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AHOTAIIII

By6on T.JI. MoaeaoBaHHSI KOJMBAJIbHOI AMHAMIKN 1OH-TiApaTHOIL
obosionku noagsiiitnol cripaJsai JHK. — Kpanidikariiina naykoBa mpalisd Ha
1paBax pPyKOIIKCY.

Hucepraliig Ha 3700y TTs CTyIeHs JJoKTopa iocodii 3a creriaibhicTio 01.04.02
"Teopernuna dizuka" (104 - ®isuka Ta acrpoHomis). — [HCTUTYT TeopeTHIHOL
disuku im. M. M. Borositobosa Hamionaabhol akagemil Hayk Ykpainu, Kuis, 2025.

B ymoBax kuoi kjiaituau MoJiekysta JJTHK npuitmae dpopmy noaBiitnol cripadii,
IO CKJIQJIAETHCA 3 JIBOX JIAHITIOTB HYKJICOTH/IIB, 3aKPYIEHNX OJINH HABKOJIO OJIHOTO.
['ipodobHI HYKIETHOBI OCHOBU HYKJIEOTH/IIB YTBOPIOIOTH KOMILIEMEHTAPHI HapH,
3B’si3aHi BOJIHEBUMU 3B’SI3KaMU BCEPEJINHI MaKPOMOJIEKYJIH, YHUKAIOUN KOHTAKTY
3 MoJiekysiamu Boju. Ajienin (A) 3B’si3yerbest 3 Tuminom (1), a ryanin (G) 3
murosunoM (C). Heratusao 3apsipxeni docdarhi rpyiu ocToBa mojBiiHOT cripaJi
3HAXO/IsIThCsI 330BHI IMOABIIHOI cripaJi Ta obepHeHi 10 po3uuHy. PocdarHi rpyu
JHK HeiiTpasisyioThcs MO3UTUBHO 3apsijzkenumu ionamu mertaniais (Nat, KT,
Mg?™) abo moJtexkyasipauMu ionamu (nosiaminu). Heitrpasisyroui ionn HazubaioTh
nporuitonamu. Ilounnaroun 3 nepimx Jgoc/izKeHb crpyKTypu Mosekyan JJHK 6yro
II0OKa3aHo, 110 10H-Ti/IpaTHE CepeIOBUIIE CTabiIi3ye CTPYKTYPY MaKPOMOJIEKYJIH.
Hunamika, rmogsiiinol cripasi JJTHK Ta 1T i0H-riipaTHOr0O OTOUYEHHsT B3aE€MOIIOB sI3aH],
0 € TAKOYK BU3HAYAJIBLHUM JIJI MEXaHi3MiB O1TKOBO-HYKJ/IETHOBOI'O PO3II3HABAHHSI
Ta B3aemo/il JIHK 3 OGiosoriano akTuBHUME crioJTyKaMu. Busnadabaa poJib 10H-
rizparnoil obosonkn JIHK pobuth 11 joc/aijizKeHHsS KJIIOUYOBUM JIJIS PO3YMIHHS
iznaHNX MexaHi3MiB (DYHKIIIOHYBAHHS caMOl MaKpPOMOJICKYJIN.

Ha crorogni BuBUYeHHsI BjacTuBOCTell ioH-TigparHOl obosonku JIHK €
AKTYaJIbHOIO MPOOJIEMOIO, TIPO IO CBIIUNTH HU3KA POOIT, B TKUX JIOC/IIKYIOTHCS
CTPYKTYPHI Ta JUHAMIUHI BJIACTUBOCTI 10HIB Ta MOJIEKYJ BOJIM HABKOJIO IO/ABIIIHOT

cuipaji. OJHNM i3 BayKJIMBUX IUTaHb JJIsI OIUCY JMHAMITHOI XapaKTePUCTUKN



cucremu JITHK-Boja-ionu € jociiijizKeHHsl caMe KOJUBAJIbHOI JMHAMIKI MOJIEKYJI
BOJIN Ta TPOTHIIOHIB OiNist cafiTiB 3B’g3yBaHHd 3 aroMHuMu rpynamun JIHK,
0 MOKe 3aiiMaTi BHU3HAYAJIbHE Micle I OI0JIOrYHMX IIPOIECiB B CHUCTEMI.
HagBHi ekcnepuMeHTa/IbHI METOAUM MOXKYTh HaJIaTH KOJMBaJbHI CIEKTPH, B
SIKUX TPOSBJSIOTHCSI MOJW KOJIMBaHbL CTPYKTYpHUX ejeMmeHTiB cucrtem JIHK-
BOJIa-i0HM, aHaJ/li3 Ta BUBYEHHSI SIKMX € BaXKJIUBUM JIJISI XapaKTEPUCTUKU 1X
cTPYKTypu Ta jguHaMiku. OjHaK Bce e JO0BOJI CKJIAJHO BUJLJINTH I OIUCATH
XapakTep MOJI KOJIMBaHb MOJIEKYJI BOJU Ta IIPOTUHOHIB 10H-TipaTHOI 000JI0HKI
JIHK, mo 6e3mocepetHb0 B3a€MOMIIOTH 3 IOJBIMHOIO CIIpaJ/Iio Ta, JiexKaTb Y
HU3BKOUACTOTHOMY Jlianiazoni criiekrpa (< 400 cm™ ).

Y nauceprariiitaiit poboTi OyJ1a J0C/iIPKeHa KoJIMBaJibHa JJMHaMIKa 10H-T11paTHOT
obosionkn JIHK, BUKOpHCTOBYIOUN TEOPETUIHMI IT1JIX1J] Ta, KOMII'IOT€PHI CHMYJISIIIII.
Bys npoBesennit anaJri3 A1 BUBYEHHsT KOJNBAJIbLHOI JIMHAMIKA MOJIEKYJI BOIN Ta,
POTUHOHIB JIY:KHUX MeTaJsiB 1ioH-rigpaTHol obosonku JIHK. Buznaseno smius
OKpeMUX IPOTHUIIOHIB Ha JUHAMIKY MOJIEKYJI BOJU I'iIPaTHOI OOOJOHKHU IOABIIHOI
cripaJji. Busgpieno BILIMB XapakKTepy rijpataliil NpOTUIOHIB 1 CTPYKTYpPHOI
oprasizaliii MOJIEKYJI BOJU B Pi3HUX 00JIaCTsX IOJBIITHOT criipadii.

Y Bcmyni oOr'pyHTOBaHO aKTyaJIbHICTh TeMU JucepTallil, copMyJIbOBAHO METY,
00’€KT, IIpeJIMeT Ta rOJIOBHI 3ajad4i goc/iizkerHHst. OKpecaieHo MeTOAu, HOBIU3HY Ta
[paKTUUIHