ € OJHUM i3 HaHOIIbII CydJacHHWX i MEPCHEKTHBHUX, BIH JTO3BOJIIE
BU3HAYATH BaXJIMBI (i3i0J0TIYHI Ta METaOONIYHI MapaMeTpu, He MOPYLIYIOYH IUIICHICTh POCIMHHUX
TKaHUH. ToMy BHSBICHHS 3aKOHOMIPHOCTEH Ta MPHYUH BiAMIHHOCTEH (hIIyOpEeCHEeHTHHX BIIACTHBOCTEH
wIoxiB sA0MyHI pI3HUX COPTIB € AaKTyalbHOIO 3a7adyero, sKa MJO3BOJNUTh BUPIMIUTHA MpoOiIeMy
HEIHBa3UBHOT'O BU3HAUCHHSI CKJIAy 1 BMICTY KOPUCHHUX PEUOBHH Yy IUIOAAX.

Meta po6oTn — Bu3HaueHHS (UIyOPECLEHTHUX XapaKTEPUCTHUK MMOBEPXHEBHX TKAHWH sIOJIyK COPTIB 3
Pi3HUM 3a0apBICHHIM €K30KapIIi0 y 3€JICHIN 00JIacTi CrieKTpy (JIyopecIeHITi.

Marepiann i merogn. OO0’ekT mochiUKeHHS — s0JlyKa YOTHUPHOX HOIYJSIPHUX 3UMOBHX COPTIB,
OJMM3BKKMX 3a CTPOKaMH JO3piBaHHSA, IO MalOTh pi3HE 3a0apBIICHHS €K30KapIlilo. 3aCTOCOBAHO METOJ
(ITyopeceHTHOI CIIEKTPOCKOITi MOBEPXHEBUX TKAHWH SIONMyK TpH 30yMIKCHHI HAIiBIIPOBiITHAKOBUM
Ja3epoM 3 JOBXKHHOIO XBWIi 405 HM Ta MOTYXHICTIO 36 MBT, 1m0 mpamtoBaB y Oe3mepepBHOMY PEXUMI.
3abapBieHHs A0TYK BU3HAYCHO SIK KOOPAMHATA g CHCTeMH BigoOpakeHHs koipopis CIELAB.
PesyabTaTn. Bussieno, mo y 3eneHii o0xacti cekTpy (iyopeciermii HOBepXHEBUX TKAHWH Y Pi3HUX
COpPTIB AOTYK JOBXHHA XBHJII MAaKCUMYyMY BiApi3HAE€ThCSA MpuOIM3HO Ha 8—18 HM. B TO# *&e yac pisHHLS
JIOBKMH XBHJIb MAaKCHMYMY B YEpBOHiHM 00J7acTi CIIEKTPY [UIA Pi3HUX COPTIB SOIYK HE MEPEBHIIYE 5 HM.
BusiBiieHo, 1110 JOBXKKMHA XBHJII MaKCUMyMY (IiyopeclieHLii B 3eeHiil 001acTi ClieKTpy Bilpi3HAEThCS Yy
PI3HHX COPTIB BIANOBIAHO O 3a0apBieHHs €K30Kapmito. SIKio y 3abapBieHHI eK30KapIis IepeBaxae
3eJICHUN KOJIIP, TO MaKCUMyM (IyOpecCIeHIlii B 3e/ieHiil 001acTi Mae OUIBIIY JTOBXKUHY XBHJII, a SKIIO Y
3a0apBJICHHI E€K30KapIil0 IepeBaka€ 4YepBOHMH — MeHIry. JloBXWHAa XBWIL Yy S0JIyK 3 >KOBTHUM
3a0apBIICHHSIM €K30KapIIiio 3aiiMae MPOMIKHY IO3HLIIO.

BucnoBku. [lirMeHTHHI CKTaa MOBEpXHEBUX TKAHWH SIOJIYK BIUIMBAa€ Ha iX (IyOpecLEHLII0 B 3eleHiH
obmacti cmektpy. [IpumumHaMu BiAMIHHOCTEH MNOBXHHH XBHJII MaKCUMyMy (IIyOpecUeHINi y 3eJeHii
o0yacTi CIeKTpy MOXYTh OyTH BapiaTUBHICTH CKJIaxy (hIaBOHOJIB B 3aJIe)KHOCTI Bifl COPTY sIONyK Ta
TOTJIMHAHHSA (IIyOPECHEHTHOTO BUIIPOMiHIOBAHHS YEPBOHUMH MITMEHTAMH.

KJIFOUOBI CJIOBA: duyopecueHiiis; ek3okapiii; s0ayka; ¢aaBoHou.

®JIYOPECIHEHTHBIE CBOMCTBA NIOBEPXHOCTHBIX TKAHEM SIBJIOK
PA3HBIX COPTOB B 3EJIEHOM OBJIACTU CIIEKTPA
C.B. Kpugen, 51.I1. Jlazopenko, B.I1. Munaii, C.A. MamMnjoB
Hnemumym npuxnaoueix npobaem gusuru u 6uogusuxu Hayuonanvhoii akademuu nayx Yepaumol,
ya. Bacunua Cmenanuenxo, 3, e. Kues, 03142, Yxpauna

AKTyaJIbHOCTB. TpajuIMOHHBIE METOIUKH OIPENCTICHHs COJIECPIKaHUs U COCTaBa IMOJIE3HBIX BEILECTB B
IUI0JIaX AOCTATOYHO TPYJOEMKHE U MaTepUaIoeMKHe, TPEOYIOT U3MENbYCHUs U CIIEHUaIbHOM 00padoTKH
Ouonornyeckoro marepuaia. OIIyopeclEeHTHbIH METOJ SBJISETCS OJHUM K3 CaMBIX COBPEMCHHBIX H
MEPCICKTUBHBIX, OH MMO3BOJIACT ONPCACIIATL BAXKHBIC (1)143140n0r1/111601<1/1e u MeTa6OJ'll/I'-IeCKI/Ie nmapameTphbl,
He HapyIlas IIeJIOCTHOCTh pacTHTENBHBIX TKaHed. I1o3ToMy BBISBICHHE 3aKOHOMEPHOCTEH WM NPUYUH
pa3nuuuii (hIIyOpecleHTHBIX CBOMCTB IJIOAOB SIOJIOHM pasHBIX COPTOB SIBISIETCS aKTyalbHOM 3amade,
KOTOpasi TO3BOJIUT PELINTH NMPOOJIEMy HEHMHBA3UBHOTO ONPENEJICHHSI COCTaBa W COAEPKaHUS IOJIE3HBIX
BEIECTB B IUIOJAX.
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Heas pa6oThl — ompeneneHne GIyopeCcIeHTHRIX XapaKTePUCTHK MIOBEPXHOCTHBIX TKaHEH s0JI0K COPTOB
C pa3HOM OKPACKOM HK30KAPITHs B 3€JICHON 00JIACTH CHEKTpa (IIyopeceHIINH.

Matepuanabl U MeToabl. OOBEKT MCCIEAOBAHUA — SOJIOKH YEThIpEX MOMYJISPHBIX 3UMHHUX COpPTOB,
OMM3KMX TIO CPOKAaM CO3PEBaHUs, HMMEIOUINX PAa3IMYHyI0 OKpacKy 5K3okapnus. lIpuMmeneH wmerox
(GIIyopeceHTHOI ~ CIeKTPOCKONHWM  MOBEPXHOCTHBIX ~ TKaHEeH 00K  mpu  BO3OYKICHHUH
MOJIyITPOBOTHUKOBBIM J1a3epoM C JUIMHON BOJMHBI 405 HM M MOIIHOCTHIO 36 MBT, paboTaBmuMm B
HenpepbiBHOM pexuMe. Okpacka si0JIOK onpejielieHa KaKk KOOpAWHATA d CHCTEMbI OTOOpPa)KeHHUs 1IBETOB
CIELAB.

PesyabTaTsl. OOHapyKeHO, YTO JUIMHA BOJHBI MAKCUMYyMa B 3€JI€HON 00JIaCTH CIIeKTpa (IIyopecleHIINH
MIOBEPXHOCTHBIX TKaHEH y Pa3HBIX COPTOB SOJIOK OTJIMYAeTcsi NpuMepHO Ha 8—18 HM. B To e Bpems
pasHMIA JJIMH BOJIH MAaKCUMyMa B KPacHOM 00JIaCTH CIEKTpa Ul pa3HbIX COPTOB SI0JIOK HE MPEBbIIIAET
5 aM. OOHapyXeHO, YTO [UIMHA BOJHBI MaKcHUMyMa (IIyOpEeCHEHIIMH B 3€JICHOW OONacTH CIEeKTpa
OTIIMYACTCA y Pa3HBIX COPTOB B COOTBETCTBHH C OKpPAcKOW »K30Kapmus. Eciii B OKpacke SK30KapIms
mpeoOanaeT 3eNeHbIi [BET, TO MAKCHMYM ()IyOPECIECHIINH B 3€JICHOH 001acTH nMeeT OOIBIIYIO [UTHHY
BOJIHBI, a €CTIM B OKpacKe IK30KapIus MpeobiamaeT KpacHeId — MeEHbIIyI0. /[mrHa BONHEI y SIOJIOK C
KENTON OKPaCcKON 3K30KApIHsI 3aHUMAeT IPOMEKYTOYHYIO MO3HIIHUIO.

BobiBoabl. [TMrMeHTHBIN cOCTaB MOBEPXHOCTHBIX TKaHEH sI0JIOK BIHMSET Ha UX (DIIyOPECICHIIHMIO B 3€JICHOM
obnactu cnekrpa. [IpyunHaMu OTNMYMI JUTHHBI BOJIHBI MaKCUMyMa (DIyOpecleHIMU B 3eJIeHOH 00acTu
CIICKTpa MOXKECT 6bITl) BapUaTUBHOCTL COCTaBa (bﬂaBOHOJ'lOB B 3aBUCUMOCTU OT COpTa 516.]'101( W BJIIMSIHUC
KpaCHbIX MTUTMEHTOB.

KJIFOUYEBBIE CJIOBA: dnyopecueHIus; 3K30Kapuii; s0JI0KH; (HI1aBOHOIBL

FLUORESCENT PROPERTIES OF SURFACE TISSUES OF APPLES OF
DIFFERENT VARIETIES IN THE GREEN AREA OF SPECTRUM

S.V. Kryvets, Ya.P. Lazorenko, V.P. Mitsai, S.0. Mamilov
Institute of Applied Problems of Physics and Biophysics of the National Academy of Science of Ukraine,
3 Vasilya Stepanchenka Str., Kyiv, 03142, Ukraine

Background: Traditional methods of the content and composition of fruits nutrients determining are
labor-intensive and material-intensive, require grinding and special processing of biological material. The
fluorescent method is one of the most modern and promising. It allows determining physiological and
metabolic parameters without plant tissues destruction. Therefore, the patterns and causes of differences
identification of the different apple varieties fluorescent properties is an important task, which will solve
the problem of non-invasive determination of the composition and content of useful substances in fruits.
Objectives: The determination of the surface tissues fluorescent properties in the green area of the
fluorescence spectrum of apple varieties with different coloring of exocarp is the purpose of the work.
Materials and methods: The object of the study is apples of four popular winter varieties, close in
maturity, with different coloring of exocarp. The method of fluorescence spectroscopy of the apples
surface tissues was used. The excitation was made by a semiconductor laser with a wavelength of 405 nm
and a power of 36 mW, operating in a continuous mode. The apples coloring is defined as the coordinate
a of the CIELAB color mapping system.

Results: It was found that the wavelength of the maximum in the green area of the fluorescence spectrum
of different apple varieties surface tissues differs by approximately 818 nm. At the same time, the
difference of wavelengths of the maximum in the red area for different apple varieties does not exceed
Snm. It was found that wavelength of the maximum in the green area of the fluorescence spectrum
differs in different varieties in accordance with the coloring of the exocarp. If green color prevails in the
exocarp coloring the fluorescence maximum in the green area has a longer wavelength, and if red prevails
it has a shorter wavelength, while if yellow prevails, the wavelength occupies an intermediate position.
Conclusions: The pigment composition of the surface tissues of apples affects on their fluorescence in
the green area of the spectrum. Possible reasons for the differences of the maximum wavelength in the
green area of the fluorescence spectrum are the variability of flavonols composition depending on the
apple variety and the influence of red pigments.

KEY WORDS: fluorescence; exocarp; apples; flavonols.

TpanumiiiHi METOAMKM BU3HAYCHHS BMICTY Ta CKJIay KOPHCHHX PEYOBHH Y IUIOJAX
JOCHUTH TPYJOMICTKI Ta MaTepiaJoeMHI, TOTPEOYIOTh MOAPIOHEHHS Ta CHEMiaIbHOI 00POOKH
Oionoriynoro matepiany [1]. JdocmimkeHHs ¢uyopecueHIil poCciuH € OHIE0 13 HAHOIIbIIT
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CyYacHHX 1 MEPCIEKTUBHUX METOMHUK, KA JO3BOJISIE HE MOPYIIYIOYH MUTICHICTh POCTUHHUX
TKaHUH BU3HAYaTH BAXKIIUBI (i310J0T14HI Ta METaOOIYHI TapaMeTpu.

JlocuTh UIMPOKE 3acCTOCYBaHHS 3HAWIUIM MOKa3HUKH (IyopecueHIii pociIuH 3
MaKkCUMyMaMH y 4epBoHii (~680 HM) Ta nanbHiil uepBoHiit (~730 HM) 001acTAX CHIEKTPY, SAKi
BIZIMOBI1at0Th XJ0podiny a porocuctemu Il ta porocucremu I BignosigHo [2]. Lli mokazHukm
BUKOPUCTOBYIOTh ISl OIIIHKM KUIBKOCTI XJOpo(idy B TKaHMHAX Ta #Horo (oToxiMiyHOi
AaKTUBHOCTI, IO [JO3BOJIAE€ OLIHUTH CTaH POCIWH Ta BIUIMB HAa HHUX PI3HUX CTPECOBUX
daxTopis [3].

JlocmiKeHHsT OCTaHHIX JCCATUIIITh MOKa3aJn, 10 JJI TKAaHWH 0araThbOX BHJIIB POCIIHH,
OKpIM MaKCMMYMIB B YEpBOHIH Ta JajbHIi YepBOHIM 00JacTi, XapaKTEepHI TAKOK MAaKCUMYMHU
y cunii (~440 uM) Ta 3eneHid (~520 HM) obnactsax cmektpy (ayopecuenmii [4, 5].
3 (myopeciieHLielo B 3eleHiil o0iacTi CHeKkTpy MoB’s3yioTh (prmaBoHonu [5]. 3okpema B
poboti E.A. fronpHuk 3 cmiBaBTOpamMu [6] Moka3aHoO, IO KBEPIETHH Npu 30y/KEHHI Ha
370 HM Ma€ MakCHUMyM IHTEHCHBHOCTI y CIIeKTpi ¢uryopecueHii Ha 545 HM, IpoTe TOBXHUHA
XBUJII HOTO MaKCUMyMy MOKe€ OyTH 3MillleHa B 3aJICKHOCTI BiJ BJIACTHBOCTEH CEpeIOBHIIA.
@OnaBOHONIM MalOTh BUPAXEHI AHTUOKCHIAHTHI, AaHTUPATUKANbHI, AaHTI0MPOTEKTOPHI
BIacTUBOCTI [7]. ToMy BU3HA4YEHHS CKJIaay Ta BMICTY (hIaBOHOJIB y POCIMHHUX IUIOAAX MA€
3HayHe mpakTuuHe 3HadeHHsA. Kpim ¢rnaBononmie 3a mamumu  H.K. Lichtenthaler 3
criBaBTOpaMH [8] 3HAYHHI BKJIAJl Y CHHBO-3€JICHY ()IyOPECIICHIIII0 POCIHH MOXXYTh BHOCUTH
KOPHYHI KHCIIOTH, SIKI MICTIThCS B KIITHHHHX CTiHKax. Ha ¢uyopecnenmiro ioaiB B gaHiit
00J1aCTi CIEKTPY MOXKYTh BIUTMBATH TAKOXK aHTOIlIaHU, K1 (OPMYIOTh YEPBOHUN PYM STHEIlh
Ha CTOPOHI TUIOIB, 110 OyJa OubIlle OCBITIEHA COHIIEM, BOHH MalOTh CMYTH MOTJIMHAHHS SK B
ybTpadioneToBIN, TaK 1 Y BUAUMIN 00JIaCTi CIEKTPY, 1 YaCTKOBO MOTJIMHAIOTH SIK 30y Ky0Ue
BUIIPOMIHIOBAaHHS, TaK 1 (PJIyOPECIIEHTHUI CUTHAJI CHHBO-3€JIeHO01 00J1acTi ciekTpy [9].

Ab6nyka € oqHUM 13 HaWOLIBIN MOMYJIIPHUX POCITHMHHUX MPOIYKTIB SIK B YKpaiHi, TaK 1y
Oaratbox KkpaiHax €Bpormu Ta CIIIA. XapuoBa HIHHICTH SOJNyK BH3HAYAETHCS BUCOKUM
BMICTOM y TKaHMHaX IUIOAIB, HacaMmIiepea y eK30KapIii, momiQeHoiB, SKUX HAapaxOBYIOTh
Oumbllle  ABAALATHA, TPU YOMY B HEAO3pUIMX IUIOJAX MEpPeBaXAOTh KATEXiHU,
JIEHKOAHTOITIaHITM Ta XJIOPOTEHOBA KHCIJIOTA, a B JO3PUIMX IUIOAAX IMEPEBaXKalOTh OUIBII
okucieHi popmu — dumaBononu [10]. 3a gauumu E.W. Tapyn 3 cniBaBTopamu [11] o cknamy
sIOJTy4HOTO COKY BXOJSATh Taki (pIaBOHOJNM SK PYTHH, KBEPIETUH Ta CMKaTeXiH. 3a JaHUMU
O.B. Ilepdinosoi 3 cniBaBTOpamu [12] TKaHUHH SOTYK MICTATHh A0 7,2 MI' KBEpLETHHY Ta 10
10 mr agromianigigis Ha 100 T.

OcCKiNbKM 32 CKJIAaJOM 1 BMICTOM (PJIABOHOJIIB, aHTOILIIaHIB Ta KOPHUYHUX KHCIOT Pi3HI
coptu SOIyK MOXYTh BifapizHatucs [13], me wMoke BIUMBaTH Ha (IyopecueHTHi
XapaKTePUCTHKU TIOAIB. JloCTimKeHHsT ONTUYHUX BIACTHBOCTEH TKaHUH SOTYK OCTaHHIX
POKIB TOKa3anu HasBHICTH (iyopecueHmii B cuHbo-3eneHii obmacti. C.A. PomikoBum 3
ciiBaBTopamu [14] mpu 30ymkeHHI Ha JOBXUHI XBHI1 ~350 HM MOBEPXHEBHUX TKAHUH SIOTYK
COpPTy AHTOHIBKA 3BHYaliHAa OTPUMAHO MakcuMyM (iyopecuenmii B obmacti 400410 M 3
IUTaBHUM 3HIDKEHHAM 10 670 HM. Ilpu 1ipoMy BUSIBIEHO, HIO TUIOAM (IIyOPECIIOIOTH Yy
OuTBIIIH Mipi HAa TiHBOBOMY Ootii. [Ti3HiIIe B IHIINX JTOCIKCHHIX aBTOPaMH OYyJI0 OTPHMAHO
nBa makcumymu Ha 550 M 1 630 um [14]. H.K. Lichtenthaler 3 cmiBaBTOpamu [9] mpu
TOCTIKeHHI copTy ss01yk bpeOypH mokazanm, mo npu 30YHKCHHI KCEHOHOBOIO JIAaMIIO0 B
obmacti 280400 HM B MOBEpPXHEBUX TKAaHWHAX SOMYK CIIOCTEPIralOThCsl MaKCUMyMH
¢yopecuentii Ha 440 um Ta 520 HM. Ilpu 1bOMY IHTEHCHBHICTH (IIyOpecLEHINi Ha IHX
JIOBXKMHAX XBUJIb 30UIBIIYEThCS MPH 30epiraHHi si0IyK npotarom mect micsuis. M.S. Kim 3
ciiiBaBTopamu [15] Takox BUSBIIN (uryopecteHIliio somyk copty ['onmen Jleminiec y CHHBO-
3eneHii 00nacTi crekTpy Ha JoBxkuHax XBuiib 460 HM Ta 530 HM. [Ipu npomy y mo3piiamx
IUTO/IIB MAaKCHMYMH y CHHIN 1 4YepBOHINH 00aCTi O BiTHOUICHHIO O MAaKCUMYMY Y 3€JICHIN
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00J1acTi € HIKYUMH HDK y HEA03puUTnX. TakuM YMHOM y PI3HUX JOCTIHKCHHSIX OTPUMAaHO
JIeI0 BiAMIHHI pe3yJbTaTd LIOJO0 JIOBXKWHU XBHJI MakCUMyMy (iIyopecueHIii s0iyK B
3eJIeHI 00J1acTi CIEeKTPy. 3aKOHOMIPHOCTI Ta MPUYMHU BIAMIHHOCTEH (IyopecreH i s0myk
PI3HUX COPTIB y 3eJIeHii 00JacTi CEKTPy MOTPEOYIOTh MOAATBIIOTO BUBYCHHS.

Mertoro pobotH € BH3HAa4YeHHS (IIyOPECHECHTHHMX XapaKTePHCTUK ITOBEPXHEBUX TKAHWH Y
3ereHii o0nacTi cekTpy (ryopecleHIlii At COpTiB S0IyK 3 pi3HUM 3a0apBICHHAM €K30KaPIIiIO.
BukoprcrtanHs ONTHYHUX BHMIPIOBaHb Ma€ HAa MeETi PO3pOOKY HEIHBa3MBHOTO METOMY
MOHITOPHHTY Jerpajaiii KOpUCHUX PEYOBHH Y IJI0/1aX POCIIUH IPH TPUBAIOMY 30epiraHHi.

MATEPIAJIM I METOU

O06’exTOM MOCIHIKEHHS OYyJN sI0JTyKa YOTUPHOX MOIMYJISIPHUX 3MMOBHUX COPTIB, IO Majl
pizHe 3abapBiieHHs ex3okapmito. Copt Pener Cumupenko maB 3eneHe 3abapBienHs, [onnen
Henimec — >xoBTe, Almapen — CBITJIO-3€JieHE 3 MaJWHOBUM pyM’ siHIleM, DiopiHa —
3€JICHyBaTO-)KOBTE 3 BUPAKCHUM MAJIMHOBHM pyM siHIIEM. [l JOCHIKEHHS BiTOUPaIoch 1o
7—8 a01yK KOKHOTO copTy. Bci s0myka Manu MIIbHY TIaJKy MOBEPXHIO 1 OJJHAKOBY CTYITIHb
cTUIIIOCTI. J[Is1 XapakTepuCTUKH 3a0apBieHHs sI0JTYK KOKHOTO COPTY 3 MOBEPXHI KOXKHOTO
mwiona Oyyo 3pobsieHo 1o ABaHAAITH IUdpoBuX ¢doTorpadiii 3a TOMOMOTOI BeO-KaMepH
Mustek Wcam 300 mpu HE3MIHHMX HalalITyBaHHAX KaMepH Ta HE3MIHHOMY OCBITJICHI
nmoBepxHi 3paskiB. [licas mporo komip Ha KOXHIN pororpadii ycepenHoBaBCs 3a JOMOMOTOI0
¢ineTpy Average nporpamu Adobe Photoshop CS4 i Bu3Hauanace KOOpJHHATa @ CUCTEMHU
BimoOpakeHHs KoibopiB CIELAB, ska moka3ye MOJOXEHHS KOJbOPY B Jlama3oHi Bif
3€JICHOT0 10 uepBoHOro. OTpuMaHi JaHHI YCEpPEOHIOBAINUCH JIi KOXKHOTO COpTY,
BU3HAYAJIOCH CEpPEeIHE apu(METHUHE Ta JOBIpUMi IHTEpBaJ 3 piBHEM 3HauuMMocCTi p < 0,05.

Cnextpu ¢uryopecueHIlil MOBEpXHEBUX TKAaHUH SOIyK PEeECTPYBAIUCH 32 JOINOMOTOIO
YCTAaHOBKHM Ha OCHOBI (ryopecteHTHOro crekrpomerpa SL40-2 3 ONTOBOJIOKOHHUM BXOJIOM
Ta cBiTouyTiauBoo marpuueto TCD1304, sika 103BoJsIa peecTpyBaTH CIEKTP B Jliana3oHi
450-800 um (Puc. 1). Ilpomine HamiBIpoBiTHUKOBOTO J1azepa (1) 3 morxkuHOIO XBUi 405 HM Ta

o

:

-

Puc. 1. Cxema ycTaHOBKH Ha OCHOBI (pryopecrieHTHOTO criektpomerpa SL40-2: 1 — HamiBIpOBITHUKOBUI
nazep 405 uM, 2 — 3pasok s6ayka, 3 — cBimodineTp GVK48, 4 — onroBosokonuuit Bxix SL40-2, 5 —
MOHOXpoMaTop, 6 — cBitinouymBa Matpunsg TCD1304, 7 — nepcoHambHIIA KOMIT FOTED.

HOTYXXHICTIO 36 MBT, 110 mpaifoBaB y 6e3nepepBHOMY PEKUMi, HAIPaBJISBCS HAa MOBEPXHIO
3pazka somyka (2) mo motuyHid. [l BigcikaHHS 30y/DKYyIOUOTO BUIIPOMIHIOBAHHS MiX
OINITOBOJIOKOHHHMM BXOJIOM Ta TOBEpXHEI0 sA0iyKka po3mimtyBascs cBiTiopinbTp GVK48 (3) 3
obnacTio mporryckanas 455 HM 1 Bumie. OayopeciieHTHUH CUTHAJ BiJ 3pa3ka s0yka depes
ONTOBOJOKOHHMH BXiJ (4) ¢myopecuentnoro crnekrpomerpa SL40-2 mnepenaBaBcs Ha
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MoHOXpomaTtop (5), a TOTIM Ha CBITIOYYTIHBY MaTpuito (6). OTpumaHi CHEKTpH
nepefaBaincs Ha MepcoHANbHMA Komm'ootep (7) nmns momanbiioi oOpobku. Crekrpu
(bayopecieHIlii peecTpyBalucs MOYEPTOBO y JEB’SATH TOYKAX MOBEPXHI KOXKHOTO S0JIyKa 10
KOITy, 4epe3 KoxkHi 40°, 3 KiIbKapa30BUM MOBTOPEHHSIM.

Jlig 3riajpkyBaHHS CTOXAaCTUYHMX IIYMIB y CHEKTpaxX BHUKOPUCTOBYBABCS (IIbTP
Caginpkoro-I'onest 3 MOTIHOMOM MIOCTOTO CTEMEHsI Ta YCEPEIHIOYHMM iHTepBajioMm y 199
3HAYCHb, KWW JO3BOJISIB MIHIMI3YBaTH BUKPHWBICHHS aMILTITY] CHEKTPaIbHUX TIKIB TPH
3rmapKyBaHHi. Ilicns npOro BH3HAYANKCH JOBXHHHM XBWJIb MAaKCHUMYMIB (IyOopecueHIl y
seneHid (500-565 M) Ta depBoHil (625-710 HM) obOnacTAX CHeKTpiB y HaHoMeTpax. s
YCYHEHHS 13 BUOIPKH MOXIIMBUX apTe(akTiB 3aCTOCOBYBABCS KPUTEPIN TPHOX G i HAOOpy
3HaYeHb KOXXKHOTO OKpemoro 3paska s0ayk. OTpumaHi 3HAYEHHS YCEPEAHIOBAIUCH [T
KOJKHOTO COpPTY, BH3HA4aJioCh CepelaHe apudMeTHuHe Ta JOBIpUYMH IHTEpBal 3 pIBHEM
3HaunmMocTi p < 0,05. st o6poOku pesynbTaTiB BUKopucTaHo mporpamu OriginPro 8 Ta
Microsoft Office Excel 2010.

PE3YJBbTATHU I OBTOBOPEHHS
Ha pucynky HaBeneHO THIIOBI CHEKTpH (IyopecleHIli MOBEepXHEBUX TKaHWUH SIOIYK
YOTUPHOX COPTIB MpHu 30y UKEHHI HamiBIpPOBiIHUKOBUM JazepoM Ha 405 um (Puc. 2). Ha
CIIEKTpax YCIX 3pa3KiB SOJYK MPOCTEKYBAJIOCH JIBa OLIBII BUPAXKEHI IMIKH 3 MAaKCUMyMaMH y
3enmeHid (max 1) Ta y uepBoHii o6macTi (max 2), a TakOXX MEHII BHPAKCHHHA MK 3
MaKCUMYMOM Y JaJIeKii 4epBOHIM o0acTti (max 3).

Puc. 2. Tunosi cexrpu
(dyopecueHtii
MOBEPXHEBUX TKAHUH
SIOTYK YOTHPBOX COPTIB
pu 30y DKEeHH1
HAaITiBIIPOBi THUKOBUM
nazepom Ha 405 HM:

1 — Pener CumupeHko,
2 — Tonnen Jemimec,

3 — Aiinapen,

4 — ®nopina,

max 1 — MakcuMyMm y
3eNeHiil 00nacTi CIeKTpy,
max 2 — MaKCUMYyM y
YepBOHiN 001acTi
CIIEKTPY,

max 3 — MakCUMyM y
JasieKiil YepBoHiil 00acTi
CIIEKTPY.

CratucTuuHul aHaji3 HAa0Opy CHEKTPIB TOKa3aB, IIO JIOBXXHHU XBWJIb MaKCHMYMIB
¢uryopecuieHIlil MOBEpXHEBUX TKAaHWH Y pPI3HUX COPTIB SOMYK BiApi3HAIOTHCA. Pi3HMIA
JIOBXKUH XBUJIb MaKCUMyMY (hiryopeclieHInii B 3eJeHiid 001acTi CIIeKTpy Malia pi3Hi 3HAYCHHS,
Bil ~8 HM ans coptiB Aimapen i @nopina 10 ~18 HM ans coptiB Pener CumupeHko i
®dnopina. B Toi e yac pi3HUIA TOBKUH XBUJIb MAKCHMYMY B U€pPBOHIN 00J1aCTi CIIEKTPY IS
pi3HUX COPTIB SI0TyK HE MEPEBUIYBajIa 5 HM.

BusBneno, mo moBxuHa XBWII MaKCUMyMy (piryopeclieHinii B 3eJeHiid 001acTi CeKkTpy
BIZIPI3HAETBCSL Y PI3HUX COPTIB BIANOBIAHO A0 3a0apBiIEHHS €K30Kapmioo. SKmo y
3a0apBJIeHHI €K30KapIis MepeBakaB 3eJCHUN KOJIIp, TO MaKCUMYyM (piryopeclieHInii B 3eIeHii
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00J1acTi MaB OUTBIITY JOBKHHY XBHII, a SIKIIO Y KOJBOP1 €K30KAPIIiI0 TIepeBakaB YePBOHUI —
MEHIy, y SIOJyK 3 XOBTUM KOJIbOPOM €K30KapHilo JOBXHHA XBWJII 3aiiMana MPOMIKHY
no3utiro (Puc. 3).

Puc. 3. JIoB)XWHU XBHITb
¢iryopecueHtii y
3eJIeHi 00IacTi CIIeKTpy
MIOBEPXHEBUX TKaHUH
SIOTYK YOTHPBOX COPTIB
PI3HOTO KOJILOPY MPH
30yIPKeHHI Jla3epoM Ha
405 um (p < 0,05).

OtpumaHi pe3yabTaTH J03BOJISIOTH 3pOOMTH BHCHOBOK, IO MIrMEHTH, SKi (HopMyIOTh
3a0apBJICHHS S0JYK, BIUTMBAIOTh HA JIOBXHHY XBHJII MAaKCUMYMY (DJIyOpPECICHITI1 TOBEPXHEBUX
TKaHUH sIOJyK B 3esieHi obOnacti. 3a JiTepaTypHHUMHU JaHUMHU Cepell MIrMEHTIB PKEpeoM
3eneHoi (hmyopeciieHiii MOKyTh OyTH Jesiki (hJJaBOHONHM, a TaKOXX MOJKJIMBHE BIUIMB PSITy
HIrMEHTIB Ha (IyOpecClEHIIII0 1HIINX PEYOBHH Y 3€JIeHIH 00JacTi CrieKTpy. 30KpemMa, YacTUHA
(IIyOpECIEHTHOTO CHTHATy MOJKE IOTJIMHATHCS YEPBOHMMH IIIIMEHTaMH, SIKI MAlOTh CMYTH
NOTJIMHAHHS B CHHBO-3€JIEHIM 00JacTi CHEKTpY, IO TaKOXX MOXKE IMPU3BECTH JI0 3MILLCHHS
JTOBXKMHU XBUJII MakCUMyMy B 3eJieHil o0macTi cnektpy dayopecieniiii. ToMmy BiporigHOIO
NPUYMHOIO BiIMIHHOCTI JOBXHMHHU XBHJII MaKCUMyMy B 3eJieHii o0mnacTi (hryopecteHiii Moxe
OyTH pi3Huil cKiIaa (pIaBOHOMIB Ta 1HIIMX MITMEHTIB Y PI3HUX COPTIB A0IyK. 3’ siCyBaHHS OUTBII
TOYHUX MIPUYMH 3HAHAEHOI 3aKOHOMIPHOCTI TOTPeOy€e MOAATBIINX JOCITIHKEHb.

BUCHOBKH
B pesynbrari mpoBeneHHMX OCHTIKEHb BHUSBICHO 3aJICKHICTH MDK 3a0apBIICHHSIM
€K30Kapmilo s0JyK Ta JOBKHHOI XBWJII MaKCUMyMy B 3€JeHii 001acTi CHekTpy
dbayopecieHtlii, o 103BoJisi€ 3p0OUTH BUCHOBOK PO BIUIMB MITMEHTHOTO CKJIATy TUIOAIB HA
ix QuyopecueHmiio B 3eieHi o0nacTi crnekTpy. BiporigHumM npuUYMHAMK 3HAHAEHOI
3aJIEKHOCTI € BapiaTUBHICTh CKJIaAy (IIABOHOJIB B 3alIeKHOCTI BIJ COPTYy SOIyK Ta
NOTJIMHAHHA (DIyOpPECIIEHTHOTO BUIIPOMIHIOBAaHHS YEPBOHUMHU ITIrMEHTAMHU.

MHNOASAKA
Po6ora Bukonana B pamkax HJ/IP HamionansHoi akanemii Hayk Ykpainu «JlociimkeHHs
CIEKTPaJbHO 3aJIe)KHUX TPOIECiB Ta 3aco0iB Bizyamizamii i Mopdomerpii mMoBEpxHi
010JI0TIYHAX 00’ EKTIBY.

KOH®JIIKT IHTEPECIB
ABTOpH MOBIIOMIISIIOTH TIPO BIJCYTHICTH KOH(IIIKTY IHTEPECIB.
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Background: While antibiotic cycloserine (CYS) is widely applied in the treatment of tuberculosis, our
knowledge of the drug intermolecular interactions with targeting biomolecules and other drugs remains
incomplete. It is believed that the CYS antibacterial activity is related to inhibiting the bacterial cell wall
biosynthesis. On the other hand, intermolecular interactions of CYS with ascorbic acid (ASC) molecules
is worth of studying taking into account that ASC can be used as supporting vitamin preparation or can be
affiliated with the patients nutrition.

Objectives: The purpose of the current model study are to examine biologically significant
intermolecular interactions of CY'S with N-acetyl-D-glucosamine (NAG) as one of the main component
of peptidoglycan of bacterial cell wall and to verify the possibility of noncovalent complexes formation
between CYS and ASC molecules using electrospray ionization mass spectrometry (ESI MS) technique.
Materials and methods: The objects of the study are model systems composed of CYS and NAG or
CYS and ASC prepared in a polar methanol solvent for the ESI MS probing. ESI mass spectra are
obtained using the approach earlier developed by us for investigation of the noncovalent complexation of
drugs with targeting biomolecules.

Results: The experiments reveal that the ESI mass spectrum of (CYS-NAG) model system contains
peaks of protonated molecular clusters of CYS with NAG: [CYS*NAG+*H]" and [CYS*2NAG+H]".
Existing of such peaks in the spectrum testifies to formation of stable noncovalent complexes between
CYS and NAG in the studied solution. ESI MS examining of (CYS—ASC) system reveals the noncovalent
pair complexation of CYS and ASC molecules confirmed by the recording of intensive peak of
[CYS+ASC+H]" cluster in the spectrum.

Conclusions: The ESI MS findings point to the possibility of noncovalent complexation of CYS with
NAG in the polar media including biological systems. Such complexation between the antibiotic and
NAG as component of peptidoglycan of bacterial cell wall is considered to be biologically significant for
the process of the cell wall biosynthesis inhibiting by CYS. Stable noncovalent complexes formation
between the CYS and ASC molecules is suggested as a potential molecular mechanism of the drugs
activity modulation under their joint usage.

KEY WORDS: cycloserine; N-acetyl-D-glucosamine; ascorbic acid; noncovalent complexes;
electrospray ionization mass spectrometry.

MAC-CIIEKTPOMETPUYHE NOCJIIKEHHA ®OPMYBAHHSA HEKOBAJIEHTHUX
KOMIUJIEKCIB AHTUBIOTUKA HUKJIOCEPUHA 3 N-AHETUJI-D-I''TIOKO3AMIHOM
TA ACKOPBIHOBOIO KHCJIOTORO
B.A. Tammucbka', M.B. KoceBuu', A. l“OMopi2
! Disuxo-mexniunuii incmumym nusvkux memnepamyp im. b.1. Bepxina Hayionanvnoi akademii nayx Ykpainu,
npocn. Hayku, 47, Xapxie, 61103, Ykpaina
ZIHcmumym opeaniunoi ximii Haykoozo yenmpy npupoOHuyux Hayx,

Bynveap Maowsap myoocox, 2, Byoanewm, H-1117, Yeopwuna

AxTyanabHicTb. AHTHOIOTHK IHKIOcepuH (CY'S) akTHBHO 3aCTOCOBYETHCS TPH JTIKYBaHHI TyOEpKyIH03Y,
MpOTe Hamli 3HaHHS MIOA0 MIXMOJEKYJISIPHOI B3a€EMOAIl MOJEKYH I[hOr0 Ipemapary 3 0i0MOJIeKyIaMu-
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MIIIICHSMH Ta 3 MOJIGKYJIaMH {HIIUX JIKiB Hapa3i € oOMekeHUMH. BBaxxaeThCsl, 0 aHTHOAKTepialbHa s
CYS moB’s13aHa 3 MPUTHIYEHASM TIPOLiecy 0i0CHHTE3Y KIITHHHOI CTiHKH Oaktepii. [lopsa 3 num neBHUA
iHTepeC CTAaHOBUTH BUBYCHHS MIKMOJEKYJIpHUX B3aemoxiin CYS 3 MosekynaMu acKOpOiHOBOI KHCIIOTH
(ASC), ockinpKu BOHa MOK€ BHKOPHCTOBYBATHCS SIK JTOTIOMDKHHUI BiTaMiHHHMH TIpemapar IpH JIiKyBaHHI
TyOepKyIbp03y a00 3HAXOAUTHCS y 1K1 MAIli€HTIB.

Merta po6oTu. 3amayaMy JAHOTO MOJEIBHOTO IOCHIHKEHHS CTaJd BHUBYCHHS OI0JIOTIYHO Ba)KJIMBUX
MDKMOJIEKYJISIDHUX B3aeMoaiid nuknocepuny 3 N-anerwi-D-riarokozaminom (NAG), mo € ogHuMm 3
TOJIOBHUX KOMITOHEHTIB MOJIIMEPHOTO MENTUAOIIIKAHY KIITHHHOI CTiHKH OaKTepii, Ta mepeBipka
MOXJIMBOCTI (pOpMyBaHHSI HEKOBAJIEHTHUX KOMIUIEKCiB MK Moiekynamu CYS ta ASC 3a nonomororo
METOJly Mac-CIIeKTpoMeTpii 3 ioHizarieto enekrpoposnmieHHsM (MCIEP).

Marepianm it MeToau. O6’exTaMu JOCIIHKEHHS 00paHO MOJENBHI cucTeMH, ckianoBumu sikux € CYS
ta NAG a6o CYS ta ASC, po3unHeHi y moiasipHOMY po3unHHUKY MetaHoli st MCIEP excniepuMeHTiB.
Mac-cnexTpu Oysi0 OTPHIMAaHO 3 BUKOPUCTAHHSAM pO3pOOJICHOT0 HAMH PaHille MiAXOMy OO0 JOCIiIKEHHS
HEKOBAJICHTHOTO KOMIUIEKCOYTBOPEHHS MK MOJEKYJIaMH JIKapChKUX areHTiB Ta O0i0JOTiYHIMH
MOJIEKYJIaMH-MILICHSIMH.

PesyabTaTn. Ilokazano, mo wmac-cnektp IEP wmogmenmsHOi cucremun (CYS-NAG) wMicTuTh miKH
poTOHOBaHKMX Moneky sipHux knactepis CYS ta NAG: [CYS*NAG+H]', [CYS*2NAG-H]". HasBHicTh
LUX MIKIB y CHEKTpi CBIMYMTH NMpo (hOpMyBaHHS CTAOIIBPHUX HEKOBaJEHTHUX KomiuiekciB Mk CYS Ta
NAG y nocuimkeHomy posuuHi. MCIEP nocnimxennst cucremun (CYS—ASC) BUSBHWIO yTBOPEHHS
HEKOBAJIEHTHHUX MapHUX KoMmruiekciB Mosekys CYS ta ASC, mio miaTBepaKy€EThCsl HAsIBHICTIO Y CHEKTPI
inTencuBHuX TikiB Knactepis [CYS*ASCeH]".

BucnoBkn. Pesynpratm  MCIEP  excriepuMeHTIB  BKa3ylOThb Ha MOXIIHMBICTh HEKOBAaJICHTHOTO
KOMIUTEKCOyTBOpeHHsT Mik MonekynamMu CYS T1a NAG y TONSIpPHOMY CEpElOBHIN, BKIIOYAIOUH
OiororiuHi cuctemu. Mu BBa)XaeMo, IO Take 3B’ A3yBaHHS MOJIEKYJI IIPOTUTYOEPKYIHO3HOTO aHTHOI0THKA
CYS 3 NAG-KOMOOHEHTaMH TENTHAOTIIKaHy KIITHHHOI CTIHKH OakTepiii Moxke OyTH O0ioJOTidHO
Ba)XJIMBUM JUIS [IPOLIECY HPUTHIUEHHS! 010CHHTE3y KIIITHHHOI CTiHKU. BusiBieHe GpopMyBaHHS CTaOUILHUX
HeKoBaJleHTHHX KomiuiekciB Monekyl CYS T1a ASC B po3uMHI NPOMOHYETHCS SK MOTECHIIHHUI
MOJICKYJISIPHUH MEXaHi3M MOAYJALIi aKTUBHOCTI IMX JIKAPCHKUX 3acO0iB HpH iX OJHOYACHOMY
3aCTOCYBaHHI.

KJFOUOBI CJIOBA: 1umkinocepun; N-ameTuii-D-riioko3amMiH; ackopOiHOBa KHCJIOTAa; HEKOBAJICHTHI
KOMIUIEKCH; Mac-CIIEKTPOMETPIsl 3 10HI3aLIEI0 EIEKTPOPO3IHICHHSIM.

MACC-COIEKTPOMETPUYECKOE UCCJIEJOBAHUE ®OPMUPOBAHUSA
HEKOBAJIEHTHBIX KOMIIVIEKCOB AHTUBMOTUKA HUKJIOCEPHUHA C
N-AIETHJI- D-TJIIOKO3AMMHOM M ACKOPBMHOBOM KHUCJIOTOM
B.A. Mamuncekasn', M.B. KoceBuu', A. 1“0M0pu2
' Dusuro-mexnuuecxuii uncmumym Huskux memnepamyp um. b.4. Bepxuna HAH Yxpaunsi,
npocn. Hayku, 47, Xapvros, 61103, Yxkpauna
2Unemumym opeanusecoii xumuu Hayunozo yenwmpa ecmecmeennuix nayk,

Bynveap Maowvap myoocoxk, 2, byoanewm, H-1117, Benepus

AxTyanabHocTh. AHTHOMOTHK mukiocepuH (CYS) MIMPOKO HCMONB3YyeTCs NpPHU JICYCHUU TyOepKyJiesa,
OJIHAKO HAaIIM 3HAHUS O MEXMOJEKYJSPHBIX B3aUMOJEHCTBUSAX 3TOrO JIEKAPCTBEHHOI'O IIpernapara c
OMOMOJIEKYTaMU-MHUILICHIMH W MOJICKYJIaMH JPYTHX JIKApCTB OCTAIOTCsI HETOJMHBIMH. [Ipenmonaraercs,
4yro aHTHOakTepuanbHoe neiictBrue CYS cBsi3aHO ¢ MHrHOMpOBaHMEM OWMOCHHTE3a KIIETOYHOH CTEHKH
Oakrepuii. Hapsity ¢ 3TMM onpenesieHHBIH HMHTEpeC NPEICTABISET H3yUCHHE MEXMOJIEKYIIPHBIX
B3aumoneiicteuit CYS ¢ wmomekymamu ackopOmHOBoW KHCIOTH (ASC), TOCKONBKY OHa MOXKET
MPUMEHATHCSA KaK BCIIOMOTATENFHBI BUTAMUHHBIN TIpenapar Ipu JeUeHUH TyOepKyIie3a WId HaXOTUThCS
B TTHUIIE TTALINCHTA.

Heas paborbl. 3amadaMy HACTOSIIETO MOJEIBHOTO HCCICIOBAHUS CTAIM HM3YYEHHE OHOIOTHYECKH
3HAYMMBIX MEXMONEKYIApHbIX B3ammoxaehcTeuii CYS ¢ N-anerun-D-riaroko3amuaom (NAG), KOTOpEIit
SIBIISICTCSI OCHOBHBIM COCTAaBHBIM KOMITOHEHTOM IIETITHIOTIIMKAHA KJIETOYHON CTEHKH OakTepHil, a Takxke
OIICHKAa BO3MOYXHOCTHA (POPMHPOBAHHUSI HEKOBAJICHTHBIX KOMIUICKCOB Mexay moisekyinamu CYS u ASC
METOJIOM Macc-CIIEKTPOMETPHH ¢ MOHH3aIMel aekTpopacnbuienneM (MCHUIP).

Marepuansl n Metoabl. OObeKTaMH HCCIIEIOBaHUS OBbUIM BHIOpPAaHBI MOJIENIBHBIE JABYXKOMIIOHEHTHBIE
cucremsl, cocroamme u3 CYS u NAG wmu CYS u ASC, npuroToBl€HHBIE HAa OCHOBE MOJISIPHOIO
pactBopuTens MeraHona uii MCUOP anannza. Macc-cnekTpbl NMOJTydalld, MCIOIb3ysl pa3paboTaHHBIN
HAMH paHee ITOAXOJ IJISl MCCICAOBAaHUKA HEKOBAJIIEHTHOTO KOMILIEKCOOOPa30BaHHUS MEXKAY MOJEKYJIaMH
JIEKapCTBEHHBIX areHTOB M OMOMOJIEKYTaMH-MHUIIICHSIMH.
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PesyasTatsl. [Tokazano, uro macc-cnektp MDP monensHON cructembl (CYS-NAG) comepKUT MHKHA
IIPOTOHMPOBAHHBIX MOJIEKyIspHbIX KiactepoB CYS um NAG: [CYS*NAGe-H]", [CYS*2NAG+H]".
Hanuume 3THX NHKOB B CIEKTPE CBHIETENBCTBYET O (OPMHUPOBAHMM CTAaOMIBHBIX HEKOBAJIECHTHBIX
kommuiekcoB CYS u NAG. MCUDP wuccnenoanue cuctembl (CYS—ASC) BbIIBHIO (OPMHUPOBAHHE
MApHBIX HEKOBAJEHTHHIX KoMmIulekcoB Mojekyd CYS m ASC, 4ro moaTBep:KIaercs MPUCYTCTBHEM B
CIeKTpe HHTEHCHBHBIX ITHKOB Kinactepos [CYS*ASC-H]".

BoiBoabl. Pesynerarei MCUOP 3KCHEpUMEHTOB YKa3bIBAalOT Ha BO3MOXKHOCTh HEKOBAJICHTHOTO
KoMmIutekcooOpazoBanust Mmexny MonekynamMu CYS u NAG B MOMSPHOM OKPYXKEHHH, BKJIFOYas
O6uocucrembl. CuntaeM, 4TO TaKO€ CBSI3BIBAHME MOJIEKYJ IIPOTHUBOTYOEpKyie3Horo anTnonoruka CYS c
NAG-KOMIIOHEHTaMH TENTHIOTIINKaHa KJIETOYHOW CTEHKH OaKTepuil MOXeT OBITh OHOJIOTHYECKH
3HAQUUMBIM JUIsl TIpollecca HMHIHOMpOBaHMS OWMOCHHTE3a KJIeTOYHOW creHKH. OOHapykeHHoe
(dopMHEpoBaHHE CTAaOMIBHBIX HEKOBaJICHTHBHIX KoMmIiuiekcoB Moiekyn CYS um ASC B pactBope
npeanaraeTcss Kak IOTCHIWAIbHBIA MOJICKYJISIPHBIM MEXaHW3M MOIYJSIIMM aKTHBHOCTH 3THX
JIEKapCTBEHHBIX ar€HTOB IIPHU MX COBMECTHOM IIPUMEHEHHUH.

KJIFOYEBBIE CJIOBA: 1wmkiocepun;  N-ameTtwi-D-rioko3amMuH;  acCKOpOMHOBAas — KHUCJIOTA,
HEKOBAJICHTHBIE KOMITJIEKCBI; MacC-CIIEKTPOMETPHS C MOHU3ALUEN 3JIEKTPOPACTIBIIICHUEM.

Antibiotic cycloserine (CYS) is widely used in medical practice to treat a number of
infection diseases, foremost tuberculosis and its drug resistant forms [1, 2]. At the same time
our knowledge on molecular mechanisms of CYS antimicrobial and, in particular anti-
tuberculosis activity remains incomplete and requires further advancement anticipating the
demand in overcoming of drug resistance of the pathogens [3—6].

It is believed that CYS reveals its antibacterial effect by inhibiting the biosynthesis of
bacteria cell wall peptidoglycan and this inhibition may result from multi-targeting action of
D-cycloserine in the bacteria cell [3—6], e.g. reaction with enzyme alanine racemase [6] or
binding to another enzyme involved in peptidoglycan biosynthesis — D-alanine:D-alanine
ligase [3,4]. Moreover recently it was shown that the inhibition of D-alanine:D-alanine ligase
by D-cycloserine can be proceeded via a distinct phosphorylated form of the drug [4]. Taking
into account the continued studies of the mentioned enzymatic mechanisms of CYS
antimicrobial activity and sharing the idea that the antibacterial agents can target multiple
activities in the bacterial cells metabolism [7, 8], we think that from biophysical point of view
it would be interesting to investigate the intermolecular interactions of CYS not just with the
enzymes of the peptidoglycan biosynthesis, but also with the reagents participated in this
crucial for bacteria biosynthetical process.

A purpose of the current model study is to examine the biologically significant
intermolecular interactions of CYS with one of the main sugar component of peptidoglycan of
bacterial cell wall — N-acetyl-D-glucosamine (NAG) applying electrospray ionization mass
spectrometry (ESI MS) technique.

Furthermore, the multi-drugs schemes of therapy of infection diseases are commonly
applied presently. A number of supporting preparations, such as anti-inflammatory agents,
vitamin preparations, etc, may be used by patients jointly with antibiotic preparations; in this
connection the effects of the drugs activity modulation on the molecular level is considered as
an important subject to be investigated. In this light another task of the current work is to
investigate possible complexation of the CYS molecules with ascorbic acid (ASC), known as
vitamin C, which can be used in anti-tuberculosis therapy as supporting vitamin medication or
could be affiliated with the patient’s food.

To examine the problems stated above and to investigate the intermolecular interactions
of CYS with its possible targeting molecule of NAG and with ascorbic acid we used ESI MS
approach which was developed and successfully applied by us in our previous investigations
of the drugs molecules interactions with biomolecules and other biologically active agents
[9-12].
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MATERIALS AND METHODS

Materials
In our experiments we used cycloserine produced by company “Enamine” (Ukraine);
N-acetyl-D-glucosamine and L-ascorbic acid (99% of purity) were provided by “Sigma-Aldrich”
international company. Structures of the compounds under study are presented in Scheme 1.

0] HO HO |,
HO. A~ 0
HN. .llNH2 O

0 OH OH
OH H

HN\H/CHg

O
a b C

Scheme 1. Structures of compounds under study: a) cycloserine (CYS);
b) N-acetyl-D-glucosamine (NAG); ¢) L-ascorbic acid (ASC).

The 5 mM stock solutions of CYS, NAG and ASC were prepared in polar solvent
methanol and model systems containing CYS and NAG (1:5 molar ratio) or CYS and ASC
(1:1 molar ratio) were obtained by mixing on the appropriate volume parts of the stock
solutions.

The mixtures were kept at the room temperature for at least 10 minutes before the ESI
mass spectrometric analysis. For spraying procedure in the ESI MS experiments the primary
CYS solution to be examined and the model systems (CYS-NAG) and (CYS-ASC) were
diluted by methanol to the final 250 uM concentration of CYS in each solution.

Note that methanol as the most appropriate solvent is recommended for standard ESI
probing of biomolecules and their intermolecular interactions basing on a number of
authoritative studies [13—17]. As to noncovalent intermolecular complexes of bioactive
molecules, it was shown that their composition in water and methanol-based solutions is
similar [17].

Electrospray ionization mass spectrometry
ESI mass spectra of the model systems under study were obtained in the positive ion
mode using triple quadrupole (QqQ) Micromass Quattro Micro mass spectrometer (Waters,
Manchester, UK) equipped with the electrospray ion source. This source was operated in the
standard ESI mode. The ESI source temperature was set to 120°C and the desolvation
temperature was 200°C. The spraying capillary was operated at 3.5 kV. The cone voltage
value of 10 V was applied. The analyzed solutions (20 uL) were injected into the mass
spectrometer at a constant flow rate of 0.2 mL-min" of methanol solvent. The ESI spectra
were recorded in the mass range of 100-2000 Da. Data acquisition and processing were

performed using MassLynx 4.1 software (Waters, Manchester, UK).

RESULTS AND DISCUSSION
Electrospray mass spectrometry probing of neat cycloserine solution

At the first stage of the experimental study the solution of the antibiotic CYS in
methanol was investigated by ESI MS. It was established that characteristic ESI mass
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spectrum of the preparation (Fig. 1) contained intensive peaks of the protonated molecule
of CYS [Cys*H]" at m/z 103.2, cationized molecule [Cys*Na]" at m/z 125.2 and less
intense peak of the protonated CYS dimer [2Cys*H]" at m/z 205.4.

High quality of the obtained mass spectrum of the drug, characterized by a high signal
to noise ratio, confirms the applicability of the ESI MS method for investigation of CYS
containing model systems, including the systems generated for study of intermolecular
interactions of CYS with biologically active molecules, as well as the effectiveness of the
ESI MS for CYS identification in different biological and pharmacological samples in any
clinical or technological investigations.

Fig. 1. ESI mass spectrum of CYS solution in methanol.

Electrospray mass spectrometric study of cycloserine-N-acetyl-D-glucosamine
model system

At the next stage, the model system of CYS with NAG (1:5 molar ratio) in methanol was
probed with the purpose to examine the possibility of noncovalent complexes formation
between the molecules of the system components. In the obtained ESI mass spectrum (Fig. 2)
the ions characteristic of the individual components of the mixture such as:[Cys*H]" at m/z
103.2, [Cys*Na]" at m/z 125.2, [2Cys*H]" at m/z 205.4 for CYS and [NAG<H]" at m/z 222.2,
[NAG<Na]" at m/z 244.2, [2NAG+H]" at m/z 443.4, [2NAG+Na]" at m/z 465.4 for NAG; were
accompanied by the peaks of protonated molecular clusters of CYS with NAG:
[Cys*NAG+H]" at m/z 324.4 and [Cys*2NAG+H]" at m/z 545.6.

Such molecular clusters recorded in the ESI mass spectrum testifies to the formation of
stable noncovalent complexes between CYS and NAG in the studied model system and these
complexes stability is sufficient to provide the clusters surveillance under the electrospray
ionization processes. The ESI MS findings point to the possibility of noncovalent
complexation of CYS with NAG in the polar media, including solutions in polar solvents like
methanol or water, that model the media in biological systems. Such intermolecular
interaction between the molecules of antibiotic CYS and the NAG components of bacteria
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cell wall peptidoglycan is considered to be biologically significant for the process of the
bacterial wall biosynthesis inhibition induced by CYS as well as can affect the drug
penetration into the bacterial cell.

Fig. 2. ESI mass spectrum of (CYS—-NAG) model system.

Electrospray mass spectrometry study of cycloserine-ascorbic acid model system
As the second task of this study we investigated the model system containing CYS and
ASC. The obtained ESI mass spectrum of the studied system can be seen in Fig. 3.
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Fig. 3. ESI mass spectrum of (CYS—-ASC) model system.
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Similarly to the described above model system of (CYS-NAG), in the spectrum of
(CYS-ASC) mixture the characteristic peaks of the system components are present: [Cys*H]"
at m/z 103.2 for CYS and [ASC+H]" at m/z 177.1 and [ASC+Na]" at m/z 199.1 for ASC. At
the same time, neither cationized CYS — [Cys*Na] nor CYS dimer — [2Cys*H]" peaks can
be found in the spectrum of (CYS—ASC) system (Fig. 3), in contrast to the spectra of the neat
CYS (Fig. 1) and (CYS-NAG) mixture (Fig. 2). Absence of the [Cys*Na]" ion in the presence
of [ASC+Na]" ion points to the competition for the metal cation binding in favour of more
acidic ascorbic acid, while the absence of CYS dimer peak in the spectrum can be connected
with the change of the conditions for CYS dimerization reaction caused in the presence of
ascorbic acid in the model system.

The most interesting from the biophysical point of view result is recording in the
spectrum of high intensive peak of a cluster of CYS with ASC — [Cys*ASC<H]", m/z 279.3,
1=75% (Fig. 3). This peak points to the intensive process of formation of stable noncovalent
complexes of CYS with ASC molecules in the polar solvent methanol.

Noncovalent complexation revealed between the molecules of cycloserine and ascorbic
acid in solvents can modulate the drugs activity under their joint usage.

CONCLUSIONS

Realization of biologically significant noncovalent complexation of antibiotic cycloserine
molecules with the components of bacterial cell wall and with ascorbic acid in polar solvent is
proved as the main result of the present model study by means of ESI MS.

The possibility of noncovalent clusters formation between the molecules of CYS and the
main sugar component of peptidoglycan of the bacterial cell wall, N-acetyl-D-glucosamine, in
polar medium is demonstrated. The intermolecular complexes formation between CYS and
peptidoglycan components can play an important role in molecular mechanisms of the
bacteria cell wall biosynthesis inhibiting induced by the CY'S antimicrobial action.

ESI MS examining of the model system containing CYS and ASC points to the intensive
process of formation of the pair noncovalent clusters of the different drugs molecules in the
polar solution. Such complexation between the molecules of CYS and ASC under joint usage
of the drugs by patients can modulate the individual drugs activity and should be taken into
account in medical practice.

The performed mass spectrometry study also confirms the effectiveness of the ESI MS
method for investigation of intermolecular interactions in cycloserine containing systems and
for the drug identification in the biological and technological solutions in clinical and
industrial applications.
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Background: During the past decades, increasing attention has been given to elucidating the molecular
details of interactions between the pharmacological agents and nucleic acids since the drug—DNA
complexation may lead to impairment of DNA replication, strand breaking and mutations. A variety of
techniques have been developed to characterize the drug-nucleic acid binding, among which the
fluorescence dye displacement assay is one of the most informative approaches. Recently, it was
demonstrated that cyanine dyes can be successfully employed for the high throughput screening of the
interactions between nucleic acids and drugs. To the best of our knowledge, so far, the potential
application of cyanine dyes for the drug-displacement studies remains insufficiently evaluated.
Objectives: The aim of the present study was to investigate the ability of a novel cyanine dye to serve as
a competitor for the potential antitumor compounds, lanthanide complexes bearing europium (III) tris-f-
diketonate (EC) for the DNA and RNA binding sites.

Materials and methods: Calf thymus DNA, yeast RNA, trimethine cyanine dye and lanthanide
complexes bearing europium (III) tris-p-diketonate were used for sample preparation. The fluorescence
data were acquired using Perkin-Elmer LS-55 spectrofluorimeter.

Results: Using the fluorescence spectroscopy technique we conducted the displacement reaction
trimethine cyanine dye/europium coordination complexes in the presence of double stranded DNA and
single-stranded RNA. An increase of the EC concentration in the systems AK3-5/DNA or AK3-5/RNA
was followed by a gradual reduction in the AK3-5 fluorescence intensity, indicating that europium (III)
tris-pB-diketonate compounds can serve as competitors for the trimethine cyanine dye on the nucleic acids.
Both the drug chemical structure and the type of nucleic acid proved to control the extent of EC-induced
decrease of AK3-5 fluorescence in the presence of the DNA or RNA.

Conclusion: By recruiting the potential antitumor agents europium chelate complexes as the competitive
ligands for the cyanine dye for the DNA and RNA binding sites, we found that a novel trimethine
compound can be effectively used in the fluorescence drug displacement assays.

KEY WORDS: trimethine cyanine dye; europium coordination complexes; RNA; DNA; antitumor drug;
association constant.
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AKTyadbHiCTb. YTIPOIOBXK OCTaHHIX JECATHUPIYd Bce OUTBIIE yBarm MPHAUIETHCA 3’ SICYBaHHIO
MOJICKYJISIPHUX OCOONHMBOCTEH B3aeMOIi MK (apMakKOJIOTIYHAMH areHTaMH Ta HYKICTHOBIMH
KHCJIOTaMH, OCKUTBKH KomIuiekcoyTBopeHHs Mk JIHK Ta mikapcekuMu mpenapaTamMyd MOKE HPHU3BECTH
no mopymenHs perutikanii JIHK, po3puBy momiHyKII€OTHAHMX JAHMIOTIB Ta MyTaimiid. Po3poGieno
Pi3HOMaHITHI METOIH /JIsl BUBUEHHS 3B'I3yBaHHA JIKapChKUX 3aC00iB 3 HYKJICTHOBUMHE KHCIIOTaMH, CEPel
SKMX MiIXig, mo Oa3yeTbcsi Ha 3aMileHHI (uIyopecleHTHOro OapBHHMKA, € OJHHMM 13 HaWOUIbII
iHpopmaTuBHUX. HemonaBHO OyJi0 NPOAEMOHCTPOBAHO, L0 LiaHIHOBI OapBHUKH MOXYTh YCIHILIHO
3aCTOCOBYBAaTHCh JUIsl JIOCHI/DKEHHS B3a€EMOJIIN MIDK HYKJIETHOBUMHM KHCIIOTAaMH Ta JIIKaPCHKUMHU
npenaparamM. Hackinbkm HaM BiZOMO, MOXJIMBICTH 3aCTOCYBaHHS I[IaHIHOBMX OapBHUKIB sIK
KOHKYPEHTHHX JITaHJIIB 10 IIbOT'0 Yacy 3aJIMIIAETHCS HEOCTATHHO BUBYEHOIO.

Merta po6orn. Meroro naHoi po6orn Oyno AOCHIANTH 30aTHICTH HOBOTO I[IaHIHOBOTO OapBHHUKA
BUCTYNAaTH KOHKYPEHTOM MJIsI TOTEHLIHHUX HPOTHUIYXJIWHHUX CIIONYK, KOMIUIEKCIB JIaHTaHIZAIB, IO
MicTate eBpomiit (III) Tpuc-p-mukeronar (KKE), 3a mentpu 38’ s13yBanas va JJHK ta PHK.

Marepiaau i meToan. [yt npurotyBaHHs 3paskiB BukopuctoByBanuch JJHK tuMyca remnstu, apixmKoBa
PHK, tpumernHOBUiT miaHIHOBHI OapBHUK Ta KOMIUICKCH JIAHTaHIIB, mo MicTaTs eBporiit (I1I) tpuc-p-
mukeToHaT. @DIyopecleHTHI CHeKTpu  peecTpyBaimu 3a  gomomoroto  Perkin-Elmer  LS-55
CHEeKTpOQIyopuMeTpa.

PesyabraT. 3a I0MOMOTO0 METOAY (IYOPECUEHTHOI CIEKTPOCKOIIi OyJI0 JOCHTIHKEHO 3aMillleHHs
TPUMETHHOBOTO I[iaHiHOBOTO 30HAAa KOOPAMHAILIMHMUMH KOMIUIEKCAMH €BPOIII0 IpH IX 3B’S3yBaHHI 3
noasiitHoo cmipammo JIHK ta ogHonanmroroBoro PHK. IligBuimeHHs KOHIIEHTpamii KOOPAMHALIHHUAX
komIutekciB  eBpomito B cucremi AK3-5//JHK um AK3-5/PHK cynpoBo/kyBajgoch MamiHHSIM
inTeHcuBHOCTI (yopecuennii AK3-5, BkasywouMm Ha Te, WO TPHC-PB-IMKETOHATHI KOMIUIEKCH
esportito (I1T) MOXXyTh KOHKYpYBaTH 3 TPHMETHHOBUM I[iaHIHOBUM OapBHUKOM 3a CaiTH 3B’s3yBaHHs Ha
HYKJIETHOBUX KHcnoTaX. IIpuimyckaeTbesi, Mo K XiMi4HA CTPYKTYpa JIKapchKOro Ipenapary, Tak 1 THUI
HYKJIETHOBOI KHCJIOTH BIUIMBAIOTb Ha CTYIiHb 3MeHIIeHHs ¢uryopecueHuii AK3-5, BuknmkaHoro
KOMIUIeKcaMH e€Bporito, B mpucytHocTti JIHK a6o PHK.

BucHoBkn. 3 BHKOPHCTAaHHAM MOTEHIIIMHUX MPOTHUIYXJIMHHUX areHTIB, XeNaTiB €BPOII0, SK
KOHKYPEHTHHUX JIITaHIIB Ul MiaHIHOBOTO OapBHUKa mpu acomiamii nux cmomyk 3 JHK un PHK, 6ymo
BUSBJIICHO, IO HOBUU TpuMmernHOBH OapBHHK AK3-5 Moke e(eKTHBHO BHKOPHCTOBYBAaTHCH B
(hITyOpEeCIEHTHHX PeaKIlisiX 3aMiIIeHHs JIIKapChbKHUX MPETapariB.

KJIOYOBI CJIOBA: TpuMeTHHOBHI IiaHIHOBUI OapBHHUK; KoopauHamiiHi komiuiekcu espomiro; PHK; JTHK;
MPOTUITY XJIMHHUM ITpenapar; KOHCTaHTa acoLialiii.

HOBBI IMAHUHOBBII KPACUTEJIb KAK KOHKYPEHTHBIN JTUTAHJ 1151
UCCJIEJOBAHMSI B3AMMO/JIEMCTBUI MEXAY JEKAPCTBEHHBIMU INPEITAPATAMHAX
N HYKJIEMHOBBIMU KUCJIOTAMU
O. KurusikoBckas', Y. Tapa6apa', A. Kypyroc?, A. 3a6pyackas’, K. Byc', B. Tpycora',

I'. Top6enxo', T. Jleureoprues’

'Kapeopa meduyuncroii usuru u GuomeduyuHckux nanomexrono2ul,

Xapvrosckuil nayuonanvhvlil yHueepcumem umenu B.H. Kapaszuna, ni. Ceoboovl, 4, Xapwvkos, 61022, Yrpauna
HUncmumym opeanuueckoil xumuu u Llenmp 6uoxumuu pacmenuil,

Boneapckas axaoemus nayk, 6ynveap Axaoemuxa I'. bonuesa, 9, Cogus, 1113, boaeapus
*®arynomem xumuu u papmayuu, Coduiickuii yuusepcumem, 6ynveap Joic. Bayuepa, 1, Cous, 1164, Boreapus

AKTyanbHOCTBh. B TedeHHe MOCIIeIHUX NEecATHICTHH Bce Oolblliee BHUMAHUE YAETSACTCS BBIACHCHHIO
MOJICKYJISIPHBIX ~ OCOOEHHOCTEH  B3aMMOJEHCTBHNA MeEXITy (PapMakOJIOTHYECKHIMH areHTaMH H|
HYKJICHHOBBIMH KHCJIOTaMH, IIOCKOJIbKY KoMIulekcooOpasoBanue Mmexay JHK wu nexapcrBeHHbIMEU
IpenapaTaMy MOKeT MPUBOANTE K HapymieHuto perumkanni JJHK, pa3ppiBamM momuHYKICOTHIHBIX ENEH
u MyTanusaMm. Pa3paboTaHbl pa3TUHbBIE METOJIBI JJIS U3YYEHUS CBA3BIBAHMS JIEKAPCTBEHHBIX IMPEIIapaToB
C HYKJICMHOBBIMU KHUCJIOTaMH, CpPE€AU KOTOPLIX IOAXOM, KOTOprﬁ 6331/1pyeTcsi Ha 3aMCIICHUU
(hITyOpecleHTHOrO KpacuTellsi, SBISETCS OJHUM U3 Hauboiee uHpoOpMartuBHBIX. HemaBHO ObuIO
MMPOACMOHCTPHUPOBAHO, YTO HHUAHWHOBBIC KPACUTCIN MOTYT YCICHIHO HPUMEHATHCA JId HUCCIICIOBAHUA
B3aUMOJICHCTBHAN MEXIy HYKICHHOBBIMU KHCIIOTAMH U JICKAPCTBCHHBIMHU MpernaparaMu. Hackoiabpko HaM
W3BECTHO, BO3MOXXHOCTh IPUMEHCHHS I[MAHWHOBBIX KpacHTENEeH KaK KOHKYPCHTHBIX JIMTAHIOB K
HACTOSIIEMY BPEMEHH OCTAETCS HEOCTaTOUYHO N3yUEHHOM.

Henr pa6orbl. llenpto gaHHONW paboOTBl ObLIa ONEHKA BO3MOXXHOCTH MPUMEHEHHUS HOBOTO
TPUMETHHOBOTO [HAHWHOBOTO KPACHTENI B KayecTBE KOHKYPEHTHOTO JIMTaH[a IJs MOTCHIHAIBHBIX
IMPOTUBOOITYXOJICBBIX npenaparos, KOMIIJICKChI JJAaHTAaHOU /0B, coaecpkaue TpMC-B-HI/IKeTOHaT
esporus (1) (KKE), 3a uentps! cs3piBanust Ha JJTHK u PHK.

Marepuansl W Meroabl. J{ns npuroroBnenus: oOpasuoB wucnonb3oBanu JHK Tumyca TteneHka,
npoxcokeBytlo PHK, TpumeruHoBuii 1uanuHOBBI KpacuTenb AK3-5 W KOMIJIEKCHI JIaHTaHOHJIOB,
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conepxanue Tpuc-f-mukeronar esporus (I111). diayopecueHTHBIC CIEKTPBI OBLIH MOIYYEHBI C IIOMOIIIBO
Perkin-Elmer LS-55 cnekrpoduryopumerpa.

PesyastaTsl. C momomnipio MeTona (IyOpPECHEHTHOH CIIEKTPOCKONUH OBLTO HCCIIEAOBAHO 3aMeEIICHUE
TPHUMETHHOBOTO IIHAHMHOBOTO 30Ha KOOPAMHAITMOHHBIMU KOMITJIEKCAMH €BPOITHS TIPU WX CBSI3BIBAHUH C
neorHoi cnupanbio JHK m ogHouenoueunoit PHK. ITloBbllieHHE KOHLEHTpauMH KOOPAMHALMOHHBIX
KoMmIutekcoB eBpormsi B cucremax AK3-5/THK wu AK3-5/PHK compoBoxganoch —IageHHEM
uHTeHCUBHOCTH (yopecuenimn AK3-5, ykaspiBas Ha TO, UYTO COEAWHEHHS TpHUC-P-IUKETOHATa
esporus (III) moryt konkypupoBath ¢ AK3-5 3a caiiThl CBS3bIBaHHMS HAa HYKIEHHOBBIX KHCIIOTaX.
[Ipenmnonaraercs, YTO KaK XUMHUYECKasl CTPYKTypa JIGKAPCTBEHHOIO TIpernapara, Tak U THI HYyKJICHHOBOI
KUCJIOTHI BIIMSIFOT Ha CTerneHb yMmeHbleHus diayopecueniun AK3-5, MHIyHMPOBAaHHOIO KOMILIEKCAMH
esponus B mpucyrcrsun JJHK nmn PHK.

BeiBoasl. C UCIONB30BaHUEM MOTCIHATIBHBIX MPOTHBOOITYXOJCBBIX arcHTOB, XEIATOB CBPOIHS, Kak
KOHKYPCHTHBIX JIUTAHAOB JIJIsl IMAaHHHOBOT'O KPACUTENs P accouuanmu 3Tux coequnenuit ¢ JTHK wim
PHK, 0110 00HapYKEHO, YTO HOBBIN TPHUMETHHOBBIN KPACUTEIh MOXKET 3(PPEKTHBHO HCIOIH30BATHCS B
(hITyOpEeCIeHTHBIX PeakIusAX 3aMeIIeHHUs JICKapCTBEHHBIX IpenapaToB.

KiroueBble cj10Ba: TPUMETHHOBBI LIMAaHMHOBBIM  KpacHTENb; KOOPAMHAILMOHHBIH KOMIUIEKC EBPOIIHS
npotuBoonyxoiuessiit npenapat; PHK; JIHK; konctanra acconuanuu.

Cyanine dyes, photosensitive compounds possessing two quaternized nitrogen containing
heterocyclic structures which are linked through a polymethine bridge, have found numerous
applications in a variety of fields as optical imaging agents [1, 2], active ingredients in
semiconducting materials [3,4], laser dyes [5], photographic sensitizers [6, 7],
photopolymerization initiators [8, 9], stains and fluorescent labels [10-13], to name only a
few. These compounds are of particular interest for biomedical research and diagnostics due
to their favorable spectral characteristics, namely, an intensive absorption in a broad spectral
region from UV to NIR; a high sensitivity to physicochemical properties of their
microenvironment; a capability to convert light energy to electricity, etc. Likewise, due to
dual hydrophobic and cationic nature of cyanines, which leads to a strong interaction with
polyanionic DNA duplex, cyanines have been mainly employed for sizing and purification of
DNA fragments [14, 15], DNA damage detection [16], microarray-based expression analysis
[17], DNA sequencing [18], staining of nucleic acids in electrophoresis [19], and as
fluorescent ligands in drug displacement assay [20]. The application of cyanines for high-
throughput analysis of the drug-nucleic acid interactions is of particular importance because
ethidium bromide, a most widespread dye in the fluorescence drug displacement assay, is
shown to be carcinogenic, mutagenic, teratogenic and toxic [21]. Since DNA and RNA
represent the prime targets for various anticancer drugs and antibiotics [22, 23], the
fluorescence drug displacement assay seems to be an especially promising tool in clarifying
the mechanisms underlying the interactions between nucleic acids and drugs.

To the best of our knowledge, the cyanine dyes have not yet found a wide application in
the drug-displacement studies. To exemplify, Achyuthan et al. [20] have demonstrated that
the supramolecular self-assembling cyanine dye may serve as an alternative to the mutagenic
ethidium bromide in probing the DNA-drug interactions. To fill this gap, herein we directed
our efforts towards assessing the applicability of a novel trimethine cyanine dye as a
competitor to the potential antitumor compounds, europium chelates for the DNA and RNA
binding sites. The choice of Eu(Ill) tris-B-diketonato coordination complexes as the model
drugs was dictated by the fact that these agents have been reported to exerta cytotoxic effect
against different tumor cell lines whereas the DNA-intercalating motifs in the structure of
europium complexes is a key to the augmentation of their cytotoxicity [23].

MATERIALS AND METHODS
Calf thymus DNA and yeast RNA were from Sigma (Sigma, St. Louis, MO, USA).
Trimethine cyanine dye [24] and Eu(IIl) coordination complexes [23] denoted here as VS5,
V7, V9 and V10 were synthesized in the University of Sofia, Bulgaria, as described
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previously (Fig. 1). All other materials and solvents were commercial products of analytical
grade and were used without further purification.
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Fig.1. Structures of the cyanine dye AK3-5 and europium coordination complexes V5, V7, V9 and V10.

The stock solutions of the cyanine dye and Eu(IIl) coordination complexes were prepared
by dissolving the compounds in dimethyl sulfoxide, while the calf thymus DNA and yeast
RNA were dissolved in 5 mM sodium phosphate buffer (pH 7.4). The concentrations of the
dye, EC complexes and nucleic acids were determined spectrophotometrically using their

molar  extinction  coefficients:  g4°° =1.5x10°M"em”, &> =2.6x10°M"ecm”,
ere =2.6x10*M"em™, e =3.4x10'M"em™, ey =3.4x10'M"em™,
em' =6.6x10°M"em™ and 5! =6.9x10°M'em™ .

The fluorescence data were acquired using Perkin-Elmer LS-55 spectrofluorimeter
equipped with 10 mm quartz cuvettes at 20°C. The measurements were carried out in 5 mM
sodium phosphate buffer (pH 7.4) within the range 620-800 nm upon excitation at 600 nm.
The excitation and emission slit widths were set at 10 nm.

The dye-nucleic acid binding was analyzed using the McGhee-von Hippel formalism for
non-cooperative ligand binding to a one-dimensional lattice [25]:

£=KaP(1-ﬁ){ 1-(nB/ P) } o
F P )| 1-(n—-1)(nB/P)
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where B and F are the concentrations of the bound and free dye, respectively, P is the total
phosphate concentration, K is the association constant and 7 represents the site exclusion

parameter (i.e. the number of base pairs excluded by the binding of a single ligand molecule).
The values of K, and 7 were estimated using the nonlinear least-square fitting procedure.

The competition between the cyanine dye and EC complexes for the binding sites on the
DNA or RNA matrices was analyzed in terms of the model proposed by Gaugain et al. [26].
In the ternary systems nucleic acid—cyanine dye-EC, the concentration of the bound dye
(B, ) was calculated by the numerical solution of the system of two equations:

dee _ K dye I:P —n dyeB e ~ Marug Bdrug }"dye
(Zdye - dee ) |:P - (ndye - 1) dee - (I’deg - 1) Bdrug ]nm—l (2)
Bdrug = Kdmg [P ~ e dee T Nyg B drug :Ind"“g ’

(deg - Bdmg ) _ [P B (ndye - 1) dee - (I’ldmg - 1) Bdrug ]n""“g )

where K, , n,, are the association constant and stoichiometry of the dye-nucleic binding

found in the absence of a drug; Z, , Z

we> Lang are the total concentrations of the dye and EC,

respectively; K,

g > Mang 1€ the association constant and stoichiometry of the drug-nucleic

complexation. The experimental dependencies of the EC-induced decrease of the dye
fluorescence AI*"(Z,, ) were approximated by the following expression:

rug
Almlc = (abound - afree )(BO - dee) = Fmol (BO - dee) b (3)
where B, and B,, are the concentrations of the bound dye in the absence and presence of a

drug, respectively, [, , = (abm — aﬁ,ee) is a coefficient proportional to the difference of the

dye quantum yields in buffer and when bound to macromolecule.

RESULTS AND DISCUSSION

In general, to explore the drug-nucleic acid interactions, the fluorescence displacement
assays can be carried out in two ways: i) a drug associated with DNA or RNA is then
displaced by a dye; and ii) a dye bound to nucleic acid is dislodged by a drug [20]. Reasoning
from the ability of the examined cyanine dye to respond to nucleic acid complexation by a
marked fluorescence increase, we conducted our measurements using the latter of the above
approaches. The first step of the study was aimed at quantifying the binding of the novel
cyanine dye AK3-5 to DNA and RNA. More specifically, the following questions have been
addressed: i) what are the binding mode and the parameters of the dye association with
nucleic acids; ii) is the cyanine dye capable of distinguishing between a double stranded DNA
and a single stranded RNA structures. To this end, we performed a series of the fluorimetric
titrations of AK3-5 with nucleic acids. The typical fluorescence spectra of this dye in the
DNA- and RNA-containing systems are presented in Fig. 2 A. The examined cyanine dye was
found to have a negligible fluorescence in the buffer solution, in the absence of nucleic acids.
Such a dramatic fluorescence reduction of cyanine dyes is explained by their rapid
deactivation from the singlet excited state as a result of rotation around the doublebond
joining the benzothiazole and quinoline rings [16]. As seen from Fig. 2 A, the fluorescence
intensity drastically increases upon the AK3-5-nucleic acid complexation because of the
restricted motional freedom of the dye on the nucleic acid matrix leading to the energy
dissipation via fluorescence [16]. It appeared that the enhancement of AK3-5 fluorescence is
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significantly stronger on the dye binding to DNA, compared to RNA, whereas the dye
emission maximum in the presence of RNA is bathochromically shifted by ~10 nm compared
to that of dsDNA. This finding can be used to differentiate between DNA and RNA in
solution. Despite a long-standing tradition of the use of cyanine dyes in the nucleic acid
studies, only a few cyanines are capable of distinguishing between DNA and RNA [27, 28].
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Next, the binding parameters and the underlying binding mechanisms were obtained from
the fluorescence titration data. The experimental dependencies of the dye fluorescence
increase upon DNA or RNA binding (A/) as a function of phosphate concentration are
presented in Fig. 2 B and C, respectively. These dependencies were analyzed in terms of the
non-cooperative McGhee & von Hippel model (Eq. (1)) [25]. The association constants for
the dye-DNA and the dye-RNA complexes were found to be (5.1+1.1)x10° M,
(3+£0.6)x10° M™", respectively, while the site exclusion parameters were equal to 2 for both
systems. Based on the analysis of the available information [12, 14, 16] on the nucleic acid
interactions of intercalating agents the following two tendencies can be highlighted: i) the
highest possible dye-base pair ratio is 1:2, since, according to the principle of the nearest
neighbor exclusion, the binding of one intercalating molecule between the two base pairs
hinders the access of the next binding site to another intercalator [12, 14, 16, 29]; ii) the
association constants for intercalators do not exceed 10° M [12, 14, 16]. Allowing for the
fact that the association constants and the neighbor exclusion parameters recovered here for
the novel trimethine dye under study in the presence of the double stranded DNA and single
stranded RNA are in accordance with those observed for typical intercalators, we assumed
that the examined dyes associate with nucleic acids via intercalating binding mode.
Importantly, despite the fact that the calculated thermodynamic parameters of the AK3-5 in
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the RNA-containing systems are similar to those of typical intercalators, one cannot exclude
the possibility of a “partial” intercalation of AK3-5 between the RNA bases [30, 31].

Recently we demonstrated that the cyanine dye AK3-5 can be employed in the
fluorescence displacement assay [29]. Specifically, we have evaluated the ability of the
potential pharmacological agents, Eu(Ill) tris-B-diketonate to coordination complexes to
dislodge the AK3-5 dye bound to the double stranded DNA [29]. In a continuation of our
interest in fluorescent dyes suitable for the drug displacement analysis on the nucleic acid,
herein we directed our efforts towards investigation of the ability of a novel cyanine dye
AK3-5 to serve as a competitor for europium coordination complexes for DNA and RNA
binding sites. Importantly, for the quantitative analysis of the AK3-5 displacement assays it
was reasonable to collect the multiple data sets. Therefore, we performed the competitive
binding experiments under conditions of simultaneous varying the concentrations of EC and
nucleic acids. The plots of the fluorescence intensity decrease vs EC concentration are
presented in Fig. 3.
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Fig. 3. The fluorescence intensity decreases of AK3-5-DNA (A-C) and AK3-5-RNA (D) complexes in the
presence of the increasing concentrations of europium complexes V5(a), V7(b), V9(c), V10 (d).The
concentrations of DNA were 9.3 uM (A), 27.9 uM (B), 46.5 uM (C), respectively. The RNA concentration
was 24.5 uM. The concentration of AK3-5 was 0.25 uM.

However, due to a significantly smaller binding affinity of AK3-5 to the single stranded
RNA, no significant fluorescence decrease was observed at RNA concentrations lower than
25 uM (Fig. 3 D). As seen in Fig. 3, Eu(Ill) coordination complexes produced a dose-
dependent fluorescence decrease reflecting the competition between the cyanine dye and EC
for the binding sites on DNA or RNA. Notably, the magnitude of the fluorescence intensity
decrease in the RNA-containing systems, similarly to the DNA-containing systems, was more



118
O. Zhytniakivska, U. Tarabara, A. Kurutos, A. Zabrudska, K. Vus, V. Trusova,
G. Gorbenko, T. Deligeorgiev

pronounced for V5 and V10 compared to other europium complexes under study [29]. Next,
the dependencies of the AK3-5 fluorescence decrease with increasing concentration of
europium complexes were analyzed in terms of the competition model proposed by Gaugain
et al. (Egs. 2, 3) to obtain the association constants of the drug binding to DNA or RNA
[26, 29]. The calculated values of this parameter were estimated to be (1.8+0.4)x10* M and
(5£1.1)x10° M for V7 and V9, respectively, regardless of the DNA concentration in the
tested sample. However, in line with our previous results [29], the values of the binding
parameters for the europium complexes V5 and V10 in the DNA-containing system were
unrealistic. The above finding most probably stems from: i) the quenching of the AK3-5
fluorescence by V5 and V10, accompanying the competition between the dye and EC for the
DNA binding sites; and ii) the limitations of the competition model [26] in describing the
complex nature of interactions between europium complexes, AK3-5 and DNA. Moreover,
we obtained inappropriate association constants for all EC under study in the presence of
single stranded RNA, which, most likely, may be related with the law binding affinity of the
europium coordination complexes to the RNA. To the best of our knowledge, the exact
mechanisms and EC binding mode to the single stranded nucleic acids are still unclear.
Therefore, further studies are needed.

CONCLUSIONS
In conclusion, by recruiting the potential antitumor europium chelate complexes as the
competitive ligands for the cyanine dye associating with DNA or d RNA, we found that the
novel trimethine compound AK3-5 can be effectively used in the fluorescence drug
displacement assays. Both the drug chemical structure and the type of nucleic acid seem to
control the extent of EC-induced reduction of AK3-5 fluorescence in the presence of the DNA
or RNA.
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AkTyanabHOCTh. B cBOCi ocHOBomomnaratomie pabore B Nature (Nature. 1953;171:737), Yorcon u Kpux
oTMeTiiy, uto crpykrypa JJHK momyckaer T.H. TayTOMEpHYIO MOJENH CIIOHTAHHBIX TOYCYHBIX MYTAaIlHi.
Hacrostmas pabota, momoxenHass Ha koH¢pepeHmn «Hanobomodmsuka-2019» (KueB) xak IIeHapHBIHA
JIOKJIaZ, €CTh, 1O CYTH, IIONBITKAa OTBETHUTH Ha Takue BoOmpochl: (i) «Jla, TayToMepu3M OCHOBaHHHA
SIBIISICTCS BIIOJIHE IIPHUBIEKATEIFHONH MOJIENBIO, HO HACKONBKO OHAa BaXKHA B MyTareHese?», BOIPOC
moctaBieHHBIE Mopranom (Morgan AR. Trends Biochem. Sci. 1993;18:160-163); (ii) Kaxymwo
peabHOCTh OIMUCHIBACT MOJEIbh PEAKONH TayTOMepHOW MyTtanuu? B Hacrosimieidl paboTe B KadecTBe
CTPYKTYpHl BBIOpaHa yOTCOH-KpuKoBcKas mapa [A-T]wc. Pa3BuBas mpemiokeHHyI0 paHee MOJEib
obpaszoBanus mytanuii B mape [A-T]wc BCIEICTBHE CABUTa OCHOBAaHUHN B ITape OTHOCHTENBHO APYT IpyTra
U NEPEKIIOYEHHs] BHYTPU-TIApHBIX BOAOPOIHBIX cBsizeil (Kryachko ES, Sabin JR. Int. J. Quantum Chem.
2003;91:695-710), moka3aHO, YTO HEKOTOPBIE PE3yJbTHPYIONIHE MYTAIllMK OO0JaJar0T JOCTATOYHO
BBICOKUM (B ~1,7 pa3) CpOACTBOM K JIEKTPOHY 110 CPAaBHEHHIO ¢ KAHOHUYECKOH Mapoii, 4T0, HECOMHEHHO,
MpeACTaBJIACT HMHTEPEC B CBETEC MHOTOYUCICHHBIX HBJ’IeHMﬁ, CBA3aHHBIX C IICPCHOCOM 3apsia H
npucoenuHeHueM 3nexkrpona k JJHK.

Ileap paGoThl — OTBETUTH Ha BOINPOCHI, MOTHITHIE B AKTYaJdBHOCTH, U I0Ka3aTh PEAMCTUYHOCTD
TAyTOMEPHOH MOJeNN MyTaluH, MOAM(UIMPOBAHHONW B HacTosedl paboTe Ha mHpUMeEpe YOTCOH-
KpUKOBCKOHU napsl [A-T]wc U HA3BaHHOM MOJAEIBIO NAPHOU MAYMOMEPUU.

MaTtepuaabl 4 MeToabl. OCHOBHOW METOI — KOMIBIOTEPHOE MOJCIHPOBAHNE, OCHOBAHHOE Ha METOC
(hyHKIIMOHANIa TUIOTHOCTH. Bce pacyeTrhl OBUIM TNPOBEACHBI C MCIIOJB30BAHHEM IIaKeTa MpOoTrpaMM
GAUSSIAN w™mertogom ¢yakmmoHana totHoctd bekke-Jlu-Snra-Ilappa (Becke-Lee-Yang-Parr),
B3LYP.

PesyabTaThl. B paboTe moka3aHO CyIIECTBOBAaHUE M CTAOMIBHOCTH NAPHOU MAYMOMEPHOU Mymayuu B
nape aJeHHUH—THMHUH U HCCIICA0BAHO, K KAKHUM HEOIHO3HAYHbIM (Wobble) mapam oHa MOKET PUBOIUTH.
Taxke Moka3aHO, YTO B CHIIy CHEUU(DHKU CTPOCHHUS NAPHOU MAYMOMEPHOU Mymayuu Tapbl aJeHUH—
THMUH, MyTainus 00J1agaeT OOIBIINM 3JICKTPOHHBIM CPOJICTBOM IO CPABHEHHIO C MOPOIUBIICH ee Mmapoit
U TEM CaMbIM MOXKET 6bIT]) Ha6n}0uaeMa B PCAJIbHOCTHU, U TMOCPEACTBOM €€ MOKHO OG])HCHI/ITIJ pan
sBJIeHUH nepenoca 3apsiaa B JIHK, uto, otk e, ToA4epKUBaET e peatbHOCTb.

BoiBoabl. C 0IHOH CTOpPOHBI, NpPEUIOKEHO 0000IIeHHe TayTOMEpHOW rumore3sl YorcoHa-Kpuka,
MOJyYMBILIEEe B JAHHOH padOTe, KOHKPETHO JUIA Mapbl aJleHHH-TUMUH, Ha3BaHUE IapHOW TayTOMEpHOM
MyTaruu. JlaHHas MyTamuss OTHOCHUTCS K  JUIIOJEHO-CBS3BIBAIOIIUM-3JIEKTPOH CHCTEMaM, HYTO
MOJIpa3yMeBaeT MX BBICOKOE aamadaTHdecKoe CPOACTBO K 3NeKTpoHy. [locnemHee, ¢ Opyroil CTOPOHEI,
MOTYEPKUBACT PEATMCTUIHOCTH MPEUIOKEHHON MYTallMOHHOW MOJENH W €€ BO3MOXKHOE MPHUMEHEHHE K
o0BsicHeHUIO sBNeHH epeHoca 3apsiaa B JIHK u nponeccoB nmpucoeauaenus siextpoHa k JJHK.
KJIFIOYEBBIE CJIOBA: [IHK; myranus; TayTomepHas momensb YorcoHa-Kpuka myrammii B JIHK;
JIUTIONBHO-CBA3aHHBIN 3JIEKTPOH; aqadaTHIeCcKOe JIEKTPOHHOE CPOJICTBO; MOJIEINb TAPHOH TayTOMEPHH.

THE WATSON-CRICK RARE TAUTOMER HYPOTHESIS OF MUTATIONS AND REALITY
E.S. Kryachko

Bogolyubov Institute for Theoretical Physics, 14-b Metrolohichna Str., Kiev, 03143, Ukraine
Background: In their Nature's seminal work (Nature. 1953;171:737), J.D. Watson and F.H.C. Crick
noted that the structure of DNA admits a so-called tautomeric model of spontaneous point mutations. This

© Kpsuxko E.C., 2020
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work reported at the conference "Nanobiophysics-2019" (Kiev) as a plenary report, is actually an attempt
to answer the following questions: (i) "Yes, the tautomerism of the bases is a very attractive model, but
how important is it in mutagenesis?" by Morgan (Morgan AR. Trends Biochem. Sci. 1993,;18:160—163);
(if) What reality does the rare tautomeric mutation model describe? The structure [A-T]wc was selected in
the work. Developing the previously proposed mutation model-of the Watson-Crick pair [A-T]wc due to
the shift of the bases in the pair relative to each other and the interconnection hydrogen bonds (Kryachko
ES, Sabin JR. Int. J. Quantum Chem. 2003;91:695-710), it is shown that some resultant structures
possess the electron affinity that is 1.7 times higher compared to the canonical pair, which is definitely of
interest in the view of the numerous phenomena associated with a charge transfer in and attachment of an
electron to DNA.

Objectives: Answer the questions raised in the Background, and show the realism of the tautomeric
[A-TTwc-mutation model modified in the present work on the example of the Watson-Crick pair [A-T]wc
that is dubbed as a pair-tautomerism model.

Materials and Methods: The key method is a computer simulation based on the density functional
method. All calculations performed in the present work use the package of programs GAUSSIAN with
the density functional method invoking the Becke-Lee-Yang-Parr density functional, B3LYP.

Results: The paper shows the existence and stability of paired tautomeric mutations in a pair of adenine-
thymine and investigates to what wobble pairs it can lead. It is also shown that, due to the specific
structure of the paired tautomeric mutation of the adenine-thymine pair, the mutation possesses a larger
electronic affinity in comparison with the pair that it generates, and thus can be observed in reality and
through it one can explain a number of phenomena of charge transfer in DNA, which, again, emphasizes
its reality.

Conclusions: On the one hand, a generalization of the Watson-Crick tautomeric hypothesis, proposed in
this work, specifically for the adenine-thymine pair, the name of the paired tautomeric mutation. This
mutation refers to dipole-binding-electron systems, which implies their high adiabatic electron affinity.
The latter, on the other hand, emphasizes the realism of the proposed mutational model and its possible
application to the explanation of the phenomena of charge transfer in DNA and the processes of
attachment electron to DNA.

KEYWORDS: DNA; mutation; Watson-Crick tautomeric model of DNA mutations; dipole-bound electron;
adiabatic electron affinity; pair-tautomerism model.

I'MTOTE3A YOTCOHA-KPIKA ITPO PIAKICHY TAYTOMEPHY MYTANIIO I PEAJIBHICTD
€.C. Kpsuko
Inemumym meopemuunoi gizuxu in. M.M. boeomo6osa HAH YVkpainu,
6yn. Memponoziuna, 14-6, Kuis, 03143, Yxpaina

AKTyajbHicTh. Y cBOiif ocHoBomonoXxHil crarti y Nature (Nature. 1953;171:737) dx. 1. YorcoH Ta
F.H.C. Kpuk 3a3naumnm, mo ctpykrypa JHK momyckae Tak 3BaHy TayTOMEpHY MOJENb CIOHTaHHUX
TOUYKOBUX MyTamid. [lama poborta, BukimageHa Ha koH¢epeHnii "HanoOiodizuka-2019" (KuiB) sk
IUIEHApHA JIOTIOBI/Ib, €, MO CYTi, CIIPOOOO BiAMOBICTH Ha Taki nmutaHHs: (i) "Tak, TayTOMEpH3M OCHOB €
IIJIKOM TTPUBAOJIMBOIO MOEIUTIO, aJle HACKUIBKY BOHA BaXKJIMBa B MyTareHesi?", mocraBieHnii Mopranom
(Morgan AR. Trends Biochem. Sci. 1993;18:160-163); (ii) SIKy peaqpHICTh ONHCY€ MOJAETH PiIKICHOL
TayTOMepHOi MyTamii? Y naHiii poOOTi Ha NMPHUKIALl CTPYKTYpPH YOTCOH-KpHUKOBCHKOI mapu [A-Tlwc
BUKOpHCTaHa OUTBII paHHS MOAENh MyTamlid, CIPHYMHEHHX 3CYBOM OCHOB y Mapi 1 MepeMUKaHHIM
BojHeBUX 3B'3KiB BcepeauHi mapu [A-Tlwc (Kryachko ES, Sabin JR. Int. J. Quantum Chem.
2003;91:695-710). Iloka3aHo, 1110 A€sKi pe3yIbTYI0Yl CTPYKTYpPH MAKOTh CIIOPIAHEHICTh 10 €IEKTPOHIB y
1,7 pa3iB BuILy MOPIBHSHO 3 KaHOHIYHOIO Mapolo, 10, 0OE3yMOBHO, NPEICTABISE IHTEPEC 3 OMIIsAY Ha
YHCIICHHI SBUILA, TIOB'SI3aHi 3 TIEPEHOCOM 3apsity 1 IpUeaHaHHAM enekrpoHa o JJHK.

Merta podoTu. BinnoBicTh Ha nMTaHHS, MIAHATI B AKTYaJbHOCTi, 1 IIOKa3aTH peaNiCTHYHICTH
TAyTOMEpHOI Mojeii MyTaliid, Moanu¢ikoBaHoi B MaHiii poOOTI Ha NMPHKIAII YOTCOH-KPUKOBCHKOI Mapu
[A-TTwc 1 Ha3BaHOT MOJCIUTIO napHOi maymomepii.

Marepiann ta meroan. OCHOBHUM METOJIOM € KOMII'TOTEPHE MOJICIIIOBaHHS, 3aCHOBaHE Ha METO[l
¢yHKuioHany ryctuHd. Bei po3paxyHku Oyiu poBelieHi 3 BUKopucTaHHIM nakera nporpaMm GAUSSIAN
MeTonoM ¢yHKIioHany ryctuan bekke-Jli-Snara-Ilappa (Becke-Lee-Yang-Parr), B3LYP.

PesyabTaTn. Y po0OTi MOKa3aHO iCHYBaHHSA i CTaOUIBHICTB napuoi maymomepHoi mymayii B Tapi
aJeHIH—TUMIH 1 JIOCIIKEHO, J0 SKHX HEeOoAHO3HauHux (wobble) map BoHa MOXKe MPHU3BOIUTH. Takox
MOKa3aHo, L0 BHACHIZIOK crietudiku OynoBU napHoi maymomepHoi mymayii Tapu aJeHIH—THMIH,
MyTaIlisl BOJIOZI€ BEIHMKOIO €JIEKTPOHHOIO CIIOPiITHEHICTIO B MOPIBHSHHI 3 MOYATKOBOIO MApoi0 1 TOMY
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MOJKE CIIOCTEPIraTHCh B PEabHOCTI 1 3a ii JOOMOTOr0 MOKHA TTOSICHUTH PSJI SBUI NEPEHOCY 3apsimy B
JHK, 1m0, 3HOBY X TaKH, MiAKPECIIOE 11 peaabHICTb.

BucHoBku. 3 omgHOro 60Ky, 3ampOIIOHOBAHO y3aralbHEHHS TayTOMepHOi rimore3n YorcoHa-Kpika, mo
OTPUMAJIO B JaHili poOOTi, KOHKPETHO AJIs Mapu afcHIH—THUMIH, Ha3BY NAPHOI maymomepHoi mymayii.
Taka MyTamis BiZHOCHTBCS [0 TUIOJNBHO-3B'SI3YIOUMX-EEKTPOH CHUCTEM, IO 3YMOBIIOE iX BHCOKY
aniabaTUYHy CIOPIAHEHICTh 10 eJaeKTpoHy. OcTaHHE, 3 IHIIOrO OOKY, MIAKPECIIOE PEaliCTHYHICTD
3aIpOINIOHOBaHOI MyTaliifHOT MoJiei 1 i MOXJITMBE 3aCTOCYBAHHS JUIsl IOSICHEHHS SIBUILL IIEPEHOCY 3apsy
B JIHK i npoueciB npuenHanus enexkrpona no JHK.

KJIFOYOBI CJIOBA: IHK; myTamis; TayromepHa Mmoaens ¥YorcoHa-Kpika mytaniit 8 JHK; aunonasHO-1oB'ss3aHmMiA
€JICKTPOH; a/liabaTHYHa eJIEKTPOHHA CIIOPiIHEHICTh; MOIENb IIapHOI TayTOMepii.

"Though facts are inherently less satisfying than the
intellectual conclusions drawn from them, their
importance should never be questioned."

James D. Watson (2002)

"Science and everyday life cannot and should not be
separated. Science, for me, gives a partial explanation
of life. In so far it goes, it is based on fact, experience
and experiment."”
Rosalind Franklin (in a letter to her
father, summer 1940)

Ilpeamobyna u momusayua: cymos npoodiemol

He ckpoto, o cyTtH, npoGiiemsl J1Be, 1 00e CBsi3aHbl ¢ runore3oi Yorcona u Kpuka o
MEXaHU3Me TayTOMEPHOU MyTannu. HarmromHuM ee CyTs.

Urak, no Yorcony u Kpuky [1, 2], JJHK npencrasnser coboil qBoiiHYyI0 cnMpalb, T.€.
JIB€ CIHpaJM, 3aKpyyeHHbIE [Pyl OTHOCUTENBHO Jipyra W KOMIUIeMeHTapHO [3]
yIepKUBaeMble JAPYr C JPYroM MOJEKYJISPHBIMU KOMIUIEKCAMH, CJIOXEHHBIMU B CTOIKH
BJIOJIb €€ OCU. JTU MOJIEKYJISIPHbIE KOMILJIEKCHl — T.H. YOTCOH-KpUKOBCKHE Taphl, [A-T]wc u
[G-Clwc, — mpenctaBisitoT coboil 0coObIM 00pa3oM, MOCPEACTBOM BOJOPOIHBIX CBS3CH,
CHapeHHblE OCHOBAaHUS HYKJIEHMHOBBIX KuCIOT. [locneaHue ObIBAlOT YETHIpEX THIIOB:
IypUHOBBIE — TyaHWH W aJ€HUH, U NUPUMUAMHOBbIE — IUTO3MH U THUMHH. Y OTCOH-
KPUKOBCKME Mapbl — 3TO Hapbl I'yaHHMHAa C LUTO3MHOM, M aJeHWHA ¢ TUMUHOM. OHH
u300paxkens! Ha Puc. 1.

Puc. 1. Yorcon-kpukoBckue napel ocHoBaHui [G-Clywc (Bepxvsas manens) u [A-Tlwc (HmwkHM). WX
reoMeTpun xapakrepusytorcs T.H. C'-C' paccTostareM R, KOTOPOE ONPEesIeTCs] KaK PACCTOSHUE MEXITy
Ho(G,A) u Hy(C,T), coorBerctBenno (cm. [20], ctp. 37). CTpenku yKa3plBalOT TUIUYHBIE OIHO-
MPOTOHHBIE MIEPEXO/IBI 10 BOJOPOAHBIM CBS3SIM, N300paKEHHBIMU TYHKTUPHBIMH JTMHHSIMH.
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OcHOBaHMS HYKJIEMHOBBIX KHCJIOT MOTYT HaXOJUThCS B MPUCYIIMX UM TayTOMEPHBIX
cocrosiHUAX. Ecnu npeanonoxuts, cornacHo YorcoHy u Kpuky, uro ocHoBanus B JIHK
npeObIBAIOT B OCHOBHOM (T.€. CaMOM DJHEPreTHYECKH HHU3KO-JIEKAIIEM COCTOSIHHH), TO
MYTallud, OMpelesieMble KaK HW3MEHEHUs Io0oro Tuma [4], BO3HUKAIOT BCIEICTBUE
TayTOMEPHBIX MEPEXO/I0B ITUX OCHOBAHUM.

®dwusuka, u Onodu3uka B YaCTHOCTH, Oa3UPyeTCs, B OCHOBHOM, Ha JKCIIEPUMEHTE, Ha
dakrax [5, 6] (cMm. Tarke snurpadgsl B Havane Hacrosmied padoTel). dakTel OepyTes u3
HAOIO/ICHUI U YKCIIEPUMEHTOB, 11€Jh KOTOPBIX COCTOUT B U3YYCHHUU SIBJICHHUU MPHUPOJBI WU
peansHOoCTH [7]. OmHA W3 OCHOBHBIX Iieiel (U3WKW, a W HAyKH BOOOIIE — CO3/IaHHE
MoJielelt (TeopHii), MpaBAuBO OMHMCHIBAIOIINX 3TH (PAKThI U peanbHOCTSH [8, 9].

[To cyrm, Hacrosimass pabora Oblla HaBesSHAa W3BECTHOM paboTol OWHINTEHHA,
I[lomonsckoro u Pozena «MOXHO JIM CYUTaTh KBAHTOBO-MEXaHUYECKOE OINMCAHUE
busmdeckoil peanmpbHOocTH ToMHBEIM?» [10], Oosbmie wu3BecTHOUW Kak OIIP-mapamokc,
napajoKCcaIbHOCTh KOTOPOM COCTOMT HE TOJIbKO B ToM [11], uro, Bo-mepBbiX, Ha 1978 roxg
(t.e. crrycTs 43 roma co AHS ee myOJuKalii) oHa ObljIa MPOIMTHPOBaHA 00JIee MIUIJTHOHA Pa3,
BO-BTOPBIX, OHA HE COJIEPKUT HU OJHOM CCHUIKH, U B-TPETHHX, IO CYTH, OHa WHUIIMMPOBAJa
T.H. BTOPYIO KBaHTOBYIO peBostonuio [12]. B aroit pabore [10], Ditamretin, [Togonbckuit n
Po3en nonBeprii COMHEHHIO MOJIHOTY KBAaHTOBOW TEOPHUH, MOJHOTY B CMBICIIE aJIEKBaTHOTO
OTIMCaHUsl KBAHTOBON MEXaHUKOW (hM3MYECKON peasibHOCTH. [IpruMepHO B TaKOM e KITroYe, a
UMEHHO: «/la, TayTOMEpHU3M OCHOBAHMI SIBJISETCS BIIOJIHE IPUBJICKATEIBHOW MOJENBIO, HO
HAaCKOJbKO OHAa BakHa B MyTareHese?» — BbIIIa pabora Moprana [13] B Pazmene
«OtkpbITHIE Borpocy. JloGaBimio oT ce0si: KaKkylo pealbHOCTh OHA OMHUCHIBAeT? AHATOTUYHBIC
BOIPOCHI TaKXke o0cyxaanuch B padborax [14—17] (cm. Taxxe [18]): crouT oTMeTuTh pabdboTy
[17], B KOTOpOH BBIpaXkaeTcs HaAEKIa, UTO «PEIKHE TayTOMEPHI M AHHMOHHBIE OCHOBAHUA ...
UrparoT GpyHIaMEeHTAIbHYI0 OHOJIOrHYecKyIo posib». bojee Toro, corimacHo NpeArnoaoKeHUIO
Yorcona u Kpuka, TayTOMepbl SBISIOTCS OCHOBHBIM HCTOYHHMKOM HEMPABUIBHBIX
BKitoueHuil map B ctpykrype JHK [2, 13]. CBuaeTenbCcTBOM TOro, 4TO MOXO0KHE BOMPOCHI
OTHIOJIb HE aOCTpaKTHBI B JAHHOW 00J1acTH CBUIETENLCTBYET, HapuMep, padora [19].

Hacrosimas paborta, nonmokennast Ha koHpepennnu «Hano6nodusuka-2019» (Kues) xak
IJICHApHBIN JTOKJIAJ, — €CTh, IO CYTH, MOIbBITKA OTBETUTh HA MOCTABJICHHBIN BBILIE BOIPOC O
PEAUTUCTUYHOCTH M BaKHOCTH MOJIENHM PEAKOr0o TayTOMEpU3Ma Uil OMHCAaHWM MyTareHesa.
EcTecTBeHHO, OTBET, KOTOPBI U COCTABIISET I€Jh HACTOSIICH padOThI, JOKEH JIekKaTh B
HECKOJIbKO MHOM TJIOCKOCTH, HEXEeJIM cama MOJEINb PEIKOro TayroMepusma (B JajabHeiIeM,
COKpAIlleHHO, TayToMepHas). B kauecTBe CTpyKTypsl B palore Oblia BbIOpaHa YOTCOH-
kpukoBckas mapa [A-T]wc (cM. HwxHIO ma”enb Puc. 1). Ilpuumna momoOGHOTO BBIOOpA
JBOsiKasi: mepBasi o0ycnosiieHa pabotoit [16] o mpebuotuueckom otdope [A-T]wc mapel, a
BTOpas OyJIeT U3JI0KEHa HIDKE U CBSA3aHA CO CTAOMIBLHOCTHIO 3TOU MapHhI MOCIE TAyTOMEPHOTO
nepexo/a.

Taymomepnan mooenv u peniukayus

Haunem c¢ ompeneneHus TayToMepuu: 3T0 oOpaTuMasi H30MEpHs, T.€. MEePeXo]] OJHOTO
U30Mepa MOJIEKYJIBI B JIPYTOH, KOTOPBIH WICHTUYEH TEPBOMY IO aTOMHOW (opmyse, HO
pasHUTCA MPOCTPAHCTBEHHBIM pPAacIoJIOKEHHEM aToMoB. OObIYHO, Kak, HalpuMep, B
KOHTEKCTE HACTOsmed paboThl, paccMaTpUBAETCs TPOTOTPOIHAS TAyTOMEPHsS WIH
TayTOMepU3alus, KOTopasi CBSI3aHa CO CIABUIOM WJIM MEPEHOCOM OJIHOTO WJIM HECKOJIBKHUX
aTOMOB BOJIOPOJIa IIPHU MEPEXOE OT OJJTHOTO U30Mepa K APYyromy

Tak BOT, TayromMepHas rumnore3a YorcoHa u Kpuka coctout B cieaytomeM ([2], cTp.
129): «B mHameill cxeme AYIJIUIUPOBAHUS CHEUU(PUUYHOCTh PEIUITMKALUUA JTOCTUTACTCS
MOCPEACTBOM CHEIU(PUUECKOTO CHApUBaHUS MEXIYy IYPHUHOBBIM U MHUPUMHUIUHOBBIM
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OCHOBaHUSIMU; aJICHUH C TUMHUHOM U TyaHHH C OJJHUM M3 HUTO3MHOB. DTa CHEHU(PUUHOCTH
MPOUCTEKAET M3 HAIIero MPEANONIOKECHHS, YTO KaXKJI0€ W3 OCHOBAaHWUU 00JIamaeT OJHOMN
TayTOMEpHOH (OpMOH, KOTOpas HAMHOTO Oojee craOwibHA, 4YeM Jro0as W3 JPyTHux
BO3MOXKHOCTeH. OfHAaKO TOT (haKT, YTO COCINMHEHUE SBISETCS TAyTOMEPHBIM, 03HAYAET, YTO
aTOMBI BOJOpOJa MOTYT HMHOT/A MEHSTh CBOE MecTomojiokeHue. Ham mpencraBisieTcs
MPaBAONOMO0OHBIM, YTO CIIOHTAaHHAs MYyTalus, KOTOpas, Kak MbI MOJApa3yMeBaId paHee,
ABJIIETCS. M3MEHEHHEM B IIOCIEI0BAaTEIbHOCTH OCHOBAaHUM, MPOUCXOIUT M3-3a TOTO, YTO
OCHOBaHHE BCTPEUACTCS OYEHBb PEKO B OJHOW M3 MEHEE BEPOSTHBIX TaAyTOMEPHBIX (opM, B
MOMEHT, KOI/Ia KOMIUIEMeHTapHas 1emnb Gopmupyetcs. Hanpumep, B TO BpeMs Kak aJeHUH
OOBIYHO COEAUHSIETCS C TAMUHOM, MTPH HATMYUHA TAyTOMEPHOTO CABUTa OJHOTO U3 €r0 aTOMOB
BOJIOPO/Ia OH MOXKET COCIUHATHCS ¢ 1uTo3uHOM (Puc. 1, Bepxusas manens). B cnemgyrommuit
pa3, Korja MPOWCXOAUT CIapuBaHHWE, aJeHWH (BOCCTAHOBUB CBOI 0Ooyiee OOBIYHYIO
TayTOMEpHYI0 (GopMy) oOpaszyeT mapy C THMHHOM, HO IIUTO3WMH OYJIET CIIapuUBaThCS C
TYaHWHOM, U TI0O3TOMY MIPOU30HAET U3MEHEHUE B TIOCIIE0BATEIHHOCTH OCHOBAHUIN.

JaBaiite paccMOTpuM TayTOMEpHyl runoresy Ha npumepe mnapsl [G-Clwc,
Mpe/CTaBICHHON Ha BepxHel manenu Puc. 1. VI3 mocnennero cnemyer, 4To aTOMbI BOAOPOIA
Ha ryanuHe cienyronme: 2 atoma H Ha Ny(G), mo omnomy H Ha N (G), Ha No(G), u Ha Cs(G).
CooterctBytoumii Tayromep G — 310 kero 9H-1H (B o603Hauenusx [21]; cm. Takxe [22];
«kero» B cuiry aByxBalieHTHOTO Og(G)), xoropeid, cormacHo Tabn. 1 w3 [21] mexwur
3HepreTuyecku Boiiie Ha 400 cM ~ 1,144 kkan-mons ' (s B3LYP, MIPUMEHSIEMOro B paboTe
[21]; st MP2, npumensiemoro B [22], 3Ta oueHka cocrasisger 100 em™) taytomepa 7H-1H,
3aHHMMAIOIIETO OCHOBHOE TAayTOMEPHOE COCTOsIHME. Tak YTO T'yaHHH B YOTCOH-KPUKOBCKOI
nape G-C He HaXOAUTCS B SHEPreTUYECKH HUKAWIIEM TayTOMEPHOM COCTOSIHHH, a B KETO-
dbopme (00 ncropun BeiOOpa Takoi Gopmer Yorconom u Kpukxom mosenan Mopran B [13]). B
nanHo nape G-C TayTOMepHBIN Mepexoj, yKa3aHHBbIM IByMs cTpenkamu Ha Puc. 1, MoxxHO
dbopManbHO IPEICTABUTH B BUJIC:

[G-Clwec = G*-C*, (1)
rae G*n C* — tayromepsl ryanuHa: 9H-AH, — u uuTo3uHa: UMHHO, cOOTBETCTBEHHO. [1o
aHasioruu, s napsl A-T umeem,

[A-Tlwec = A*-T*, (2)

A* — 910 umMuHO- (-N¢(A)H-) TayTomep A, a T* — snonbHas (=04(T)H) popma T.

Wrak, corimacHo TayTOMEpHOM rumore3e, MyTaluus (TayTOMEpHas) BO3HUKAET B
pe3ylbTaTe mepexoja Wi ckauka (kBaHToBoro, mo Ilpémunrepy [23]) atoma Bomopona
(4acTo TOBOPSIT O MPOTOHE: CM., Hampumep, [20]) U3 OAHOrO JIOKAJHLHOTO IOJIOKEHUS B
npyroe. I[lo sToii mpuumHe TayToMepHass MyTauus siBisercs TodeuHoil [24]. Ilockombky
TayTOMEPHsI €CTh YaCTHBIA clyyall HM30MEpHM, TO E€CTECTBEHHO, Ja0bl COXPAHUTH YHUCIIO
aTOMOB BOJIOPOJA, JOJDKHO OBITh J1Ba TaKUX MEpexoja: MpsIMOW M OOpaTHBINA, YTO CyMMapHO
HKBUBAJIEHTHO JABOWHOMY mepeHocy npotoHa (JIIII), koTopblil OblI BHEpBbIE NMPEIIOKEH
JIésaunbiM [25] (cm. Takke [26, 27] u NpUBEACHHBIE TaM CCBUIKH). B 3ToM ciydae —
Ha30BeM ero | — TayToMepsl OCTaroTCs B mape Kak Obl camu 1o cebe, He 3almyTaHHBIMH (Un-
entangled), aHaJTOTUYHO MIEpPBOHAYATILHBIM OCHOBAHUSIM.

Hpyroi cimywait, II — 3T0 Korga mpOMCXOAUT TOJBKO OJIMH MEPEHOC BOIOPOJA, KAK,
Hanpumep, BAonb cBsizu N3(T)Hs--Nj(A) Ha Hwkuedt mnanenn Puc. 1. B pesynbrare
oOpa3yeTcst TakoW «3alyTaHHBI» TUMEp, COCcTosIMi n3 TuMuHa 0e3 Hi m agenuna c¢ Hj,
KOTOPBIA MOXKHO paccMaTpUBaThb KaK HEKOTOPYIO Mymayuro napvl, HO HE OTAEIbHO €€
ocHoBaHui. Takast myTarus Bo3HUKaa paHee B padore [28] — komruiekc [A-w-T]; (Puc. 4 u3
[28]), — KoOTOpBIN OKa3aics Hamboyiee yCTOWYMBBIM NpU TepeHoce mpoToHa B mape A-T,
MPUOTKPBITON MOJIEKYJION BOIBI.
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Hasaiite mpouutupyem Jlanmmoa u Ksenmens ([23], ctp. 28): «/lns mosBienus
[MyTamuu| He0OXOIUM XOTs OBl OAWH aKT PEIUTUKAlUWY. Tak Mpu peruIMKaluu — JIaBaiTe
paccMOTpuM,  Hampumep, MexaHusMm  YorcoHa-Kpuka (T.H.  TOJIyKOHCEpPBAaTUBHOMU
perummkanuu; cM. [1, 2], a taxxke [29, 30]), — depMeHT renukaza «IpOXOAHUT» BAOJIb OCH
MarepuHckor JIHK mo BogopoaHbIM CBSI35IM, CBSI3BIBAIOIIMX OCHOBAHUS B MAPbI, U Pa3pbIBACT
uX. SIcHO, 4TO B Mpolecce pelUIMKalUui JOMUHUPYIOT KAaHOHMYECKHUE YOTCOH-KPHUKOBCKHE
napsl [A-T]wc («Hagano» permukanuu [31]), koTopeie serde pazopsatb, 4yem napy [G-Clwc,
MIOCKOJIBKY TE€PBBIE CBSI3aHbI IBYMs BOJOPOJIHBIMU cBsi3siMU [31]. B pe3ynbrarte kaxkaas HUTh
CTaHOBUTCS MaTPHUILIEH MPU CUHTE3€ KOMIUIEMEHTApHOM 1enu. J[aBaiiTe Mpearonokum, 4To B
CTOIKE Map OCHOBAaHUM, CPEAN KOTOPBIX €CTh KaK YOTCOH-KPUKOBCKHE, TAaK U TayTOMEpHBIE
tunos [ u II, mpousonma pennukanus.

EcTtecTBeHHO TpPENNONOXKUTh, YTO MaTpU4yHas HHUTh JIOJDKHA OBITh CTaOMIBHOW — B
IPOTUBHOM CJly4ae, CHHTE3 JIOUYEPHHX MOJIEKYJ MOXET mpepBarbcd. OJHAKO, Kak ObuIO
nokazaHo B pabotax [32, 33], mapa A*.-T* He sBIsAeTCS yCTOHYMBOW, MOCKOJBKY HE
ynoBieTBopsieT kputeputo JIEsauna [34], T.k. BeicoTa Oaprepa, otaemnsomas ee ot [A-Tlwc,
cocTaBmseT Beero b 0,22 KKal-MOJIb |, i [I03TOMY COOTBETCTBYIOIIAs OTEHIIMANBHAS IMa
HE JI0OCTaTOYHO TiIyOOKO, Ja0bl ynepKHUBaTh OCHOBHOE COCTOsSIHHME. Takum oOpa3oM, TpH
NPEIONI0KEHUHN CYIIECTBOBAHHS TayTOMEPHOH mapbel ocHoBaHud A*-T* Tuma I, Mexanuszm
MOJTYKOHCEPBATUBHOM peruIMKanuu He padoraeT. Kakoil Torja BBIXOJ U3 TAHHOW CUTyaruu?
B sTOoM 1 cocTouT cyTh HacTosIIEH PabOTHI.

Ucxonss m3 pabotel [35], MBI TIOKa3blBaeéM CYIIECTBOBAaHHME WHOTO MEXaHHU3Ma
TayToMepuszanuu, npusBondmero k tumy II Ttayromepo. bosiee Toro, mMel mokaspiBaeM, B
paMKax TPUBEICHHON HMXE KOMIIBIOTEPHOW METOJOJIOTHH, YTO HEKOTOpbIe W3 HOBBIX II-
TayTOMEPOB XapaKTEPU3YIOTCS JOCTATOYHO BBICOKUM (B ~ 1,7 pa3) cpoJACTBOM K DIIEKTPOHY
10 CPAaBHEHUIO ¢ KAHOHUYECKOU MapOM.

[locnennee, HECOMHEHHO, NMPEACTABISET MHTEPEC B CBETE€ MHOTOYMCIEHHBIX SBJICHUH,
CBsA3aHHBIX ¢ nepeHocoM 3apsaa B JIHK u mpucoenuneHuem, ckakeM NIpU pagualiiOHHOM
nopakeHuu (cM. Hampumep, [36—45] u npeacTaBiIeHHBIC TaM CCHUIKH), nekTpona k JIHK (B
KOHTEKCTE HAacToAlIled padoThl MpeAcTaBisieT WHTepec pabota [45], mokasbIBaromasi, 4To
c1ab0-PHEPreTHYECKHUE FIIEKTPOHBI CITOCOOHBI BBI3BATh TOUCYHYIO MYTAIIHIO).

PE3YJIBTATBI 1 OBCYXIEHHUE

Komnvromepnasa memooonozus
Bce pacuerbl, BBINOJHEHHBIE B HACTOAILICH paboTe MO ONTUMHU3ALMH TE€OMETPUHU
BeIOpanHbiXx map JIHK B HeWTpadrbHOM W aHWMOHHOM 3aps/IOBBIX COCTOSHUSX, 0€3
OTpaHHYEHUN HA BO3MOXKHYIO TUIAHAPHOCThH, OBLIM TPOBEICHBI C HCIIOIH30BAHHEM IaKeTa
nporpamm GAUSSIAN [46] meromom dyHKIHoHana TioTHOCTH bekke-JIu-Anra-ITappa
(Becke-Lee-Yang-Parr), B3LYP. Kak u mnomoxxeHOo, BBIOOp MoOJIEKyJIsIpHOTO 0Oasuca
OTpeieIIIeTCs 3apsA0BbIM COCTOSIHUEM. J1J11 HEUTpaIbHBIX MOJIEKYJ OBbLIIM BbIOpaHb! 0a3UCHI:
ontumanbHbli N = 6-31+G(d) u nononneHHsIi ABOMHON-3¢eTa A = aug-cc-pVDZ. AHHOHHBIE
CTPYKTYPbI pacCUUTHIBATINCH B A = aug-cc-pVDZ cornacHo MeTOMKE, ONMCAaHHON B paboTax
[ledepa [47-49]. B nacrosmelr pabore ObUIM paccUUTaHBl SHEPTrHH, E, HccCaeayeMbIx
CTPYKTYp, S, B 000MX 3apsIOBBIX COCTOSHUSX (HEeWTpaibHbie — B N U A; aHUOHHBIE —
TOJIBKO B A) ¥ COOTBETCTBYIOIIHNE, HECKATMPOBAHHBIC, SHEPTUH HYJIEBBIX KojieOanuit (ZPE) u
(Takke HECKAMpPOBaHHBIE) TrapMOHWYecKue KonebaHusi. bomee Toro, OBLIO paccUMTaHO
aanabaTHIecKoe CPOJICTBO K AJIEKTPOHY, onpezensemMoe o hopmysie (eCTeCTBEHHO, B OJHOM
1 TOM ke 0asmce A):
AEA(S) = E(Sneutral) - E(Sanion)- (3)
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Ha Berancnutensaom ypoBae B3LYP/N mapwr [A-Tlwe u [G-Clwc XapakrepusyrooTcs,
COOTBETCTBEHHO, paccrosiHueM R = 10,18 u 10,23 A, nunonsubiM MomerToM 2,05 1 6,13 D, u
sHeprusAMu cBsasH (¢ yueroM ZPE) Epinding = 11,3 11 24,3 KKaJI-MOJIb .

B 6onpmmaCcTBe pador mo JJHK MoxHO HallTH yTBEp)KIEHHUE, YTO YOTCOH-KPUKOBCKYIO
napy [A-T]wc nerue pasopsath, yem napy [G-Clwc, MOCKONBKY IepBas CBsi3aHA JBYMs
BOJIOPOJHBIMHU CBsI3sIMU [28]. Briiie, B 3TOM paszjiese, 3T0 yTBEPXKICHHUE TaKKE YITOMUHAIIOCH.
Ha camom nene, xak cumtaer Mopran ([13], ctp. 161), mapa [G-Clwc sBnsercs Oornee
yCcTOiunBOi 1Mo cpaBHeHUI0 ¢ mapoil [A-T]wc Omaromaps sHTponuiHBIM 3(dexTam u3-3a
OpraHM3alMi TUApPATAllMOHHBIX O0OJIOYEK U  «IJIEKTPOHHOM  KOMIUIEMEHTapHOCTH.
[TocneaHiol0 Mbl TIOHMMaeM cienyromuM oOpa3oM. [lonsgpHOCTE MONEKYJBI, a TakkKe ee
NOJIIPU3ALMOHHOE B3aMMOJICHCTBHE C COCETHUMH MOJIEKYJIaMH, 3aBUCUT OT JIUIOJIBHOTO
MOMEHTa TMEpPBOM U €€ MOJAPU3YEMOCTU. PUC. 2 NEMOHCTPHUPYET «CIOKEHHE» IUMOIbHBIX
MOMEHTOB OCHOBaHMH TyaHuHa (6,8 D) u muto3una (6,9 D) B paccunTaHHBIA MOIHBIN
nunonbHbeld MoMeHT napsl [G-Clwc, paBsblii 6,1 D (monsipuzyemocts napsl coctaBiseT 241,5
a.e.). PaccunranHblil nmonHeld aunonbHbI MomeHT napbl [A-Tlwce paBen 2,1 D, xotopslit
IUIOXO CKJIAJbIBAETCA W3 JMIIOJIBHBIX MOMEHTOB ajaeHuHa (2,5 D) um tummna (4,6 D),
HaNpPaBJIEHHBIX MOYTH HABCTpeuy APYr Apyry. PaccuMtanHas MONSpuU3yeMOCTh MOCIETHEN
napbl HECKOJIbKO MeHbIne (235,3 a.e.), uem nepBoi.

it

Puc. 2. JleMOHCTpalMsi «CJIOXXSHUS» IHUIONBHBIX MOMEHTOB OCHOBaHHWH INIpH 0Opa30BaHHU
kaHoHnueckux map [G-Clwc (Bepxuss manens) u [A-Tlwe (Hmxknss; cMm. Puc. 1). Crpenkn
YKa3bIBAIOT IIOJHBIC TUIIOJIbHBIE MOMEHTHI OCHOBAHHI.

Mooenv maymomepuzauuu ¢ nape A-T: neiimpanvHoe 3apaooseoe cocmosHue

Wrak, BbIIE MBI BBIACHWIM, YTO TayTOMEpHas MOJENb MO MexaHu3My JIEBauHa He
pabotaer B mape [A-T]wc. [Ipeanonaoxus npoTUBHOE, T. €. YTO €CJIU Obl OH CYIIECTBOBAJ, TO
obpazyemasi TaytomepHas mnapa A*.T* okazamace Obl HeycroiumBoil. MHON MexaHU3M
dbopmupoBanust TayToMepHOU MaAphl [A-T |utomer B3 TIAPHI [A-T]wc OBLT TpenIoxkeH B paboTte
[35].

B Hacrosiueit pabote oH npencrasineH Ha Puc. 2 u Puc. 3. Uaes mexanuszma takoBa. B
nape [A-T]wc ectp nBe Bomoponubie cBsizu: Ni-H3(T)--Nj(A) u Ng-He(A)--O4(T). Omnu,
€CTECTBEHHO, MOTYT TEPEKIIOUaThCsl MEXAY Pa3IUYHBIMU JOHOpaMH. Tak, MepexitoueHHe
nociennend, Ng-Hg(A)---O4(T), Mmexxmy O4(T) u N3(T) mpuBogut k npotankuBanuro Hs(T) k
Ni(A) u oOpazoBaHui0 JBYX OH(PYpPKAHTHBIX BOJOPOAHBIX CBSI3ed — OTHUM BCEM
«oprecTpupyer» mepexonHas crpykrypa [A-T]™!, koropas m3obpaxena ma Puc. 3. Omna
orcrout oT [A-Tlwe Ha 16,6 kkam-Mons' u xapaktepusyercs uactotoil 114i cm™'. Takum
obpa3om, napa [A-T]wc, mpeomoneBas BbIIeyKa3aHHbBIN Oapbep, mepexonut B mapy [A-T],
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KOTOpast TIPEACTABIISIET COO0M TayTOMEp YOTCOH-KpUKOBCKOM maphl [A-T]wc tuma Il u mexut
HIOKe Oapbepa [A-T]™ " Ha npumepHo 3,7 KKaJI-MOJIb .

P ————————————————————————————

[A-Thwe
Puc. 3. «llepexmoyaromuii» MexanusM popmupoBarus tayToMepHOH mapsl [A-Tiytomer 13 TApsl [A-T]wc:
Akt 1. Ha GappepHBIX CTE€HKaX yKa3aHbl COOTBETCTBYIOIME UM 3HEPTUH: BepXHee 3HaueHHe — 0e3 ydera
HyJIeBbIX Kosiebanuii (ZPE); HuxHEee — ¢ yueToMm.

[A-T]y 1.04 93

[A-T]

Puc. 4. Tlpomomxenue Puc.3. «llepexmouarommii» MexaHu3M (OPMHUPOBAHUS TAayTOMEPHOH Iapsl

[A Tliautomer 13 Tapsl [A-T]lwe: AkT 2. Ha GapbepHBIX CTEHKaX yKa3aHbl COOTBETCTBYIOIIHE MM JHEPIHU:
BepxHee 3HaueHne — 0e3 yuera HyJeBbIX Konebannii (ZPE); HikHEEe — ¢ ydeToM.

ITapa [A-T]; mpencraBnser ABosikuii MHTEpec. Bo-mepBhix, oHa oOpa3oBaHa Onaromaps
cienyromuM BogopoaAHbIM cBs3sIM — Ni-H(A)--Oa(T) u Ne-Hg(A)--N;(T), B koTOpO# CBSA3M
Ni-H (A) 1 Ng-Hg(A) BBITTAIAT KaK HEKAsT «BUITKAY.

[Ipeanonoxum, uro mapa [A-T]; HaXxoauTcs B ABYCHUPAIBHOMW MaTpulle, TA€ NpHU
MOJIYKOHCEPBATUBHOW ~ PEIUIMKALMKM TMPOUCXOJUT Pa3pblB  3TUX BOJOPOJHBIX CBS3EH,
pacxokJIeHue HUTEH, U K OJHON W3 MOCIHEAHMX, coiaepkamux win A-, wiu T-tayromep,
MOJAXOAWT HOBasl CHUPAIb C MPUCYIIMM €l HaOopoM OCHOBaHWI. B03MOXHBIE ClieHapHs
CHapuBaHMUS OTUX JBYX TOCIEAHUX HUTEH TOCPEICTBOM BBINICYKA3aHHON «BHIKI»
npencTaBieHsl Ha Puc. 5: B a) m3o0paxkena mapa [A-C]; B b) — mapa [G-T]. Cornacuo
TUIOTE3e¢ HEOJHO3HAYHOTO COOTBETCTBUSA (WJIM THUINOTE3€ KadaHus) o0e mapbl OTHOCSTCS K
HEKaHOHUYECKUM, HE-yOTCOH-KPMKOBCKHM, HEOJIHO3HAYHBIM (Wobble) mapam ocHOBaHMI
(mispairing, mismatch) [50].
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Puc. 5. JIBa BOBMOXKHBIX CIIEHApHs 00pa3oBaHMs HEMpaBIIbHO-CIIapeHHbIX map [A-CJ, a), u [G-T], b), npu
permmkaru napsl [A-T];. 3amernm, uTo neduc B 0003HAUEHHSAX Iap MPUMEHSETCS BMECTO LEHTPAIBLHOM
TOYKH B YOTCOH-KPHUKOBCKHX ITapax MCIIOIB3YETCS IS IEMOHCTPAIMK UX HEOAHO3HAYHOCTH (Wobble).

Mooenv maymomepuszayuu ¢ nape A-T: anuon

Belimie Mbl yacTO yNOMMHAIN AUINOIbHBIE MOMEHTHI OCHOBAaHUHN U X KaHOHMYECKHX Map.
JlaBaiiTe MOCMOTPUM Ha 3TO C UHOW CTOPOHBI, cO cTOpoHbI paboTel Depmu u Temnepa 1947
romga [51] (cm. taxxke [52]), B xotopoit depmu m Temnep paccMaTpuBalid CBS3bIBAHUE
AJIEKTPOHA MPOCTEUIINUM JABYX-3apsAAHbIM aumnosieM. Oka3zanoch (cM. [53—55] u nmpuBeaeHHbIE
TaM CCBUIKH), YTO MUHUMAJbHBIN JUMOIBHBIA MOMEHT JIJISl TAKOTO CBSA3BIBAHUS JIOJIKEH OBITh
6onbme 1,625 D (B npubnmwkenun bopua-Onmnenreiimepa) u 2,5 D (BHe ero).

B pasnene «KommbriorepHass MeTOq0JI0THS» OBUIO MOKA3aHO, YTO JAMIOJIBHBII MOMEHT
napel [A-T]wc paBen 2,1 (tounee, 2,05) D. Ha ocHOBaHWM yKa3aHHBIX BHIIIE OICHOK,
€CTECTBEHHO II0jlaraTh, YTO 3Ta Mapa SBJSETCS HEJOCTATOYHO 3JIEKTPOH-CBS3bIBAIOLICH:
paccuntanHas B 6azuce B3LYP/A AEA ([A-Tlwc) = 0.35 eB. HanpoTus, moiHbBIN AUMONTBHBIN
momeHT mapel [A-T]; pasern 7,16 D wu, crnegoBarenbHO, ee aanabaTUYECKOE CPOJCTBO K
AJIEKTPOHY TOJDKHO OBITH BBIIE — HMEHHO, COTJIacHO pacdetam, paBHo 0,507 eB, T.e.
npeBocxoguT mnpumepHo B 1,7 paza AEA ([A-T]wc). B sTomM, mo Hamemy MHEHWHIO,
3aKJII0YAeTCs BO3MOXKHAs POJIb TayTOMEpHOM MyTaumu Tumna Il ageHWH-TUMHUHOBOM mapsl
OCHOBaHUM.

Obcyrcoenue
MoTuBays 1 JJOTUKa JaHHOM paboThl 10cTaTOYHO IpocTa. OueBUAHO, — CM. HAIpUMeED,
0030p [27], — uTo TayTOomMepHas moxaenb myTanui B JIHK peamuctuyna TONBKO IS mMapbl

TYaHUH-IIUTO3UH, U HE peaJucTUYHa JJs Napbl aJeHUH-TUMHH. B yeM npuunMHa Takou
JUCKPUMHUHAIIMY MEXIY KaHOHHUYEeCKMMH ntapamMu ocHoBanuid JIHK? B uem Torma coctout nx
TAaKO€ pasiauuMe, 4ro rumnore3a YorcoHa-Kpuka o peaxoil TayToMepHON MyTaluu He
pabotaet nist BTopoit? Ha mepBsIii B3rIsa, BpoJe Obl HU B U€M, XOTSI, ECTECTBEHHO, JOBOIBI O
TOM, 4TO BTOpas mapa ciadee mepBoi, eCl CyIUTh 10 SHEPTUU CBSI3U, MOTYT CHITPaTh CBOIO
poutb. JIOBOIBI ATH ykKe 00Cy)Kaaimmuch — cM., Harpumep, ([13], ctp. 161), u ObTH pU3HAHBI
HecocTosTeNnbHBIME. OHU Takke ObUM OOCYXJEHbI B HacToslled pabore, B pazjaene
«KoMnbroTepHask METOIOIOTHSI.
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Tem He MeHee, paznmuuue MeEXAy IapaMH CYLIECTBYET, M OHO 3aKJII04aeTcs B
MOJABMYKHOCTU UX BOJOPOJHBIX CBs3el (NMEPEKITIOUEHUN MEXIY COCEIHUMHU JOHOPaMH), U U3
3TOM MOJABHKHOCTHU CJIEIyeT HECKOJIBKO MHasi MOJIEJb TayTOMEPHOM MyTallMM B KOHTEKCTE
runore3bl  YorcoHa-Kpuka: B HAcTosiieM KOHTEKCTE, MyTalus — 3TO HE CIEACTBUE
CIIapUBaHUs TayTOMEPOB OCHOBAHUM, a CJIEACTBUE NAPHOU maymomepuu, KOTOPOE €CTb
BHYTPCHHEE CBOMCTBO CaMOM Iapwl, TOJIBKO €U Ipucyiuee. Panee HamMu BBEACH TEPMUH
«HapHOW TAyTOMEPHM», NMPU KOTOPOM IMPOUCXOAUT TOJBKO OJIMH MEPEHOC BOJIOPOJA, KAK,
Hanpumep, BAodb cBs3u Ni3(T)H;--Nj(A) (cMm. HmxHIOO manens Puc. 1). B pesynbrarte
oOpasyercs TakoW «3alyTaHHBII TuMep, cocTosumil u3 TumuHa 6e3 Hi u amenuna ¢ Hs,
KOTOpPBIH MOJKHO pacCMaTpuBaTh KaK HEKOTOPYIO Mymayuio napvl, HO HE OTACIBHO €€
OCHOBaHUM.

B »TOM u cocTouT cyTh HacTosied paboThl, KOTOpas, ¢ MOMOIIbI0 KOMIBIOTEPHOTO
SKCIIEPUMEHTA, TOKa3blBA€T CYILECTBOBAHUE U CTAaOWIBHOCTb HAPHOU MAYymMoMepHOU
Mymayuy B TIape AaJCHUH-TUMHMH, W UCCIEAYyeT, K KaKUM pacKauyMBAIOIIMMCS WU
HEOJTHO3HAYHEIM (Wobble) mapam oHa MoxeT npuBoANTh. [lociieHIe, HA HAIIl B3TJIS1, BHOCST
BKJIaJ] B OOIle€e YWCIO MAPHBIX TAayTOMEPHBIX MYTallUi, KOTOPOE CUYHMTAJIOCh HECKOIBKO
HecornacoBanHbIM (cM. [13], ctp. 160). Hamu Takke mokaszaHo, 4TO B CHIIy CHEIU(PUKH
CTPOCHUSI NAPHOU MAYMOMEPHOU Mymayuy Tapbl aJeHUH-TUMHH, MyTauus oOianaer
OOJIBIITUM SJICKTPOHHBIM CPOJICTBOM IO CPaBHEHUIO C MOPOJUBIICH €€ Mapod U TeM CaMbIM
MOKET OBITh HaONIOaeMa B PEalbHOCTHU: TaK, MOCPEACTBOM €€ MOXKHO OOBSICHUTH PSI
aBieHUN nepenoca 3apsana B JJHK, uto, onsTe ke, TOAYEPKUBAET €€ PEaTbHOCTb.

KOH®JIUKT UHTEPECOB
ABTOp HE UMEET HUKAKUX KOH(IMKTOB MHTEPECOB.
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AKTyanbHicTb. MexaHi4HI BITaCTUBOCTI CBITJIa 3HAXOATH MIMPOKE 3aCTOCYBAHHS B MPUKIATHUX chepax,
TaKWX, SIK ONITHYHE 3aXOIUICHHS Ta MaHIIYyJIIOBaHHS, COPTYBaHHS, 1e(OpMyBaHHs O10JOTIYHUX KIITHH Ta
MOJIeKyJl. B 3aranbHOMy BHIaAKy, B €BAaHECHEHTHOMY IIOJNi MOXXYTb BHHHUKAaTH TPH KOMIIOHEHTH
ONTHYHOTO IMITyJICYy Ta CIIHOBOTO KyTOBOTO MOMEHTY (CIiHy), IIO TpH B3aeMoAii 3 00’ ekTamu
MIPOSIBJISIFOTHCS] Y BUHUKHEHHI BiJIIIOBIIHOT KOMIIOHEHTH ONTHYHOI CHJIM Ta 00epTaIbHOrOo MOMeHTy. Taki
HEOpJMHAPHI BJIACTUBOCTI €BaHCLIEHTHMX XBWJIb BiJAKPHBAIOTh HOBI MOJIJIMBOCTI JUIS MaHIITyJIFOBaHHS
MIKpO- Ta HaHOOO €KTaMHM, B MOPIBHSHHI 3 KIACMYHUMH ONTUYHUMH ITHIETAMHU Ta MaHIIyJIsSTOpaMH, 1110
MoOe OyTH 3aCTOCOBAHO /ISl PO3B’sI3aHHS NMPUKIIAJHNX 331a4, 30KpeMa, OloMeJUIIHH.

Meta po6oTu. Metoro poOOTH € aHaNi3 Ta y3arajlbHEHHS OCTAHHIX JOCIIUKEHb CTOCOBHO MEXaHIYHOTO
BIUIUBY 3 OOKy €BaHECLEHTHOI'O IIOJII Ha MIKpO- Ta HaHOOO'€KTH, 30KpeMa, IOB'S3aHOTO i3 BIUIMBOM
MONEePEYHNX KOMIIOHEHT ONTUYHOTO IMITYJIbCY Ta CIIHY.

Martepianu i MmeToan. MeTon iMIyNbCiB T03BOJISIE BUIUINTH B €BAHECIICHTHOMY IIOJIi Jif0 Ha YaCTHHKH
ONTHYHHAX CHJI Ta OOEPTAIIbHUX MOMEHTIB, IOB’S3aHMX 13 KOMIIOHEHTAMH OITUYHOTO IMITYJECY Ta
KyTOBOTO MOMEHTY, Pi3HOI MPUPOAU Ta HANPSIMKY [ii, B 3aJ€KHOCTI BiJ MOJSApHU3AIli] Magar0q0i XBHIII.
ExcriepuMeHTanbHI  METOOWKHM MAaHIMyJIOBaHHA YacTUHKAMH B ONMMKHBOMY TIOJI  JIO3BOJISIOTH
Bi3yaslizyBaTH TaKH{ BIUIUB, 1[0 POOUTH HOTO MOIIMBHM IS 3aCTOCYBaHHSX B IPHKJIAHUX 3aa4ax.
PesyabraTn. HemonaBHi OCHIPKEHHST JEMOHCTPYIOTh BIUIMB Ha HAaHO- Ta MIKpOOO’€KTH TaKHX
«HE3BUYAIHUX)» KOMIIOHEHT ONTHUYHOrO IMIYJIbCY Ta CIIHY, SK IONEPEYHUI CITIHOBUH IMITYJIbC,
MIOTIEPEYHNH CITiH, TONepeyHa YsBHA KOMIIOHEHTA ONTHYHOIO IMIYJIbCY Ta BEPTHKAIBHUH CIIiH.
[TpomonyeThes 3acTocyBaHHs, 30KpEMa, OCTaHHIX, VIS PO3B’SI3aHHS NMPUKIAIHUX 3371a4 OlOMEAWIMHHY,
TAaKUX, SK TPAHCIOPTYBAaHHS TEpAaleBTHYHUX areHTiB B IaTOJOTIYHI JUISHKHA Y BiJHOBICHHS
MIPOXiTHOCTI CYIWH Ta KPOBOIIOCTAYaHHS TKAHHH.

BucnoBkn. OTpuMaHi pe3yJIbTaTH TEOPETHIHOTO Ta KCIIEPHUMEHTAIBFHOTO TOCIIHDKEHHS MeXaHIuHOT il
KOMIIOHEHT ONTHYHOTO IMITyJIbCY Ta CIIiHY €BaHCLEHTHOTO IIOJSI JO3BOJISAIOTH PO3IIMPHTH ITiIXOIH
ONTHYHOTO MAHIMyJIIOBAaHHS MIKpPO- Ta HAHOOO'€KTaMH, 3 MOXIIMBICTIO HPUKIAJHUX 3aCTOCYBaHb,
30KpeMa, B 3a7a4ax 0ioMeIuIIuHY.

KJIFOYOBI CJIOBA: eBaHecleHTHa XBWIS; ONTHYHUI IMITYJIbC; CIIiH; ONTHYHA CHJIA; OOCpTATbHUH
MOMCHT, HAHOYaCTHUHKaA.

INFLUENCE OF COMPONENTS OF OPTICAL MOMENTUM AND SPIN OF
EVANESCENT WAVES ON MICRO- AND NANOOBJECTS (REVIEW)
0.V. Angelsky'?, C.Yu. Zenkova’, D.I. Ivanskyi’
"Taizhou Research Institute of Zhejiang University, 38 Zheda Road, Hangzhou, Zhejiang Province, 310027, China

2Institute of Applied-Physics and Computer Sciences, Yury Fedkovich Chernivtsi National University,
2 Kotsyubynsky Str., Chernivtsi, 58012, Ukraine

Background: Mechanical properties of light are widely used in applied areas, such as optical trapping
and manipulation, sorting, deformation of biological cells and molecules. In general, the evanescent field
may exhibit three components of optical momentum and spin angular momentum (spin), which manifest
themselves in the occurrence of corresponding components of optical force and torque. Such
extraordinary properties of evanescent waves open up new possibilities for manipulating of micro- and
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nanoobjects, in comparing with classical optical tweezers and manipulators, which can be used for
solving the applied problems, in particular, of biomedicine.

Objectives: Aim of this work is to analyze and summarize recent studies regarding to the mechanical
influence of evanescent field on micro- and nanoobjects, in particular, related to the influence of
transverse components of optical momentum and spin.

Materials and methods: Method of momenta allows one to distinguish in an evanescent field the action
of optical forces and torques, associated with the components of optical momentum and angular
momentum of different nature and action direction, depending on the polarization of the incident wave.
Experimental methods of particle manipulation in the near field allow visualizing such an influence,
which makes it possible for solving the applied problems.

Results: Recent studies demonstrate the action on nano- and microobjects of such "extraordinary" optical
momentum and spin components, as transverse spin momentum, transverse spin, transverse imaginary
optical momentum component, and vertical spin. Using, in particular, the latter, to solve the applied
problems of biomedicine is proposed, such as transporting of therapeutic agents to pathological areas or
restoring vascular patency and tissue blood supply.

Conclusions: Obtained results of theoretical and experimental investigation of the mechanical action of
the optical momentum and spin components of evanescent field allow us to extend the approaches of
optical manipulation of micro- and nanoobjects, with the possibility of applications, in particular, for the
problems of biomedicine.

KEY WORDS: evanescent wave; optical momentum; spin; optical force; torque; nanoparticle.

BJIMSIHUE KOMIIOHEHT OIITUYECKOI'O UMITYJbCA U CIIMHA
9BAHECHEHTHBIX BOJIH HA MUKPO- 1 HAHOOBBEKTHBI (OB30P)
0.B. Anreancknii'?, K. 10. 3enkosa’, JI.U. UBauckuii®
! Hayuno-uccnedosamenvcxuii uncmumym Taiiuxcoy ynusepcumema Jiceiiane, wiocce Joceda, 38, Xarnuicoy,
nposunyus [oceiane, 310027, Kumau
2 Hncmumym usuko-mexnuseckux u KoMRbIOMepHbX nayk, Yeprosuykuii Hayuonabhbiil yHugepcumen umen
FOpua @eovrosuua, yr. Koyobunckozo, 2, Yepnosywi, 58012, Ykpauna

AKTyaTbHOCTB. MeXaHHYECKHE CBOMCTBA CBETA HAXOASAT IMPOKOE IIPUMEHEHHUE B TIPUKIATHBIX chepax,
TaKMX, KaK ONTHYCCKUI 3aXBaT U MaHUIYJIHUPOBAHUE, COPTUPOBKA, JeHOPMHUPOBAHUE OHMOIIOTHUYCCKUX
KJICTOK W MOJIKyJ. B o0Imiem ciyyae, B IBaHECICHTHOM I10JI¢ MOTYT BO3HUKATh TPH KOMIIOHCHTBI
ONTHUYECKOTO HMITyJhCa W CIIMHOBOTO YIJIOBOTO MOMEHTa (CIMHA), YTO IPH B3aUMOJCHCTBHU C
00BEKTAMH TPOSBIISIOTCS B BO3HUKHOBEHHH COOTBETCTBYIOIICH KOMITOHEGHTHI OITHYECKOW CHIIBI H
KPYTSIIET0 MOMeHTa. Takue HEeOpAMHAPHBIE CBOWCTBA HBAHECIEHTHBIX BOJIH OTKPHIBAIOT HOBBIE
BO3MOXKHOCTH ISl MAHWIYJIMPOBAHUS MHUKPO- M HAHOOOBEKTAMH, MO CPABHEHHUIO C KIACCHUYCCKUMHU
ONTHYECKUMH MHUHIETAMHA U MAHHITYJSITOPAMH, YTO MOXKET OBITh IPUMEHEHO JUTS PEIICHUS PUKIIAIHBIX
3aj]a4, B 4aCTHOCTH, OMOMETUIINHBI.

Heanr padoTbl. Ilenpto pabOTHl SBASETCA aHAIM3 W O0OOIICHHWE IOCICOHMX HCCICIOBAHUN 10
MEXaHUYECKOMY BO3/ICHCTBUIO CO CTOPOHBI JBAaHECIEHTHOTO MOJsi HA MHKPO- U HaHOOOBEKTHI, B
YaCTHOCTH, CBA3AHHOI'O C BIMAHUEM MOMCPCUHBIX KOMIIOHEHT OINTUYECKOI'0 UMITYJIbCa U CIIMHA.
MaTtepuajibl © MeTOAbl. METO UMITYJIBCOB MO3BOJISCT BBIICIUTh B DBAHECIICHTHOM IOJIC BO3CUCTBHE
Ha YaCTUlbl ONTHYCCKUX CHUJI U BpallaTCIbHBIX MOMEHTOB, CBA3aHHBLIX C KOMIIOHCHTAMH OIITUYCCKOI'O
UMIYJIbCa M YTJIOBOIO MOMEHTA Pa3IMYHON TPUPOABI W HAIMPABICHHS JCHCTBHS, B 3aBHCUMOCTH OT
MOJISIPA3ALUHN TAAONMICH BOJNHBL DKCICPUMECHTAIBHBIC METOAWKA MAHUITYyJHUPOBAHUS YaCTHIIAMHU B
OMMOKHEM TI0JIE TTO3BOJIIIOT BH3YAIM3HPOBATh TAaKOE BIHMSHUE, YTO [EIACT €ro BO3MOXKHBIM JUIS
MPUMEHEHUH B IPUKIIAIHBIX 337a4ax.

Pesyabratsl. [locnenHue HCCIEOBAHUS IEMOHCTPUPYIOT BIMSHHE HA HAHO- U MHUKPOOOBEKTHI TaKHX
«HEOOBIYHBIX» KOMIIOHEHT ONTHYECKOT0 HMMIYJbCa U CIUHA, KAK MONEPEUYHbI CIUHOBBIH HMITYJIbC,
MOTIEPEYHbIil CIUH, MONepevYHas MHUMasi KOMIOHEHTa ONTHYECKOT0 MMITYJIbCa M BEPTHUKAIbHBIN CIIHH.
[pensnaraercs npuMeHEeHUE, B YaCTHOCTH, NOCJIEHUX, JJIs PEIISHUs] IPUKITAIHBIX 33/1a4 OMOMETUIINHBI,
TaKUX, KaK TPAHCIOPTUPOBKA TEPANEBTUYECKMX areHTOB B MATOJOTMYECKHUE Y4YacTKH WU
BOCCTAHOBJICHUSI ITPOXOJMMOCTH COCYJIOB M KPOBOCHA0KEHNE TKaHEH.

BoiBoanl. [lonydyeHHbIe pe3yabTaThl TEOPETHYCCKOIO W IKCICPHUMEHTAIBHOTO  HCCIICAOBAHHMS
MEXaHUYECKOTr0 BO3JCHCTBHS KOMITOHEHT OINTHYECKOTO HMITYJIbCa M CIIMHA 3BAHECICHTHOTO IIOJIS
MO3BOJIIOT PACIIMPHUTH MOJIXOMBI ONTHYSCKOTO MAHWITYJMPOBAHHUS MHKPO- W HAHOOOBEKTaMU, C
BO3MOKHOCTBIO MPHUKJIAIHBIX IPUMCHEHUH, B YACTHOCTH, B 331a4aX OMOMEIUIIUHBIL.

K/IFOYEBBIE CJIOBA: sBaHecueHTHas BOJHA; ONTHYECKUH MMIYJbC; CIMH; ONTHYECKas CHJA; KPYTSLIUHA
MOMEHT; HAHOYaCTHIIA.
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BnianB KOMIIOHEHT OIITUYHOTO iMHYJ'II)CY Ta CHiHy CBAHCCICHTHHUX XBUIJIb...

[lle y mepmmx poOorax IloiiHTIHra 3a3HAYa€THCS, IO CBITJIO BOJIOMIE JIIHIHHUM
IMIYJIbCOM Ta KYyTOBHM MoOMeHTOM [1, 2, 9]. 3nmaTHiCTh CBiTJIa CTBOPIOBATH MEXaHIYHHMN
BIUTMB Ha 00’ekTu Brepme Oyna Bukopucrtana A. Emkiamm B 1970 p. ans cTBOpeHHS
ontuyHUX miHIETIB [3], 32 mo HuM y 2018 p. Oyno orpumano HoOemiBChKy mpemito.
MexaHi4H1 BJIACTHBOCTI CBITJIA 3HAXOAATh IMPOKE 3aCTOCYBaHHSA B TPHUKIATHUX cdepax,
TaKUX, SIK ONTHYHE 3aXOIJICHHS Ta MAHIMTYTFOBAHHS MIKpO- Ta HAHOYACTUHKAMU, COPTYBaHHS,
nedopmyBaHHsI O10JOTIYHUX KIITUH Ta MOJIeKyN [4]. IlpuHmun aii cydyacHUX ONTHYHHX
HiHIeTiB 0a3yeTbcss HAa BHKOPHCTAHHI CKJIAJHOTO IPOCTOPOBO-HEOJHOPITHOTO PO3MOALTY
IHTEHCHUBHOCTI, moJsipu3aiii Ta ¢hasu [4, 14—16]. BigHoBieHHs, 30kpeMa (a30BOTO pO3MOALTY
ONTUYHOTO TOJS € JIOBOJI CKIAIHOK 33/a4el0, M0 BHUPINIYETHCS MiAXOAaMU CHUHTYJISPHOT
ontuku [5-7]. B paMkax maHWX MAXOMIB JEMOHCTPYETHCS 3AATHICTH CBITJIa MaHIMYJIOBaTH
o0’ektamMu pi3HOi (GOpMHM Ta pI3HOMAHITHUX BIACTUBOCTEH, pO3MipaMH B JCKUIbKa
HaHOMETPIB, MIKpoH [4, 14].

HemonaBHi po60TH 1EMOHCTPYIOTh, 110 CTPYKTYpPOBaHi, HEOJHOPIIHI ONTHUYHI MO, TaKi
SK ©BAHECIEHTHI XBWJIi, BOJIOJIIOTh JOCHTh HETPUBIAIBHOIO CTPYKTYPOIO PO3MOILTY
MOJISIPU3AI[I HO-3aJIC)KHUX Ta TOJIAPU3AIITHO-HE3aTe)KHUX KOMIIOHEHT ONTHYHOTO IMITYJIbCY
ta cruiny [9]. HemomaBHo Oyno mepenbadeHO ICHYBaHHS «HE3BHYAMHHMX» ITOMEPEYHHUX
KOMIIOHEHT OINTHUYHOTO IMIYJbCYy Ta CHIHY €BaHECICHTHUX XBWJIb, OPTOTOHAJIBHUX JIO
HaIpsIMKYy TOMIUPEHHST Ta Mii CBiTIOBOro THUCKY [8—12]. JliHIHUN IMIyJIbC Ta KyTOBHH
ONTUYHUN MOMEHT IPU B3a€MOJIl 3 YACTHHKAMU CTa€ MPUYMHOI BHHUKHEHHS TOI1 YW 1HIIOL
KOMITOHEHTH ONTHYHOI CHJIM Ta oOepTanmbHOro MoMeHTy. HaiiOinpin moBHME aHami3 Ta
KiIacuQikaiilo ONTHYHUX CHWJI Ta OOepTalbHUX MOMEHTIB, TOB'SI3aHUX 3 JAHMHAMIYHUMU
XapaKTePUCTUKAMH €BAaHECIIEHTHOTO TIOJIs, HaBoauTbes B [9]. BmuB Toi um  iHIION
KOMIIOHEHTH ONTHUYHOI CHJIM Ta 00EPTAITBbHOTO MOMEHTY 33/Ia€ThCSl HE TUIBKU TOJSPHU3AIIEI0
Majalovoro IMydka, ajie i 3HAYHOIO MIpO0 3aJIeKHUTh BiJl TUIY YaCTHMHOK Ta BiIMOBIIHOTO
HAOJIMKSHHS [JIsI OMTUCY B3a€MOJIIT OIS 3 YaCTUHKOIO [9].

[Ipu B3aemonii 3 YaCTUHKaMU B €BaHECIICHTHOMY I10JIi, B 3araJlbHOMY BUIAJKY, MOXKYTb
BUHHUKATH TPU KOMIIOHEHTH ONTHUYHOI CHJIM Ta 00epTalibHOr0 MOMeHTY [9, 12]. Jlesiki 3 HuUX,
HaAIpPUKIIaJ], TPaJi€HTHA CHJIA Y BEPTHUKAIbHOMY HampsSMKY a0o0 MO3JI0BXKHS CHJIa THUCKY, 1110
MOB'sI3aHI 3 JIHCHOI0 Ta YSIBHOIO KOMIIOHEHTaMH OpPOITAIBHOTO IMIYILCY, € JOCUTH T00pe
BHUBYECHUMH Ta BUKOPUCTOBYIOTHCS JUISl PO3B'A3aHHS NMpUKIAAHUX 3an1ay [4, 9]. HemonaBHo
OyJl0 EKCIEepUMEHTAIILHO CIOCTEPEKEHO M0 MOMEPEYHOI KOMIIOHEHTH ONTHYHOI CHIIH,
OpPTOTOHAJILHOI 10 HANpSIMKY CBITJIOBOTO THCKY, 3YMOBJIEHOI IOMEPEYHUM CIIIHOBUM
IMITyTbCOM, 110 BUHHKAE Yy BHIAAKy 30y/KEHHS €BAHECICGHTHOTO TIOJIA IHUPKYJISPHO
MOJIIPU30BaHOI0 Tafarouoro xBuieio [11]. EBaHeclieHTHa XBWJISA BOJIOMIE TIONIEPEYHUM
CIIHOBUM KYTOBHUM MOMEHTOM (TIONEPEYHUM CITIHOM), 1110 BUHUKA€E HAaBITh MpHU 30Y/HKECHHI ii
JTHIAHO MOJSIPU30BAHOIO MMAAI0Y0I0 XBHIICIO, CTBOPIOIOYH 00CpTaThHII MOMEHT YaCTHHKH B
wiomuHi mnamgiHHg [9]. 3a ymoBHM peanizaimii €BaHECUEHTHOTO TOJII TpU MOBHOMY
BHYTpimHbOMY BinOuBanHi ([IBB) miniiiHO mosisipr3oBaHoi magarodoi XBUii 3 a3uMyToM +45°
TAaKO’)X BHHUKA€ TOMEpPEYHa ysBHA KOMIIOHEHTAa ONTHUYHOTO IMITYJbCYy, IO aCOIIIOETHCS 3
ySIBHOIO 4acTMHOIO BekTopa I[loiHTiHra, Ta BigoOpakae MOTIK TaK 3BaHOI «HAKOMHYEHOI»
eneprii [9, 10, 12, 13]. B npomy BHMaaKky TakoX BHHUKAa€ BEpPTUKAJIbHA KOMIIOHEHTA
CIIIHOBOT'O KYTOBOTO MOMEHTY (BEpTHUKAJIbHHM CITIH) €BAHECIIEHTHOTO IIOJISI B HAMPSMKY,
OpTOTOHANILHOMY JI0 TIOBEpXHI ToALTYy, Oe peanizyeTbcss [IBB, mo 3ymoBmioe niro
00epTabHOTO MOMEHTY Ha YacTHHKH B IUIOUIMHI, MapaienbHid 1no 1iei moBepxHi (B
ropusoHTanbpHIN mionwHi) [9, 12]. Taki HeopAMHApHI BIACTUBOCTI €BAaHECIIEHTHUX XBHIIb
PO3LINPIOIOTH, B IOPIBHSAHHI 3 KJIACMYHUMHU ONTHYHUMH TIHIIETAMH, MOKJIUBOCTI ONTHYHOTO
MaHIMyJIOBaHHA Ta KEPYBAHHS PYXOM MIKpO- Ta HAaHOOO’ €KTiB, 13 3aCTOCYBaHHSIM TaKOTO
BIUTUBY JUTSI PO3B’ I3aHHS MIPHUKJIATHUX 3a]1a4, 30KpeMa, Oiomeaununu [4, 52, 56—62].
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CTPYKTYPA EBAHECIHHEHTHOI'O ITOJISA ITPU SIBUILI I1BB

EBaHecnieHTHa XBWIS € NPUKIAIOM CMPYKmypoeéano2o oNTHYHOro mnois [14], ske
XapaKTEePU3YETHCSA HEOTHOPIMHUM PO3MOJIIJIOM IHTEHCHUBHOCTI Ta HASBHICTIO EIMINTHYHOI
NoJsipU3allii, 0 MOKE ICHYBaTH y Pi3HUX IUIOLIMHAX B 3aJIEXKHOCTI BiJl yMOB 30y KeHHs [9,
20, 21]. OgauM 3 METOAIB TeHEpallii €BaHECIIEHTHOT XBHJII € SBHINE MTOBHOTO BHYTPIIIHHOTO
BinOuBanHs ([IBB) Ha miockiii Mexi MOAUTY ABOX IICNEKTPUYHHMX CEPEIOBHUIN 3 PIZHUMHU
MOKa3HUKAMHU 3alOMJICHHS (N, < Nnq), IpH KyTaX MafiHHsA, OUTbIuX 3a epanuynuti [17-19].
EBaHeclicHTHa XBHJISI BHHUKA€ B CEPEJOBHINI 3 MEHIIMM TIOKa3HUKOM 3aJIOMJICHHS Ta
XapaKTepU3YEThCsI KOMIUIEKCHUM 3HAa4CHHSIM XBWJIBOBOTO BEKTOpa, JiiCHa YacTHHA SKOTO
OIHCY€E TOMIMPEHHS XBUJII B TIO3/I0BXKHBOMY (Z-) HANpPSMKY, a YsIBHA 3aJ1a€ 3aTyXaHHs XBUJI1
M0 aMIUTTYll Y BEPTUKAIBHOMY HANpPsIMKY X, OPTOTOHAJLHOMY a0 Mexi momimy [17].
[loBepxHi piBHMX (a3 Ta pIBHUX aMIUIITYJl €BAaHECUEHTHOI XBWJI € B3a€EMHO
NEePHEHANKYSIPHUMH, TOMY Taka XBWJIs € HeomHopigHowo [17]. OOGnacte, Ha SKy
€BAaHECIICHTHA XBWJISI TPOHUKAE B CEPEAOBHUINE, BU3HAYAETHCA TaK 3BAHOIO 2IUOUHOH)
NPOHUKHEHHs,, O 3aJCKHUTh BiJl CIIBBIIHONIECHHS TOKA3HHUKIB 3aJJOMJICHHSI, JOBXXHHH XBHJI1
Ta KyTa najinas [19].

Puc. 1. EBanecuentna xBuis npu [IBB Ha miockiit mexi nofiny (n,>n;) [17]: ¥ — KyT magiHHA HA MEXY
TOALNY; ¥pp — TPAHUYHUHA KYT MAIIHHSA; /1, i — TIOKA3HUKH 3aTOMJICHHS BiJNIOBIHO MEPIIOTO Ta JPYroro
CepeIOBHIII.

BekTop Hampy>XeHOCTiI €JIEKTPHYHOTO IIOJII €BAHECHEHTHOI XBHJI, IO BHUHHKA€E HaJ
MEKEI0 MOy, MOKe OyTH TpecTaBiIeHui y Burisiai [9, 49]:

= - 1 - m k - . 1
Ees = E(x J1+m[? + yJ1+|m|2 kg +2(=0) J1+[m|?

k . . .
ne E = Z/ k %TEl — aMIUNTyJJa EJIEKTPUYHOTO IIOJIsI €BAaHECLUEHTHOI XBwWil; E; —
2

ikZZ—Kxe—iwt

K
ke,

; (1)

2
. . . n . n .
aMIUTITyla Mafadoi XBUJi; k — XBWIbOBE 4HCHO; k, = kn—lsm y,k =k \/ (n—l) sin2y —1
2 2

— JIIiCHA Ta ysBHA CKJIAJIOBI XBUJILOBOTO BEKTOPA; ¥ — KYT IMAJIHHS I1aJIal0u0i XBWJI Ha

2
T +imal2 T2
T =

e exp[iarg T;/] — xoedinient nponyckauns; T, T| —

MEXY TOALTY;

. . . T . AV

dpeHeniBChKI KOeQIIIEHTH TPOMyCKaHHSI; m = T—lm1 — KOMIUICKCHHI TIOJISpHU3AIiHHIIMA
//

napameTp, IO OMUCYE TOJIPU3AIIiI0 €BaHECIICHTHOI XBHIIL; 11, — TOJIIPU3AI[IHHUN TTapamMeTp

BIJIMOBIIHO TMajaro4yoi XBWIi, [y, U, — MATHITHI MPOHUKHOCTI MEPIIOTO Ta APYTroro

CepelIoBUINA BIMOBITHO; My, N, — TOKAa3HUKUA 3aJOMJICHHS TIEPIIOTO Ta JAPYroro

CepeIoBHUINA BiMNOBiAHO; X, Y, Z, X, Z — OPTH KOOPAWHATHUX OCEH Ta 3HAYEHHS KOOPIUHAT
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B JICKapTOBil CUCTEMI KOOPJIMHAT; [ — ySIBHA OJUHUII; W — IUKJIIYHA 4acTOTa; t — Yac.

Ha BiamiHy Bia MOMIMPIOBAHUX XBWJIb €BAHECIIEHTHA XBWJISI HE € MOMEPEUHOI0 OCKUTBKHU
MICTUTh TO3J0BXHIO (YSIBHY) KOMIOHEHTY moiisd. HasBHICTh ySBHOI OJUHUIN y BUpa3i s
aMIUTITYAW TIO3]I0OBXKHBOI KOMIIOHEHTH MO 3amae (a3oBUH 3CyB BEIIHYUHOIO 7/2 110
BITHOIIEHHIO /O JBOX IHIIUX TMOMEepeYHHX KommoHeHT. lle copuuuHse ob6epTaHHS
CJICKTPUYIHOTO BEKTOpPA €BAHECIIEHTHOI XBWII B IUIOMIWHI, IO 30ira€ThCsl 3 TUIOMIUHOIO
nafiHHs (TaKk 3BaHA e@exmueHa eninmuyHa noasApuzayis), Ha BIAMIHY BiJ 3BUYAiHOT
UPKYJISAPHO- YHM  eJNTHYHO-TIOJSPU30BAHOT XBWII, J¢ OOepTaHHS 3IiHCHIOETBCS B
nonepeuHiit mionwHi [9]. [Ipu nboMy eTINTHYHICTH MOJSpHU3AIil €BaHECIEHTHOI XBUII1
BUHUKA€E HABITh y BUNIAJIKY JiHIHHOT momsipu3anii magatodoi xBuii (Puc. 2) [20]. [Tonspuzarist
€BAaHECIICHTHUX XBUJIb OyJia BUMIpsSIHA eKkcniepuMeHTanbpHo [20, 21].

Puc. 2. [Monspusaliis eBaHECIIEHTHOT XBWIII Y BUMIAJIKY P- (@) Ta s- (0) monspusarii nagarouoi xswii [20]:
= - - — — — . . . .
E;, Ei, Eev, Hy, Hy', Hey — BekTOpH Hampys>KEHOCTi €IEKTPUYHOTO Ta MATHITHOTO IOJIB TIaai04oi,

BiZIOMTOT Ta €BAaHECIIEHTHOT XBHJIi BiJMOBIIHO; Y, Y — KyTH MaJiHHS Ta BiAOMBaHHS.

HasiBHICTh HEOMHOPITHOTO TMPOCTOPOBOTO PO3MOMITY IHTEHCHUBHOCTI Ta CIINTHYHOI
MOJISIpU3allii €BaHECIIEHTUX XBWIb, 1110, B 3arajlbHOMY BHUMAJKy MOXE ICHYBaTH B Pi3HUX
IUTOIIMHAX, B 3QJIEKHOCTI BiJ MONSApH3amii Maaaoyoi XBWI, CTBOPIOIOTH YMOBH IS
BUHUKHEHHS «HE3BUYAWHUX» KOMIIOHEHT ONTHUYHOTO IMIYJbCY Ta CIiHY, B MOPIBHSHHI 3
MOIIMPIOBAHUMHU XBUJISIMU [9].

ONTUYHUH IMITYJIbC TA CIIIH EBAHECHEHTHUX XBWJIb
JIMHaMi14HI XapaKTepPUCTUKH €BAHECIIEHTHOTO I0JIsl, TaKi, K T'YCTHHA IMITYJIbCY YM CIIiHY,
MaroTh CKJIAJHY CTPYKTYPY PO3MOJIiTY, IO 3aJIeKHUTh BiJl MOJISIpHU3alii Mmajardoro mydka [9,
12]. 'yctuna opbiTaabHOTO IMITYJIbCY €BAHECIICHTHOTO TOJIs MOXe OyTH 3a1aHa, sk [9, 49]:

42 2)2 2
Po = Poz = (kz + mk_z + Z_Z) exp( — 2kx), (2)

8w
e A = OpOiTaIbHAN IMITYJIBC HAMIPSIMIICHUH Y TTO3/I0BXKHBOMY Z-HAaIIPSIMKY Ta 3aJ1a€

E
Vitmp?’
TI0 CHJIM TUCKY B €BaHECIIEHTHOMY MOJII.

['ycTHHA CIIHOBOTO IMITYJIbCY P MICTHTB SK MO3I0BXKHIO KOMIIOHEHTY, IO HANPSAMIICHA

IPOTHIIEXKHO 110 Z-HAIPSIMKY [9, 49]:

A% K?
Psz = = g i €XP(— 2Kx), 3)
TakK 1 monepevyHy KOMIOHEHTY B y-HanpsMKYy [9, 11, 49]:
A% k
Dsy = Ek—jlmm exp( — 2kx). 4)

CriHOBUH KyTOBUH MOMEHT (CIiH) €BaHECHEHTHOTO TIOJS BHHHMKAE BHACIHIJIOK
LUPKYJISAIii TYCTUHU CIHOBOrO iMmynscy § =V X pPg, IO MOXe Big0OyBaTHCh B Pi3HUX
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TJIONIMHAX, B 3aJISKHOCTI Bij] moJsipu3alii magarodoi xsuii [9, 10, 12].

YMOBM BUHHUKHEHHS BIJNOBIJHUX KOMIIOHEHT ONTHYHOTO IMIOYJbCYy Ta CHIiHY
€BAaHECIICHTHOTO TOJII HAHOUIBIII TOBHO OMHUCYIOThCA B [9, 10, 12], 3 yoro MoxHa 3poOUTH
HACTYTIHI BUCHOBKH:

1) OnTuyHui IMIyJIbC €BAHECIICHTHOTO TOJISI MOYKHA PO3KJIACTH Ha CIIHOBY Ta OpOiTaIbHYy
cknanoBi. [Ipu oMy opOiTanbHUil (KaHOHIYHUI) IMITyJIbC €BaHECIICHTHOI XBWJII Mae
TIIBKU MO30BXKHIO Z-KOMIIOHEHTY, B TOM 4Yac, K CIIHOBUN IMITyJIbC XapaKTepPU3YEThCS
SK TO3/I0BXXHBOIO (HANPSIMIICHOIO TPOTUJIEKHO 10 HANPSAMKY OpOITaIbHOTO IMITYJIbCY),
TaK 1 MOMEPEYHOI0 KOMIIOHEHTO. [10310BXKHS KOMIIOHEHTa CIIIHOBOTO IMITYJIbCY, SK 1
opOiTanbHU IMIYJIbC, ICHYIOTh 32 OYy/Ib-SKOI MOJIApU3aLlii aat040i XBUIIi, B TOH Yac, sK
MonepevyHa KOMITIOHEHTA CITIHOBOTO IMITYJIbCY BH3HAYAETHCS CIINTHYHICTIO TOJApU3aIlil
[9];

2) CniHoBUW KyTOBHH MOMEHT (CITiH) €BAaHECIICHTHOTO TOJS  XapaKTePHU3yEThCS
MO3/I0BXXHBOIO Z-, TIONEPEYHOIO0 )- Ta BEPTHUKAIHHOIO X-KOMIOHEHTOIO; NpU IOMY,
MO3/TOBXHIN CIIiH, K 1 JUIsl KJIACHYHOTO BUMAKY, MPOTOPIIHHUNA CTYTICHIO [UPKYJISIPHOT
nmoyiipu3anii majardoi XBWII, B TOH Yac, SIK TONEpeYHa KOMIIOHEHTa CITHY €
MOJIApU3alifHO-HE3aIe)KHOI0, Ta BUHUKAE HABITh Y BUMAIKY 30Y/DKEHHS €BaHECHEHTHOI
XBWII JIHIHHO TMOJIIPU30BAaHOIO TMAaJaouor0 XBuiewo. [IpyynMHa BUHUKHEHHS TaKoi
«HE3BUYAMHOD» KOMIIOHEHTH CIIIHOBOIO KyTOBOT'O MOMEHTY IIOJIATa€ Yy HAasIBHOCTI
SJIINTUYHOI MOJsApU3aLlii eBaHECHEHTHOI XBHWII, sKa BUHUKAE y IUIOMMHI magiHas [19].
VY Bumanky JiHIHHOI TMoJspu3amii magarodoi XBWI 3 asuMyToMm +45° s CIiHOBOTO
KyTOBOTO MOMEHTY BUHHKAIOTh «BEPTUKAJIbHI» KOMIIOHEHTH B X-HANpsMKY, IO
YTBOPIOIOTHCSI BHACHIIOK OO€pTaHHS BEKTOPIB €JIEKTPUYHOTO Ta MArHITHOTO TOJISA TIPH
npoekiii Ha ropu3oHTanbHy miomuny yOz (Puc. 3.) [9]. Enextpuuyna Ta MarsitHa
CKJIAJIOBl BEPTUKAJIBHOTO CIIHY € MPOTHJICKHO HAIMPSMICHUMU; OJIHAK MPH B3aEMOJIL
MOJISt 3 PEYOBHMHOIO TEPEBXKHUHU BIUIMB 3JIHCHIOBATUMYTh XapaKTEPUCTHUKU MO, IO
BHU3HAUYAIOTHCA HOTO ENEeKTPUYHOIO CKIAJ0BOIO, TOMY IpPH B3a€MOJIl €BaHECLEHTHOTO
MOJISl 3 YAaCTMHKAMM eJIEKTPUYHA CKJIaJ0Ba BEPTHKAIBHOTO CIiHY OyJe HOpOIKyBaTh
BIAMOBITHKM 00epTanbHuii MOMEHT [9, 10].

3) T'yctuny imImynbCcy €BaHECHEHTHOTO IIOJII MOXKHA PO3KIACTH Ha MIMCHY Ta ysBHY
YaCTUHU; TIPU I[bOMY, JIMCHA YaCcTHHA IMIYJbCY TIOJIA, IO MICTUTh CIIIHOBY Ta
opOiTallbHYy CKIIAJ0B1, aCOLIIOETHCS 3 MIMCHUM 3HAYCHHSM Bektopa YMmosa-IloitHTiHra, a
ysIBHAa 4acTHHA ()-KOMIIOHEHTA) 3aJ1a€ TOTIK, TaK 3BaHOI, «HaKoMmuueHoi» eneprii [9, 10,
12, 13]. YsBHa yacTHHA T'yCTUHH IMITYJIbCY €BaHECIIEHTHOT'O MOJII MICTUTh BEPTUKAJIbHY
X- Ta TOMEpPEYHy )-KOMIIOHEHTU. BepTukaibHa KOMIIOHEHTa YSBHOTO IMITYJbCy (ysIBHA
YacTHHA OPOITANbHOTO IMITYNIbCY) MPHU B3a€MOJii 3 YacTUHKaMU (HOpMye Tpaji€HTHY
CHITy, IO Ji€ B X-HampsMKy, B TOW dYac, K IONEpEYHAa KOMIIOHEHTAa BHUHHUKAE TIPU
TiHIAHIT monspu3anii 3 a3uMyToM +45° Ta 3aJaBaTUME MOMEpPEYHY MOJSIPU3aLiiHO-
3ayiexkHy cuiy [9].

TakuM YMHOM B €BaHECIICHTHOMY II0JIi MOK€ BUHUKATH TPH Pi3HI KOMIOHEHTHU T'yCTUHU
IMITYJIbCY TIOJISI Ta TPH KOMIIOHEHTH CITIHOBOT'O KYTOBOTO MOMEHTY (CITiHY) B 3aJIS)KHOCTI BiJI
nonsipu3anii magatoyoro myuka [9] (Puc. 3). Ilpu B3aemozii eBaHECHEHTHOTO MO 3
YAaCTUHKAMH, HAsBHICTh TOi YW IHIIOI KOMIIOHEHTH TYCTHHH IMITYyJIbCY YW CIIIHYy OyJe
MOPOJIKYBATH BIAMOBIIHY ONTUYHY CHIy Ta OOepTaJbHUl MOMEHT, L0 MAISTUMYTh Ha
yacTUHKY. B [9] 3a3HauaeThCsi, 110 BIUIMB HA YAaCTUHKU TaKUX XapaKTEPUCTUK IMOJIA, SIK
MOTIePEYHO1 JMiHCHOI (CMiIHOBOI) Ta YSBHOI KOMIIOHEHTH ONTHYHOTO IMITYJIbCY, TOTIEPEYHOTO
Ta BEPTUKAIBHOTO CIIIHOBOTO KYTOBOI'O MOMEHTY € HEJOCTaTHhO BUBYCHHMMH. HemionasHi
poOOTH IEMOHCTPYIOTh PE3yJIbTaTU TEOPETUYHHUX Ta EKCIEPUMEHTAIbHUX TOCITIIKEHb caMe
Takoro BIUMBY [9-12, 36, 49-52, 56, 57].
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E

ev

(6)
Puc. 3. KomnonenTr ontiHaHOTO iMIyJbCy (a) Ta criny (6) eBaHecieHTHOT XBUIIL [9]: po, —
TIO3/I0BKHS KOMIIOHEHTA OPOITAIBHOTO IMITYJIbCY; Psz, Psy — TO3I0BXKHS Ta MONEPEIHA KOMIIOHEHTH

CIIHOBOTO IMITyJIbCy; Im(py), Im(py) — BEPTHUKAJIbHA Ta MIONEPEYHA KOMIIOHEHTH YSBHOTO IMITYJIbCY;
Sx» Sy, S; — BEPTHKAIIbHA, [IONIEPEYHA Ta MO310BXKHA KOMIIOHEHTH CIIiHY BilNOBiAHO; g, — amiutityna
€JIEKTPUYHOTO TT0JIS1 €BAaHECLICHTHOT XBHJII.

IS OIITUYHUX CUJI TA OBEPTAJIBHUX MOMEHTIB HA OB'€EKTHU
B EBAHECHEHTHOMY I1OJII

Jlisi CTBOpPEHHSI TEOPETUYHHX MOJENeH pOo3paxyHKy ONTHYHUX CHJI, IO JiI0Th Ha
YaCTHHKHU B €BaHeCIleHTHOMY moii [40—46], mocmimkeHHs SKUX MoyuHaeTbes 3 1995 poky,
obupanm mienekTpudHi chepu [23, 24], yactuaku Mi [25], MarHiTHO-TieJICKTPHUYHI YaCTHHKHU
[26]. Ana mMeTaniyHUX YaCTUHOK TEOPETUYHHM aHami3 HaBOAUTHCS B [27-29]; Takox icHye
neBHUN Halip poOIT, € HABOJATHCS PE3YJbTaTH NOCHIPKEHb BIUIUBY ONTHYHHUX CHJI Ha
MeTalliYH1 YaCTUHKHU B TUIA3MOHHMX ONTUYHMX MIHIETaX Ta MaHimynsTtopax [30-33].

Jnist ormcy B3aeMopii MOJSt 3 YaCTUHKAMH 3 MOXKIIUBICTIO PO3PaxXyHKY ONTHYHUX CHII
BUKOPHCTOBYIOTHCS Pi3HI MiAXOAM: €NeKTpOMarHiTHuid miaxin [4, 23, 25, 28, 47], nunonsHe
HaOmkeHHs [9, 42], nabmmwkenns Mi [9, 25, 42], reomerpo-onTuaHe HaOmmkeHHs [4, 58],
meTon iMmmynbciB [9, 10, 12, 16, 46]. [loxin onTUYHOrO IMIYIBCY Ta KyTOBOTO MOMEHTY
€BaHECLIEHTHOTO TOJs Ha Ha0lp MOJSAPU3ALIRHO-3aIEKHUX Ta MOJIAPH3AliHO-HE3aIeKHIX
CITIHOBUX Ta OpOITaTbHUX KOMITOHEHT, JO3BOJISIE BUAUIUTH JIIF0 KOMITIOHEHT ONITHYHOI CHUJTU Ta
00epTaTbHOTO MOMEHTY B 3JICXKHOCTI Bif mpupoau ocranHix [9, 10, 12]. Haitbinem nmoBHU
aHayi3 Ta Kiacu(dikaIiro ONTHYHUX CHJII Ta 00epPTAITPHIUX MOMEHTIB, IO AIIOTh HA YACTHHKU B
€BaHECLIEHTHOMY 101, Ta iX 3B'A30K 3 BIAMOBIIHUMH KOMIIOHEHTAMH ONTUYHOTO IMITYJIbCY Ta
CIiHYy HaBOAMTHCS B [9]. BIumB TOi 4 1HIIOT KOMIIOHEHTH ONTHYHOI CHJIM Ta 00EPTaIHHOTO
MOMEHTY 33/1a€ThCS HE TUIbKHM MOJSPU3ALIEI0 MAJAI0Yoro Mydka, aje W 3HAYHOI0 MIpOIo
3aJICKUTh BIJI TUITy YAaCTHHOK Ta BIAMOBIIHOTO HAOIWKEHHS ISl OMKCY B3a€MOJIl TOJIA 3
YaCTUHKOIO [9].

OpOitanbHUI IMIYJIBC €BAHECHUEHTHOIO MOJS € MPUYMHOI BUHUKHEHHS MO3I0BXHBOI
CHJIM THCKY BUIIPOMIHIOBAaHHS, IO Jli€ B Z-HAaNpAMKy. OpOiTaabHUN iIMITYJIbC €BaHECIICHTHOTO
MoJIsI BUHUKAE HE3AICKHO BIJ TOJApU3aIii Tmaaarodoro BumpomMiHioBaHHi. OJHaK,
HaINpy>KEHICTh €BaHECLIEHOTO IMOJIS IS P-NOJspU3allil ma1al0vy0i XBUII € OUIBLIOK HIXK JUIS S-
nosisipuzantii [19]. Tomy, 3HaUY€HHS ONTHUYHOI CHJIH, MOB'S3aHOI 3 Mepenayero opOiTaIbHOTO
IMIyJIbCy, MU p-TIoJsipu3anii nagaodoi xBuwi Oyae OoinpimmMm [22]. [lepenaua opOitanbHOTO
IMITYJIbCY €BaHECLIEHTHOTO MOJIS IPU B3a€MO/IT 3 YACTUHKAMH € JOCUThH A00pe BUBUEHOIO Ta 3
YCHILIHICTIO BUKOPUCTOBYETHCS B MPUKIATHUX IUISAX, OYMHAI0UH e 3 1992 p. [9].

[lepuie ekcriepuMeHTabHE JOCTIIKEHHSI MEXaHIYHOTO BIUIMBY 3 OOKY €BaHECLIEHTHOTO
HOJISl Ha YaCTUHKHM JIEMOHCTpye poboTa [22] 1992 p. TyT mocmimKyeTbecsi pyX CPepUuHUX
MIKpPOYaCTHHOK B €BaHECIIeHTHOMY moii, npu [IBB Ha moBepxHi mpu3Mu, mia Ji€l0 CHIH
TUCKY BUIPOMIHIOBAHHS B TO3J0BXKHHOMY HampsMKy. [103M0BXKHIN pyX YacCTHHOK TaKOX
CIIOCTEPIraeThCs B €BaHECIEHTHOMY moji xBwmieBoaiB [34, 35]. KpiM 1mporo, y maHnomy
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BUIMAJKy BUHHUKAIOTH TAaKOX T'PajliEHTHI ONTHYHI CHJIM B MOMNEPEYHOMY Ta BEPTUKAIHLHOMY
HapsSIMKaXx.

I'pagienTHa onTWYyHa cuiIa y BEPTUKAILHOMY HAIpPsMKY X, I10 BHHHMKA€ BHACIIIOK
MPOCTOPOBOI HEOJHOPIMHOCTI IHTEHCUBHOCTI €BAaHECIICHTHOTO TIOJIS, TOB'sI3aHA 3 YSBHOIO
KOMITOHEHTOIO0 opOiTanpHOro iMmmysbey [9]. I'pamieHTHI ONTHYHI CHUJIM 3 YCIIXOM
BUKOPHCTOBYIOTBCSL Ui ONTHYHOTO 3aXOIJICHHS Ta MAaHIMYyJIOBAaHHA YaCTHHKAMHU Y
omxkHBOMY TIOM [4, 28, 29].

HasiBHicTh eminTuyHOi mMONsipu3aiii €BaHECHEHTHOI XBWIIi, IO BHUHUKAE€ B TUIONIHMHI
MajiHHsA, Ta TPOCTOPOBOi HEOAHOPITHOCTI EBAHECIEHTHOTO TIOJsI Y BEPTUKAIBHOMY
HAINpsIMKY X CTBOPIOIOTh YMOBH JUIsl ()OPMYBAHHS HOJISIPU3AIITHO-HE3aIEKHOTO MTOTIEPEUHOTO
CITIHOBOTO KyTOBOT'O MOMEHTY (IIONIEPEYHOTO CIIiHY), 1110 BUHUKAE HABITh Y BUTAJKY JIHIAHOI
NoJISIpU30BaHol Manarouoi xBuwii [9]. JlaHa KOMIIOHEHTA CHiHY € «HE3BUYAWHOI0», OCKUIBKH ii
HampsIMOK Jii € OPTOTOHAJIBHHM JI0 HAMNPSIMKY XBHJIBOBOT'O BEKTOpa, Ha BIAMIHY BIJ
TPaJULIIHHOTO CITiHY, BJIACTUBOTO IUPKYJISIPHO MOJSAPU30BAHIN XBUIII, HANPSIMOK il SIKOTO €
no3noBxkHIM [12]. Sk 3a3naueHo B [9, 12], Bnepiie BUHUKHEHHS TAaKOTO MOTIEPEYHOTO CITIHY
OyJ0 omucaHo A TOBEPXHEBHUX IUIa3MOHIB-mossspuToHiB [8] B 2012 p. Ilpu B3aemomii
€BAHECIICHTHOI XBWJII 3 YAaCTMHKAMHU, HASBHICTH TOMEPEYHOTO CIiHY OyJe 3yMOBIIOBaTH
BUHUKHEHHS BIAMOBIIHOTO oOepTasibHOTO MOMeHTy B IwiommHi xOz (Puc. 3) [9, 10].
ExcriepuMeHTanpHe MiATBEPHIKEHHS I[HOTO TBEP/DKEHHS HABOAMTHCS B poboti [39], me
JIEMOHCTPY€EThCSI OOEpTaHHA YAaCTMHOK Mi B €BaHECHEHTHOMY I1OJIi, 30y/DKEHOMY JIiHIHHO
MOJIIPU30BAHUM TTAJIAI0YHMM ITyYKOM, B TUIOIIWHI, IO 30Iira€ThCs 3 TUIOMIMHOIO TMajiHHS [9].
BunukHeHHsT 00epTalbHOTO MOMEHTY B JaHOMY BHUMAJKY IMOSICHIOETHCS II€I0 MO3I0BXHBOI
CWJIM TUCKY BUIPOMIHIOBAHHSI Ta BEPTUKAJIbHOI IPaJI€HTHOI CHJIM, OJHAK SK 3a3HAYAETHCS B
[9], nanuit oGepTanbHUIT MOMEHT HOPOKY€ETHCS ONIEPEYHUM CITIHOBHM KYTOBHM MOMEHTOM
€BaHECI[EHTHOT O MOJIs.

EBanecnienTHa XBuIS, MO 30yIKYETbCS MUPKYISIPHO UM ETINTHYHO TOJSPH3OBAHOIO
MaJal0uol0 XBWJICIO, XapaKTEPU3YEThCS HASBHICTIO IMOMEPEYHOI KOMIIOHEHTH TYCTUHU
cniHoBoro immynscy [9, 11]. B [9] 3a3HadeHo, mo MAaHa «HE3BHYAlHA» TOMEpeYHa
KOMIIOHEHTa ONTHYHOTO IMITYJIbCY, HaIllpsIMJIIEHa OPTOrOHAJBHO 10 HAMpPSIMKY XBHJIBOBOTO
BEKTOpa (Z-HAIPSMOK), BUBHAYAETHCS CTYINEHEM IMPKYJISPHOT MOJSIpU3alii Magardoi XBUIi,
Ta OTOTOXKHIOETHCS 3 (PYHIAMEHTAJIBHUM CIIIHOBHM IMITYyJIbCOM, BBEACHHUM B TEOPIIO TOJIS
Benindanre [36]. HAns HECTPyKTypOBaHHUX ONTHYHHUX IIOJIIB, HASBHICTh IIONEPEUYHOTO
CITIHOBOTO IMITYJIbCYy HE CIIOCTEPITra€ThCs Ta HOCUTH «BIPTYaJTbHUW» XapaKTep, a Hampsm
nepeHocy eHeprii (Bektop YMoBa-IloiHTIHTa), IKUW acOLIIOETHCS 3 HANPSIMKOM XBHJIBOBOTO
BEeKTOpa, OyJile BH3HAYATHCh €10 KaHOHIYHOTO (OpOiTambHOTO) iMImynbcy [9]. YV Bumaaxy,
30KpeMa, €BaHECIEHTHOIO MO, BEKTOp YMoBa-lIloifHTIHra BH3HAYaTUMETHCS CYMapHOIO
JEI0 CHIHOBOIO Ta OpOITAIBHOTO IMITYJIbCY, Ta HE CIIBINAJaTUME 3 HAaIpPSIMKOM XBUJIbOBOI'O
BekTopa [11]. Bmepiie HasBHICTH MOMEpPEeYHOI KOMIIOHEHTH ONTHUYHOTO IMIYJbCy OyIlio
nomiveno denoposum y 1955 p. [37], sk monsipu3amiiiHo-3aJIe)KHy TOMEPEYHY KOMITOHEHTY
BekTOopa YMmoBa-IlofiHTIHra B €BaHECUEHTHOMY TMOdi, IO 30YyIKyBajioCh IHPKYJISPHO
NOJISIPU30BAHOI0 Tanardol xBuiero [9]. ExkcrepuMeHTanbHEe MiATBEpIKEHHS HASBHOCTI
MOTIEPEYHOr0 CIIIHOBOTO IMIYJBCY Y €BaHECLEHTHOMY Mo Oyno 3aificHeHo y 2015 pori
yepe3 JOCTIDKEHHS Jii TMONEepedHOi IMOJSIPU3AMiMHO-3JIKHOT CHJIM Ha aHi30TPOITHUN
HAHOOO €KT, PO3MIIIEHUI y €BaHECUEHTHOMY IOJdi, y BHUIMAJKy LUPKYJIAPHOI MOISpHU3aIli
namarodoi xBwii [11]. Tlpu mpomy, sk 3a3Hagaerbes B [11], cwra, moB’si3aHa 31 CIIHOBUM
IMITyJIbCOM, HE € 32 IPUPOJIOI0 CHUIIOI0 TUCKY BHUIIPOMIHIOBAHHS, a BUHUKAE yepe3 AU(PPaKIIiio
Ha Kpasx O00’€KTa, IO MIATBEPIPKYE «BIPTYaJbHHI» XapakTep MOIMEPEYHOro CITIHOBOTO
immynecy [11].
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B [46] HaBomMUTBCS TEOpETUYHUM aHANI3 [ii Takoi MOMepedyHOi KOMIIOHEHTH ONTHYHOT
CWJIH, TIOB’SI3aHOI 31 CIIIHOBUM IMITYJIbCOM, Ha XipaJibHI YaCTUHKU B 3aJIC)KHOCTI BiJl po3Mipy
ta Gopmu ocranHix. [lomepedni omTWuHI CWIM, IO AIOTH HAa METaIIYHI YaCTHUHKH, SKI
JIOKaJIi30BaHi Ha MOBEPXHSIX, TOCIIKYIOThCS TakoX B [43, 47, 48].

Jlis eBaHeCUEHTHOI XBWJII, IO 30Y/UKYETHCS IUPKYJISPHO MOJISPU30BAHOIO IMAJAI0Y0I0
XBUJICIO, XapakTepHUM € TPUCYTHICTh CIIIHOBOTO KYTOBOI'O MOMEHTY, IO /i€ B
MO370BXKHBOMY  HANpsIMKy, SK 1 JUIsi BUNAAKY KJIACHYHOTO CHIHY IUPKYJISIPHO
nojsipuzoBaHoro  myuka [9,12].  HasBHiCT  CHIHOBOrO  KyTOBOTO  MOMEHTY
CYNpPOBOJKYBATUMETHCS BUHUKHEHHSIM O0O0EpPTAJIbHOTO MOMEHTY 4YacTHHKH B IUIONIMHI,
nornepeyHii 1o HampsMKy nomupeHHs xBwii (xOy) [9]. B po6oti [38] 1998-ro poky
HABOJUTHCS TEOPETUYHUN aHaN3 KOMIIOHEHT OO0epTaJbHOTO MOMEHTY, IO MdIIOTh Ha
chepruyHy YaCTHHKY, B €BAHECIICHTHOMY MOJi, 30y KEHOMY MMPKYJISPHO HOJISIPU30BAHUM
rayciBcbkuM mydkoM. IlokazaHo, 110 B JaHOMYy BHIIaJKy ICHYIOTh JIBI KOMIIOHEHTHU
00epTaNbHOr0O MOMEHTY, IO BH3HAYAIOTHCS KyTOBUM MOMEHTOM HaJalodyoro Iydka
(KJTaCUYHHMM CIIIHOM), a HasiBHICTh TPETHO1 KOMITIOHEHTH 00€PTATHFHOTO MOMEHTY HE 3aJICKUTh
BiJl IMPKYJSApHOI TOJSApU3allii OCTaHHBOTO, IO MOXe OyTH TMOSCHEHO B paMKax
BUIIE3a3HAYEHOT KOHIIETIIIT MTOTIEPEUYHOTO MOJISIpU3AIliHHO-HE3aIeKHOTO CIiHYy [9].

VY Bumaaky 30y/KEHHS EBaHECHEHTHOI XBHJI JIHIMHO MOJSPU30BAHOIO IaJal0uoi0
XBUJICIO 3 a3UMYTOM +45°, sk Bxke OyJI0 BHUIIE 3a3HAYCHO, BUHUKAE TMOTIEPEYHa KOMITOHECHTA
ONITUYHOTO IMITYJIbCY, TOB'sI3aHa 3 YSIBHOIO YaCTHHOIO BekTopa YMoBa-Iloitnrinra [9, 10, 12].
Jlis Takoi CKJIAJOBOI HE CIIOCTEpIraeTbcs ISl 3BHUYAWHUX, HECTPYKTYPOBAHUX ONTHYHHUX
NOJiB, @ B EJIEKTPOAMHAMIII BigoOpaxkae MOTIK «HakomudeHoi» eneprii [9, 13]. Hdus
€BAaHECIICHTHOTO TOJIs, HAsBHICTh MOMEPEYHOI KOMIIOHEHTH ONTHYHOTO IMIIYJIbCY,
IIOB’S13aHOTO 3 YSBHOIO YaCTHHOIO BekTopa YMoBa-lloiHTiHra, TEOpETHYHO TNepeadayeHo B
[9, 12]. Pe3ynbTatt TEOPETUYHOTO aHAJI3Yy BIUIMBY HAa YACTUHKH MOMEPEYHOT MOJSAPU3AIIHHO-
3aJIe)KHOI ONTHYHOI CHWJIM, OB A3aHOI 3 IONEPEYHOI YSIBHOI KOMIIOHEHTOIO ONTHYHOIO
MOMEHTY HaBOAAThCA B [9]. ExcmepumeHTanbpHI MOAEHI MO MOCTIIKEHHIO BIUIUBY TaKOl
MOTIEPEYHOI CKJIaI0BOI ONITUYHOI CUJIM B €BAHECIICHTHOMY TOJI1 pO3TJsHyTi B [49-52, 56, 57].
Tak, B [49] TeopeTHYHO BHU3HAYEHO YMOBHU CITIBPO3MIPHOCTI ONTHYHHUX CHJ Ta
IIPOJEMOHCTPOBAHO nepeMilieHHs TUTOCKOTIapaebHOT MIKpOIUTACTUHKHU
noyrieTHIIeHTepedTagaTy B HAMpsSMKYy, BIIMIHHOMY BiJ MO3J0BXHBOTO, 32 yMoBU [IBB Ha
30BHIIIHIA TIOBEpXHI TMOUTy, IO TOSCHIOETHCS B3a€EMOMIEID €BAHECIICHTHOI XBHUII 3
YAaCTUHKAMH 30JI0Ta, HAHECEHWM Ha IMOBEPXHIO IJIACTHUHKU. B [52] posrismaerscs mMonaeinb
KEepyBaHHs HANpsSIMKOM PyXOM YacCTHHOK 30JI0Ta HaJ| MOBEPXHEI O0iojoriyHoro 3piszy, 3
ypaxyBaHHSM [ii TONEPeYHOI KOMIIOHEHTH ONTHYHOI CWJIM, HUIAXOM 3MIHM MapaMmeTpiB
30HAYIOUOro mydka. B [56] mpenctaBieHO cxeMy MaHIMyNIOBaHHS PYXOM E€PUTPOLIUTIB B
TUIa3Mi KpOBI B TIONEPEYHOMY HAIPSIMKY, IIO JOCSTAETHCS BHKOPHCTAHHSIM JIBOX IMAJTal0UUX
MYYKiB 3 MPOTWICKHUMHU a3UMyTamM nojspuzauii +45° ta —45° ta kyramu naniaas. Ciain
3a3HAYUTH, IO OCTaHHI POOOTH JAEMOHCTPYIOTh PE3yJbTaTH, SKi MOXXYTh OyTH BUKOPHCTaHi
JUTSL pO3B’ sI3aHHS MPUKIIATHUX 33/1a4 O10MeIUIIMHU.

Sk Oynmo BUINE 3a3HAYEHO, €BAHECIIGHTHA XBWJIS, IIO0 BHHUKAE y BHIAAKY JIIHIHHO
MOJIIPU30BAHOI Magaloyoi XBUJI 3 a3UMyTOM +45°, XapakTepu3yeThCsl TaKOX HASBHICTIO
CHIHOBOT'O KYTOBOTO MOMEHTY, IIIO JIi€ Y BEPTUKAIBHOMY X-HAINPSIMKY (BEPTUKAIBHOTO CITiHY)
[9]. BepTukanbHuii CHmiH COPUYUHSE [iI0 HAa YaCTHMHKH OOEpPTAIbLHOTO MOMEHTY B
ropu3oHTANBHIN TUIOMMHI (yOz) [9]. Pesynbratd TEOPETHYHOTO TOCIIIHPKCHHS KOMIIOHCHTH
00epTanpHOTO0 MOMEHTY, CIPUYMHEHOTO BEPTUKAIBHUM CIIIHOM €BAHECLIEHTHOTO MOJs, Ha
HAHO- Ta MIKpO0O’€KTH, HABOAATHCS B [9, 56]. 3okpema, B [9] aHAMI3YyETHCS BEIMYMHA TAaKOTO
00epTanpHOr0 MOMEHTY Ha YacCTHHKHU 30JI0Ta, B 3aJIEKHOCTI BiJl pO3MIpy OCTaHHIX, Ta
NOPIBHIOETBCS 3 BEJIMYMHOIO  OOEpPTAJBHOTO  MOMEHTY, CIPHYMHEHOTO  IHIIMMH
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KOMITOHEHTaMH CITIHOBOTO KyTOBOT'O MOMEHTY €BaHecCIeHTHOI XBwii. B [56] nmpoaHnamizoBaHo
BEJIMYMHY 00EPTAIHbHOIO MOMEHTY B TOPU3OHTAJbHIM IUIONIMHI, IIO Ji€ HA E€PUTPOLUT B
€BAaHECIICHTHOMY IO, B 3aJIC)KHOCTI BiJ 3MIHHM KyTa IMaJiHHA IydYKa, Ta BU3HAYEHO YMOBY,
KOJIM BIUIMB TaKOTO OOEpTaThbHOIO MOMEHTY Oyle MakcuMmalbHuUM. OHAK, OYEeBHIHOT
eKCTICPUMEHTAJILHOT JIEMOHCTpaIlii oO0epTaHHS YaCTMHOK B TOPWU3OHTAJBHIA IUIOIIMHI, IO
HOSICHIOBAJIOCH OM JIi€I0 BEPTHKAJIBHOTO CIIIHY €BAaHECLIEHTHOI XBHJII, HE CHOCTEPIraeThCs B
HABEJICHUX poOOTax, JMIIE 3a3HAYAETHCS, [0 BEPTHUKAIBLHUN CIIH MOXE OyTH NMPUIMHOIO
o0epTaHHs MIKPOIUIACTMHOK B KOMIUIEKCHIN Iii pa3oM i3 00epTaJbHUM MOMEHTOM BHACIIIO0K
JIBOIIPOMEHE3aIOMJIEHHS [49].

B [9] Takox aHamizyeThCsi BIUIMB PO3Mipy YaCTWHOK Ha 3HAYEHHS ONTHYHUX CHJI Ta
o0epTalbHUX MOMEHTIB, IIOB’SI3aHUX 3 XapaKTepUCTHUKAMHU TOJsA. 3a3HA4YaeThes, 110
KOMIIOHEHTH O0epTaIhbHIUX MOMEHTIB, TIOB'sI3aH] 13 KOMIIOHEHTaMH CITIiHYy, SIK 1 CHJIa THCKY,
CIIpUYMHEHA OpOITAIbHUM IMITYJIbCOM TIOJISl, BUHUKAIOTh HE3aJIe)KHO BiJl THIYy YacTHHOK. B
TOW 4Yac, TMONEpPeYHi ONTHUYHI CHIIM, TMOB'SI3aHI 3 MONEPEYHUM CIIIHOBHM IMITyJBCOM Ta
MIOTIEPEYHOI0 YSBHOIO KOMIIOHEHTOIO ONTHYHOIO IMITYJIbCY, HE BHHHMKAIOTh Yy BHIIAJKy
PeneiBchKkMX YaCTHHOK, B3aEMOJIIS 3 TOJIEM SIKUX OMUCYETHCS TUTMOJIEHUM HAOIMKEHHSM, aJie
CTAlOTh 3HAYHUMHU y BHUIIAQJIKy YACTHHOK O1IBIIOr0 po3Mipy (AHMMOIb-AUIONBHA B3a€EMOJI,
yacTuHKH Mi) [9].

Icaye Takox psg poOiT [40—42, 44, 45], m0 po3risnae MOBEAIHKY YaCTHHOK B CTOSYUX
€BaHECIICHTHUX XBUJISX, II[0 YTBOPIOIOTHCS BOMA MPOTHIICKHO HANPSIMICHUMU Maal0UUMHU
nmydykamu. 30kpeMa, B [40] MOPIBHIOETHCS XapakTep pyXy B Yaci peleiBCbKUX YAaCTHHOK Ta
YAaCTHHOK IO OMUCYIOThCsl Teopieto JlopeHina-Mi, B Takux CTpykTypax. Jlocmikyerbes
dbopMyBaHHS NBOMIPHHMX ONTHYHUX IMACTOK CTOSYMMHU €BaHECIGHTHUMH XBuisiMu [42]. B
TaKUX JBOMIPHHX CTPYKTypax JOCHI/KY€TbCS BHHUKHEHHS eNINTHUYHOTO OOepTaHHS
yacTUHOK [44]. Po3rmsimaerbcs TakoX JABOHANPAMIICHE COPTYBaHHA YAaCTMHOK 30JI0Ta
INPOTHJIEKHO HAIIPSIMIIEHHMHU €BAaHECLIEHTHUMHU XBUWIISIMU [45].

Crin 3a3Ha4YMTH, IO JIeAKI POOOTH MPHUCBSIYEHI ONTHUYHOMY 3axoruieHHio [28-30, 33] Tta
MaHIMYyJIOBAHHIO YaCTMHKAMHU €BaHECHEHTHUMHU XBwismMu [31, 43], iHII po3risgaroTh
Oe3rocepeIHii pyX 4aCTHHOK B €BaHECIIEHTHOMY 1o [22, 32, 34, 35, 41].

BIIJIUB NOINEPEYHUX KOMIIOHEHT OIITUYHOI'O IMITYJIBCY TA CIHIHY
EBAHECHEHTHUX XBHWJIb B BIOMEJUYHUX JOCJTIIKEHHAX

3acTocyBaHHsS ONTUYHUX TIHIETIB B OIOMEIUYHUX AOCTIIHKCHHSIX HAOyJI0 IIHPOKOTO
noupeHss [4]. OxHak, Ha BiAMiHY BiJ 100pe BUBYEHOT'O BILTUBY MO30BXHbOI KOMIIOHEHTH
ONTUYHOI cuiM [4, 59], pe3ynbTaTH, AKi JEMOHCTPYIOTh MEXaHIYHUN BIUIMB TOMEPEUHUX
KOMIIOHEHT ONTHYHOTO IMITYJIbCY Ta CIIHYy €BaHECICHTHHX XBWJIb B 33jayax OiOMEAHIIMHU,
HaBezeHl B [52, 56, 57]. Tyt po3riisHyTI MOJIEN MaHIITyTFOBaHHS HAaHO- Ta MIKpPOOO’ €KTaMH B
010JI0TIYHOMY CEpPEeOBHILI, [ AI€10, 30KpeMa, MONepeyHOi KOMIIOHEHTH ONTUYHOI CHUJTH, 1110
BUHHKA€E y BUMAJIKY 30Y/DKEHHS €BAaHECHEHTHOTO TIOJIS JIHIHHO TMOISIPU30BAHOIO TaIal0Y0I0
XBUJICIO 3 a3uMyToM +45°. Tak, B [52] po3risiiaeThCsi MOKIIMBICTh KEPOBAHOTO MEPEMIIICHHS
HAaHOYACTHHOK 30J10Ta (faiameTpoM 50 HM) B IPUIIOBEPXHEBOMY IIapl TKAHUHHOI PIIMHU HAJ
MOBEPXHEI0 JBOMPOMEHE3ATOMIIIOIOYOT0 3pi3y OIOTKaHMHU (Oepma), M0 MOxke OyTu
3aCTOCOBAaHO 3 TEPANEeBTMYHOIO METOH B 3amadax HaHoMemuimuHu [53]. Cxema
eKCIIepUMEHTAaIbHOI pealnisallii Takoro miaxoay HaBeAeHa Ha Puc. 4 (a). B manomy Bumaaky
€BaHECLIEHTHA XBWIIS 30YKY€EThCS HAJI TIOBEPXHEIO AEPMH B CEPEIOBHII TKAHHHHOI PiIUHH.
YMoBU (opMyBaHHS MOMEPEYHOI KOMIIOHEHTH ONTHYHOTO IMMYJBCY €BaHECIIEHTHOI XBHIIL
3aJ]al0ThCSl MMapaMeTpaMy 30HYI0YOro Myd4ka (a3MMyTOM MOJSpH3allil ¢ Ta KyTOM MaJiHHS

Y
) Ha mepiIiii ToBepXHi 3pi3y. Pe3ynbTyrounii HAMPsSMOK MEpEeMIillleHHsT YaCTHHOK 30j10Ta K
HaJl TIOBEPXHEIO 3pi3y 33Ja€ThCSI KyTOM O 10 TO3/I0BKHBOTO HAMPSAMKY Z B TUIOIMHKHI YOz, M0
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BHU3HAYAETHCS JI€I0 MO3J0BXKHBOI Ta MOMEPEUYHOT KOMIOHEHTH ONTHYHOI cuiu. [Ipu npomy,
pE3yNBbTAaTH PO3PaXyHKIB MOKA3YIOTh, IO aKTyalli3alis Jii MonepeyHoi KOMIOHEHTH ONTUYIHOI
cun (0~10°-12°) mocsAraeTbcss B TOCUTH IMPOKOMY IHTEPBAJil KYyTiB MaJiHHS 30HIYIOUYOTO
nmyuka (~60°-80°) nmpu BiAMOBIIHUX 3HAYCHHAX a3UMYTa MOJSPU3AIil () Ta TOBIIUHY 3pi3y d
[52]. Takum yuHOM, 3MiHA MTapaMeTPiB 30HAYIOUOTO My4Ka, TAKUX, K KYT MaJiHHS, Ta a3UMYT
noJjsipu3anii, JO03BOJIIE  KEpPyBaTH  HANPSIMKOM  TIEPEMINICHHS  HAHOYAaCTHHOK B
MPUIIOBEPXHEBOMY Iapi O10JOTIYHOTO O00'€KTY, IO JO3BOJIE€ PO3MIMPUTH MOXKIUBOCTI
TPaHCIOPTYBaHHS JIO30BAHUX TOPILIN JIKIB 3 METOI0 OOpPOOKH MATOJIOTIYHHX O10CTPYKTYD
[52]. Iligxoam monspu3aliiHOI ONTHKU TaKOX 3 YCHIIIHICTIO BHUKOPUCTOBYIOTHCS IS
JIIarHOCTHKH TIATOJIOT1# O10TKaHUH [54].

Onnak, peanizaris [IBB Ha moBepxHi JepMu € CKJIQJHOI0 MPAKTUYHOKO 33/1aUei0 4epe3
HEOJHOPIMHUHA penbed 3pi3y TkaHuHU [55]. Peamizamis BuUIIE3a3HAYCHOTO MiAXOTY
nependavae BUKOPUCTAHHS JOJATKOBOI ONTUYHOI MACTKH JJI1 YTPUMAaHHS HAHOYACTUHOK HaJl
MOBEPXHEI0 3pi3y, B Mexkax obmnacti naii eBaHecueHTHOro mons [44]. ExcrniepumeHTtanbHe
pillieHHs TakKoi 3a7avi 03BOJWJIO OW PO3MMPUTA MOXKIMBOCTI HEIHBAa3WBHOTO METOMY
KepyBaHHs MiKpo103aMH peuoBHH [53].

Puc. 4. Mogeni 3acTocyBaHHsI MEXaHIYHOTO BIUIMBY €BaHECIIEHTHUX XBWJIb Ul 3a7a4 OlomenuuuHu: a) Cxema

KepyBaHHS PyXOM YacTHHOK 30JI0Ta HaJ MOBEpPXHEI0 Oiojoriuxoro 3pidy [52]: 1 — mpusma; 2 — TKaHWUHHA

piguHa; 3 — OiomoriuHui 3pi3 (Hepma); 4 — YaCTHHKH 30JI0Ta; 5 — Magarouuil IMydoK Mil KyTOM Y, o opMye

€BaHECLICHTHY XBWIIO 6; 7 — NOAATKOBA ONTHYHA MACTKa JUIi YTPUMAHHS YaCTHHOK HaJ MOBEPXHEIO 3pi3y;
-

@, Y — a3uMyT NoIApHU3aLii Ta KyT MaaiHHs 30HIYI04Y0T0 ITy4Ka; K — pe3ysabTyrounii HarpsMOK MepeMilieHHs
YaCTHHOK 30JI0Ta HaJ MOBEPXHEIO 3pi3y, IO 33aJa€Thcs KyTOM 0O A0 ITO3J0BXHBOIO HampsMKy z; 0) Cxema
KepyBaHHS PYXOM €pUTPOLUTIB Yy IIa3Mi KPOBi B IONIEPEIHOMY HampsaMKy [56, 57]: 1, 2 — magarodi mydKkd mijg
KyTamHd Y, —Y, 3 a3uMyTamu noisipuzamii +45° ta —45°, mo gopMyroTh eBaHeceHTHI XBui E,,; Ta E,.»; 3 —

npusma, 4 — riasma kposi, 5 — epurpount; Fyi, Fy1, Fo1, 11, Fxo, Fyo, F, 10 — xommosentn onrrannx
cuJ1 Ta 00epTabHi MOMEHTH JJIs1 KOXKHOI 3 €BaHECIIEHTHUX XBWJIb BiIMTOBIAHO.

3 METOI0 MOIIYKY €KCIIEPUMEHTAIbHUX MiAX0/iB (POPMYBAHHS €BAaHECLIEHTHUX IOJIB A
O0loMEeIMYHUX 3aCTOCYBaHb OyJIO 3alpONOHOBAHO TAKOX MOCTIAWTH BIUIMB €BaHECIEHTHOT
XBUJII Ha €PUTPOLIMTH B IIa3Mi KpoBi [56, 57]. B manoMy Bumaaky MoBa iijie Mpo iHBa3UBHI
BIUTMBU Yepe3 MPAKTHYHO OJHAKOBI 3HAUYEHHS IMOKA3HUKIB 3aJJOMJICHHS! CTIHOK KPOBOHOCHHUX
cynuH Ta mnasmu [55] 1 dopmyBanns [IBB Ha mexi moainy «aepMa-KpOBOHOCHA CYIUHAY.
TeopeTuuHi Ta eKCIIEPUMEHTAIBHI MiXOAW ONTUYHOTO MAHIMYTIOBAaHHS €PUTPOILUTAMHU BXKE
PO3TISAANUCEH ISl 3aJIOMJICHUX My4YKiB [58], B eBaHECHEHTHOMY TOJi XBWJIEBOIIB [59], B
OJIMKHBOMY TTOJTI TIPU BUKOPUCTAHHI TBOX CBAHECIICHTHUX XBWIb [62]. 30KpeMa, HaBOIATHCS
pe3ylNbTaTH SK TOCTymalbHOTO Ta oOepTrampHOro pyxy [58—62], Tak 1 nedopmarii
€pUTPOLHTIB [62] Mif Ti€I0 ONTUYHOTO BUIIPOMiHIOBaHHs. OHAK, HA BiAMIHY BiJ MOTEpeIHIX
JOCTKeHb, B [56,57] po3risgaeTsCsi MOJENb KEpPyBaHHS pPYyXOM EpUTPOLMTIB B
MOTIEPEYHOMY HaNpsAMKY, MiJ JA1€I0 NONEPEYHOI KOMIIOHEHTH ONTWYHOI cwid. [nst ommcy
B3a€MO/IiT €BaHECLIEHTHOT'O MMOJIS 3 EpUTPOLIUTOM, BUIBHO IJIABalOYMM B IIa3Mi KpoBi, popma
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MOBEPXHI €PUTPOIIMTA MOJICTIOETHCS Y BUTJISAL ABOBBITHYTOrO nuckoina [63] Ta moxke OyTu
npejcTaBieHa Ha0OpOM IUIOMANOK TpUKyTHOI ¢dopmu [58]. Pesynbratu po3paxyHKiB
MOKa3yl0Th, U0 BEJIMYMHA MMO3/J0BKHbOT KOMIIOHEHTH ONTUYHOI CHIIM, 11O A€ HAa €PUTPOLIMNT,
€ Ha MOPSNIOK OUIBIIOK, HDXK TorepedHoi [56, 57]. Tomy mist neMoHCTparlii nepeMimeHHs
EepUTPOLIUTa B TIONEPEYHOMY HAMNPSAMKY TMPOMOHYETbCS BUKOPUCTAHHS JIBOX JIIHIMHO
NOJISIPU30BAHUX TNaNaloyMX MydYKiB 3 a3uMyTaMu nojspuzanii +45° ta —45° BiamosimHoO.
B nanoMy BuIajKy, €eBaHECIIEHTHI XBUJIl MOIIMPIOIOTHCSA B MPOTHICKHUX HAMPSMKAX, TOMY
MO3/I0BKHI KOMIIOHEHTH ONTUYHUX CHJI, IO JIIOTh Ha €PUTPOLUT, Ta 00epTalibHi MOMEHTH,
CIPUYMHEH] BEPTUKAIBHUM CITIHOM, € B3a€EMHO CKOMIIEHCOBAHUMH, a MONEPEYHI KOMIOHEHTH
B3a€EMHO TiACUIIOITBCA [56, 57]. BpaxyBaHHs B'S3KOCTI CepelOBHINA JO3BOJSE OIIHUTH
MIBUJKICTh PyXYy €PUTPOIIMTIB B IJIa3Mi KPOBI B MONEPEYHOMY HAIPSMKY, B 3aJI€KHOCTI BiJ
YMOB ONpPOMIHEHHS. 30KpeMa, MpH KyTi MafiHHA Iy4YKiB Y = 62° IBHIKICTH JOCSITAE
3HauYeHHS Onu3pko 9 MiMm/c [56]. HaBoauThCs TakoX MOMACNIb EKCIEPUMEHTAIBHOTO
JOCTIJDKEHHST TaKoro pyXy epUTPOLUTIB B IJia3Mi KpoBi. 3amporoHOBAaHMM MeETOJ
MaHIITyJTIOBaHHS PYXOM E€PHUTPOIMTIB B IIa3Mi KPOBI MOXKe OyTH BUKOPHCTAHHH 3 METOIO
PO3MIMPEHHS MiAXO0/IiB KOHTPOJIO KPOBOHOCHOI cucTemu [61], Hampukiaa, JUisi BiTHOBICHHS
MIPOXITHOCTI CYJIMH Ta KPOBOTIOCTAYaHHS TKAaHHH.

BUCHOBKU

EBaHecuieHTHI XBHWJII BOJIOHIIOTH CKJIAJHOIO CTPYKTYPOIO PO3MOIUTY MOJSpU3aLiHHO-
3aJIOKHUX Ta TOJSPU3AIIITHO-HE3aJIe)KHUX KOMIIOHEHT ONTHYHOTO IMIYJIbCY Ta CIHY, IO
BHU3HAYAIOTh 0 HAa MIKpO- Ta HAHOOO €KTH BiJMOBIIHMX KOMIIOHEHT ONTHYHOI CHUIU Ta
00epTabEHOTO MOMEHTY. B 3araqpHOMY BHITaJKy, B €BaHECIICHTHOMY TIOJIi MOXYTh BUHHKATH
TPU KOMITIOHEHTH ONTHUYHOI CHJIM Ta O00EpTaIhbHOIO MOMEHTY, IO POOUTH iX 3aCTOCYBaHHS
OLTbII TPUBAOJMBUM IS ONTHYHOTO 3aXOIUICHHS Ta MAaHIMYJIOBaHHSA 00’€KTaMu B
MOPIBHAHHI 3 KJIACHYHUMHU ONTUYHUMH TiHIIETaMUd. HemogaBHO MOCHiIKEHI MomepedHi
KOMITOHEHTH ONTHYHOTO IMITYJIbCY Ta CIIHY CTBOPIOIOTh «HE3BUYAWHUIT» MEXaHIYHHIA BIUIUB
HA YaCTUHKH, Jisl SKOTO MOXKe OyTH OpTOTOHAIBHOIO JO il CBITIOBOTO THUCKY, YW 3aJaBaTH
obepTaHHd B PI3HMX IUIONIMHAX HA BiAMIHY Bigx monepedHoi. I[lpakTtudni peamnizamii
3aMpOMOHOBAHUX METOMIB MOXKYTh OyTH BUKOPUCTAHI ISl PO3B’SI3aHHS MPHUKIATHUX 3a7ad,
30KpemMa, B 010MEIUITMHI: 3 METOI TPAHCIIOPTYBAHHS TEPANIEBTUYHUX areHTIB B MATOJOTIYHO
ypakeHi AUISHKY YU 7Sl BITHOBJICHHS MTPOX1THOCTI CYAMH Ta KPOBOMOCTaYaHHS TKaHUH.
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AxtyaabHocTh. Kak omHaxmer ckazan FO.IIL. Bnaroif, mamsaTu KOTOPOTO MOCBSIIAETCS HACTOSIIAs
pabora: «MonekynsapHas crpykrypa JIHK — 3HameHuTas nBOiHAs crnmpanb — CTaOWIN3HpYeTCS
MOJIEKYJJaMHM  BOABl M HOHaMM METauIOBY». lleHTpanbHBIM, KIIOUYEBBIM  B3aUMOJIECUCTBUEM,
OTIpEeIEILIIONINM Kak AByxcrupanbHoe crpoerne JJHK, Tak u ee pyHKunoHnpoBanue (TeHETHYECKUHA KO,
PETUTHKAIIHSL, MyTareHe3), €CTh BOJAOPOIHO-CBA3aHHOE B3aUMOJICHCTBHE.

Heas paborbl. JleMOHCTpamusi MHOTOOOpa3HBIX MPOSBICHUH BOJOPOTHOW CBSI3M B CTIPYKType H
¢dynkumonuposanuu JJHK.

Marepuansl u MeToabl. B paboTe ObUIO KCIIOIB30BaHO KOMITBIOTEPHOE MOJICIIMPOBAHNE, OCHOBaHHOE Ha
MeTtoJie pyHKIMOHANA IOTHOCTH.

PesyabTaTnl. B pabore mnpencraBieH IMIMPOKHHA CIIEKTP BOJOPOIHO-CBS3aHHBIX B3aMMOJCHUCTBHH,
OTIPENEISIIONINX KIIoYeBble CTOpOoHBI Kak crpykrypsl JAHK, Tak u ¢QyHKuMOHambHBIE OCOOEHHOCTH,
OTHOCSIINECS K HACTIEICTBEHHOCTH (PETUTUKAIIHS, MyTareHes).

BoiBoabl. C omHOW CTOPOHBI, B MPHOTKPBITHIX Mapax CO BCTPOCHHOW MOJIEKYJIOW BOIBI HA BHEITHEH
BOJIOPOTHOW CBSI3M CO3MAIOTCS 0Oosiee OJIATONPHUSATHBIE YCIOBHS IS TEPEXOJOB IPOTOHOB MEXKIY
OCHOBAaHMSAMM 110 LEHTPAIbHONH BOAOPOJHOW CBsI3U. B 3TOM ciyuyae BOZOPOAHBIE CBA3M OCHOBaHWM B
MEHBUIEH CTENEHW NPENATCTBYIOT IEPEXOLy IPOTOHA M3-32 MEHBILEr0 3JIEKTPOCTATUYECKOTO
OTTanKuBaHUA (OONBIIETO PACCTOSHUS) MEXKIYy HHUMH. [I03TOMy TpPHOTKpHITBIE Tapel C OONBIIEH
BEPOSITHOCTBIO MOT'YT OBITh HCTOYHUKOM OOpa30BaHUsI TAyTOMEPHBIX ()OPM HYKICHHOBBIX OCHOBaHUH U
00yCIIOBIIMBATH BEPOSITHBIN MeXaHH3M 00pa3zoBanus TouedHblx MyTanuid B JIHK. [Ipu aToM nenTpanbHble
BOJOPOJHBIC CBA3U C YHACTUEM UMUHOTPYIIIT OCHOBaHUM B Inapax OoCTaroTCs HCIOBPCKACHHBIMU.
KJIFOYEBBIE CJIOBA: IO.I1. bnaroit; JJHK; BogoponHas cBs3b; ruapartanusi; MyTauus; NEPEHOC
IIPOTOHA; MPUOTKpbIBaHKE ABOMHOM cninpamu JJHK.

HYDROGEN BONDING AND DNA: 66-YEAR RETROSPECTIVE (in brief)
E.S. Kryachko
Bogolyubov Institute for Theoretical Physics, 14-b Metrolohichna Str., Kyiv, 03143, Ukraine

Background: As Yu.P. Blagoi, the memory of who is dedicated to this work, once said: "The molecular
structure of DNA — the famous double helix — is stabilized by water molecules and metal ions". The
central, key interaction that determines both the double-helix structure of DNA and its functioning (the
genetic code, replication, mutagenesis) is hydrogen-bonded interaction.

Objectives: Demonstration of the diverse manifestations of the hydrogen bond in the structure and
functioning of DNA.

Materials and Methods: A computer simulation based on the density functional method was used.
Results: This paper identifies a wide range of hydrogen-bonded interactions that determine key aspects of
both DNA structures and functional features related to heredity (replication, mutagenesis).

Conclusions: The preopeness of DNA base pairs with an embedded water molecule on the exterior
hydrogen bond create more favorable conditions for proton transitions between bases along the central
hydrogen bond. In this case, the hydrogen bonds of the bases to a lesser extent hinder the transition of the
proton due to the smaller electrostatic repulsion (due to a larger distance) between them. Therefore, the
preopened pairs are likely to form tautomeric forms of nucleic acid bases and to originate a probable
mechanism for the formation of point mutations in DNA. At the same time, the central hydrogen bonds
with the imino groups of bases in pairs remain intact.

© Kpsuxko E.C., 2020
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BOI[HEBI/Iﬁ 3B'SA30K I JTHK: 66-PITHHA PETPOCIIEKTHBA (B KOpoTKOMY BHKJIa1i)
€.C. Kpsuko
Incmumym meopemuunoi gizuxu im. M.M. boeonoboea HAH Vpainu,
eyn. Memponoziuna, 14-6, Kuig, 03143 Yxpaina

AkTyajibHicTe. Sk omHoro pasy ckazaB lO.I1. Bnaroi, mam'sTi SKOro mnpHCBS4yeThCS Lisi podoTa:
«Monekynsipna crpykrypa JJHK — 3HamenuTa mojBiiiHa criipanb — cTaOUII3yeThCsi MOJIEKYJIaMH BOJU
Ta ioHaMu MetaliBy. LIeHTpabHOIO, KIIIOYOBOIO B3a€EMOJIIE€I0, BU3HAYAIBHOIO SIK Ul JBYXCHipasbHOT
oynosu IHK, Tak i 11 ¢pyHKUiOHyBaHHS (T€HETHYHUH KOJ, peIuliKalis, MyTareHes), € BOJHEBO-3B'I3aHa

B32€EMOIiSI.
Meta poborn. JleMoHCTpamis pi3HOMAHITHUX NPOSABIB BOTHEBOTO 3B'SI3KYy B CIPYKTypi Ta
¢dyrakmionyBanHi JJHK.

Marepiann ta merogu. B po0OTi BHKOpHCTaHE KOMITIOTEPHE MOJCITIOBAHHS, 3aCHOBaHE HAa METO.i
(yHKIIOHAJIA TYCTHHH.

PesyabTaTn. Y po0O0Ti HABEJHO MIMPOKHHA CIIEKTP BOJHEBO-3B'A3aHUX B3AEMOMINA, IO BH3HAYAIOTH
KITI090Bi cToponH 5K cTpykTypu JHK, Tax i ii QpyHKIIiOHAIBEHI 0COOIMBOCTI, SIKi CTOCYIOTHCS CIIaIKOBOCTI
(pemuikarisi, MyTareHes).

BucnoBku. 3 o1HOrO 00Ky, B HaIlIBBIIKPUTHX Iapax 3 BOYIOBaHOIO MOJIEKYJIOI BOJM Ha 30BHIIIHBOMY
BOJITHEBOMY 3B'SI3KY CTBOPIOIOTHCS OUIBII CHPUSTIMBI YMOBH JJIsl IEPEXO/IIB IIPOTOHIB O LIEHTPAJIbHOMY
BOJIHEBOMY 3B'SI3Ky MDK napamu. B 1iboMy BUIaJKy BOJIHEBI 3B'I3KM B MEHILIN Mipi IEpEIIKOHKAIOTh
nepexoy IpOTOHA Yepe3 MEHIIE eJIeKTPOCTaTWYHE BiIIITOBXYBaHHS (dYepe3 OuIblly BiICTaHb) MiX
HUMU. ToMy HamiBBIOKpUTI Hapu 3 OUIBIIOI0 MMOBIPHICTIO MOXYTH CIY)KUTH JUKEPEIOM YTBOPEHHS
TayTOMEepHUX (POpM HYKIETHOBHX OCHOB i OOYMOBIIOBATH WMOBIpHHI MEXaHI3M YTBOPEHHS TOYKOBUX
mytariii B JJHK. TIpm mpomy, meHTpandbHI BOXHEBI 3B'S3KH 3a YYacTIO IMIHOTPYIH OCHOB B Mapax
3IHIIAIOTHCS HEYIIKOPKCHUMH.

KJIIFIOYOBI CJIOBA: IO.J1. Bnaroii; JHK; BoaHesuil 3B'I30K; Timparaiis; MyTaiis; Nepexil NPOTOHA;
HamiBBIAKPUTTS noBiiHOI ciipani JJHK.

« Yuumuwigas eaicnetiuiyio posib 6000pOOHOI C653U 6
dopmuposanuy cmpykmypul 6UOL0SUYECKUX MOTEK)],
MOJICHO COenamv 3aKatoyenue, Ymo eciu Obi He ObLI0 3Mo20
8U0a 83aUMOOeliCMBUS, O He CYUecmao8aia Dbl JHCU3Hb HA
3emne 6 mom sude, 8 KOMOPOM OHA Pedanu3yemcsy.

1O. II. bnaroii [1]

IHOCBAIIEHUE

[Mamsatu KOpus IlaBmoBuua bmaroro (29.07.1929-24.04.2018) [2] mocBsimaercs: TOX
CILyCTH.

FO.I1. bnmaroii 3akoHumn XapbKOBCKHM TOCYyAapCTBEHHBIH YHHMBEpPCHTET, (u3dax, B
1952 r., u, cnegoBaTeNbHO, 66 JeT (YTO TaKke (PUTYPUPYET B Ha3BAaHWU HACTOSIICH CTaThH)
CBOEH JKM3HU OH OTJAJl HAyKe, B YACTHOCTHU MOJEKYJIsIpHON Onodusmke. B 3ToM ecTb 4To-TO
3HAaKOBOE, MHE yMaeTCl.

Hacrosmas pabora npezacrasisieT co0oii 3cce, a OTHIOAb HE BCEOObEMITIONINI 0030p, Kak
O’KU/IaeTCsl, €CIIU CYAUTH 110 MOBOJLY U TeMe. TeM He MeHee, B KAKOM-TO CMBICIIE, 3TO 0030p
HECKOJIbKMX B3aMMOCBSI3aHHBIX MBICIEH, UAEH U T€M, HaBESIHHBIX KaK JUCKYCCHSIMM JIMYHO C
IO.I1. bnarum, Tak W ero paboTaMH, W H3JIOKEHHBIX B HEKOTOPOM «IOJU(POHUIECKOM
¢dopmare, KOTOpPbI ObLIT MHOIO BBIOpaH MO OJHOW MPUYMHE — HamboJsee Mocae0BaTeabHO
pacckazath 0 BogopoaHbiX cBsa3six B JIHK u ux ponmu B MexaHm3me oOpa3oBaHUs TOYCUHBIX
MyTanui B afieHuH-TuMuHOBOM nape JIHK, «mproTKpbiBaeMoii» MOJIEKYJI0i BOJIBI.

Pa6ora /Ix. Yorcona u @. Kpuka [3] mo pacmmdpoBke CTPYKTYphI TBOHHOW CIIHpAITH
JHK (ne30xcupuOOHYKIENHOBOM KHCIOTHI) BbIIIa B KypHasie Nature 25 anpenst 1953 r. 3a



150
E.C. Kpsuko

OTKpBITHE CTPYKTYpbl MosieKyJibl JIHK onu coBmectHo ¢ Mopucom X.®@. YHIKHHCOM OBLITH
ynoctoeHbl HoOeneBckoil mpemun mo Qusuonornu u menuiuHe B 1962 1. 40-nmetuto
otkpsrtust JJHK 6611 mocssiier Boimyck AuxanoB Hero-Mopkekoit Akagemun Hayk [4]. 50-
netHul robunei pacumdposku ctpykrypsl JJHK 6611 oTMeuen B Nature cratbsimu [S] u [6]
kosutekiueit crateit "The double helix — 50 years" [6—24] (Bkimtouast opuruHanbHbIE [8, 9]),
BBOJIHAsI CTaThsl K KOTOpoil mox Ha3BaHueMm "The eternal molecule" («Beunas monexymnay)
OblJIa HamKcaHa pPeAaKTOpaMH KypHaia [7] u HaumHaeTcs ciioBamu: «HeMHOTHE MOJIEKYIIbI
tak mieHsoT, kak JIHK. Ona yBrnekaeT y4eHbIX, BIOXHOBISIET XyI0)KHUKOB H OpocaeT BBI30B
oOmiectBy. Bo Bcex cmbicmax 3TO COBpeMEHHas WMKOHA. OnpeaensionuM MOMEHTOM JUIs
uccinenosanus JJHK crano oTkpeiTue ee cTpykTypsl nojBeka Haszan. 25 anpens 1953 roga B
crathe B Nature /[xeiimc Yotcon n ®@pancuc Kpuk onmcany neperuieTeHHbIe 00BATHS TBYX
HUTEH J1Ee30KCUPUOOHYKIEMHOBOM KHCHIOTHL. [IpM 3TOM OHHM mNpenocTaBWIM OCHOBY IS
MIOHUMAaHUS MOJIEKYJISIPHOTO MOBPEXKACHUS U BOCCTAHOBIICHMS, PETUIMKALIMN W HACJIEIOBAHMS
TeHETHUYECKOTO MaTepualia, pa3sHo00pa3us U IBOJIOLUU BUIOBY.

OtMmeuy Ttakxke, uyro MakinuH MakkapTu, aBTop padotel [11], — eaMHCTBEHHBIHI
noxuBmmit 1o 50-netus otkpeitusa JIHK coaBrop OcBanbna OBepu u Konmna Maxiayna,
KoTtopeie BMecTe B 1944 r. «cpenanu 3ameuarenbHoe OTKpbiTHE, uto JIHK sBusercs
MaTepuajIoM HacleICTBeHHOCTW» (Studies on the chemical nature of the substance inducing
transformation of pneumococcal types. J. Expt. Medicine. 1944; 79(2):137—158; Reproduced
in Molecular Medicine. 1995; 1(4): 344—365). D10 omepeauiio Ha AECATUICTHE OTKPHITHE
ctpykrypsl camoit JIHK. B [11] oH nenuTcs cBOMMHU JTMYHBIMU B3IJIsIIaMH Ha T€ BpEMEHA U Ha
TO, KaK OTKPBITHE ABOWHOMN CIIMPATH U3MEHUIIO BCIO JIOTUKY OMOJIOTHH.

B onnoii u3 cBoux kHur [25] k. YOTCOH B aBTOPCKOM MPEIUCIOBHM OIMMCal, Kak
IaHUpPOBaAIOCh OTMEeTHTh S50-nmetue otkpbiTust JIHK (cm. Takke [26]). 60-neturo ke
OTKpBITUS ObLIa TOCBsIIEHA cTaThs «JlBoitHas crupans JIHK: oTkpeiTne, mpusemmee k 60
rojam ouonoruueckoi pepoirorum» B razere "The Guardian" ot 25 anpens 2013 r. Hakowrer,
€XKEroJaHo 25 ampens B pa3HbIX CTpaHax Mupa ormedaerca MexayHapoansii Jens JHK
(DNA Day), B 3HaK NpHU3HAHUS BAKHOCTH T'CHETUKM M HAYYHBIX JOCTHKEHUH B STOH
o0mnacTH.

INPEJINCJIOBHUE

«Huuezo He ocmaxHaeaueaemcs u Huuezo He

Hauunaemcs. IIpocmo max 1bemcsi JHCu3Hb ».
BanenTtun Txau «Tak roBopui Byiiko Jle3po»

[ToBon mosiBneHUs HacTosIIIEH pabOThl — 0€3 COMHEHUs, TPYCTHBIH U MevyanbHbIi. B uem
TOTJ]a COCTOUT CMBICII KU3HHU, €XKeJIU OBITYeT Takasi TpaJulUsl BCIIOMUHATH O YEJIOBEKE M0CIIe
ero KoH4MHbI? OTBET Ha ATOT Bonpoc ObL1 1aH euie Hukonaem bepaseBbiM: «CMBICI KU3HU B
TBOpUecTBe». W HEMCTBUTENBHO, HETIEHHBIM, [0 KpallHEH Mepe, B IPEAeNiax >KU3HU €ro
nocienosarenei, ocraercst Teopuectso IOpus IlaBnosuua biaroro. B yactHocTH, €ro kHMUra
[27] «MeTanaoKOMIIJIEKChl HYKJIEMHOBBIX KHCIOT B pacTBOpax», HallMCAaHHAs COBMECTHO C
B.JI. I"'ankunbiM, I'.O. I'naguenko, C.B. Kopuauiosoii, B.A. Copokunbim u
A.I'. lllkopbaroBeiM, u3ganHas «HaykoBoil aymkoi» B 19911, M UM Xe cepaecdyHo
noJapeHHast «... Ha JoOpyro mamsThb...» (Sic!) aBTopy Hacrtosumiei paboTbl, TeMa KOTOpOH
HaBesHa BceM TBopuecTBOM [Opus IlaBnoBuua — 10CTaTOYHO B3IJISSHYTh Ha MEPBBIN
BBILLIETIPUBEACHHBIN 3MUrpad U CPaBHUTDH €ro C Ha3BaHHWEM JIaHHOU paboThI. Sl BCHOMUHAIO Te
MHOT'OUYMCJIEHHBIE CIIy4aH, KOTJa UMeIl yAOBoJIbCcTBUE 00cyxaath ¢ Opuem IlaBnoBuuem u
€ro COTpyAHUKaMHu OeckoHeuHble mpobaemsbl cTpykTypbl JJHK. PazMmbinuienus u crnopHsie
BOTIPOCHI, KOTOPBIE OBUTH PE3yIBTATOM THX O0CYKACHUH, YACTHYHO JICTJIA B OCHOBY JTaHHON
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paboThl, KOTOPYIO S W3JIOKWJI B HECKOJBKO 3aMKHYTOM M JIOTHYECKH IOCIIE0BATEIHLHOM
dopmare.

OnsTe BCIIOMMHAIO — BEIb A3TO 3CCE€ BOCIOMHMHAHWW, HE TpaBaa Ju? — CIlIOBa
FO.II. bnaroro: «MonekynsapHas crpykrypa JHK — 3Hamenuras nBoiiHas cnupaip —
cTabuIM3upyercs MOJEKyJaMu BOJbl M HOHAMHU METaUIoB..». B camom gene, Tema
HacTosimel paboTsl, Oe3ycinoBHO, BaxkHa — He 3psa xe [.A. [lxkepdpu (G.A. Jeffrey) u
B. 3enrep (W. Saenger) ([28], c. 3) otmeTmim, 4T0 «OTKPBHITHE BOJOPOTHON CBSI3H MTOMOTJIO
061 KOMy-TO BBIUTpaTh HobeneBckyro nmpemuto, HO 3Toro He npousonuio» ("The discovery of
the Hydrogen Bond could have won someone the Nobel Prize, but it didn't."). B Gonbmeit
CTETIeHH, OUYEBUIHO, 3TO ObLIO OBl Onaroaaps crpykrype JJHK.

Sl xe B HacTosled paboTe OCTAaHOBIIOCH Ha HEKOTOPBIX IITPUXAX TEMbl CTPYKTYpPBI
JHK, mnonckazannpix camuM HOpuem IlaBnoBuuem (cm. B [1]): «B o0OpasoBanuu
OMOJIOTMUECKH aKTUBHOW CTPYKTypbl HyKIenHOBBIX kuCIOT (HK), Tak ke kak u B pabote
(GEepMEHTOB, CYIIECTBEHHOE Y4acTHE MPHUHUMAIOT HU3KOMOJEKYJISPHBIC BEIIECTBA — HOHBI
METaJIJIOB, XUMUYECKUE COEIMHEHUS Pa3INYHON MPUPOJIbI, KOTOPHIE MPHUHITO OTHOCUTH K
Ounonorndeckn aktuBHBIM BemiecTBam (BAB). HekoTopeie u3 3THX BelecTB, HAaXOJsCh B
MUKPOKOJIMYECTBAaX B KjeTke W m3MmeHss crpykrypy HK, Hapymaror mpormeccsl nepenauu
TeHeTHYeCKON WHGOpManuu (PETUIHKAINI0, TPAHCKPUIIIUIO M TPAHCISIUIO), BBI3BIBAIOT
omHO- W nByHuTeBble paspeiBel B JIHK, OmokupyroT cuHTe3 Oenka W TPHBOAAT K
FEHETUYECKUM aHOMAJIUSM...», KOTOPBIE 5 IOMOJIHIO JPYTUM €ro BbicKazbiBanueM ([27], c. 3):
«MexaHu3M OHOJIOTUYECKOTO JEHCTBHSI MOHOB OIpPEAEseTcs] BOSHUKHOBEHHEM MYyTaluil
TUIIA TPAH3ULIUN U TPAHCBEPCHUM ITPH CBSI3bIBAHMM MOHOB 3TUX MeTauioB ¢ JJHK».

BOJOPO/JHAA CBA3b: ITAPA KPYIIHBIX MA3KOB

HccnenoBanre BOJOPONHOW CBSI3M Kak THUIIA MEX-, TaK U BHYTPHUMOJICKYJISIPHOTO
B3auMOJIeCTBUS, ObUTO HavyaTto B padotax T.C. Mypa u T.®. Yuamunna (1.H. "weak union",
1912 r.) [29], MJI. Xarruaca (KOTOpBIH, IO-BUIMMOMY, HEPBBIM MPENTIOKUI TEPMUH
«BOJIOpPOJIHAS CBSI3b» WM, MO-Hemelku, "Wasserstoftbriicke" nnst oObscHeHHsT TayTOMEpUH
aupoB arneroykcycHod kuciotel; 1919 r.) [30], B.M.Jlatumepa u B.X. Ponmebyma
("hydrogen nucleus held between 2 octets constitutes a weak 'bond'; 1920 r.) [31],
JI. Tomuura [32] u np. XoTs, B JEHCTBUTENBHOCTH, HIES CIA00T0 CHemu(uIecKoro
B3aMMOJICHCTBHSI, HEMOCPEACTBEHHO OOYCIIOBIEHHOTO aTOMOM BOJOpOJa, Obljla BIEpPBbHIE
chopmynuposana B. Hepuctom [33] B 1891 r., A. Bepuepom ("Nebenvalenz"; [34]), I'. Onno
u E. Ilykcenny [35], a Taxxke I1. [1daiiddepom [36]. I'.B. FOxueuu [37] cuurtaer, 4to uaes
BOJIOPOJHOM CBSI3U KaK YaCTHOTO CIIydasi TUTIEPBAIEHTHOW CBsI3U Oblia BIEPBBIC MPEATIOKEHA
M.A. Unbunckum B 1888 1. Ha 3acemannu Pycckoro ¢pu3mKo-XMMHYECKOTO OOIIECTBA B €T0
JOKJIaJile O CBOEM Teopuu aTOMHOCTH (BajeHTHOCTH). KpaTkoe cooOmieHue o Teopuu
Nnbunckoro 6wu10 omyOmmkoBaHo B 1897 1. B «XKypHane Pycckoro ¢pu3nko-xummaeckoro
obmiectBa. Yacth xumuueckas», T. 29, Bbm. 5, mop 3armaBueMm «Hekoropbie 0000mIeHUS
TEOPHH ATOMHOCTH.

[To-BunuMoMmy, TiepBasi CChlIIKa Ha BOJOPOAHYIO CBs3b Obuia maana ['.H. JIproncom [38] B
1923 ronmy ("it seems to me that the most important addition to my theory of valence lies in
the suggestion of what has become known as the hydrogen bond.").

C Tex mop OBUIO JaHO MHOXECTBO 0oJiee-MEHEE TOYHBIX ONpEAENICHUN BOJIOPOAHOMN
cBs3u [39], kaxkIoe M3 KOTOPBHIX HMMEET KaK CBOM MPEHMYIIECTBa, TaK W HEAOCTATKH.
Haubonee coBpemennoe omnpenenenue, nanHoe B «3omnotoi Kuurey I[UPAC [40-42]
(opuruHanbHBIN TekcT cnenytouwmit: "The hydrogen bond is an attractive interaction between
a hydrogen atom from a molecule or a molecular fragment X—H in which X is more
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electronegative than H, and an atom or a group of atoms in the same or a different molecule,
in which there is evidence of bond formation. A typical hydrogen bond may be depicted as X—
H Y-Z, where the three dots denote the bond. X—H represents the hydrogen bond donor. The
acceptor may be an atom or an anion Y, or a fragment or a molecule Y-Z, where Y is bonded
to Z."), TMacuT, 4TO BOJOPOAHASI CBSI3b — O3TO IPUTATHBAIOIIEE B3aUMOJICHCTBUE MEXKIY
aTOMOM BOJIOPOJIa MOJIEKYJIBl MM MOJIEKyJsipHOTO (hparmenta X-H, B xotopom X siBisieTcst
0oJiee 3MEKTPOOTpUIIATENbHBIM, YeM H, 1 aTOMOM WK TPyNIoi aTOMOB B TOM e WU APYTOi
MOJIEKYJIe, Y KOTOPOTO CYIIECTBYIOT NMPHU3HAKH O0pa3oBaHHS CBS3U. TWIWYHAsS BOAOPOIHAS
(nnu H-) cBsA3b MOXET OBITH M300paXkeHa Kak
X-H--Y-Z,

riae TpoeToune oO0O3Ha4YaeT BOJOPOIHYIO CBs3b. X-H mpencraBnsier coboit ee TOHOP.
AKLENTOpOM MOKET OBITh aTOM WJIM aHMOH Y, WK (parMeHT, wiu mMoiekyna Y-Z, rae Y
cBs3aH ¢ Z». Kak tun B3auMoeicTBuUs, BOAOPOJHYIO CBSI3b MOXKHO KOJMYECTBEHHO OIUCATh,
BBE/sl TOHSATHE CHJIBI BOJOPOAHOM CBsi3u. llocnenHroro OOBIMHO BBIpaXXalOT B TEPMHUHAX
cpozactsa k potoHy PA(Y-Z) (o stomy mosoxay cM. [43]).

[To-BuauMoOMy, BBIIICTIPUBEIEHHOE OIpENEeICHUEe HENpHeMIeMO WIM HeyJIoOHO B
KOMIIBIOTEPHBIX pacueTax, KOTOpPblEé MOXXHO, B HEKOTOPOM CMBICJIE, paccCMaTpUBaTh Kak
KOMITBIOTEPHBIN HKCHEPUMEHT, IOCKOJBbKY (hpa3a «y KOTOPOrO CYIIECTBYIOT NpPU3HAKU
00pa3oBaHMs CBSA3M» OTHOCUTCS K SKCIIEPUMEHTY, B OCHOBHOM CHEKTPOCKOIMYECKOMY (CM.,
Hanpumep, [39, 44, 45]). Ilo 3Toif mpuuuHE OOBIYHO HWCIONB3YETCS TAaKOEe OINpeAeliCHUE
BOJIOPOJTHOM CBSI3H (CM., Hampumep, [46] 1 MpUBEICHHBIE TaM CCHIJIKH) — CYIIECTBYET SIBHOE
JI0Ka3aTeNbCTBO TOTO, 4YTO oOOpa3zoBaHHas cBsi3b X-H--Y Bkmowaer arom Bomopoaa H,
CBSI3aHHBIN ¢ Y TpHOIU3UTENBbHO BIOJbL HampaBieHuss X-H, ¥ BBITIONHSIOTCS CIEIYyIONINE
KpUTEPUU:

1. Tlo oTHomeHHIO K MOHOMEpY, Moja V(X-H) BameHTHbIX KojeOaHMiI MOABepraercs
CABUTY

AV(X-H) = VX_H...Y(X-H) — VX_H(X-H)
aub0 B CTOPOHY HHU3KOYACTOTHBIX KojeOaHui (T. H. KpacHbli cinBur: Av(X-H) < 0;
KaHOHMYECKasi BOAOPOIHAS CBs3b), THOO BBICOKOYACTOTHBIX (cuHMiA caBur: Av(X-H) > 0). B
HEKOTOPOM CMBICTIE, BOAOPOJHYIO CBSI3b C KPACHBIM CABUTOM M BOJAOPOIHYIO CBSI3b C CHHUM
C/IBUTOM MOKHO MICHTU(UIMPOBATH C CUMBOJAMH UHb U AHb U3 KUTalicKoW ¢uiocodun

(Puc. 1);

Puc. 1. Bogopoabie CBS3M ¢ KpACHBIM U CHHUM CIIBUTAMH KaK KUTaWCKUE CUMBOJIBI «UHbY U
«HbY (TIpaBUJIbHBIE I[BETA PUCYHKA MPEACTABIEHBI B AJIEKTPOHHOW BEPCUH CTAThH ).

2. COOTBETCTBEHHO, CBs3b X-H mubo ymamuHseTcs, T.¢€.
AR(X-H) = RX_H...Y(X-H) — RX_H(X-H) > 0,
b0 yKopauuBaercs, T. €.
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AR(X-H) = Rxn..v(X-H) = Rx.u(X-H) <0,
10 OTHOIICHMIO K CBA3M B MOHOMEpE, UTO CBHETENHCTBYET 00 OCNAGIEHHH KOBAJIEHTHOI
CBSI3H.

CTPYKTYPA JHK

JNHK — »T0 uxona, rinaBHas monekyna [17, 47, 48] (Puc. 2) xxu3Hu BooOIIE, u, 6€3
COMHEHUS, U3HU 1 TBopuecTBa FOpus [laBnoBuya biaroro, B 4acTHOCTH.

Puc. 2. Mognens BTOpHUYHOH CTPYKTYpbl «ABOHHON cnupann» JHK
Yorcona-Kpuka, B-dpopma (https://commons.wikimedia.org/wiki/File:
DNA_Overview.png, aBtop Michael Strock (mstroeck) [CC BY-SA
3.0 (http://creativecommons.org/licenses/by-sa/3.0/)]). Ona coctout u3
IIBYX TIOJIMHYKJICOTUAHBIX HUTEH (TsDKel), 3aKpy4eHHBIX BIIPABO C
obpazoBaHMeM  [BOMHOW COHMpaid JUaMeTpoM J0 2  HM
(«TIpaBOCTOPOHHOCTE» O3HAYAET, YTO TSHKHM BPAIIAIOTCSA 10 YaCOBOM
CTpeJNKe MPU UX B3aMMHOM OTIAJICHUH, €CITH CMOTPETh CHU3Y, BO BCIO
JUIMHY JBOWHOW crupand. J[Ba OOKOBBIX TsDKa OOpPa3ylOT OCTOB
JIBOMHON  crnmpanu. OHM  00pa3oBaHbl  NEHTO30-(hochaTHBEIMU
IpYIIIaMH, 3apsKEHbl OTPULIATENIHLHO 33 CUET YIIIEBOAHBIX OCTATKOB M
tdocdarapx Tpymm. Mexmy HHMH, CTOIMKAMH, PACIOIOXKEHBI ITaphl
ocHoBanuii A-T m G-C B BuIe ABYX KOMIIJIEMEHTapHBIX LEMeH,
3aKpyYeHHBIX B JBOHHYI crupanb. CrnapuBaHHe OCHOBaHHMA
OXBaTbIBa€T MWJUIMOHBI 3BeHbeB. Paktuuecku, JHK He sBusercs
CTPYKTYPHO ¥ MOHOTOHHO OJTHOPOJHOH crimpainbio. B cuiry sToro nemnum
JHK ©Ha mpoTsDKeHHH BCero TsKa o0pa3yoT aBa kemoba (wim
OOPO3IKH), MBI U «OOIBIION.

JHK cymectByer B Heckonbkux mnoiauMopdubeix ¢opmax: A, C, D, u Z [49]. Camas
U3BECTHAs U3 HUX M Npeobiajarolias B KIeTke — 3To T. H. B-¢opma. Ctpykrypa B-opmsl B
Buje neoitHoN crimpanmu JIHK Obuta pacmmdposana 6osee 65 et Hazan [3, 50] (o gaHHBIM
xKypHana Nature nociegHsst cTaTbsd LUTUpoBasack 5599 pa3. B camom nene, uzes
CIUPAJIBLHOCTH MaKpOMOJIEKYJl OyKBalbHO BUTajla B BO31yXe B Te roasl. Tak, B 1952 rony
B. Koupan, ®@. Kpuk u B. Bang [51] npeayioxuin onucaHue COUPAIBbHBIX MAaKpPOMOJIEKYI;
Bckope, P.®panknmun wu  P.Tocauar [9] onyOnukoBaii  BBICOKOKAYECTBEHHBIC
pentreHorpamMbl  B-JIHK  Tumyca TeneHka ¥ OpeUIOKWIM  HMX — KJIACCHUYECKYIO
UHTEPIIPETALINIO,  OCHOBBIBASCh  Ha  cleAylolleM  mpeamnoioxeHuu:  «...Iloatomy
NpPECTaBIseTCS pa3yMHBIM IPEAINONOKUTh, YTO B CTPYKType B cTpyKTypHBIE €AMHUIIBI
(AHK) otHOCUTENBHO CBOOOAHBI OT BIUSHUS COCETHUX MOJIEKYJ, IPUYEM Kaxkaas eJUHHIA
3amuiieHa 00601049Kkoi u3 Boasl» (B opuruHaine: "It therefore seems reasonable to suppose that
in structure B the structural units (DNA) are relatively free from the influence of neighboring
molecules, each unit being shielded by a sheath of water".). Pentrenorpadus onpeneisenno
nokaszana, uro JHK in vivo sBnsercss nBoliHOW crnupanbio [8, 52], XOTS BBIIBUTAIUCH U
yeTelpexTskeBble Moaenu [53]. Tounee roBops, «asoitHas cnupane» JHK npencraBnser
co00il T.H. ABOMHOIN BUHT WU I'€JIMKOUJ, B KOTOPOM BHHTOBAs JMHHSI MOXET ObITh MpPaBOil
(A- u B-dbomsr JIHK) unu neBoii (Z-popma) [18].

B pabore [8] JIx. Yorcon u @. Kpuk nucanu ([8], ctp. 125): «MbI IpeUIOKIIH CTPYKTYPY,
B KOTOpOH JIBE LIEMH 3aKpy4eHbI BOKPYT OOIIEH OCH U COeTMHEHBI MEXTy cOOON BOIOPOIHBIMU
CBSI3IMM MEXJy HYKJICOTUAHBIMU OCHOBaHUSMHU. ...00e Lenu cleAayroT MO NpaBOCTOPOHHHUM
CIUpasiM, HO TIOCIEJOBAaTeIIbHOCTH aToMOB B (oc(aTHO-caXxapHbIX LEMAX MPOXOIST B
NPOTUBOIIOJIOXKHBIE HAIPABICHUSI U CBSI3aHbl JWAIOW, NEPHEHIUKYISPHOM OCH CIHPAIH.
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@docdarel U caxapHble TPYHIbl HAXOAATCS CHApY>KH CIUpPAIM, B TO BpEMsl KaK OCHOBAHUS
Haxo/ATCA BHYTpH. PaccTostaue aToma docdopa oT ocu BonokHa cocTasiser 10 A...».

Boobmie roBopsi, HHTEpeCcHY0 UCTOpHI0 BOKPYT OoTKpbITHs JIHK, moMumo m3BeCTHBIX W3
kHuTH «J/IBoWiHas crupanb» Jk. Yorcona [54] (8 OBl Takke MOPEKOMEHOBAJ KHUTY
A. Azumoga [55]), aenaBHo noBenana BBC. 3to ucropus o made, B koropoMm YorcoH u Kpuk
BIIEPBBIC aHOHCHpOBaIM cBoe pacmudpoBanue crTpykrypel JHK. Kak numyr camu
JIx. Yorcon u @. Kpuxk [3], oHM «ObUTM CTHMYJHUpOBAHBI 3HAHWEM OOIIETO XapakTepa
HEOonmyOIMKOBAaHHBIX JKCIEPHUMEHTAIBHBIX pe3yJbTaToB W uaed Mopuca VYUIKUHCa,
Pozanmuuaer @panknuH (CM., B 9acTHOCTH, cTaThu [12, 56]) m ux komier B KopomeBckom
xosemke B Jlongone» ("having been simulated by a knowledge of the general nature of the
unpublished experimental results and ideas of Wilkins, Franklin and their coworkers at King's
College, London"). S 0wl 3nech nobasun pabots! Jlaitnyca IlonmHra, mokasaBmiero, 4ro B
JUIMHHBIX ~MOJIEKyJlaXx — KaKOBBIMU SBIFIOTCS, B YacTHOCTH, O€JIKH — MOTYT
00pa3oBBIBATHCS CBSI3M, 3aKPy4YMBAIOIIME MOJIEKYJITy B CHOUpalb. HekoTopble MOMEHTHI
OoTKpbITUA YoTcoHa u Kpuka ocBenieHsl B cratbe [S7].

JI. Bparr B mpenucnoBun K kHMre «/IBoitHas cnupanb» [54] nanucan: «OTKpbITHE
ctpyktypel JIHK co BcemMu ero OHOJIOTMYECKUMH TOCIEACTBHSAMHU OBLIO OJHUM U3
KPYIHEHINX HaydHbIX coObITHil Hamiero Beka». I'. Crent (Gunther Stent) B cBoeit pabore
«Anepuoauyeckuii Kpuctaml HacienctBeHHocTh» ([4], ctp. 25-31) oTMeTun ciemyroiee:
«Ha ypoke ucropuu B cTaplIMx Kiaccax IIKOibl ['alna-napka, ... ysHai, 4ro Peneccanc
Havaycs 29 mas 1453 rona, B neHb, korga KoHcTaHTHHOMOML ObUT 3aXBadeH TypkamMu. B TOT
JIEHb, I lymMaro, BCE BAPYT OCO3HaIH, uTo CpeqHEBEKOBbE NPOIUIO M YTO IMPHILIO BpeMs
3aHOBO OTKPBITH Ui ce0sl MCKYCCTBO M HAyKH KJIACCHMUYECKON aHTHMYHOCTU. Tak 4To MeHs
BCErJa M3YMJSUIO TO CBEPXbECTECTBEHHOE COBMAJCHHE, YTO MOJEKYJspHas OHoIorus
Hayajach POBHO 4epe3 MATHCOT JIET Mocie HacTyIuieHus Peneccanca, ¢ coBnajieHueM MOYTH
o nHs, 25-ro ampens 1953 roga, ans, xkorga B Nature MmosiBUSIACh CTaThs JIBYX MOJIOIBIX
monei, Jhxeimca Yorcona... u ®psncuca Kpuka, cooOmmBimas o0 OTKPHITHH JIBOWHON
cmupamu JJHK». Tam xe ([4], ctp. 356-365) H. xexcon (David Jackson) cpaBHuBaer
otkpbeiTue JIHK ¢ T. H. «cABUroM B mapagurme», KOTopbid, corjacHo kaure T. Kyna [58],
BBI3bIBAET HAYUYHYIO PEBOJIOLUIO.

ITo Yorcony u Kpuky, JIHK — 3T0 orpomHasi MojieKyJia B BUI€ IBOMHOW CIIMPAJIH, BE
aHTHUMApAIUICTbHBIE HUTH KOTOPOU (IIEMOYKU WK TSHKH) 00pa3oBaHbl MEHTO30-GochaTHEIMU
TPYIIIIaMH, COCTOSIIMMHU U3 MOJICKYJI caxapa, kucioponaa u pocdopa (Puc. 2). Kaxnas takas
HUTH COJEPKUT HAOOPHI U3 YETHIPEX XMUMHUYECKUX COCTUHCHHI, HA3BIBAEMBIX a30THUCTBHIMU
ocHoBanusimu: A (agenuH), T (tumun), G (I', ryanun) u C (L, 1UTO3MH), T.H. «T€HETUYECKHUI
andasuty. Otu aBe HutH (wim Tsoku) JHK coemunstoTrcs apyr ¢ OpyroMm  yOTCOH-
kpukoBckumu (WC-) komruiemenTapabiMu apamu, [A-Tlwe u [G-Clwc.

A3zotucteie ocHOBaHUA A u " OTHOCSTCS K mypuHaMm (purine, 1o jaT. "purus" — YUCTHIN
u -in(e) — cyddukc, odbo3Havaromuii «nogoousIi»), T u Il — x nupumuannam (pyrimidine,
mo rped. "pyr" — oronb, ¢panin. "imide" — uU3MEHEHHBIA amua, W Jar. -in(e) —

«1oo0OHeIii»). MHTEepecHo, yto B koHue 40-x romoB Opsun Yapradd (Erwin Chargaff)
noka3an, 4yro Bo Bcex JIHK coxpepxurcs paBHoe kommuectBo T m A, m I' u I, a
otHocuTenbHOe conepxkanue T/A u I'/1] cneunduyno ans kaxaoro Buna. Yetbipe oCHOBaHUS
JAHK — »T0 andaBut, ucnosb3yeMblid HAIIMMHU KJIETKaMU: aJlcHUH CIIAPUBACTCS ¢ THMHUHOM,
IIUTO3UH C TYaHMHOM, 00pa3ys yHHUKaJbHYI0 KOMOMHamuio u3 3,2 Muwutuapaa OykB (Kaxaas
KJIETKa HaIlero Tejia COACPKHUT MOJHYI0 Konuio 3,2 mwumMapaa nap ocHoBanuii JJHK wmm
OyKB, KOTOpble KOAMPYIOT Haml uenoBedeckuid reHoM [59]). IlockonbKy HEKOTOphIE
reHeTU4ecKnue 3a00JIeBaHUs BbI3BaHbl MyTallMedl BCEro OJHOM OYKBBI, HEKOTOpBIE U3
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npumeHeHnii CRISPR (MomiHOro WHCTpyMEHTa TEHHOW WHXKCHEPUU — HAIpPaBJICHHOTO
PEAAKTUPOBAHUS TEHOMOB), UMEIOT JIETIO C UCTIPABICHUEM 3TOM OJHOOYKBEHHOW PA3HUIIBL.

Ha 3emie B reHernyeckoM MaTepuaje HEKOTOPBIX BHPYCOB €CTh ISITO€ OCHOBaHHE —
ypauui, otaudaromeecs or T OTCyTCcTBHEM MeTWiabHOU Tpynmbl B C5 B MUPUMUIUHOBHOM
KOJIbIle, KoTopoe 00bruHO 3aMensieT T B PHK. B 310ii cBsi3u m000NBITHE HEJTaBHUE paOOTHI B
Science u Nature 00 yaBoenuu reHerudeckoro andasurta [60, 61]. Astopsl [60] mox
pykoBoactBom C. bannepa (S. Benner) cozmamu cucremsl, nogoousie JIHK u PHK, u3
BOCbMH HYKJICOTHIHBIX «OyKkB» W HasBaau ux xatumomsu-JJHK u -PHK (or smonckoro J\
"hachi" — Bocemb 1 3T~ "moji" — Oyksa). XKypnan «[lomysspras Mexanuka» (Ne 4, 2019)
Hazpan xarumoi3u-JHK «wmnomnanetHoi». Takume cunretnueckue JIHK co3manbel He
Briepsble. Panee, B 2015 r. C. bannep ¢ cotp. cunresupoaiu JIHK u3 mecTu-HyKI€o0THAHOTO
andasuta [62]. [lomoOHBIe pabOTBl MO CO3JAHUIO HCKYCCTBEHHOW JKM3HM KaK YacTh
«CUHTETHUYECKON Omosorun» mnosBmwinch eme B 1980-x romax, korga Oblia MpeayiokKeHa
KOHIIETIIHMsSI «KOBAJIEHTHOH Mapbhl OCHOBaHUI» (CM., Hampumep, [63] U TpHUBENEHHBIE TaM
CChUIKM). 3aberas BIEpel, CKaXy, YTO OCOOCHHOCTBIO TAaKWX Iap OCHOBAHHM SIBIISETCS
OTCYTCTBHE MYTAIlMii, BBI3BAHHBIX IEPEHOCOM aToMa BOJOpPOJa MO YOTCOH-KPUKOBCKUM
BOJIOPOJHBIM CBSI3SIM.

Kak y>xe roBopunoch paHee, MyHKTUPHbBIE JIUHUU B 0003HaueHuU map ocHoBanuii JJHK
0003Ha4YalOT BOJIOPOJHO-CBSI3aHHOE crapuBaHue. M3 Puc. 3 ciemyer urto, crnapuBaHHe B
[A-T]lwc oOCyIecTBIseTCS TaKAUMU BOJOPOAHBIMH CBs3siMu: NO6-HO6(A)--O4(T), N3-
H3(T)--N1(A), u C2-H2(A)--O2(T). Ilocnenmusiss, BecbMma ciabas dSHEPreTHUECKH,
BOJZIOPO/IHAS CBSA3b XapakTepusyercs cuHuM casurom Av(C2-H2(A)) =6 cm” ([46], LXIX, p-
313), Torna Kak mepBbIC IBE SIBISIOTCS KAHOHUYECKUMU, C KPACHBIM CIBHUTOM.

Boob6mie roopst, pons H-ceszeit B IHK mHororpanna. OGBIYHO aKIEHTUPYIOT BHUMAaHHE
Ha JBYX U3 HUX [28, 64—67]. OnHa onpenemnsier T. H. 3JEKTPOHHYI0 KOMIUIEMEHTApHOCTh. Tak, B
G-C mape cnapuBaHHE OCYIIECTBISIETCS TpeMsi KAHOHMYECKUMH BOJOPOAHBIMU CBsi3AMU. [1o
ITOM MPUYMHE dKCTIEPUMEHTAITbHAs SHTANBIN 0O0pa3oBanus G-C mapsl B ra30Boi (hase, paBHas
—21,0 kxan-Moub ™ [68], cuiibHee HTAIBIMHI 00pasoBanmst A-T maps —13,0 kkax-moms [67].

|
Puc. 3. Kommremenrtapras napa [A-T|wc AHK, paccunrannas B HacTosei padbore
metogoM B3LYP/6-311++G(d,p).

Jlpyras poiib BOJOPOJHBIX CBSI3€H — MOANEPKUBATh T.H. KOMIUIEMEHTapHYIO (QopMy.
['eomeTpuueckn, mocieqHee O3HA4aeT, 4YTO, BO-MEPBBIX, paccrosiHue R (cm. Puc. 3)
HaxomuTcs B uHTepBane 10,6 —10,8 A, Bo-BTOpbIX, N-TIHKO3UHBIE YTIIBI CBA3H o] = £ NOH9
(AHI(T) u a, = ZNIHI(T)N9(A) naxomarcs B unTepBane [52°,70°] [28, 65, 66]. B
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HacTosmeit pabore R = 10,18 A, a; = 54,0°, o, = 54,6°, KOTOpBIe XOPOILIO COTNACYIOTCS C
TaKOBBIMH U3 paboThI [69] (cM. Takxke HegaBHIOW padoty [70]).

Huxe Mpl OyZieM OCHOBBIBaThCSI Ha CJEAYIOUIEN BBIUMCIMTEIBHOW METOIOJOTHU: BCE
pacyeTbl MO ONTUMH3AIMHU T'€OMETPUM, O€3 BCAKUX OrPAaHMUYEHHH Ha BO3MOXKHYIO
IUTAHAPHOCTH, BHITIOTHEHHBIE B JJaHHOW paboTe, ObLIN MPOBEICHBI C UCIIOIB30BaHNEM TTaKeTa
nporpamMm GAUSSIAN [71] metonom dyHkunonana miotHocty Jlu-Sura-Ilappa (Lee-Yang-
Parr), B3LYP, B Gasuce 6-311++G(d,p), KOTOpHIA, Kak W3BECTHO, SIBISIETCS JOCTATOYHO
YIOBJIETBOPUTEIBHBIM ISl JTAHHOM CHUCTEMBI M OOBIYHO aJEKBAaTHO IPE/ICKa3bIBaeT Kak
HEUTpalbHBbIE, TaK TNPOTOHHPOBAHHBIE CTPYKTYpbl. Hamu OBUIM pacCUMTaHBl SHEPTHH,
TEPMOJIMHAMMYECKHE XapaKTEPUCTUKU MOJYYEHHBIX CTPYKTYp UM COOTBETCTBYIOIIUE,
HECKaJMpOBaHHbIC, DHEPrMM HYyJEBbIX KojeOaHuih (ZPE) u (Takke HecKaaupoOBaHHBIE)
rapMOHUYECKHE KOJIeOaHus.

CTPYKTYPA JHK U MYTALLUN

Puc. 4. Mogenp permukarmu JTHK (https:/ru.wikipedia.org/wiki/
Perumukarmst JIHK#/media/@aiti:DNA_replication_split.svg,
aBtrop Madprime [CC BY-SA 3.0, https:/creativecommons.org/
licenses/by-sa/3.0/]):

Crauu peruiuKanuu:

1. Pacruteranue (unwinding; WM NPHOTKPBITHE — pre-opening)
nBorHoi cnupanu JHK;

2. O6pa30BaHNE «PEIUTUKAIIMOHHON BHJIKI;

3. Cunres kommuieMeHTapHBIX renodek JJHK-noxmmepasoit.

Henb3st  ckazatb, 49to Takas  Ou-ciupaipbHas  WIH, TO4YHEe, OH-BHHTOBAA
KOMIUIEMEHTapHOCTh, cBoiicTBeHHas mozaenu JIHK Yorcona u Kpuka, Oblia KaHOHHUYECKOH,
WIH, APYTUMH CIIOBAMH, OCTAJIaCh €IMHCTBEHHON. POBHO eCATH JIET CIyCTs MOCIE UX PabOThI,
Kapcr Xyrctun [72] mpoaeMOHCTpUpOBaid KPUCTALIMYECKYIO CTPYKTYpy COEIUHEHUS, B
koTopoM A u T hopMuUPYIOT Mapbl, r€OMETPUsI KOTOPBIX CYIIECTBEHHO OTJIMYAETCS OT YOTCOH-
KPUKOBCKOH (CM., HanpuMmep, pucyHoK 6.7 B kuure 3enrepa [65], pucyHok 3 B [73] u pucyHoxk 1
B pabore M.JI. Dpank-Kamenenxoro [74]). BomopoaHbie cBs3M B HEKAaHOHHYECKOM
xyrctuHoBcko# [A-T]y mape takue: N6-H6(A)---O4-C4(T) u N7(A)---H3-N3(T).

Crout, HaBepHOE, CKa3aTh HECKOJIBKO clioB o Apyrux ¢popmax [IHK. Hamomuaum, uyto Z-
JHK Obia otkpeita B 1979 r. IlozgHee OBUIM OTKPBITHI KBAAPYILICKCHI, COCAWHEHHS
Xommnes, ciapuBaHue XyrcTuHa u npyrue (cMm. 6a3y manHbIX http://ndbserver.rutgers.edu).
Ha 2003-i1 rox 65110 n3BectHO 6051ee 600 1e30KCUPUOOHYKICOTHAOB [75].

Hekanonuueckue crapuBaHus, T. €. HapylIeHUsS (WIM MOBPEXKICHHS), UMEIOT MECTO U
cooctBenno B monenu JIHK Yorcona-Kpuka. D710, B 4acTHOCTH, T. H. HECOBEPIICHCTBA B
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CrapuBaHUU (Mis-pairing) ¥ HECOOTBETCTBUS (mismatch), xapakTepu3yromuecs Kak ApyruMu
BOJOPOJHBIMU CBSI3SIMHM, TaK M UX YHUCIOM II0 CPAaBHEHHUIO C NMPHUCYLUIMMH KaHOHUYECKUM
napam.

Boo6mie roBops, (cM. Hanpumep, paboty [76] u nmpuBeneHHBIE TaM CCbUIKK), B 1953 T.
Yorcon n Kpuk mnpemioxkuid CBOIO HWKOHHYIO CTPYKTYypy ABoMHOW crnupanu s JHK,
OCHOBBIBASICh HA BECbMa HE3HAUUTEIILHOM HAa0Ope SKCIEpPUMEHTAJIBHBIX JaHHbIX. HecMoTps
Ha ATOT (DaKT, UX CTPYKTypa SBISICTCS HamOoJiee W3BECTHOW IJIsi JABOMHOM crmpanu. Ee
HanOoJiee BaXKHbIE JI0 CEr0 BPEMEHH YEepPThl — 3TO cHenuduyeckoe criapuBaHue MypUHOBBIX
ocHoBanuii ¢ mupumuauHOBEIMH (I ¢ Il mw A ¢ T) mocpencTBoM KOMIUIEMEHTapHBIX
BOJOPOJHBIX CBSI3€H, YTO TPUIAET CTPYKTYpE BO3MOXKHOCTH CaMOBOCIIPOU3BOJICTBA,
«peTuTMKaumy, Tpou3BoAsa, TakuM obOpasom, JIHK. DTo nemaer ee mnepeHocunkom
reHeTudeckoit nudopmarmu [77], a He OeNKH, Kak MUPOKO Bepmiioch B 50-e roasl. OT™MeTHM,
YTO YOTCOH-KPHUKOBCKOE CIIApMBAHUE COEAMHSIET OCHOBAHHA B HUX HamOojee BEpOSTHOU
TayTOMEPHOH (opMe U, 4YTO NPEACTaBIseTcs Hauboiee BaXKHBIM, MNOJOOHBIE (HOPMBI
peanusyloTcs A1 BCEX UeThlpeX map KOMOWHAIUM, JeKalMX B OCHOBE OpraHU3allH
JIBOWHOW CIIMpaJIu.

Taxke oTrMmernm, 4yTo Mojnenb ABycnupaibHor JIHK HacTtonpko mpocTa, reHualibHa U
JlaKe M3SIIHA, YTO N03BoJaMIa YOTCOHY U KpHKy NMOHSTH, KaKk OHa OIMMCHIBAET PEIUIMKALHIO:
UTaK, JUIsl TOro, 4YTo0b! ckonupoBaTh Mosekyiny JIHK, HyXHO paznenuts («IpHOTKPHITHY») €€
LENOYKHA U JOCTPOUTH BIOJb KaXKIAOW HOBYIO — B pe3yJbTaTe MOIy4yaTcs JBE MIACHTUYHbIE
Mosekyabl. [IpocroTa mporecca permkanuu B moAenu YorcoHa-Kpuka Takxe oueBUHA
(Puc. 4, cm. Takxke [47]) 1 BKIIIOYAET CIEIYIONINE CTaUU: CUHTE3 qouepHel Monekynsl JJHK
Ha matpuue poautenbckod JHK; mpu neneHnn MaTepuHCKOW KIETKH JTOYEPHSA KIIETKa
nojgyyaeT mno oaHod komuu Monekyiael JIHK, koropas waentnuna JIHK wucxonnoit
MaTepUHCKON KIIETKHM, €ClIM HeT MyTauuil (0T JIaTUHCKOTO mutatio — W3MEHEHHE WY,
HOIPOCTY, omuoOKa). O4eBUIHO, YTO B MpOLECCe KOMMPOBAHUS OIPOMHOTO ajdaBuTa (Koaa)
HECJIO)KHO OMIMOUTHCS. SICHO, UTO OIIMOKU MOCTOSSHHO BO3HUKAIOT. boiblias 4acTh M3 HUX
UCIPABISAETCS CHEUUAIBbHBIMU CUCTEMAMM KJIETKHM, HO HE Bce. B TekcTe BO3HMKAIOT
U3MEHEHUsI — MYyTallud — MPUYMHA CYIIECTBOBAaHMS HACIEACTBEHHBIX 3a00JieBaHUN U
sBomonuu. M, kak ObUIO HeNaBHO mMoOkKazaHO (cMm., Hampumep, [78, 79]), W3BeCTHBIA U
XapaKTepHbI roy0oil 1BET rf1a3 cobak MOpoabl CHOMPCKON XacKH BbI3BAH M€HETHUYECKUMU
MyTaIUsIMU.

Kcratn, s, xak, mo-Bumgumomy, m cam FO.Il. bmaroit, cmorpenn ¢unpm Anapes
TapkoBckoro «Crankep», CHATHIM IO (QaHTaCTHYECKOW MoBecTH OpartbeB CTpyramkux
«ITuxkauk Ha obounHe» (1972), koropyro B Te 70-€ TOABI MPOYUTAIA BCE WM TMOYTH BCE
yuenbie CCCP. IloMHI0, 4TO B T€ TOJbl B XapbKOBE ObLI — HE COBCEM OTKPBITHIH — KITyO
moburenedt kuHo. Mens tyga Boaun IOpuii 5. Tomuyk, yuenuk Hayma WU. Axuesepa u
noueHT kadenpsl Bbiciiedt marematuku XWPD C.JI. bepmana. Tam s BmepBble CMOTpen
«Crankep» u «3epkaigo». B 3Toil moBecTH uaer pedb 00 YIUBUTEIBHOM OTKPBITHHM T. H.
panuanta [Tunbmana, 3a kotopoe Aoktop Banentun I[Munbman Obut yaoctoen HobeneBckoit
npemud 1o ¢usmke 3a 19... roa: BOOIAR MpoeKnMH paauaHTa [lniapbmMaHa Ha MOBEPXHOCTH
3eMiIM pacIOJIOKEHBl IIECTh T. H. «30H», B KOTOPBIX HPOUCXOAST CTPAHHBIE SIBICHUS,
IpOTUBOpEYAlllie 3aKoHaM (U3MKHU. 30HbI BO3ZHUKIM Ha TOBEPXHOCTH 3€MJIM IIOCTe
[Tocemienus 4yKepoIHbIX CHJL.

B »trx 3oHax ObUIO OOHAPYKEHO MHOXKECTBO apTe(aKTOB, MPEACTABISIONINX COOOM, IO
runore3e ydyeHoro Ilunpmana, KOCMHUYECKM MYCOp, OCTaBJIEHHBIM HWHOIUIAHETSHAMMU.
Hexotopbie u3 3THX apTedakTOB MOTYT JEYUTH OOJE3HH, APYTHe — BEChbMa OIACHBI.
Bnusinue 30HBI BhIpakaeTcs B QopMme reHeThdeckux MyTanuii. Bce Hacenenue 30H ObLIO
CPOYHO 3BaKyHMpPOBAHO, MOCKOJbKY B HMX >KUTh HENb3S HU JIIOJSAM, HU KUBOTHBIM — OHH
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WCIIBITBIBAIOT MYTAr€HHOE BO3ACHCTBUE 30HBI: «IOABEPrarOTCs HW3MEHEHUsM — Kak
(eHOTHUNHYECKHM, TaK M TE€HeTHYeCKHMM». 1€, KOro He yJallochb BOBpPEMs 3BaKyHpOBATh,
noctpajanu: aub0 ocjerid, 00 TepeHecHu Jpyrue, HEU3BECTHbIE YeJIOBEUECTBY
3a0oneBanus. [lo onxHOW W3 JereHx, B HEKOTOpod u3 oOnactedt 30HBI JKUBYT JIIOIH,
NEPEKUBIINE MyTallUd — «OHU MYTHPOBAJIH... IPUCTIOCOOUIUCH K HOBBIM YCIOBUSAMY». JTH
MyTalliy MOTYT pacCMaTpUBATHCS KaK HOBBIN 1IAT B 3BOJIIOIUU.

HacnencTBenHsle cBOMCTBA OMOJIOIMUECKUX CHCTEM OMNPEIENSIOTCS HEMOCPEICTBEHHO
COXPaHHOCTBIO U TOYHOCTBIO MEpelau TeHeTUYecKoi UH(OpMAIMH, COTIACHO HEHTPATbHON
norme ouonoruu [80], ot monekyn JIHK k monexynam PHK, u nanee k 6enkam. Mi3amMeHnenust B
OMOJIOTHYECKUX MaKpOMOJIeKyJaX, oxBaTbiBatomue npotsbkenHsle yuactku JJHK win PHK,
MOTYT MPUBECTH K 3HAUUTEIbHBIM M3MEHEHUsM B Oenikax. [lepBble Ha3bIBAIOTCS MyTalUsIMU
[80]. D10 Takoe U3MEHEHNE T€HOTHIIA, KOTOPOE IMPOUCXOANT IO BIMSHUEM BHYTPEHHEW Win
BHEIIHEH Cpelbl U KOTOPOE MOXKET ObITh YHACIIEOBAHO MPHU PEIUIMKALMU, T.€. OTOMKaMHU
MAaHHOW KJIETKH. MyTanuu OOBIYHO NeNsIT Ha JBe Kareropuu [81]: TodeuHble MyTaluu U
KpynHble nepecTpoiku. IIpouiecc BOZBHUKHOBEHUST MyTAallMil HAa3bIBAETCSI MyTareHE30M, 3TOT
tepmuH ObuT ipeaniokeH C. Kopxunckum B 1899 1. [82] u X. e @puszom B 1903 1. [83] (cm.
Takxke [84-86]).

CymiecTByeT HECKOIBbKO Mojeneil MytareHeza [87]: moaumepasHas, TayTOMEpHasd,
ynbTpaduoneToBas, u ap. Cpeau MyTaluil pa3ianyaioT CHOHTAHHBIE W MHIYIUPOBAaHHBIE.
[lepBble BO3HUKAIOT CaMONPOU3BOJIBHO, 0€3 BHEIIHETrO0 BO3CHCTBUS, B HOPMAIBHBIX IS
OpraHu3Ma yCJIOBHSX OKPY’KalOIIEW Cpelbl, U MPOUCXOIAT, B OTJIMYKME OT BTOPBIX, C OYEHb
MaJIOl BEpOSITHOCTBIO U HE SIBISIOTCS PETYJSpHBIMU. BTOpblE BO3HHKAIOT B pE3yJIbTaTE
MPOIECCOB, MPOUCXOISIINX B )KUBOUW KieTke, Takux kak perunkanus JJHK [88], napymenus
penapanuu JTHK [89], Tpanckpunimu [90] u reneTndeckoit pekomOuHarmu [91].

Bonpmmit mHTEpEC BBI3BIBAIOT TOUYEUHBIE U3MEHEHHS B T€HETUYECKOM amnmnapare KIETKH,
KOTOpbIe OOBIYHO CBSI3aHBI C OIIMOKAMH Ha YPOBHE OT/EIbHBIX HYKICHHOBBIX OCHOBAHUN —
n3MeHeHue (b0 3amMeHa (OpPMBI) OCHOBAaHWS B KOMIUIEMEHTApHOM Tape. OTO Tak
Ha3bIBAEMbIE TOYEUHbIE MyTalMu. Takue MOBPEXKACHHUS MOTYT HUMETh CHUCTEMaTUYECKHUM
XapakTep U ObITh MPUUYMHOMN MOSIBICHUS pAla XpoHHYecKux 3abosieBanuil. Kak oTrmeueHo B
[87] (ctp. 6), U3BEeCTHbI JBa MEXaHHW3Ma CIIOHTAHHBIX MYTallUd — TayTOMEpPHBIA U
MOHM3AIMOHHBIA. [lepBblif MeXaHuU3M CBSi3aH C CYIIECTBOBAaHHMEM TayTOMEPHBIX (GopMm, B
KOTOpbIE TEPEXOIUT MOJICKYJIAPHBI HOCUTENh HH(POPMALMM TOCPEICTBOM KBAaHTOBBIX
CKaukoB. OTO  TPEIINOJIOKEHHWE  BIEpPBbIe  ObUIO  BBICKazaHo M. [lennOprokom,
H.B. TumodeeBbim-PecoBckum [92] u 3. llIpenunrepom [93].

Xotenoch ObI B 3TOM MECTE C/IeNIaTh MaJeHbKYIO May3y U BCOOMHUTH MEPBYIO TMaBy «OT
HOBOU (hu3HKHU K HOBOI Ouonorum» kauru M.J[. @pank-Kameneukoro [47], moBecTByIOIIeH O
Makce JlensOproke (1906-1981). B nomonnenue k HammcanHomy tam ([47], ctp. 6) cTout
OTMETUTH cleaymomiee (cM. Takke [94]): «Oymyun mononsiM, Maxkc JlenpOpiok uckan cebe
nojie gAesrenpbHocTH. Ero BeIOOp acTpoHOMHMM OKa3alics HEyJayHbIM, IIOCKOJBKY
3axBaThIBAIOIIeH HayKou, pa3zpabareiBaemoil B cepenuHe 1920-x rogoB, Oblla KBaHTOBas
MexaHuka. Becnont 1925 roga 23-netHuii B. I'eiizenOepr 3agyman COBEPILIEHHO HOBBII
crocob ommMcaHus aTOMOB U UX yacTull. B cienytomem roay O. [llpeaunrep mociemnoBan ux
pUMEpPy CO CBOEH BepcHel HOBOW (pM3MKHM, HA3BaHHOW BOJIHOBOW MEXaHWKOH. B Hauame
1926 roma T'eitzenOepr mpuexan B bepnuH, 4TOOBI TPOBECTH CEMHHApP, HA KOTOPOM
npucytctBoBall M. JlenpOprok. XoTst Makc He MOHMMaJl HU CJIOBAa M3 ATOrO CEMHHApa, OH
MOHsII, coOpaB 3ameuaHusi AnpOepra DiHIITEHA, KOTOPBIA CHUIEN B MEPBOM DSy, YTO OH
CTaJl CBHJIETEJIEM OYEHb BaXXHOTO Illara HayyHoro pa3BuTus. IlosTtomy Makc nepesen cBoit
KpyI MHTEPECOB Ha HM3Y4Y€HUE HOBOM KBaHTOBOM Teopuu. OH moctynui B ['€TTUHreH B
KauecTBe acnupanta Makca bopHa, B KOHIIE KOHIIOB 3allIUTHB «JI0BOJIbHO CKY4YHYI0» (II0 €ro
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CJIOBaM) JIOKTOPCKYI0 auccepranuio «Te3ucsl o Moinekysne auTusi». Pabortas Ham 3TUM, OH
Hayal 3aTyMBIBaThCS 00 aKTyaJlbHOCTH HOBOTO PEBOJIIOLMOHHOTO IMOHUMAHUS IMPHUPOJIBI
MaTepuu u cBeta. B To Bpems, Omaromaps ctunenanun @onna Pokdemnepa, Makc mpoBoaui
HEKOTOpBIE MOCTIOKTOPCKUE HccienoBanusi B MHcTUTyTe bopa B Komenrarene. Ha camom
Jiesie OH He ObUI CYACTIUB ObITh (PU3UKOM, NMOCKOJIbKY JHH BEIUKHUX OTKPBITUM, Ka3ajoch,
3akoHuMIKCh B 1928 roay, xoraa Ilomy Jupaky yaanoch 0ObeJUHUTH KBAHTOBYIO MEXAaHUKY
¥ TEOPHUIO OTHOCUTENbHOCTH. KOHEUHO, HY)KHO ObLTO mpopaboTaTh MHOTO JeTanei, Ho Makc
HE TMEPEeKJIIOYMIICS CO 3BE3[bl Ha KBAHT, 4TOOBI cienaTh 3To. OH Mckanx obiacTh, KOTOpas
HYXJa71ach B HOBBIX HJIE€SX, U OH YBUJIET CBOM IIAHC, Koraa nocetui jekuuto bopa 1932 roga
non HazBanueM “‘CBeT u ku3Hb [95]». B oroil nexuuu JlensOproka 3axBaTHiia HIes
KOMIUIEMEHTAPHOCTH KOHLIETIIUN BOJIHBI M 4YacTUIbl: «B ¢u3nke 04eBHIIHO, YTO JaXe B
CaMOM TPOCTOM CJIy4ae, TAKOM Kak 3JIEKTPOH, OeryInii BOKpYT MPOTOHA, MOYKHO 3aHUMAThCS
KJIacCCMUeCKOM (M3UKOU 70 CaMOro IMOCJIEIHEro JAHS U HUKOI/Ia HE BBITALIUTh U3 HETO aToM
BOJIOposia. UTOOBI TOCTUYB 3TOr0, HY)XKHO HCIOJIB30BaTh JOMOJHUTEIbHBIN moaxoxa. Ecmu
B3IJISIHYTh JIaK€ HA CaMblil IPOCTON BUJ KJIETKH, U3BECTHO, YTO OHA COCTOUT U3 OOBIYHBIX
3JIEMEHTOB OPraHMYECKONH XUMHH U, B 3TOM Cllyyae, HOJUUHSACTCS 3aKoHaM (U3UKU. MOKHO
MIPOaHAIU3UPOBATh JII000€ KOJIMUECTBO COETUHEHHM, cofepkalluxcsi B HeW, HO HUKOTJa He
NOJYYHIIb W3 HUX JKUBYIO OaKTEpHIO, €CIM HE TMPEeJICTaBHIIb COBEPUICHHO HOBBIC W
B3aMMO/IOTIOJTHSIONTME TOYKH 3peHus» [96]. Maes B3anMoI0MOMHAEMOCTH Oblja ONMHCAaHA B
TaKuX JIeTalsiX, MOTOMY YTO OHA BaykHa /sl MbllieHus M. JlenbOproka: «B TeueHrne MHOTHUX
JIeT oHa OblIa €IMHCTBEHHOW MOTHBAIIMEH A1 MOeH paboTh», Kak mucan Jlenbopiok B 1962
rofy, Korja npuriacui bopa npouecTs elle oiHy JIEKIHMIO O cBeTe U ku3HM 30 jeT cmycts
[97]».

Tak BoT, D. lpenunrep nucan ([93], ctp. 40): «OTOOp HE HaET pe3ynbTATHI, IOTOMY YTO
Masble, HENpEpbIBHBIE pa3nuuus He HacienyroTcs. OHU, O4YeBHUIHO, HE OOYCIIOBIIECHBI
CTPOEHHEM HACJIEICTBEHHOI'O BELECTBA, OHU ciay4aiiHbl. Ho okomno 40 ser Ha3aa rouianaer
ne ®pus OTKpHUL, YTO B MOTOMCTBE Ja)K€ COBEPUICHHO YMCTOCOPTHBIX JIMHUM MOSBISAETCS
O4YCHb HEOOJBIIOE YHCIO O0cOOeld — CKakeM, J1Ba WJIM TPU Ha JECATKH ThICAY — C
HEOOJIBIINMHU, HO CKaYKOOOpa3HbIMU M3MEHEHUAMHU. BhIpaxkeHue cxauxoobpasHvle 03HaYaeT
B 9TOM CJIy4ae He TO, YTO U3MEHEHUSI OUeHb 3HAUUTEIIbHBI, & TOJIBKO (PaKT MPEPHIBHOCTH, TAK
KaK MEXIy HEM3MEHEHHBIMH OCOOSIMM M HEMHOTMMH HM3MEHEHHBIMU HET MPOMEKYTOUHBIX
dopm. le @pu3 Ha3Ban 310 Mymayued. 37ech CylIIeCTBEHHA UMEHHO NMPEepPhIBHOCTh. Du3uky
OHA HAllOMMHAET KBAHTOBYIO TEOPUI0 — TaM TOXKE HE HaOII0AeTcsl MPOMEKYTOUHBIX
CTYNEHEW MEeXIy JBYMsI COCEIHHMH DHEPreTUUYECKUMHU YPOBHSAMHU aToMa. Dusuk Obul ObI
CKJIOHEH MYTAllMOHHYI0 Teopuio Ae Ppusa ¢GurypalbHO Ha3BaTb KBAHMOBOU meopuell
ouonoeuu (KypcuB — aBT.). [lo3xke MBI yBUAMM, YTO STO 3HAYUTEIBHO OOJBIIE, YeM
¢urypansHoe BbIpaxkeHne. CBOMM TPOUCXOXKICHHEM MYTAIlMH JIEHCTBUTENBHO OO0sM3aHBI
“KBAaHTOBBIM CKaykaM™~ B TEHHOW Mojekyne» (cMm. Takxke [44], ctp. 9; oTMerum, 4YTO
KBAHTOBBIE CKaUKH — T€Ma BEChbMa JIEJIMKAaTHas B KBAHTOBOW MEXaHMKE).

3ametuM Takke, uro Ilpenunrep B cBoel kuure [93] Ha cTp. 49 ccpulaeTCst Ha CTATBIO
[92]: «B melicTBUTENBHOCTH TIpU pacueTe MbI ciexyeM M. JlenbOproky (coBMecTHas paborta
ero ¢ H.B. TumodeeBbim-PecoBckum u K.I'. [lummepom)... [IpocTeiiiee ucToakoBaHHE 3TOTO
pe3ynbTarta CBOAMUTCA K TOMY, YTO HMEETCS JOCTaTOYHasi BEPOSTHOCTh BO3HUKHOBEHHUS
JaHHOW MyTAallMH, eclii WOHM3anus (Wid Bo30yXKIEHHE) MPOUCXOAWT HE Jajee, 4YeM Ha
pacctossHuu okojo 10 aTOMOB OT ompeAeNeHHOro Mecta B XpoMocoMe...». [l. I'panun B
pomane «3yop» o Tumogeene-PecoBckoM Takke BcrioMuHaeT 3Ty padoty (ctp. 81): «Ilozxe,
OJIHAKO, Ha 3Ty cTaTtblo cocyaincs llpeaunrep B cBoel HamymeBHied KHure «4Yro takoe
YKU3Hb C TOYKHU 3peHUs PU3UKU», U TOTJa OTKPBITHE 3yOpa CTallo CEeHCaluen.
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CormacHo TaytroMmepHoi runoteze Yorcona u Kpuka [50] (cm. taxke [3, 98, 99]; cpenun
HeIaBHUX paboT B 3TOM oOmactu ormetuM paboTel ([100] u mpuBeIeHHBIE TaM CCHUIKH)),
KOTOpasi 3BYyUUT clenyrommm oopazom ([50], ctp. 130): «B nHamelr cxeme mayOIupOBaHHS
CHEIU(PUIHOCTh PEIUIMKAIIMA JOCTUTACTCS TIOCPEACTBOM CIENU(DPUUECKOTO CriapuBaHUS
MEXy IYPUHOBBIM W MUPUMHUIMHOBBIM OCHOBAHMSMHM; aJlEHUH C TUMHHOM U TYaHUH C
OJIHUM M3 IIUTO3MHOB. JTa CHENU(UIHOCTh MPOUCTEKACT W3 HAIIETO IMPEANONIOKCHHS, YTO
KKJI0€ M3 OCHOBaHWH 00JamaeT OJHOW TayTOMEpHOW (OpMOii, KOoTOpas HaMHOTO OoJjee
yCTOWYMBa, 4YeM Jo0as U3 JIpYyrux Bo3MoxHOcTed. OmHako TOT (akT, YTO COEIAUHEHHUE
ABJIIETCS TAayTOMEPHBIM, O3HAYaeT, YTO aTOMbl BOJOpPOJAa MOTYT HHOTJA MEHSTh CBOE
MECTOIOJIOKEeHHEe. HaMm KaxkeTcsi mpaBAoMoI00HBIM, YTO CIIOHTaHHAsI MyTalus, KOTOpas, KaKk
MBI TOJIpa3yMeBaId DaHee, SBISIETCS W3MEHEHHEM B II0CJIEIOBaTeIbHOCTH OCHOBaHUH,
MPOUCXOAUT W3-32 TOTO, YTO OCHOBAaHUE BCTPEUAETCS OYCHb PEIKO B OJHON W3 MeHee
BEPOATHBIX TayTOMEPHBIX (OPM, B MOMEHT, KOIJla KOMILJIEMEHTapHas Lenb (GopMupyercs,
TOYCYHBIC MyTAIIMH MOTYT BO3HHKATh B PE3yJIbTATe TAyTOMEPHBIX MPEBpAIICHUN (CABUTOB) B
OCHOBAHUSX KOMIUIEMEHTapHBIX, T. H. YOTCOH-KPUKOBCKUX, map: aaeHuH(A)-tumuH(T),
ryanuH(G)-uuto3uH(C), CBSI3aHHBIX MEXITY COOOM IBYMs UM TPEMs BOJOPOIHBIMH CBSI3SIMU,
cooTBeTcTBeHHO (cM. Puc. 5 Ha mpumepe A-T mapsr).

Puc. 5. Kommniemenrapnas napa [A-Tlwc JJHK. Crpenku 0003HauaroT nepexosl MpOTOHOB [0 BOAOPOIHBIM
cBs3siM. PasnmuatoT ABa OAMHApHBIX NMPOTOHHBIX IepeHoca, cM. dopmyisl (2): 1. N3-H3(T)--N1(A) =
N3(T)---H3(T)-N1(A); 2. N6-H6(A)---O4(T) = N6(A)---H6(A)-O4(T). x cymmapHbIii IepeHOC OnpeneseT
JBYXIIPOTOHHBIHN nepeHoc, [A-Tlwc < A*-T*, nexauuii B OCHOBE TYHHEJILHOTO MexaHu3Ma JIEpuHa.

Kaxnoe w3 ocnoanmit JIHK [101] oOnagaer cBoelt OCHOBHOHM, pPaBHOBECHOM
tayToMepHoit (opmoit (kak Ha Puc. 3): nampumep, A — amuno (-N6(A)H2), T — kero
(=04(T)), xapaxkTepuzyeMoil OIpeAeICHHbIMU IOJOXKEHUSIMU aTOMOB Bojopoaa. Jlis
Ka)XI0T0 OCHOBAaHHUSA, KPOME TOTO, CYIIECTBYIOT HEPAaBHOBECHBIC, MUHOPHBIC TayTOMEPHBIE
(GopMBI, BOSHUKAIOUINE B PE3YJIbTAaTe CKAYKOB MPOTOHA MEXIY PAa3IMYHBIMH MOJIOKECHHUSIMHU,
BO3MOXXHBIMH y ocHOBaHus [102-104]: nns A — 310 umuHo- (-N6(A)H-), A*, mna T —
sHosbHas (=O4(T)H), popma, T* (Gonee moapodbHO cM. [65] u [87]).

CymiecTByeT TpH CLEHapHs TayTOMEpHON Mozaenu YorcoHa-Kpuka, Mo KOTopeIM B mape
[A-T]wc B aBoitHoi cinpanu JTHK mpoucxoasT ToueyHble MyTaluu

[A-Tlwec = A*-T*. (1)

OHM TakoBbI: (i) MyTeM MEpPeXOJ0B NMPOTOHOB IO BOAOPOAHBIM CBS3SIM; (i) 3a CueT

U3MEHEHHUs MECTa CBSI3bIBaHMSI IPOTOHOB B OCHOBAHUSAX Maphbl; (i) 3a cueT oOpa3oBaHUs
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BHYTPU- U BHEMOJIEKYJISIPHBIX BOJOPOJHO-CBS3aHHBIX MOCTHKOB, IO KOTOPBIM MPOTOH(bI)
MOYET MEepeMeIaThCsi OT OCHOBHOM TayTOMEpHOW (OpMBI K MUHOpPHOW. Takue MOCTHUKH
MOTYT oOpa3oBbIBaThcs Osaromaps Bozae [105, 106]. Tem ne menee, crporo rosops, (1) He
SBIISICTCSI TAYTOMEPHBIM IIEPEXO0JIOM HU B COOCTBEHHO A, HU B COOCTBEHHO T, MOCKOJBKY, 11O
onpenenenuto, T* obOpasyercs BciaeACTBUE mepexoaa mpotoHa (aroma Bomopona) H3(T) ot
N3(T) x O4(T), a A* BcienctBue nepexona H6(A) or N6(A) k NI(A). (1), mo cytu, ectb
CYMMAapHBIU MEPEX0/]
N3(T)-H3(T)---N1(A) = N3(T)---H3(T)-N1(A)
u (2)
N6(A)-H6(A)--O4(T) = N6(A)---H6(A)-O4(T).

Crporo roBopsi, €ro CTOUT OTHECTU K TAPHOHN TayTOMEpPHU3aLIUU.

K mepBbIM OTHOCHTCS T. H. MEXaHU3M TYHHEJIBHOTO JABYXIpOTOHHOTO TiepeHoca ([II1I),
npemnoxeHHsii 11.-O. JIésaunusim [107, 108]. JI€saun ([107], ctp. 726) oT™MeUaeT, 4YTO Takoi
MEXaHHU3M HaXOAMUTCA B IOJHOM COOTBETCTBHUE C WJESAMHU, BbIpaXeHHbIMU JlenbOprokoM u
oOcyxnaembiMu LlIpenuHrepoM B ero BBINICYHNOMSHYTOM KHHUre. HecMoTpss Ha OrpOMHBIN
HAyYHBIA U MPAKTHUYECKUI WHTEPEC K ATUM HCCIEIOBAHUSAM (CM., Harpumep, [69]), MexaHu3m
BO3HUKHOBEHHUSI TOYCUHBIX MYTAIlMil O HACTOAIIETO BPEMEHH HE U3YYEH B JIOCTATOYHOMI
Mepe. OTO O0O0YCJIOBIEHO CIOKHOCTbIO MAaKpPOMOJEKYJSPHBIX KOMIUIEKCOB, B KOTOPBIX
MPOUCXOANUT Tepeaada WHGOpMALUU, U TPYTHOCTSAMHU MPSMOTO HAOIOaeHUS 00pa3oBaHUS
HENPaBUIBHBIX ()OPM HYKJIEUHOBBIX OCHOBAHUI in vivo.

EcTbh HECKOJIBKO MOMEHTOB IIPU CPAaBHEHUU OJIHO- U IByXIIPOTOHHOI'O NIEPEHOCA IPOTOHA
B YOTCOH-KPUKOBCKHX Tapax, KOTOpbIe X0Teloch Obl 00cymuTh. [lockonbky B mape [A-T]wc
€CTh TOJIBKO JIB€ KJIACCHUYECKHE BOJIOPOAHBIE CBSI3U, TO B HEW BO3MOXKEH €IMHCTBEHHBIN
JBYXIIPOTOHHBIN NEPEHOC, KOTOPBI onucan B Gopmysie (2) U KOTOPBIA COXpaHsET OOILyIo
HENTPaIbHOCTh MapHI.

OTHiOAb HENpa3gHbIM 31ECh SIBISETCS BONPOC 00 YCTOWYMBOCTU TayTOMEPHOM Mapbl
A*.T* (cm., Hampumep, [109]). U3zBectHO (cM. [69]), uTO TayTomMepHas mapa A*-T* mexur
ToImbko Ha 0,22 KKaI-MOJTb HHKE YIOMSHYTOTO BBIIIE GAapbepa, TEM CaMBIM CTaBs IO
BOIPOC CYILECTBOBAHME MO KpallHEH Mepe OJHOI0 CBSI3aHHOTO COCTOSIHMSI B JaHHOM sIME,
KOTOpoe omnpenenser crabuibHocTh A*-T*, ecnmu uicxoauTs u3 nmocrynara JIésnuna [110, 111,
43] o mousekyne, riacsmero, uto: «Cucmema 31eKMpOHO8 U AMOMHLIX s0ep obpasyem
MOJIeKYy, eciu KYJIOHOBCKUll 2amuibmonuan H, uz komopozo evloenerHo 0gudicenue yeHmpa
macc, umeem OUCKpemHOe 3HAYeHue JSHepeUU OCHOBHO20 COCMOAHUAY (TIpUBEAEM
opuruHajgbHOe ompenencHue: "A system of electrons and atomic nuclei is said to form a
molecule if the Coulombic Hamiltonian H — with the centre of mass motion removed — has
a discrete ground state energy Eo."). Unu u3 onpenenenus monexynsl, ganHoro B [UPAC
Gold Book [112]: «Monekynra — smo snexmpuuecku HelimpaibHoe 00pazosanue, cocmosuee
u3 bonee yem ooHoz2o amoma (n > 1). Cmpoeo 2oeops, monexyna, 8 komopou n > 1, dondxcua
omeeuams Makou sAme Ha NOBEePXHOCMU NOMEHYUATbHOU SHepeuu, Komopas 00CmamoyHo
2nyooKas, umobwvl cooepaicams no KpaiiHel mepe 00HO KolebameibHoe COCMOSIHUE).

Xox paccykIeHH aBTOPOB paboThl [69] Obl1 criexytontuii: 0,22 KKaJI-MOJIb MIPUMEPHO
paBHO 77 cm'. Kak H3BeCTHO (CM., Hanpumep, [39]), Hu3KoNIeKaIKe KoaebaTeabHbIE MOJIBI
H-cBsi3u A-H:--B, B 4aCTHOCTH, T. H. MOJIbI PACTSDKEHHSI G (MJIM TPAHCISIUK) U AehopMaIiu
Y, exar B obmactu @ > 100 cM, Tak 4To B unrepsan 0-77 cM™' MOXKET HOMECTHTBCS, B
TapMOHHYECKOM MPUOIMKEHUU, TOJILKO OCHOBHOE COCTOsiHUE ¢ sHepruert (1/2)w, ecniu o <
154 cm'. B stoM KoHTekcre, mapa A*-T* cymectByer m crabmibHa. OTMETHM, 4YTO
paccuntanHas B padore [113] merogom MP2/6-311++G(d,p), riayO6rHa NOTEHIHUATBHOMN MBI
¢ mapoit A*-T* cocraBmser 49 cm' (cm. Ta6m. 1 B [113]), uro HecnaGo Koppemupyer ¢
naHHbeIMU [69]. Tem He menee, B pabote [69] Ha Puc. 4 mokazaHo, YTO JTOKAJIbHBIIT MUHUMYM,
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OTBEYAIOITUH TAyTOMEPHOU Tape, OTCYTCTBYET Ha TOBEPXHOCTH CBOOOAHOM »Hepruu [ mbOca
(c yueToMm BKJIaZia HYJIEBBIX KOJIEOAHUH B SHTPOIUIO). BooOIe, CTOUT OTMETUTh HEKOTOPYIO
IPOTUBOPEYMBOCTh B BBIBOJAX psAga padoT mo TIiayOuHE sMBI C TayTOMEpPHOM Mapoi
ocHoBaHui. [Ipexxae Bcero, BOIpoc O riyOMHE 3TOW SIMBI IOYEMY-TO OBLT CBEICH K TOMY,
KakoB Ha camoMm jene wmexaHusM tnepexona [A-Tlwe = A*-T*, TyHHENbHBIH, Kak
npennonaran JIEBauH, win kinaccudyeckuil, HaaOapbepHsblid. Tak, ['onOup ¢ coaBropamu [114]
CUMTaEeT, 4T0 B psanae pabor [69, 113] yTBepknanoch, 4TO TYHHENIbHBI MEXaHU3M JHOO
HEBO3MOXKEH, JINOO MaJIOBEPOSATEH B CUITy CTaTUCTUYECKON He3HauuTeabHocTH (B opurnnane:
"Some have claimed that tunnelling in DNA.... is either not possible or so unlikely as to be
statistically negligible"). OueBuaHO, Takoe YTBEP)KICHHE HECOCTOSTEIBHO, IMOCKOIbKY B
nepBoi U BO BTOpPOW LMTHUpYeMbIX paborax [69] cymiectBoBanue mapel A*-T* BooOiie
OTPHILIAETCSI, YTO MOAPa3yMeBAET OTCYTCTBHE KOHEUYHOI'O COCTOSIHUS NP TYHHEIUPOBAHUY.

Takum oOpa3zoM, ykazaHHas BbICOTa Oapbepa CBHJIETEILCTBYET O METACTaOWMILHOCTH
napel A*-T* u, cnenoBarenbHo, 0 npotuBopeunBoctd KoHuenuuu I ans oObsicHeHus
BBIIIICYKA3aHHOW TayTOMEpHOW MyTaluu. B NpOTHBHOM cilydae, METacTaOMILHOCTh OyJIeT
JIOTIOJTHUTEIBHBIM (DAKTOPOM, OINpPENeNIONUM YacTOTy JaHHOM MyTauuu. ABTOpPBI PabOTHI
([115], ctp. 1460) cunraroT, 4yTO «ITO, OJTHAKO, HE OMPOBEPTracT BOZMOXKHYIO IPUMEHUMOCTD
runote3sl Mytauuil JIEBaMHAa B cilyyae mapbl OCHOBAaHUM TI'yaHMH-IIMTO3UH, TI€ paHee
paccuuThIBAIaCh MEHBIIAss pa3HUIA B HDHEPTUH OOBIYHBIX W PEAKUX TayTOMEpoB (IO
cpaBHeHuto ¢ A-T mapoii) u BKJIaJ peiakcalud T€OMETPUH €Ile MPEICTOUT ONpeneauTh. B
3TOM MeECTEe CIEeAyeT OTMETUTb, YTO NpeanoxkeHue JIEBIMHA HE OCHOBAaHO Ha YHUCTBHIX
SHEpreTudeckux coolOpaxeHusax. OHO Taxke MpearoiaraeT, 4YTo Mocie JBOMHOro mepeHoca
IPOTOHOB M OTKpbITUA nAByxuenodeuHoit JIHK, ocHoBaHMs ocTaroTCsl HE-BOAOPOIHO-
CBSI3aHHBIMHU J10 0Opa30BaHUS KOMIUIEKCA C JPYT'MM OCHOBAaHUEM. DTO HPEINOI0KEHUE HE
BIIOJIHE PEATMCTUYHO M3-32 HAJMUYUS MOJIEKYJ BOJBI, CIIOCOOHBIX 00pa30BBIBATh BOAOPOIHO-
CBSI3aHHBIC KOMIUIEKCHI C pEAKMMHM TayTOMEpaMH B MAaTpUIE U CIIOCOOCTBOBYIOLIUX
00paTHOMY TayTOMEpPHOMY IE€peXoy K KaHOHHYECKUM (opMaM OCHOBaHMK» (B OpUTHHAIIE:
"This however does not disprove a possible applicability of the Lowdin mutation hypothesis
in the case of the guanine-cytosine base pair, where a smaller difference in the energy of
ordinary and rare tautomers (as compared with the AT pair) was previously calculated and the
contribution of geometry relaxation still remains to be determined. It should be noted at this
place that the proposition of Lowdin is not based on pure energetic grounds. It also assumes
that after double proton transfer and the opening of the double stranded DNA, the bases
remain non-hydrogen bonded until complex formation with another base. This assumption is
not completely realistic because of the presence of water molecules, which are capable of
forming hydrogen-bonded complexes with the rare tautomers in the template and which can
possible promote the reverse tautomeric transition toward canonical forms of the bases").

CymMMmupysl BBIIIECKa3aHHOE, MBI HAOIIOJaeM HEKOTOPYIO JUCKPHUMUHAIIMIO MEXITY
YOTCOH-KPUKOBCKUMH IapaMH 10 OTHOLIEHHIO K 00pa30BaHUI0 TOYeUHbIX MyTauuid mo JI1I1-
mexanm3my JI€smuna. Exxenmn B mape [G-Clwc BO3MOXHO Takoe 0Opa3oBaHHE TOYEHHOU
MyTaluu, To B Apyroi nape [A-T]wc 3T0 HEBO3MOKHO B BUAY HEYCTOMYMBOCTU TayTOMEPHOMN
napel A*T*. C omHOW CTOPOHBI, OYEBHJIHO, TO MPOTHBOPEUUT Pa3yMHOMY CMBICIY H
U3BECTHBIM 3KcriepuMeHTaM. C Ipyroi, ympouiaer TayTOMEpHYI0 KapTHHY BO3HUKHOBEHUS
TOYEYHBIX MYTAaIUH.

Opnako, He Bce Tak IpocTo. J[aHHBIM BONpPOC HMMEET HECKOJIBKO Iu1acToB. llepBblil:
«IIpexne Bcero, caM mo cebe TyHHENbHBIN mepexona nporoHa B JIHK eme He mpuBoauT K
MYTAIH: 751 TOSBJICHUS TOCIEAHEeH HE0OXO0AUM XOTsl Obl OAMH aKT peruukanuu. OgHaKo
TaKOM akT o00s3aTeIbHO BKJIKOYAET PpACXOKICHHWE CIHpaliedl, Iocjae 4Yero OCHOBaHMs
OKAa3bIBAIOTCSI OKPYKEHHBIMU MOJIEKYyJIaMU BOJbl. Tak Kak BpeMs YCTAaHOBJICHUSI PaBHOBECHUS
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B pacTBOpPE 3HAYMTEIBHO MEHBIIE BPEMEHU OCAXACHHUS HYKICOTHAA HAa MaTpuue, TO enle
3aI0JIT0 10 3aBEPLUCHMS LMKJIA PEIUIMKALUKM YCTAaHOBUTCS PpPaBHOBECHAas MJIs JAHHOIO
pacTBopa KOHIIEHTPAIMS MOHU3UPOBAHHBIX U PEIKUX TayTOMEepHBIX GopM ocHoBanui JIHK.
Jns mocnenytomed cynpObl 3THX (HopM 0e3pa3IuvHO, C TOMOIIBI0 KAKOIO MEXaHHW3Ma OHH
00pa30BaIUCh: MMyTEM TYHHEJIBHOTO Mepexo/ia WK MPOCTO OTIICIUICHUEM (IIPUCOSIMHEHUEM )
IIPOTOHA B pacTBope. B pe3yibrare, €Ciau He npeanojaraTb, YT0 MeXaHu3M JIEBAMHA moyeMy-
a0 HapylaeT O0JbIIMAaHOBCKOE paclpe/ielieHne, OKa3bIBaeTCs, YTO [0 CBOUM IPOSBIICHUSM
B CIIOHTAaHHOM MYTareHe3e OH He MOXKET OBbITh OTIMYEH OT KJIACCHMYECKOI0 MEXaHH3Ma
MyTaIui, OO0yCIIOBIEHHOTO TayTOMEpH3allMe WM HWOHM3anueld ocHoBaHui. [lomoskeHwme
CYILIECTBEHHO H3MEHSETCs, €CJIM CYUTaTh, 4To KoHburypamus Tsoked JHK Bo Bpems
PEIUIMKALIMY HE TO3BOJISIET BHEAPITHCS MEXIY HUMH BOJE», — Tak cuntaroT B.W. Jlanunos u
I'.®. Ksennens ([87], c. 28; 3meck aBTOpsl [87] cchutatorcs Ha pabotel [116, 117] u Ha
aHaJOTMYHOE 3amMeuaHue, BbickazaHHoe JI.A. bmomendensaom B 1965 r.). BTopoii: mpu
BHUMATEIBHOM B3IJIAJIE BBIBOJ O HEBO3MOXKHOCTH OOpa30BaHUS TayTOMEPHOH TOYEUHOU
mytammd B [A-T]wc OBII clenaH mpu YCIOBUH, YTO IOCICTHSS Tapa H30JHUpOBaHA U
HaXOAMTCS B ra3oBoii (asze.

Urobbl pa3obparbes B JAHHOM CHUTyallMM, HaM MIPUIETCS PaCCMOTPETh €€ MOCIOWHO U
BcriomMHUTh ciosa FO.II. bnaroro u3 npenucnosus: «MonekyisipHas crpykrypa JHK...
CTaOUIM3UpPYETCs MOJIEKYJaMH BOJAbl U HOHAMM METAJUIOB...». OTHU JBE€ TOYKH 3pPEHUS
MOJIy4aroT MPOJIOJKEHUE B CIEAYIOIIEM pa3ieie.

JHK U BOJA: TUIPATAIUSA, IIPUOTKPBITHUE ITAPBI

«Cmpykmypa ([[HK — aem.) omxpeimas, codepoicanue 800vl 6 Hell
006016HO 8bicoKOe. TIpu bonee HUSKOM COOEPHCAHUU B00bL MONCHO
024CUOAMb, YMO OCHOBANHUS HAKIOHAMCS, YMOObl KOHCMPYKYUs Cmaia
bonee KOMNAKMHOUY.

VYotrcon u Kpux ([3], ctp. 737);

OPUTMHAJIbHBIN TEKCT CJIELYIOLIMI:
"The structure is an open one, and its water content is rather high. At
lower water contents we would expect the bases to tilt so that the
structure could become more compact."

In vivo, B Mmakpomodekyie JJHK nporcxoqur MHOXKECTBO (UIyKTYallMOHHBIX MPOLIECCOB
Ha BpeMeHax OT MUKO- J0 MWJUIMCEKYH] U Ha PAacCTOSHUAX OT JOJEH A0 JNECATH aHICTPEM
[118, 119]. B peiicrButensHoctu, JIHK — »3T0 clOXHOE MOJIEKYJIsIpHOE HAHO-
(dopMupOBaHUE, COCTOSIIEE U3 BOJOPOJHO- M CTIKUHI-CBA3aHHBIX IIap OCHOBaHWM U
o0pa3oBaHHOE MOJIEKYJaMH BOJbl, OOBEAMHSIOIMIMMUCS B THApPAaTHbIE OOOJNOYKH, U
npoTuBooHamMu (cMm., Hampumep, [120-125] wu mnpuBeaeHHblEe TaM CCbUIKH). B
¢dusuonorunueckoM cosieBoM pactBope (0,15 M pactBop NaCl) 310 nmosn3iekTponuT, 00bIMHO
OTPULIATEIILHO 3apsDKCHHBIA, B KOTOPOM OJHA JABYyXTsDkeBasg Mousekyna JIHK cunbHO
OTTAJIKUBAET Apyryo. Boobime rosops, B kinerkax u Bupycax JAHK o0bluHO Haxomutcs B
O0YCHb KOMIIAKTHOM COCTOSTHUH [126].

Mo3HO CKa3aTh, YTO BOJIa SBIISETCS €CTeCTBEHHOM cpenoi «obutanus» JJHK. Ot cpens
(pactBopuTensi) 3aBUCHT, Kakylo KoHpopmammio (B-IAHK, A-JJHK wmm Z-JJHK) Oyzmer
npuauMate JIHK. Opranmsanus ruapatupoBanHoil cpenbsl JJHK BblsiBHIa KIO4EBYIO POib
CICAYIOMUX B3aUMOJCUCTBUI: (7) TIUJIaHApHBIE B3aWMOJCHCTBUA MEXKIYy OCHOBAaHUSIMH,
KOTOpble NPHUBOJAT K OOpa30BaHUIO BOJOPOJHO-CBSA3aHHBIX IMap, MMEIOUIMX B OCHOBHOM
AJIEKTPOCTATUYECKYIO TPUPOAY; (ii)) BEpPTUKAJIbHBbIC B3aUMOACHCTBMS, MPUBOIALINE K
(OPMHPOBAHUIO  «CTOMOYHBIX» (CTAIKUHIOBBIX) CTPYKTYp, OOYCIIOBJIEHHBIX BaH-IIEp-
BaaJbCOBBIMU B3aUMOJICHCTBUSAMHU, B KOTOPHIX OCHOBHOM BKJIaJ JalOT JIOHJAOHOBCKHE
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JTUCTIEPCUOHHBIC  B3auMOJeHcTBUS  (CM., Hampumep, [22]) Omaromaps  OoJbIION
MOJISIPH3YEMOCTH OCHOBAHUH; U (7ii) B3aUMOJEHCTBIE MEXKy MPOTUBOMOHAMH M MOJICKYJIaMU
BOJIbI KaK OCHOBHBIMHM €CTECTBEHHBIMU KOMIIOHEHTaMu cpenpl, okpyxaromen JJHK. U3
MHOTOUYHCJICHHBIX PEHTTEHOBCKUX JaHHBIX W3BECTHO, YTO MPHUMEPHO [IBa JECSTKa
(MakcumyM 17) MoieKys1 BOJBI HEOOXOUMO JJI aJIeKBAaTHOTO OMMCAHUS TEPBOM TUIPATHOU
000J104KH Tapel OcHOBaHui [127—-132].

Bo muorux pabortax wmcciemoBaiu in Silico TEpBYIO THAPATHYIO OOOJIOYKY YOTCOH-
KPUKOBCKUX Tap, B 4aCTHOCTH [A-T]wc, UCTIONB3ys paznuuHbie MeToabl, OT MonTe-Kapio u
MOJICKYJISIPHOW TUHAMUKH, 10 ab initio KBAaHTOBO-XUMHUUYECKUX. OYEBHIHO, MOJIEKYJIa BOJBI
w = Hu-Oy-Hy,' B mepBoii rumpatHoit obGonouke [A-T]wc mapsl Oymer oOpa3oBbIBaThH
cnenyromue Bogopoansie cBsizu ¢ O2(T), O4(T), C2(A)-H2, N6(A)-H'6: O2(T)--Hy-Oyw-Hy';
Oy--H'6-N6-(A); O2(T)---Hy-Ow-Hy'; C2(A)-H2:--Oy.; N9(A)-H9---Oy; N3(A)---Hy-Oy-Hy'; 1
04(T)---Hw-Oy-Hy,' (mpennoutuTenbHble CAalThl THApPATallud MOKHO YBUJIETh HA PUCYHKE 5(a)
pabotel [69]; B mocnmemneil wn3zobOpaxena [A-Tlwc mapa, THIpAaTHPOBAHHAS CEMbIO
MOJIEKYJIaMH BOJbI).

JlaObl MMeTh HEKOTOpOE MpeICTaBI€HHE 00 HIHEepreTHKe THIpaTalliy, PacCUUTAHHOU
METOIOM IEePEKPhIBAIOIINXCA MYJIbTHIIONEH, TaBaiiTe B3risHeM Ha Tabmn. 1 [127].

Tabnuma 1 [127]. Cxema moHo-rHapartarmu [A-T |y mapsr monekynoit Boasl Hy-Oy-Hy,'.
CaiiT MoHOTHpaTaMy 0003HAYAETCS COOTBETCTBYIOMICH (M) XapaKTEPUCTHICCKON (M)
BOJIOPOTHOM(BIMH) CBS3BIO(SIMH)

XapakTtepucTuyeckas | DHeprus
BOJIOPOJIHAS CBSI3b THIpaTaluy,
KKan-Moub  [127]
02(T)---Hyw-Oyw-Hy/' —-10,76
Oy --H'6-N6-(A) —-10,13
02(T)---Hy-Oy-H,'
C2(A)-H2---O,. —9,50
NI9(A)-HY---Oy,. -8,91
N3(A)---Hy-Oy-Hy' —8,66
O04(T)---Hw-Oyw-Hy/' —6,59

Hecmotpss Ha mpocTOTYy 3TOr0 BBIYUCIUTENBHOIO TMOAXOAA, MOXHO OXHAATh
OTHOCHUTENIbHYIO cnabocTh ruapatanuu Ha arome O4(T) — nsHeprus ruapaTanuu 37eCh
COCTABIISIET BCETO JIMIIb —6,59 KKan-Moib . CTPYKTypa TAKOro KOMILIEKCA, Jaee HMeHyeMas
kak [A-w-T],, paccuuTaHHass B HacTosImield paboTe B paMKax YKa3aHHOTO BBIIIE
kommbioTepHoro merona B3LYP/6-311++G(d,p), mpencrasiena Ha Puc. 6.

B3LYP/6-311++G(d,p)-oHeprus B3auMOACHUCTBUS JAHHOTO KOMILIEKCA OKa3bIBAeTCs
paBHO# —4,0 KKa7I-MOIb ', 4TO IPECTABIACTCS Goee PeaTiCTHUHOM oneHKoi. OTMETHM, uTo
B pabore [130], ucmonm3yromeid BBYHCIUTEIbHBIN ypoBeHb RI-MP2/cc-pVDZ, Osi10
uccienoBaHo 337 CTPYKTyp Ha TOTCHIUANbHOW 3Hepreruueckoil moBepxuHoctu (I131I1)
B3aumoyieiicTBus A-T mapsl ¢ Mosiekynnoit Bonbl. Cperu 20 Hanboliee yCTOMYUBBIX CTPYKTYD,
OTJIMYAIOIINXCSl SHEPTUSAMHU CTAaOUIIM3aIMK MEHee 4eM Ha 3 KKa.n-MonL'l, ObUIO HaimeHo 12
TUTAHAPHBIX BOJIOPOAHO-CBSA3AHHBIX U 5 CTIKUHT-CTPYKTYP [A-T]wc mapsl ¢ MoneKynoi BOABI.
I'moGanpuelii Munumym ganHoi [IOI1 3anumaer, cormacHo [130], cTpykTypa ¢ 3Hepruei
B3aUMOJICUCTBUS, paBHOU —7,06 KKaJI-MOJIb ', KOTOpasi oTBeuaeT Komiuiekcy HBS8 (B
ob0o3HaueHusx pucynka 2(a) padotsl [130]) [A-T]- Hy-Oy-Hy', B KOTOpOM Mosekysna BOMAbI
00pasyeTr BOJOPOAHBIA MOCTHUK
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02(T)---Hyw-Oy---H-N1(T)
|
Hy'
u B koTopoM [A-T] mapa He sABIseTCS, K HAaIIEMy YAMBIEHUIO, HU YOTCOH-KPUKOBCKOM, HU

XyTCTEHOBCKOM, a oOpasyercs Omaromapss BogopomHbiM cBsizsiM O4(T)---H8(T)-N8(A) u
N3(T)-H3(T)---N3(A).

[A-w-T}y

Puc. 6. 'eomeTprn MOHO-THAPATHPOBAHHBIX AP OCHOBAHWH, ONMMCHIBAIONINX MPUOTKPBITHE MOJEKYIOH BOJBI

[A-Tlwc. B mocnenneii mape cTpenky yKa3bpIBalOT BOSMOXKHBIE IIYTH IIEPEHOCA MPOTOHA, O KOTOPOM HJET pedb
HUXeE.

VYkazaHublil BbIie KOMIUIEKC [A-w-T]yp, B HEKOTOPOM CMBICIIE, MPEABAPSIET MPOLIECC, B
KOTOPOM MOJIEKyJia BOJbl W BHeApsieTcsi BO BHYTpb [A-T]wc mapsl co cTOpoHBI OOJIBIIOTO
xKeymoba — B pesyibTare oOpasyercs cTpykrypa [A-w-T];, koropas Obuta HaiiieHa HaMU
BrepBeie B pabotax [133, 134]. Ilocnenusas taxxke m3zoOpakena Ha Puc. 6, roe BuaHa



166
E.C. Kpsuko

HEKOTOpasi «IPUOTKPBITOCTHY (IPUOTKPBITUE NAPbI ONPEAEIAETCS Pa3HOCTHIO YIIIOB Adlz = O3
- oc3w U A0gs =04 — 04 ,TJAC O3 U 04 OTIpenesieHbl B Tabi. 2) yOTCOH-KPUKOBCKOMW TaphI
AT (tounee, [A-T]wc), @ UMEHHO ee BHEIIHEH BOJOPOJIHON CBS3U CO CTOPOHBI OOJBIIOTO
xKenoba. DHepreTMdeckue 3aTrpaTbl HAa TaKO€ «IIPUOTKPHITHE» COCTABISIOT MPUMEPHO
6,5 kkan-mMoub . Takast npuoTKpbiTag mapa [A-w-T]yp MOXET BCTpaWBaTbCs B JIBOMHYIO
cnupanb JIHK 6e3 cymiecTBeHHBIX HapYLIEHUN €€ PeryJIsipHOCTH, YTO ObUTO MOATBEPKICHO B
paboTax MO MOJIEKYJSIPHO-IMHAMUYECKOMY MOJEITUPOBAHUIO TOABM)KHOCTH OCHOBAaHUU B
napax JIHK B BogHom pactBope [135] u B kpucTamiorpadu4eckux HCCIEIOBaHHUAX IO
otkpbiToil  G-C mape [136]. JlelicTBUTENBbHO, MOCTAaTOYHO B3MISIHYTh Ha Puc. 7,
wunocTpupytomuit nepexon ot [A-w-T]p k [A-w-T];, 3arpaThl Ha KOTOPBIM COCTaBISIOT
npumepHo 0,9 KKal-Momib . Boobme roBopsi, M3BeCTHO, uTo rugpartanus JJHK moxer xak
crtabmmsupoBath o0e mapel, A-T u G-C, Tak 1 1ecTaOUIM3UpoOBaTh UX, MPUYEM, JTUOO TOJIBKO
nocienHio, 6o obe. OObyHO (cM., Hampumep, [133, 134, 69] u npuBeneHHBIE TaM
CCBUIKH), KOMIbIOTepHBIe Mojenu Tunpatanuu JIHK He HapymaroT nienoctHoctu ee map. B
TOM CMbICIIE, CTpyKTypa [A-w-T]; OIpenencHHO OTIMYAEeTCsl OT H3BECTHBIX CTPYKTYpP
ruapatupoBanus napsel [A-T]wc.

Tabmuna 2. ITapameTpsl OCHOBaHHH HYKJIEHHOBBIX KHCIIOT M3ydaeMbIX cTpyKTyp A-T map ocHoBanmii 6e3 u ¢
MoJieKyJior Bozpsl, A-w-T, paccuntanaeie MerogoM B3LYP/6-31+G(d): R — paccrosane mexny H9(A) u
HI(T), oy = ZNY(ANIHI(T), a, = ZNI(T)HIH9(A). Ocranpubie yrabl o3 = ZNI(A)N3CA(T), a4 =
ZN3(T)NIC6(A), as = LC2C3 (T)C6N3(A), m ag = ZNIC4(A)N3C6(T) ompenenstor, COOTBETCTBEHHO,
NPUOTKpPbIBaHKE, Mponesuiep (TBUCT) u openings, propeller (twist), 1 U3rKub, COracHO ONpe/ie/ICHHI0, TaHHOMY B
[137].

Crpyktypa | R (A) o (%) o (%) o3 (%) o (%) as (%) a6 (°)
[A-Tlwc 10,184 | 54,0 54.6 116,1 1236 |0,0 0,77
10,10 | 54,5 55,5
[A-w-T]o 9,510 65,3 67,7 125,2 139,7 26,4 178,67
[A-W-T]()]TS 9,126 60,89 68,3 129,1 133,2 45,8 174,87
[A-w-T]; 9,158 64,4 70,3 131,1 132,5 -32,6 —179,13
9,191> | 63,7 68,8° 130,0° | 132,77 | -33,0> | 179,85
[A-w-T]lzTS 9,144 62,6 75,0 139,8 126,8 22,5 —175,49
[A-w-T], 9,326 63,7 78,1 1442 123,6 —15,0 177,09
'"Ta6n. 1 u3 pabotsr [69]. * HacTosmas paGora: B3LYP/6-311++G(d,p).
7 Pt e o TS e3] & b Y b
pog " Tim ﬁml z,
[A-w-T]y [4-wT];
Puc. 7. TloTeHmmanmpHass IOBEPXHOCTh TPUOTKPBIBAHUS BOAOH KOMIUIeMeHTapHOH mapel  [A-T]wc.
I'eomeTprueckue XapaKTepUCTUKN yKa3aHHBIX HA PUCYHKE ITap OCHOBAHWH IpeacTaBieHsl Ha Puc. 6. Benmunnaa
Oaprepa ompenensercs AByMs nudppamu (B KKaJI-MOJIb ™ ): BepxHiAs — 0e3 ydera HyJIEBBIX KOJeOAHMHA, HUKHSSA

— ¢ yueroM. IepexoHOE COCTOSHME XapaKTepH3yeTCsl OTPUIATEIBHON YacTOTOH mepexoa Vs = 46 i cm’.
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B nameii, comectno ¢ C.H. BonkoBeiM, pabote [70] MBI TipensiaracM KOMITbIOTEPHYTO
MOJIeNIb MeXaHu3Ma OOpa30BaHMs TayTOMEpHBIX MyTamuid B mape A-T co BcTpoeHHOH
MOJIEKYJION BOJBL. MBI OKa3bIBAEM, YTO ITOT MEXAHU3M B KOPHE OTJIMYAETCS OT MEXaHHU3Ma
JIéBnuHa NBOMHOTO MepeHoca MpoToHa Ojaromaps TOMY, YTO BCTPOEHHAs MOJIEKYJa BOJBI
pa3pylaeT CUMMETPUIO BOJOPOAHBIX CBS3€H, CYIIECTBYIOIIYI0O B YOTCOH-KPUKOBCKOM Mape.
Ho 1o yxe coBcem npyrast uCTOpus.

CymMmupysl BBIIIECKa3aHHOE, BAKHO OTMETUTH CIEIYIOIIEE: C OIOHOM CTOPOHBI, B
IIPUOTKPBITHIX I1apax €O BCTPOCHHOM MOJIEKYJIOM BOJBI HAa BHEIIHEH BOJOPOIHOU CBS3HU
co3zaroTcst Oosiee OIaronpHsTHBIE YCIOBHS JUIsl IEPEXOJ0B MPOTOHOB MEKIY OCHOBaHUAMU
[I0 LIEHTPaJIbHOW BOJOPOAHOW CBA3U. B 3TOM cilydae BOXOPOJHBIE CBSI3U OCHOBAHWM B
MEHBIIEH CTENECHU NMPENATCTBYIOT NEPEXOLy IPOTOHA M3-3a MEHBIIETO IEKTPOCTATHYECKOTO
OTTaJIKUBAaHUS (OONBLIETO PACCTOSIHUA) MEXIYy HHUMHU. [l03TOMY HPHOTKPHITHIE Taphl ¢
OonbIIEH BEPOATHOCTBIO MOTYT CIIy’)KHTh HCTOYHHUKOM OOpa3oBaHMs TayTOMEPHBIX (hopM
HYKJICMHOBBIX OCHOBAaHHH W CIYXHUTb BEPOSTHBIM MEXaHHW3MOM OOpa30BaHUS TOYEUHBIX
mytaumii B JJHK. Ilpu sTOM, LIeHTpasibHbIE BOJOPOJHBIE CBSI3M C Y4aCTUEM HMHHOTPYIII
OCHOBAHHUH B IIapax OCTAIOTCs HEIMOBPEKICHHBIMHU.

HHOCJIECJIOBHE

"We used to think our fate was in our stars. Now we know, in
large measures, our fate is in our genes."

J.D. Watson, quoted in Time magazine, 20

March, 1989; [138]

«... 3HAMDb, Ol 4e2o JHCusewlb, Wil e 8ce NYCMAKU, MPbiH-
mpasa.
Marmua (A.IT. YexoB «Tpu cecTpbi»)

Jlia MeHs, Tak, 1 gymaro U yBepeH, u Juis FOpus IlaBnoBuua, crates Yorcona u Kpuka
00 otkpeiTuu cTpykTyphl JIHK Oblia OTKpOBEHHEM: IJI MEHS, €CTECTBEHHO, TIO03KE — OHO
MPOJOHKAETCS U TMIOHBIHE. 37IECh K€, B 3TOM paboTe s MOMBITAICS KaK-TO 0003HAYUTH BKIIA]
Opust IlaBnoBuua bmaroro B Takod perpocnektuBe uctopur OoTKpbeiTHs JHK u ponum
BOJIOPOJHBIX CBS3€M B €€ JBYCHHPAJICBOM CTPYKType, ee¢ (yHKIMOHMPOBAHHH —
MOCPEACTBOM MYTalluii — B ABOJIIOLIMU, M Ha (OHE BKIIAZOB JAPYTUX YUCHBIX B TAKOM Cpe3e.
U mocemy pemmi 3aKOHYUTH 3Ty pabOTy JTIOOMMON U4eXOBCKOM (pa3oit — «3HaTh, ISl YETO
kuBetby. YoexaeH, FO.I1. braroit 3nan, 11 4ero u paau 4ero >Kul.

Haxonen, noasenem uroru. 3Hasi, 6marogapst Yorcony u Kpuky, ctpykrypy JAHK, mbl
MpeICcKa3alid €e HEKOTOpPhIe CBOMCTBA — B OCHOBHOM, €€ MyTareHHbIE CBoWcTBa. BooOrie
TOBOpS, MpeacKazaHne (PYHKIMOHAIBHBIX CBOMCTB IO CTPYKType — 3TO Takas ke crapas
1eNb, KaK MOJEKYJspHass OHOJOorus, Aa M cama OHOJOTHS: OYEBHIHO, NEpPBBIN B3I Ha
AHATOMUIO >KMBOTHOTO, Kak W TepBblid B3risin Ha Oenok wim JJHK, momkeHn Obul pomuTh
Borpoc «Kaxk 3To padortaer?». B aTtom — ybexxaen — u Ob1a 1enb sxu3nau KOpus [TaBmoBruya
bunaroro!

KOH®JIUKT UHTEPECOB

ABTOp HE UMEET HUKaKUX KOH(IUKTOB HHTEPECOB.

BJIATOJAPHOCTH
Hacrosimass pabora BelmonHEHa B pamkax Tembl «KoHpopmannoHHas MexaHUKa
OMOJIOTHYECKUX MAaKpOMOJIEKYD» Jiaboparopuu Onodu3mku Makpomosiekyn WHcTuTyTa
teoperndyeckoit ¢usuku um. H.H. Boromo6oBa HAH Vkpaunsl. S xoTten Obl BbIpa3suTh
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omaromapuocts Opuro I1. biiaromy, Ceprero H. BonkoBy, Jleonuny I'. T'opOy, Buktopy U.
Hanunony, ['anune U. JloB6emko, Unwe I'. Kamnany, Dupuko Knemenrtu, [xune KopoHmxky,
Crernane B. Kopnaunosoit, SAnomy Jlamguky, Ilep-Ono JIéBauny, Exu Jlemunckomy,
Bnagumupy f. ManeeBy, Anb0epre u bepnapay Ilynsmanam, /xeky Cabuny, Jleonuny O.
Cyxony0y, Makcumy JI. ®@pank-Kamenenkomy, ®psnky Xappucy, Bonbdpamy 3enrepy u
I'eopruto B. FOxHeBuuy 3a T€ MUHYTHI U 9aChl MHOTOKPATHBIX OOCYKJIECHHI MHOTOTPAaHHBIX
npobonem JIHK wu BomopomHO#l CBsI3M B TEYEHHWE MHOTHX TIOCICIHUX JIET, KOTOpBHIE,
HECOMHEHHO, TIOMOTJIK MHE C(OPMYIUPOBATH KPYT 3a/1a4, COCTABISIONINX JTaHHYIO paboTy U
BBIMIOJIHUTh €€ TaK, 4TOObl HE ObUIO CTHIAHO MOCBATUTH ee mamsatu lOpusa IlaBrnoBuua
bnaroro. B 3akmiouenue, s Takke xoren Obl mobmaromaputh Xyaoxuuiy Anény Cepruii 3a
HEOKUJAHHO-UYAECHYIO UHb-Hb KOMIO3ULIMIO Ha Puc. 1, 00beAMHSAIONIYI0 KpaCHO- U CHHE-
CIABUHYTHIE BOJIOPOHBIEC CBSI3H.
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BOCBbMMUM 3’13/1 YKPATHCHKOI'O BIO®I3UYHOI'O TOBAPUCTBA

Yeprosuii VIII 3’i3ny Ykpaincekoro Oiogizmunoro tosapucrBa (YB®T) 0Oyao
npoBeaeHo ynpoaos:xk 12—15 sucromama 2019 poky: 12—13 mmcromaga y micti Kuesi y
KuiBcekomy HamioHanbHOMy yHiBepcuteTi imeHi Tapaca IlleBuenka (KHY) ta 14-15
mucromaga y wmicti Jlynbky y CXiZHOEBpONEHWCHKOMY HAIllOHAJIHHOMY YHIBEPCHUTETI iMeEHi
Jleci Ykpainku (CHY). Cepen ronoBHMX #Horo opraHizaTopiB OyJin KOJEKTHBH Kaderpu
Oio¢izukn Ta MeamyHoi iHGopmatuku HHIL[ «IactuTyT Oiomorii ta memummam» KHY Tta
kadeapu ¢izionorii moauau 1 TBapuH CHY.

[IpencraBHUKKM HAYKOBOI CIUTBHOTH 3 YKpaiHM Ta CBITY 3i0pamucs, mo0 oOroBOpHTH
pe3yJbTaTH Ta MEPCHEKTUBH AKTyaJIbHUX JOCHIDKEHb y TaKUX LApHHAX, K TEOpeTHYHa
Oio¢izuka, 6io¢i3uKa CKIAIHUX CUCTEeM, 0i0¢i3nKa KIITHH, MOJEKYJsipHa 0i0(i3nKa, BIUIUB
¢i3uuHuX Ta XIMIYHEX (DAKTOpiB Ha KUBI CHUCTEMH, MpuUKIaAHa Oiodi3uka, MeIuyHa Ta
exosioriuHa Oiodi3uka, MeAuYHa Ta OionoriyHa iHGOpMATHKA, METOJHMKA BHKIJIAJaHHS
610¢i3uKu.

I3 BitampHUM cioBoM Bin imeni aamiHictpamii KHY ta Ilpesunii YkpaiHchkoro
010(pi3u4HOTrO TOBApUCTBA A0 y4acHUKIB KoH(pepeHIii 3BepHynucs [lepmuii Bite-npe3uieHT
YBOT, nokrop OiosnorivHux HayK, npodecop kadenpu 6iodizuku Ta MeTu4HOI iHGOpPMaTHKH,
npopektop 3 HaykoBoi pobotu KHY imeni Tapaca IlleBuenka Mapmuniok Bikmop
CemeHnoeuu Ta 3aCTYITHUK IUPEKTOpAa 3 HAyKOBOI poOOTH Ta 3aBigyBad BimauTy OioXimii
M’s131B [HCTUTYyTy G1oXiMmii iMeHi O.B. IMannanina HAH Vkpainu, akagemik HAH Ykpainu,
TOKTOp Olosioriunux Hayk, npodecop Kocmepnin Cepeitt Onekciitosuu, sixi mobaxanu
HAYKOBIIM HEBTOMHO MPAIIOBATH 3a JUIsl PO3BUTKY BITUM3HSIHOI HAYKH, JIJIMTUCS 3 KOJIETaMU
JOCSATHEHHSIMH Ta YCITIXaMH, aje i TOCIyXaTHCs O KOHCTPYKTHBHOI KPUTHKH UM 3ayBa)KCHb
eKCIIepTiB.

[Iporpama 3’i3ay Oyna HacW4YeHOO 1 BKIO4ana 4 HAayKOBI cecil, Mg 4dac sKux OyJo
3aciayxaHo 20 IUIGHapHHUX Ta YCHUX JIONOBiJEH, Ta OKpeMy HAyKOBY cCecilo, Ha sKii Oyiu
MIPEJICTABJICHI JIOTIOBI/II CTYICHTIB, aCIIPAHTIB 1 MOJIOAMX BYCHHX, @ TAKOXK CTCHJIOBI JIOMOBIII
YYacHUKIB 3’137y; OyJi0 MpPOBEACHO KOHKypc poOIT monomux BueHuX. [lo pobotu 3’i3my
npuenHanmucs koinerd 3 Bemukoi bpwuranii, Ilonemi ta Yropmmuu. B CHY imeni Jleci
VYkpainku BifOyBcst Kpyrini ctin 3a ydacti wieHiB [Ipesuaii YB®T ta my6miuni nekuii, 3
skumMu BUCTYnwH wi.-kop. HAH Vkpainu Ilyoa A.M., npodecop Maxapuyk M.IO.,
npodecop Konoc O.B., Dr. O.V. Kopach.

BimnosinHo no craryry YB®T mig wac po6oT 3°i3qy Oyjio pO3TISIHYTO OpraHi3amiiHi
NUTaHHS, 30KpeMa 3aciyxaHo 3BIT [Ipesunenta YB®T, Ha Toif uac pekropa CHY, nokropa
Olonoriuanx Hayk, npodecopa Kouana Izops fApocnasosuua nipo pe3yyibTaTd TisUTBHOCTI
ToBapucTBa 3a momnepenHiid 4-piunuit Tepmin. [lix yac 3aranpHOi AUCKycii O6yI0 00rOBOpPEeHO
CTaH Ta MEpPCHEKTUBU PO3BUTKY Ol0(i3uku B YKpaiHi, BU3HAYEHO NEPIIOYEProBl 3aBIaHHS
YBOT, cepen sxux akTuBizawis podotu ocepenkis YbBDT, Ouibll akTUBHA ydacTb y poOOTi
Acomiarnii €Bponeiicbkux biodizmunnx Toapucte (EBSA) Ta cTBOpeHHS HOBOTO BeO-
noptany ToBapucTBa.

BinOymnocs oOpanHst HOBHX KepiBHHX opraHiB YB®T Ha HacTymHUI Y9OTHPHOXpIYHHUN
tepMmiH. [Ipesunenrom YBODT Ha HacTynHy kajeHmiro Oyio oOpaHO 3aBimyBada Kadenpu
6io¢izuku Ta Menuunoi iHnpopmatukun KHY imeni Tapaca IlleBuenka, npodecopa Konoca
Onekcanopa Bikmopoeuua, Ilepmmm Bitie-nipe3ugenTom — npodecopa Mapmunwka B.C.,
Bille-npe3ugeHtamMmu — mpodecopis Ilyoy A.M., I'osopyna /I.M., Ilopyuuncwvkozo A.L,
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BUeHUM cekperapeM — Iumébanwk O.B., ckapouukom — Apmemenka O.FO; 3aTBepIKEHO
ckian wieHiB Ilpesunii Ta Paqu YBOT — kepiBuux opraniB YbB®T y nepiogu mix ioro
3’3gamu. Unenum Ilpesuaii ta Pagm YBOT € mnpencrtaBHUKaMu MIMPOKOi «reorpadiin
Oio¢pizukn B VYkpaini, Big JIbBoBa Ta VYxkroponma no XapkoBa Ta [lmimpa. 30kpema Ha
npomno3utito K.p.-mM.H. bepecra B.II. no ckimany Pagun YBOT Oyno oOpaHOo mpencTaBHUKIB
XapKIBCbKUX HAYKOBUX YCTaHOB, y SKUX MPAIOIOTh Bigaiau O0io¢izuku — mpodecopin
Kapauesuesa B.O., Kocesuu M.B., Illecmonanogy I'.B. (3a 3ronoto). Bin Takoxx po3roBiB
po BUAATHUX BYCHMX-010(]i3uKiB xapkiB’sH FOpia Ilaénosuua bnazozo ta Bonooumupa
Axoeuua Maneesa, sKi HEMOAABHO BIMIWIIIM y BIYHICTh. 3’137 BIIaHyBaB MOKIWHUX KOJIET
XBHJIMHOIO MOBUYAHHS.

3BanHsaM [louecHoro IIpesunenta YT pazom 3 Mipownuuenkom M.C. Ha uen pas
Oyno BigznaueHo Kouana I.l. 3a 3HaYHMII BHECOK y pO3BUTOK ToBapucTBa. AKanemik
Kocrepin C.O. moaskyBaB Komany [.fI. 3a mpamo BmpogoBX ABOX KaACHINH Ha Tocai
[Ipesunenra YBDT. Unen-kop. lllyba .M. 3anpornonyBaB 3aixy4atu Ha 3°i3au ToBapucTBa
HAyKOBIIIB, IO 3aiMalOThCsI KBAHTOBOIO 010()i3MKO0, HANIABIINA iM OKPEMY HAyKOBY CECifo.
[Ipod. XKonoc O.B. noxaskyBaB aeneratam 3’i3ay 3a A0Bipy, a npod. Komany [.5. 3a te, mo
came B vac ioro kepiBHuiTBa Y bOT Buiinio Ha SKICHO HOBHI piBEHb, 30KpeMa TOBapHCTBO
Oyso HapemTi (popMalli3oBaHO B OpraHax Jep>KaBHOI BIaJu, BIIKPUTO paxyHOK ToBapuCTBa,
3arBepkeHo CratyT, ToBapucTBo ctano wienoM EBSA, BinOyBanmch BUi3HI 3aciaHHS.

Oxpim Toro, pobororo 3’i3ay mependavanocst JeKiIbKa JeMOHCTpaliid y jadoparopisx
HHII «IacturyT 6iomorii Ta memuniman»y KHY. 3okpema, 13 nucromama 2019 poky Bci oxoui
MaJi Harojy O3HAWOMHUTHCS 3 POOOTOI HABYAILHOTO Ta JOCIITHUIIBKOTO OONaAHAHHSA I
MpOrpamMHOTO 3a0e3nedyeHHsT MJIs HaBYaHHS CTYJCHTIB OlOMEIWYHUX CIeHIaIbHOCTEH,
NPU3HAYCHOTO JJIsl peecTpallii (Pi3iooriuHuX AaHuX y Ja0opaTopisx Ta y MOJbOBUX YMOBAX;
npe3eHTaniro npooaus Slav Dimov — npencraBauk kommanii BIOPAC (CIHA), oxroro 31
CBITOBHUX JIi1epiB-BUPOOHUKIB TaKOi MPOTYKIIi.

3a marepianamu VIII 3’3y YBDT Oyno Bumano 30ipky Te3 [1], sika BKJIO4ana 3BITH
perionansaux Bigniens YBOT. Ioganeiry iHpopmarito ctocoBHO 3’1311y, 30KpemMa (OTO3BIT
I10JT0 OCHOBHMX HOTO TOJI1i, MOKHA 3HaWTH y [HTepHeT-pecypcax [2, 3].

Heneratu 3’i31y OJHOTOJOCHO BUPILIMJIM TNPOBECTH HacTynmHuil udeprouii IX 3’i3n
YBOT y 2023 p. B XapkoBi Ha 0a3i XapKiBCHKOTO HaIllOHAJIBHOTO YHIBEPCUTETY IMEHi
B.H. Kapaszina, y 2020 p. mpoBectu BHi3He cTpareriuydHe 3acimanus Ilpesuaii ta Pamm
TOBAapUCTBA 3a Y4acTIO KEPIBHUKIB BIAiUICHh B Ykroposi, a y 2021 pori npoBecTu BUi3HE
3aciganna YbOT y Xapkosi.

Unen-kop. ly6a S.M. 3anpononyBaB BHecTH nomoBHeHHs 10 Crtparerii ToBapucTBa:
3alydyaTd 1HBECTHIIi, CIHOHCOPIB Ta MiATpMMaB mpomno3uiito kK.¢.-m.H. bepecra B.IL
PO3BHUBATH BXKE ICHYIOUHMI HayKoOBUH kypHaln — «bio¢iznunmii BicHUK», 1110 BUIAETHCS Y
XapKoBi, KU B NEPCNEKTUBI Moke cTatu odiuiiinuM BuganHsMm YB®DT. Ha 3’i3xi Oyna
CTBOpEHa poboya rpyrma 3 MUTaHb opraHizaiii npodineHoro xxypHamy YBDT, no ckmany sikoi
BBl lly6a .M., XKonoc O.B., Maptuntok B.C., bepect B.I1., Hum6amok O.B.

JleneraTu 3’134y TaKOX YXBaJMJIU MPOBECTH B MIXKHAPOIHI KOH(]epeHii 3a HacTymHi 4
POKH, TPOJIOBXKUTH TNMPAKTHKY MPOBEACHHS MOJOIDKHUX MDKHApogHHMX ki1, y 2020 poui
IpoBECTH poOOYy Hapamy IO iHTerpalii y eBponelcbke npodeciiiHe criBTOBapUCTBO, Kyau
3alpOCUTH MPE3UACHTIB 010(I3MUHUX TOBAPUCTB KpaiH €Bpomnu Ta OOTOBOPUTH y4YaCTh Y
npoekTax Horizon 2020 Ta TpaHc’eBponeiichkoi mkoan «Di3uka KUBOTOY.

JoBinka: Ykpainceke 0io¢i3nuHe TOBaApUCTBO — JOOPOBiLIBEHA ¥ CaMOBpsIHA HAyKOBa
rpoMajichbka OpraHisailisi BUKJIala4iB, HAyKOBIIIB, aCMIPaHTIB 1 CTYJCHTIB, 3alHATHX Yy Tays3i
6io¢i3ukn abo XK CyMDKHUX 13 Heto ramy3sx. CBOIo IisutbHICTH TOBapHUCTBO 3/1IHCHIOE HA BCIl
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teputopii Ykpainu 3rigHo 3 Koncturynieto YkpaiHu, YUHHUM 3aKOHOJABCTBOM Ta CTaTyToM
ToBapuctBa. Meroro ToBapucTBa € 3aXHCT IHTEpPECIB CBOIX YJICHIB B OpraHax Jep)KaBHOI
BJaJU Ta yNpPaBIiHHA, COPUSHHS peaii3allil iX 3aKOHHHMX IpaB, 00'€AHaHHS 3YCHJIb BUEHHX
010¢i3UKiB IJIs1 CIPUSIHHS BUPIIICHHIO (QYHAAMEHTAIBHUX 1 IPUKIAJIHUX HAYKOBUX MPOOIEM
610(i3uKu.
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MPEMIA BIJT ®OHJY L’OREAL-UNESCO «JIJ151 5)KIHOK B HAYIII — 2019»

2019 poky oxHi€lO 3 TPHOX JaypeaTok ykpaincekoi mpemii Bix L’Oréal-UNESCO «lns
KIHOK B Haymi — 2019» crama 4ieHKWHS penakimiiiHoi Kojerii xypHany «biodiznunuit
BICHUKY», Ipodecopka Tpycoea Banepia Muxaiiniena [1].

doro 1. Lepemonis Bpyuenns npemii Big L’Oréal-UNESCO «/ljis sxiHok B Haymi — 2019»
npodecopui Tpycosiit Banepii Muxaiinigui 12 rpyaas 2019 poky.

Icropuuna noBigka. ®@paniysska kommanis L’Oréal [2], 3acHoBana y 1909 pori, €
OJIHUM 31 CBITOBUX JiJIepiB y mapuHi nappymepii Ta kocMeTuku. [lopsan 3 cyTo KomepuiiHOO
TISUTPHICTIO KOMIIaHIsl TPUIUISE BEIUKY YyBary HAYKOBHM JOCTIDKEHHSM 1 COIaJIbHUM
IOpOEeKTaM, OJHUM 3 SIKUX € HIATPUMKa JKIHOK, IO 3alMaloThCsl Haykoro. Tak, pasom 3
UNESCO kommanist L’Oreal y pamkax nporpamu «L'Oréal-UNESCO For Women in Science
Programme» [3] y 1998 porii 3anmouaTkyBana mopiyHi npemii Ui *KiHOK-HAYKOBLIB 3 I’ ATH
perioniB cBity (Africa and the Arab States, Asia-Pacific, Europe, Latin America and North
America) [4] 3a BU3HAYHI HAYKOB1 JOCSTHEHHS. J[Ba pPOKH TOMY yKpaiHChKE BiIAiNIEHHS
kommaHii «L’OREAL VYxkpaina» (TOB «JIOPEAJIb YKPAIHAY) [5] oronocuno 3acHyBaHHs
Vxpaincskoi IIpemii «Jlns sxiHoK y Haymi» [6] Ak yacTuHE r1o6anbHOi mporpamu L’ OREAL-
IOHECKO. Konkypc mnpoBomutbes min maTpoHatoM HarmionanpHOT Kowmicii YkpaiHu y
cnpaBax IOHECKO; maptHepm — HauionanpHa akagemis Hayk Ykpainum [7], Llentp
«Po3BHTOK KOpHOpaTWBHOI coliayibHOI BiAmoBimanpHOCTI». Meta Ilpemii Bu3Ha49aeThCs SK
HOiATpYUMKAa Ta BIJ3HaKa TaJAHOBUTUX JKIHOK-HAYKOBHUIb, 3a0XOYEHHS MOJOIUX IKIHOK
oOupaTti HayKoBi npodecii i mormomora iMm y ixHiit kap’epi [6]. 3a ymoBamu KoHKYpcy XKypi
ITpemii BusHauae TOII-10 dinamicTok, 3 ynucaa SKUX Aajdl OOUPAETHCS TPOE MEPEMOKHHIID
[6, 8]. ¥V 2019 pomi Ha koHKYpCc Oyno momaHo monan 200 3asiBOK 3 HAYKOBHUX Ta OCBITHIX
3aknaaiB 3 32 mict Ykpainu [1, 8]. IlepemoxuuusMu apyroro ce3oHy YkpaiHcbkoi [Ipemii
L'Oréal-tOHECKO «/lns xiHoK y Hayui», niopsa 3 Banepieio Tpycosorw, crami: Okcana
Kpynka, xanaunat xiMiyHuX Hayk, KuiBchbkuil HalioHanbHUN YyHiBepcuTeT imeHi Tapaca

© TI'opbenko I'.I1., Byc K.O., XKurnskisceka O.A., Kocesunu M.B., 2020
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IlleBuenka, tTa Kamepuna Tepneyvka, noxtopka (izMKO-MaTeMaTHYHUX HAyK, [HCTUTYT
npobaem MaTeMaTuyHUX MammH i cucreM HAH VYkpainu.

®oto 2. Banepis Tpycosa Ha nepemoHii BpydeHss npemii Bix L’Oréal-UNESCO
« s xiHoK B Haymi — 2019».

TpycoBa Bausiepis MuxaisliBHa, TOKTOpka (i3MKO-MaTeMaTHUYHUX HAyK, JIOIICHTKA,
Hapasl 3aiimMae mocany 3aBimgyBauku Kadeapw MenauyHoi GI3MKM Ta OlOMEIUYHUX
HAHOTEXHOJOTIM  (i3UKO-TeXHIYHOTO  (aKynpTeTy  XapKiBCbKOTO  HAlllOHAJLHOTO
yHiBepcutery imeHi B.H. Kapasina. Ycs i HaykoBa kap’epa moOB’si3aHa 3 yHIBEPCUTETOM: 3
2001 mo 2006 pik — HaBYaHHS Ha panioizuaHOMY (DaKyJIbTET, SIKUH 3aKiHYMIIA 3 BiJI3HAKOIO;
3 2006 mo 2008 — acmipantka kadenpu Oiosoriunoi 1 meaumunoi ¢izuku. Y 2008 porri
3axXMCTWIA KaHIMIATCbKY AMCEpTallilo 3a TeMoro «B3aemonis nmi3onmumy 3 MOJETbHUMH
minigaaMu MeMOpaHamu», a 'y 2016 pori moktopchky — «bBigoK-nmimiaHi B3aeMOAll sIK
MOJYJIATOp arperamiiHol TMOBEMIHKK OuIKiB» (32 choemianpHICTIO «Oiodizuka» y
crienianizoBadiit BueHii pani [ 64.051.13).

OcBiTHbO-TIeAaroriyna AisIbHICTE TpycoBoi B.M. BkiIlO4ae BUKIAaJaHHS KypCiB
«bionoriyuna Ta wMeauuHa ¢izukay, «dDizuka OiomemOpan», «bIOHAHOTEXHOJOTIIY,
«Komm’rorepHe MozentoBaHHsS B 010J10Tii Ta MEAUIUHI» Ha (PI3UKO-TEXHIYHOMY (haKyJIbTeTi
XapkiBCbKOTO  HaIlioHaJibHOTO  yHiBepcutery  iMeHi B.H. Kapazina, = kepiBHUIITBO
acrmipaHTaMu, OakalaBpCbKHMMM Ta MAariCTEPCHbKUMH JUIUIOMHUMH pOOOTaMHU CTYJICHTIB,
HayKOBUMH poOOTaMHU y4HIB-4WIECHIB Masioi akaiemMii HayK.

3aranpHa KUTbKIiCTh ImyOmikatiit TpycoBoi B.M. ctanoButs nonan 130 pobit y npoBigHUX
(daxoBUX BWIAHHSIX YKpaiHU Ta CBITY, 3 HUX — 58 cTaTeil y MpOBIAHUX MIKHAPOIHHUX
BUJaHHIX. BoHa Mae 2 mateHTH YKpaiHH Ta € crmiBaBTOpOM 4 HaBYAJIbHHUX MMOCIOHHKIB IS
3M00yBaviB BHINOi OCBITH B oOyiacti Memu4Hoi Ta OionoriyHoi ¢izukm [9-12] Ta
monorpadii [13]. Cymapuuii iMnakr-gaxkTtop crareil cknagae 84,55, h-ingexc nopiBHioe 14,
3arajbHa KUIbKICTh TUTyBaHb — 581.

OcHOBHI HanpsSMKU HAayKOBOi JisibHOCTI TpycoBoi B.M. — 6iodizuka memOpaH: 6i10kK-
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JIMiIHI B3a€MOJII, arperaiiiiHa IMOBEIIHKa OUIKIB Yy MEMOpaHHOMY OTOYEHHI, CTBOPEHHS
JinmocoManbHUX (GopM O10JOTIYHO-aKTUBHUX IpenapariB, (hIyopeclieHTHa CIIEKTPOCKOIMis,
MIKPOCKOITisI Ta MOJIEKYJISIPHO-IUHAMIYHE MOJICITIOBaHHS.

Cepen HaliBaromilmx HayKOBHUX JOCATHEHb TpycoBoi B.M. cmix 3a3HauuTH po3poOKy
HOBUX TIAXOMIB JI0 CTPYKTYPHOTO aHadizy aMiIoigHuX (iOpuia, BU3HAYECHHS CTYTCHS
oniromepu3anii OUIKIB Ha MeMOpaHHIN MaTpulli, 3’sCyBaHHS 3aKOHOMIPHOCTEH BILIMBY
npediOpwisspHux Ta GIOPHIAPHUX arperaTiB OUIKIB Ha CTPYKTypPHO-IWHAMIYHUN CTaH Ta
¢i3uK0-XiMi4HI BJIACTUBOCTI MOJENBHUX JMIAHUX MeMOpaH pI3HOTO CKJIaxy, OTPUMAaHHS
JIOKa3iB CTPYyKTypHOi TpaHchopmariii amimoimaux ¢iOpun y MeMOpaHHOMY OTOYEHHI,
BCTAHOBJICHHS POJIi JIMIAIB B YTBOPEHHI arperamiiiHo-KoMIeTeHTHOI KoHpopMmartii Jizonumy,
uroxpomy C Ta N-trepMiHanbHOTO (pparMeHTy anosinonporeiny A-I.

OTpumaHi eKCIIepUMEHTAIbHI Ta TEOPETUYHI PEe3yJIbTaTH BaXJIMBI Ui MOTJIMOJICHHS
YSIBJICHD IIIOJI0 MOJICKYJIIPHUX MEXaHI3MiB aMIJOIMHUX MaTOJIOTid, po3poOKH 010CEHCOPHUX
CHUCTEM /s iX paHHBOI JIaTHOCTHKH, MOWIYKY €(EKTHBHHUX JIIKapChbKHX IpenapaTiB Ta
pO3p0OKH HOBUX aHTH-aMIJIOITHUX CTpaTErii.

B ninomy, Baromicth HaykoBuX 3100yTKiB TpycoBoi B.M. € nepekoHIMBUM CBiTYEHHSIM
BHCOKOTO piBHsI 010()i3W9yHOT MIKOJH, sika OyJia 3arovaTKOBaHa Ta PO3BUBAETHCS y XapKOBI.

AKTHBHA KHUTTEBA TO3MUIIIS, IIUIECTIPSIMOBAHICTh Ta TparetoOHicTh Banepii MuxainiBHA
CTaJI 3alOPYKOI0 BUOOPIOBAHHS HEIO HU3KU MPECTHXKHUX T'PAHTIB AJIS MOJOIMX BUCHUX JJIS
NPOBEJCHHS HAYKOBHX JOCIHIPKEHb Ta MDKHAPOAHOTO HAYKOBOTO CIIBPOOITHHIITBA, 30KpEeMa
rpanty Ilpesupenta Ykpainum st monoamx BueHux (2019, 2009), crumenmii KabGinery
MinictpiB Vkpainu mns mononux BueHux (2018, 2010), rpanty Big Ettore Majorana
Foundation and Centre for Scientific Culture mist mpoxomkenHs craxyBansas B Itamii (2018),
rpanty Bix Human Frontier Science Foundation mist mpoBenenns nociikens y CIIA (2009),
crunennii «Hamis XapkoBa» iMm. b.I. Bepkina B o6macti 6iodizuku (2008), rpanTt Big European
Biophysical Societies’ Association amns BinBigyBanus European Biophysical Congress (2007).

TBopui nocsruenns TpycoBoi B.M. y 2016 pomi Bim3HaveHi [lepkaBHOIO mpemiero
IIpe3unenra Ykpainu i1 MOJIOJUX BYCHUX.

KonexktuBu kadeapu memnuunoi (izuku Ta OloMEIMYHUX HAHOTEXHOJOTiH HaB4anbHO-
HAYKOBOTO 1HCTUTYTY «DI3UKO-TeXHIUHUHN (QaKkyabTeT», Kadeapu MOJIEKYyIApHOI 1 MEIUYHOT
6iodizukn (akynpreTry pamiodizuku, 010MEeTUIHOI €IEKTPOHIKM Ta KOMIT IOTEPHUX CHCTEM
XapKiBChKOrO HallloHalIbHOTO YHiBepcuteTy iMmeHi B.H. Kapasina ta penmakuis >xypHamy
«biodiznyHnii BiCHMK» BiTalOTh Banepito MuxaiiyliBHy 3 JOCSITHEHHSIM, OaXaroTh iil
MOJAJIBIIOT TBOPYOI HACHATHU T4 HOBUX 3BEpPIICHB!
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HAM’ATI IPODECOPA OJIEKCAHJIPA MUKOJIAHOBHYA OT'YPI[OBA

Jlano oge donu nposudenue
Ha sv160p myopocmu noockot;
Unu naoesxcoy u onnenve

Unw 6e3nadéxcnocms u nokou.
E. baparbiackuid, 1823

Kinenp rpyHs y KOXKHOTO 3 HAC aCOLIIOETHCS
3 CcBATAaMM Ta pajicTio, ane g Kadeapu
OioTexHomorii, 0i0i3MKM Ta aHANITUYHOI XiMmil
26 rpyans 2019 poky Oyzae 3aBkau IMOB’si3aHE 3
TYTOI0 Ta CKOpOOTOIO. Came L[bOTO
NEPECBIATKOBOrO JIHS HECIO/IBAaHO Ta NepeayacHo
MIII0B 13 JKUATTS BHUJIATHUHN HayKOBELb,
TaJJAHOBUTHUH ME/aror, 4y10BUi KEPIBHUK Ta JyXKe
qyiiHa, YeCHa, MOpsAIHA JIOJAWHA — 3aBiTyBady
kadenpu, mpodecop,  AOKTOp (i3.-MaT. HAYK.
Onexcannp MukonaiioBuu Orypios.

Onekcanap MukonailoBud 3aBXId  MPIsB
crath  (i3UKOM-IOCTITHUKOM,  TOMY  IICIS
3aKIHYEHHsSI IIKOJM 3 30JI0TOI0 MEJAa/UlI0 BCTYHNUB J0 XapKiBCBKOIO JIEp>KaBHOTO
yaiBepcurery iM. O.M. ['oppkoro Ha ¢i3uunuii QaxynbreT, sSKui 3akiHuuB y 1982 pori,
OTPUMABIIH TUIIOM 3 BiJI3HAKOIO.

OrypuoB Omnexkcanap MukonaiioBuu 24 poKd HamojeriauBo IMpamioBaB y Pi3uko-
TEeXHIYHOMY 1HCTUTYTI HU3bKUX Temmnepatyp iM. b.I. Bepkina HAH Ykpainu, nogonasmmu yci
malial HAayKOBOIO 3pOCTaHHS Bl CTAXUCTA-IOCHIJHMKA JO CTApUIOro HAyKOBOT'O
chiBpoOiTHMKA. 3a Led 4yac BIH CTBOPUB YHIKaJbHY YCTaHOBKY JJIS JOCIIJDKEHHS
KpiokpucTaiiB Ta B 1992 porli 3aXWCTUB KaHAUIATCHKY AucepTaiio «Jledhekroodpa3zoBanue B
KPHOKpHCTa/JIaX KCEHOHA M KPUNTOHA, CTUMYJUPOBAHHOE aBTOJOKAJIM3alMell SKCUTOHOB B
KBa3UMOJIEKYJISIPHBIE COCTOSTHUS», a B 2003 polLli — JOKTOPCHKY AUCEPTAIi0 « DIEKTPOHHBIC
BO30YXKJIeHHsI B KPUOKpHUCTAJIaX: JIOKAJU3alUsl W 3JEMEHTapHble HEyNpyrue IMpOLECCh»;
TOJI K pimeHHsM Buinoi arecrariitHoi koMicii YKpalHu HOMY MTPHCBOEHO 3BaHHS CTAPIIIOTO
HayKOBOro cmiBpoOiTHuKa. [lanmi moHax necsath pokiB Orypuos Omnexcanap MukonaioBuy
npamroBaB Ha yHikaimpHIM yctanoBini SUPERLUMI, mo Oyna 3moHTOBaHa Ha KaHam [
HakonuuyBanbHOro Kinblg DORIS-III 'amOyp3bkoi cunxporponHoi gadopatopii HASYLAB
Mixnapoaaoro cuaxporponHoro nearpa DESY y micti ['amOypry, Ha ycranoBkax [HCTUTYTY
eKkcrepuMeHTanbHol (i3uku YHiBepcutety ['amOypry, IHcTuTyTy (hi3uku TBepaoro Tina Ta
[HcTuTyTy (Qi3muyHOi Ta TeopernyHoi ximii TexHi4HOTO yHiBepcHTETy MIOHXEHA.
@dyHaaMeHTanbHI HaykoBi pobotu OryproBa Onekcanapa MukonaiioBuda OTpUMAaNu
MDKHapOJHE BH3HAHHS, SIKE MiATBEPIKYEThCS HAyKOMETpUIHMM iHAekcoM [ipma A=18 [1],
— MpUKJIAJ JOBroro ta riigHoro nepedyBanHa OryproBa Onekcanapa MukomnaiioBuua B
HAayIIl.

HoBy cropinky B »xutTi OryprnoBa O.M. Biikpuia mnejnaroriyiHa IisUIbHICTb, SKY BiH
1oYaB, BUPIMIMBINM TEepeNaBaTH CBOI Han0aHi MMPOKI 3HAHHS MOJIOAIINM TIOKOJIHHSIM.

Orypuos M.O.
(06.02.1960-26.12.2019)

© bausniok O.M., bepect B.I1., 'opobuenko O.0O., be3pykasuii /[.B., lopoxuna B.A.
Kapauesnes B.O., Kocesnu M.B., Mamtokin FO.B., 2020
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VY 2001-2003 pp. BiH BuUKIanaB 3araidbHy (i3uky B YKpalHCBKIM JepkaBHIN akaaemii
3aJI3HUYHOrO TpaHcmopty, a B 2003 poui 3a 3ampomeHHsM mnpodecopa Komkina B.M.
nepeiimoB Ha kadenapy ¢dizuvyHoi ximii B HarioHallbHOMY TEXHIYHOMY YHIBEPCHTETI
«XapKiBChbKUH MNONITeXHIUHUH iHCTUTYT». 3a 1ei uvac Orypuos O.M. Bumae OnmcKydi,
0e3oraHHl Ta JaKOHIYHI HaB4YabHI mociOHuMKHM «Jlekmii mo dizumi», «Jlekmii mo ¢izudHii
ximii» Ta «Jlekuii mo OGioximii» y ¢opmati IHTepHET-Minpy4yHMKIB [2], mpUCTOCOBaHI IS
cydacHHX (opM HaBYaHHS Yepe3 JOCTYN 3 MOHITOpY, IutaHmery abo cmaptdony. Lli
NOCIOHMKM Haj0adu HEYyBaHy IMOMYJSAPHICTh cepel] CTYyAEHTIB Maibke Bcix kpain CHJI,
€JICKTPOHHI JINCTH TOJSAKH («3a YUYeOHHUKH, O KOTOPBIX CJIaraloT OBUIMHBI»), HAIXOIWIU 13
Vkpainu, binopyci, Kazaxcrany, Pocii (B Tomy umcmi 3 MOCKOBCBKOTO JI€p>KaBHOTO
YHIBEPCHUTETY ) TOIIIO.

ITpodecop Orypuor Onexkcanap MukonaiioBuy OyB BeIbMH Pi3HOOIYHOIO JIFOJUHOIO,
HOTO IHTEepeCH TMONTUPIOBAIIUCS HE JIMIIE Yy HampsMi Gi3MKA Ta MaTeMaTHKH, BiH HaMaraBCst
«OCSITHYTH HEOCSDKHEY». BONoNiioun BEIMKOI0 €pyAMII€l0, BiH MIBUIKO Ta YCHIIIHO OCBOIB
HOBI /T ceOe raimy3i HayKH — MOJICKYJIIpHY O10JI0TiI0, MOJICKYJIApHY 010(i3uKy, XIMIUYHY
6io¢i3uky. Ilupokuii cnekTp HOro HayKOBHX IHTEPECiB BKIIOYAB MOJICKYJISAPHI B3a€MOIi,
KOOTIEpaTHBHI Tporeckn Ta (a3oBl mepexoau B OiomojiiMepax, pamiariifHo-1HIyKOBaHi
Mo dikarii 010JI0TIYHUX MOJIIMEPIB €IEKTPOHHUMH 30y IXKECHHAMHU.

Hanani, 3 2004 p., OrypuoB O.M. NpoaOBXKHB MENaroriyHy MisUTBHICTH Ha Kadempi
010TeXHOJIOTI] Ta aHANITHYHOI XiMii, sIKa 3r0JI0OM 3MiHWJIa Ha3By Ha Kadeapy 0i0TeXHOIOTI],
0io¢i3uky Ta aHamiTHYHOI Ximii. PimenHs M ATtecTaniiinoi koserii MiHicTepcTBa OCBITH Ta
Hayku Ykpainu B 2006 poiri iioMy nprcBO€HO BUeHe 3BaHHS npodecopa kadenpu. [Ipodecop
OrypuoB O.M. 4utaB 4HCIeHHI Kypcu: OioiHpopmaTuka, Oioyioriuni MeMmOpaHH,
OioHaHOTEXHOJOrIs, OlocHuHepreTHka, Oiopusuka, O6iodiznyHa Ta ¢izudyHa XiMmis, Oloximis,
Te€HHA I1HXKEHEepis, MOJICKYyJIApHa O10JIOTisl, MOJIEKYJsApHA OIOTEXHOJIOTISI, MOJICKYJIIpHA
Oio¢izuka, XiMiyHa OioHaHO(I3MKA, HAYKOBI JOCTIIKEHHS, (QEpMEHTATUBHHMA KaTalis,
bizuka. B 2015 poui mpodecop, a.¢.-m.H. OrypuoB Onexcanap MukojgaiioBUY OYOJIUB
kadenpy O6iorexHoorii, 6i0¢i3uku Ta aHAMITHYHOI XiMii [3], (caliT kadeapu [4]).

[Tin xepiBHuLITBOM TIpopecopa OrypuoBa Onekcanapa MukosaiioBuya Ha kadeapi Oyau
3aroyaTKOBaHI JOCIIKEHHS MEXaHI3MIB MEPEHOCY €Heprii y KOHAEHCOBAHOMY CEepeIOBHILI
JI0 JIOKAJIbHUX IIEHTPIB Ta YTBOPECHHSI MOJICKYJSIPHUX Ta O10MOJIEKYJISIPHUX HAHOKOMIIJIEKCIB;
BU3HAYEHHS CMOCOOIB KepyBaHHsS (PYHKIIOHAJIHHUMHU BIIACTUBOCTSIMH MaKpOMOJIEKYJ Ta iX
acoliaTiB 3a JONOMOIOI0 BIIMBY HAa CHCTEMY KOBAJIEHTHHUX Ta HEKOBAJIEHTHHUX BHYTPIIIHbO-
Ta MDKMOJIEKYJIIPHHX B3a€MOJIiN; pO3poOKa MUCTAHIIMHUX HEpYyHHIBHUX METOJIB aHaTi3y
CTUMYJIbOBaHOI Momu(ikamii cucTeM 3B’SI3KiB y OlomoiiMepax Ta (QYyHKIIOHATBHUX
MaTepianax; po3poOka TEOPEeTMYHUX OCHOB OioTexHomorii Ta OioiHxkeHepii. BusHauHOIO
ocoOymBicTIO pobiT OryprioBa Oiekcannpa MukojalioBuYa € HE TUIBKH OPHUTIHAIBHICTH
TEOPETUYHUX PO3POOOK, a TAKOXK 1 BEJIMKA NMPaKTUYHA HAIIPABJICHICTb.

IMpodecop Orypuor Onekcanap MwukonaiioBud OyB WICHOM pPEIaKIIMHOT KOJjerii
MDKHApOJHOTO HayKoBOro kypHainy «Innovative Biosystems and Bioengineering»
(«IaHOBamiifHi OlocucTeMu Ta OiOIHXKEHEpIs»), WICHOM pEeNakUiiHOi KoJyerii HayKOBOTO
xkypHany «biodizuuynmii BicHHK»; uieHoM Pamm 3 mpobrnemu «MonekymnspHa Oiodizukar
@Di3UKO-TEXHIYHOTO 1HCTUTYTY HU3bKUX Temnepatyp iM. b.I. Bepkina HAH VYkpainu; qienom
METOJMYHOI Ta peAakiiinHo-BuaaBHu40i paau HTY «XI1I».

IMpodecop OryproB Onekcanap MukonaiioBud 3pOOMB BaroMuii BHECOK Y PO3BHUTOK
BUIIIOT OCBITH Ta HayKH B YKpaiHi, Hioro BiA3Hauyasia BIANOBIAAJIBHICTE 32 JIOpYUYEHY CIpaBy,
IHIIIATUBHICTH Ta MPAIBOBUTICTh. BiH MaB BUCOKHWI aBTOPUTET HAYKOBIA 1 Tearora cepen
HAYKOBO-OCBITSHCBHKOI CIIIBHOTH Y KpaiHH.

OrypuoB O.M. € aBTopom 450 HayKOBUX Ta HaBYAIbHO-METOJUYHUX Tpallb, CEpell SIKUX



183
[Tam’sti mpodecopa Onekcanapa Mukonaiiouya Orypuosa

2 moHorpadii [5, 6], a Takoxk 56 HaBYATBHUX MOCIOHUKIB [2] 3 010TEXHOJIOTIH Ta Ol01HXKEHEPIT
(3aranmoM OunbIlle MIICTHATIATH THCAY CTOPIHOK), 30Kkpema [7-10], i 6imbme 50 mpars, 1o
BXOJIATH 10 MbKHapoaHoi 6a3u qanux SCOPUS.

B Giorpadii BugaTHuX NpeACTaBHUKIB HAyKH BAXIIMBI HE TUIBKUA peasibHI JTOCATHEHHS,
aje 1 WOro OCOOHUCTICTh, PUCH WOTO XapaKTepy, BIAHOIIEHHS 0 HABKOJMIIHBOTO KHUTTS.
IIpogecop OryproB O.M. nyxe nro0uB 1 100pe 3HAB MOE3il0, KIACHYHY MY3HUKY, Oararto
yutaB. lle OyB 4YyJ0BHIl KEpIBHHK, SKOTO TIMOOKO MOBa)KaldW Ta JIOOWIWM HE TUIBKKA Ha
kadenapi, a it Bci cniBpoOiTHUKM HaBuanbHO-HAyKOBOTO 1HCTUTYTY XIMIYHMX TEXHOJIOTIH Ta
imKeHepil. Sk BugaTHUN memaror BiH OaraTo MpaiioBaB 31 CTyJeHTaMH, OyB KEpPIBHHKOM
HAYKOBOT'O TYPTKY, MaB YMCJIEHHI HayKOBi IyOuiiKaiii CIiIbHO 31 CTyA€HTaMH, SIKi BBayKaJld
roro apyrum OatbkoM. Timbku 3a ToM yac, mo Onekcanap MukonaiioBud OyB 3aBigyBadyeM,
kadeapa OiotexHonorii, Oiodizumku Ta aHamiTHUHOI Ximil BumycTuiaa moHanx 350
BHCOKOKBaTI(hIKOBAaHUX CIEIIATICTIB 13 OloTexHOoJIOTi Ta OloimkeHepii, sAKi Hapasi
npariooTh y 15 kpainax cBiTy.

He momumrae BimdyTTsl HECTIPaBEAJIMBOCTI, KOJM HAYKOBHH NIIIX BYECHOTO PAINTOBO
3YNUHSAETHCS Yy PO3KBITI TBOPYMX CHJI, 3QJIMIIAIOYM TaK OaraTo HepeamTi30BaHHUX 1JeH,
HE3MIMCHEHUX BIAKPHUTTIB, Hemonucanux KHUT. Ille 24-ro rpyans Onekcanap MukomaiioBud
BiJ[3HaUaB BpPYUYEHHs AMIUIOMIB 4YEeproBil Ipymi MaricTpiB — BHUIYCKHHUKIB Horo kadenpu
(muB. poTtorpadiro) i po3MIpKOBYBaB HaJl HACTYITHUMHU I[IKABUMH JICKIISIMH.

Ypouncre BpydeHHs aurioMiB Marictpam B [lamami crymentiB HTY «XIIl» 24 rpymas 2019 poky
(Bumyck MaricTpiB 3 6ioTexHONOTH Ta Gioimxenepii 2019 poxy).

Tomy nust po3noBiaelt HOro KoJer, y4HiB Ta APy3iB HEOpEUHE BU3HAYCHHS «CIOTAIN» —
BOHM CaMe PO3IOBiIal0Th MPO CBOI TBOPYI CTOCYHKM Ta CHIBIPAIlIO, SIKI 1€ MalXd TPUBATH
0araro pokis.

Posnosioaromv be3pykaeuir /Imumpo, cmyoenm 5 kypcy (mazicmpamypa), cmapocma
epynu, ma Jlopoxuna Banemmuna, cmyoemmka 5 Kypcy (macicmpamypa) Kagheopu
biomexnonoeii, oiogizuxu ma anarimuunoi ximii HTY «XIIl»: «Onekcanap MukomaioBuY
OrypuoB OyB BHMIAaTHHM JIEKTOPOM, NpPEKpacHUM 3aBigyBadeM Kadeapu, NpeKpacHoIo,
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MyApOI0 Ta HAWIHTENITCHTHINIOW JIOAUHOW. /[l 0Garathbox BHITYCKiB O10TEXHOJIOTIB
HaBYaHHSA Ha Kadenpi OioTexHonorii, O6ioi3Mku Ta aHAMITHYHOI XiMii mepexyciMm
ACOINIOETHCA 3 ONIMCKYYMMH JIEKIIIsIMU Ta 3ycTpidamu 3 OnekcanapoM MukonaiioBudem. Bin
3aBXAu OyB HEBTOMHUM, BiJJPi3HABCS KOJOCAJILHOIO Mpale31aTHICTIo, 0e3MipHO JII0OOMB CBOIO
po0OOTy Ta 3aBXIM BIIHOCHBCS 10 HE1 3 BEJMKOIO BIAMOBITATBHICTIO, 3aBXIU CaM BCTHUTAaB
3pOOUTH BCE CBOEYACHO Ta HAMaraBCs HABYUTH I[bOMY HAc, CTyAeHTiB. Oinekcanap
MukonaiioBud OyB CIpaB)KHIM MaTPiOTOM Hamioi kKadeapu. 3aBxKAM IIKAaBUBCS Ta MPUWMaB
y4acTb B YCiX cdepax >XKUTTA KadeIpu: HaByallbHa Ta HayKoBa KadeapaibHa JiTepaTypa,
HaBYAJIbHUN TMPOLIEC, PEMOHT, BUCTYIH CTYJEHTCHKUX KOJIEKTUBIB Ha YPOUYHCTHUX CBATAX —
Bce Horo TypOyBaso Ta wLiKaBWIO. BiH 3aBXAM MIKIyBaBCcS MPO 3aly4yeHHS HaHKpammx
a0ITypi€HTIB, caM TOTyBaB CTEHAM, Npe3eHTallli mpo Hamry kKadeapy Ta CHemiaJbHICTh
«bioTexHomorii Ta 6i0iHXEHePisH», pETeIBHO TOTYBaBCs 10 JIHs BIIKPUTHUX IBEPEH.

Onekcangp MwukonalloBUY — BHAATHUM BYECHHM 3 IIUPOKUM CIEKTPOM HAyKOBHX
iHTepeciB. Bxke Oyayun HOKTOpoM (hi3MKO-MaTeMaTHYHUX HayK 3a CIELialbHOCTI (i3nKa
TBEPJIOTO TiJIa, BIH IIBUIKO OMAHYBaB HOBI I ceO€ Tray3i HayKH Ta HAIMCaB BEIWYE3HY
KUJIBKICTh MIAPYYHUKIB JUISL CTYACHTIB 010TEXHOJIOTIB 3 AUCLUIUIIH: MOJIEKYJIsIpHa O0i0¢i3uka,
010HAHOTEXHOJIOTA, XiMIiYHa 6ioHano(di3uka, OCHOBU HayKOBHX JIOCITiIKEHb,
OioiHpopmaTuka, OGiOCHHEpreTHKa, XiMiuHa Ta MOJIEKyJisipHa Oio¢isuka Ta Oararo-0arato
IHIUX. BigbHE BOJOMIHHS aHTIIMCHKOIO MOBOIO 103BoJsL0 Onexcanapy MukoiaiioBudy
3HAXOJIUTH T4 JIOJaBaTH B CBOI MiIPYYHUKU BEIUKY KITBKICTh BIIOMOCTEH 13 3aKOPIOHHHX
cTaTel, KHAT Ta MyOJIKaIliid 010 CaMUX MEPEIOBUX Ta aKTyaJbHUX HAYKOBUX JOCIIIKCHB
Ta TexHojorii. Came 3aBISIKU IIbOMY CTYJIEHTH HamIoi Kadeapu MaioTh AKICHY HpodeciiHy
MiTOTOBKY B raiy3i 610i3uku Ta 610TeXHOJIOT 1.

3yctpiu 3 OmnekcanapoM MukonaifoBudeM cTana sl Hac, CTYACHTIB, HAWOLIBII
SICKpaBUM Ta CHUJIBbHUM BPQKCHHSIM B JKUTTI Ta MOTYTHIM CTUMYJIOM B MaiOyTHii poOoOTi, 1
BIUIUB sIKOi Oyne 30epiratucsi YNpoOJOBXK BChOTO HANIOTO JKHUTTS, OCKUIBKH Ba)KO
nepeoiHuTH 3HaYeHHs Onekcanapa MukonaiioBuda sk BuuTens Ha CTBOpPEHY iM HAyKOBY
mkoxiy. [Ipote B Giorpadii BUIaTHUX BUSHHX BaXIIMBI HE TUIBKU peaibHI JOCATHEHHS, ane i
iX 0COOMCTOCTI, PUCH IX XapakKTepy, BITHOIICHHS 0 HABKOJHUIIHBOTO XUTTA. Epymuitis ta
mupoTta noriasamiB pobwnn Onekcanapa MukonaiioBuya NpPEKpacHUM, Maike YapiBHUM
CIIBPO3MOBHHMKOM. BiH MpeKkpacHO 3HaB CBITOBY JITEPaTypy, CBITOBI MHUCTEITBO Ta IMOE3II0.
Onekcanap MukonaiioBUY 3aBXAM JTFOOMB CIIJIKYBaTHCS 31 CTyJEHTAMHU Ta BUKIAJAadyaMu
kadeapu, 100pO3UWIMBO, YyHHO Ta 3 PO3YMIHHSIM BiTHOCHUBCS JI0 BCIX CTYJICHTIB, PETEIHHO
Ta TEAAHTUYHO MiJXOJUB 10 3aXUCTy JUIUIOMIB, IOCTIHHO IIKaBUBCS MPO TOTOBHICTh
cryneHtiB. Omekcanap MukonalioBUY TPEKPAaCHO BOJIOAIB JUCIUIUIIHAMH, SKI YWUTaB
CTyJI€HTaM, AyXe JIOOMB PO3MOBiJaTH, BMIB JOCTYIMHO MOSCHUTH HAaBITh HAWCKIAJHIIIUN
HaBYAJIBHUN MaTepias. BiH 3aBKIu HaMarapcs 3aliKaBUTH HAac, TOBOPUB HaM PO BAXKIIMBICTh
CBOEYACHOTO BMBYEHHS MaTepijia Ta MiATOTOBKU 1HIWBIAyalbHUX 3aBlaHb, PO BAKIUBICTh
NOCTIHOTO TPOQECIHHOTO 3pOCTaHHs, @ TAKOX PO T, 0 y HAC, CTYACHTIB Ta acIipaHTiB, €
BC1 MOKJIMBOCTI Ta 3HAHHA, 1100 JOCATHYTH B HaIlliil MailOyTHIM AisSNIBHOCTI Ta mpodeciiiHiit
Kap’epi BChOro, mo MH mpardemo. ONTUMI3M Ta EHEPriiHICTh Oynm HOro HaHOUTBII
SCKpaBUMHU SIKOCTSIMU. | HAalTOJIOBHIIIIE, YOMY BiH HAC HamMaraBcs HaBYUTH — L€ 3[1HCHIOBATH
3aJlyMaHe CbOTOIHI, TOMY IO «IIOTiM» — HIKOJIH He Oy/e.

Mu, Hamri OAHOKYPCHHMKHM Ta BCl MOKOJIIHHS BUIYCKHUKIB HamIoi kadeapu Ha3aBkKIH
30epexemMo 100py MaM'aTh MPO BUAATHOTO BYEHOTO, BEJMKOrO Hamioro Buwrens, dyiHy Ta
npekpacHy noauHy npodecopa Onexcanapa Mukonaiiosruua OrypiioBay.

Posnosioae Bikmop Onexciniosuu Kapaueeues, ookmop ¢iz.-mam. Hayk, npoghecop,
ynen-xkopecnonoenm HAH Yxpainu, 3asioysau 6i00iny monexynsapuoi oiogizuku @izuxo-
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mexHiuHo20 iHcmumymy Husbkux memnepamyp im. b.1. Bepxina HAH Ykpainu: «Moe TicHe
cninkyBanHs 3 Onekcanapom MukonaiosuueM OrypuouM nodaiocs B 2003 pori, ko s
3alpOCUB MOT0 B3STH y4acTh B POOOTI HaykoBOi Paaw Hamoro iHCTUTYTy 3 TpoOIeMH
«MonexynsipHa Oiodizuka», xoua MU Oynu 3HaioMi 3 KiHIg 70-X pPOKiB, KOJH BiH e OyB
CTYJICHTOM YHiBepcuTeTy. [loTim, mpaliorodi 3 HUM B OJTHOMY IHCTHUTYTI, sI CIIOCTEPIraB 3a
0ro HAayKOBOIO MHpaIlelo, AK BiH MPOMNIOB IIISX BiJ acmipaHTa 10 IOKTOpa HaykK. Moro
HayKOBI mparii, poboTa y TPOBIIHMX €BPONEHCHKHX JA0OpPATOPIsIX CBIAYMIM TMPO HOTO
BUCOKHMI HAayKOBHH piBeHb. Xoua 0iodi3uka /Ui HbOTO B TOH mepion vacy Oyna JOCTaTHBO
He3BiaHOI Haykoro — Onekcanap MukosnaiioBud OyB CHEIialicCTOM Yy ramy3sx (i3ukd i
CHEKTPOCKOMIT KpPIOKpHUCTaNIIB — 51 OyB BIIEBHEHUM B HHOMY SIK y BYCHOMY 1 B TOMY, IIIO BiH
3/1aT€H 3pOOHUTH BIpHMUI BHCHOBOK PO HAYKOBI Mpalli, SKi po3risiaanucs Ha 3aciganHi Pamgu.
Ha nmouaTtkoBoMy erami iioro po6otu B Paji s, 61k 3a Bce, MOKIAAaBCS HA MOTO BUCOKUH
pIBeHBb E€KCIIepUMEHTAaTOpa-CreKTpockomnicTa. OqHaKk 3a JOCHTh KOPOTKHI TEpioja BiH CTaB
po30uparucss B mpoOieMaTHIll HAIIoro BiAAUTy MOJEKYJISApHOI 010(i3MKHM SK CIIpaBKHiM
6iodizuk. lleit mporec MpUCKOpPUBCS Ticis Horo mepexony B HarioHanbHUE TEeXHIYHUI
YHIBEpCUTET «XapKiBCbKUH TOMITEXHIYHUH 1HCTUTYT», Jd€ BiH OUYONUB Kadeapy
OiotexHosorii, Oiodi3uku Ta aHAMTHYHOI Ximii. BiH mpoaemMoHCTpyBaB CBOi BH3HA4HI
3I0HOCTI 10 OCBOEHHS HOBUX 3HaHb, 10 CAMOOCBITH. Bike ckopo BiH 3p0OMB HOBHIA SIKICHHIA
nepexia: Bij mpuadaHHsS HOBUX 3HAHB JIO0 JOHECEHHS IThbOTO 3HAHHS CTYJIEHTaM y BUTJISII
JIeKIIH 1 HaMMCaHHS HABYAJBHHUX MOCIOHUKIB. 51 OyB PELEH3EHTOM psiy TaKUX KHHUT 1 MOXKY
cTBepmKyBatH, 1o Onekcanap MukogalioBUY 10 TPaaUIIHHOI, KJIACHIHOT 1H(pOpMAIIii B Tii
cdepi, kit Oyna mpUcBsiU€HA KHWTA, 3aBXAU JI0/aBaB 1 HOBI Pe3yJbTaTH, SIKI HEIIOJAaBHO
Oyl OoTpUMaHI B HAyKOBOMY CBIiTi. BiH 3aBXIu BiJCTEXKyBaB HOBI, BUIATHI Pe3yJIbTATH i
HamMaraecsl iX JOHECTH A0 cTyaeHTiB. OnekcaHap MuKoIalioBHY 3a HEMOBHE ACCSATUIITTS
MiATOTYBaB 1 BUJAB BEJIHKY KUIBKICTh TaKMX MOCIOHMKIB. MyIly 3a3Ha4uTH, 110 5 HE 3HAIO
iHIIOro mpodecopa, skl 6yB OM HACTIILKM aKTUBHUI B HamucaHHI KHUT. Lle roBoputh mpo
HOro HEHWMOBIPHY Tpale3fdaTHICTh. 3 KOXHUM POKOM pO3IIMPIOBABCS HOTO0 HAYKOBHI
KpYrosip, BiH CTaB po30MpaTHCs 1 B Takid CKIAgHIN, SK ans (isuka, Hayli sk OioxiMmis, a
MoTiM TomupuB chepy CBOIX iHTEepeciB 1 Ha OIOTEXHOJOTiO. 3a ACSIKUMH IMHUTAHHIMH,
CYMDKHMMH JJIs1 MO€1 Tpalli, s moyaB 3BepTaTHcs A0 ioro kaur. Ha 3acimanni Pagu iforo
IyMKa 3 6araThboX MATaHb OyIIa HiKABOKO Ta aBTOPUTETHOO. MIOT0 BUCOKHIT HAYKOBHMIA PiBEHS i
aBTOPHUTET cepell KOJIET NMPOSBUBCA B OOpaHHI HOro, MpOTAroM 0ararboX POKiB, TOJIOBOIO
KOHKYpcHO1 KoMicii Pamum 3 BuOOpY Kpammx HayKoBHX poOIT 3 0iodi3MKH B HAIIOMy
iHCTUTYTI. Sl Mymaro, mo poborta B Hamii Pani cmpusuia Tomy, mo BiH cTaB ¢axiBLEeM He
TUTBKH Y (i3HII TBEpJOTO TiIa, a i (axiBuem y 6iodizuili Ta 6ioTexHosorii. BiH nmpakTuaHo
3arMmovyaTrKkyBaB Ii HalpsSAMKHU Ta creniadbHOCTI B HallloHadbHOMY TEXHIYHOMY YHIBEPCHUTETI
«XapKiBChKUH TIOMITEXHIYHUH 1HCTUTYT», KOJMM BiH od4oiuB Kadempy Oi0TEeXHOIOTI],
6i0¢13ukM Ta aHamiTUYHOI XiMii. OKpeMo XoueTbcs 3yNMUHUTHUCA 1 Ha Takii Horo iroachKii
SKOCT1 SIK YECHICTh 1 BiBEPTICTh, AKY S BiI3Ha4aB Juisa ceOe Tix 4ac OOTOBOPEHHS 3 HHUM
0araTh0X HAYKOBHX 1 HE 30BCIM HayKOBUX NHUTaHb. Ha >xanb, Onexkcanapa MukomnaiioBuya
BXKE HEMa€ cepell Hac, HayKoBa CIIJIbHOTa XapKoBa, YKpaiHH MOHecTa 3HaYHy BTpary. Mu
Ha3aBXIu 30epekeMo B MaM’siTi MOro 4yAoBi JIFOACHKI SIKOCTi, AOOPO3WYIIMBICTH, TalaHT
BYCHOTO, [1€/1arora Ta KePiBHUKAY.

Posnosioae Manwkin IOpii Bikmopoeuu ooxmop ¢hiz.-mam. nayk, npogecop, uien-
kopecnonoenm  HAH  Vkpainu,  Haykogo-mexuonociunuii — Komniexc  «lncmumym
monokpucmaniey HAH Ykpainu: «5 3naB Onekcannupa 31 CTyIEHTCBKHX POKIB, KOJIW MH
pa3om HaBuaiucs Ha kadenpi ¢pizuyHoi ONTHKU XapKiBCHKOTO HAIIIOHATHHOTO YHIBEPCUTETY.
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Ipodecop O.M. OryproB Ta wi.-kopp. HAH VYkpaiau B.O. KapaueBneB 00roBoprorTh
HayKOBI JIONOBi/I Y KyiTyapax koH¢pepenuii NanoBioPhysics-2017 (Xapkis, 2017 p.).

VY nHac OyB HaA3BMYaWHO APYKHIM Ta TATaHOBUTUN CTYAEHTCHKHI KOJIEKTUB, MU BCi MajH
JKary 70 3HaHb 1 He OOsUTMCSI HaBiTh BCTYNATH B JMCKYCii 3 BUKIagadamu. Onekcanap OyB
OJTHUM 3 HalOUIbII aKTUBHMX CTYACHTIB HaIoi rpymnu. 3akiHuuBmM y 1982 pomi ¢iznynuit
dbakyapTeT, MU pa3oM MNUIKM mpamoBaTd A0 DI3UKO-TEXHIYHOTO 1HCTUTYTY HH3BKHX
temneparyp. [1oTiM Hamn OUIAXH PO3IRIITUCS: g NepelIioB 10 [HCTUTYTY MOHOKpHCTAIIB, a
OnekcaHnp TPHUCBATUB ce0€ BHUKIANANBKIA MISUIBHOCTI B XapKiBCBKOMY IMOJITEXHIYHOMY
IHCTUTYTi. AJle IPOTSTOM BCHOTO HAYKOBOTO >KUTTS MU 3aBXKIU MIATPUMYBAIM HAWTICHINI
3B's13KU. OJIEKCAaHIp HIKOJM HE BIJIMOBIISB B JIONTIOMO3i, B HAYKOBUX KOHCYJIBTAIISX 3 PI3HUX
NMUTaHb, HAJaHHI PEKOMEHJAIll Ta BIATYKIB Ha QUCEpTallii, M0 3aXUIIATUCS B HAIIOMY
BIIILTl, BIH 0COOMCTO OyB OIMOHEHTOM KaHIMAATCHKUX Ta JAOKTOPCHKUX JMCEPTAI MOiX
yuHiB. MM 3aBXI4 NIATpUMYBAJIN HE JIMIIE HAYKOBI, ajie i ocoOucTi 3B's13ku, Onexkcanap OyB
MOIM APYTOM, 1 TaM'sITh PO HHOT'O HA3aBXK/U JIUIIATHCS B MOEMY CEPIIi».

Komnern, yuni ta npy3i 3aBxau OyayTh MaM’sSiTaTd BUJATHOTO BYEHOTO, CAMOBIITAHOTO
mejarora 3 BHCOKOIO €pYIHUINEr0, YyI0BY JoauHy npodecopa Onexcanapa MukoaiioBuya
Orypuosga.
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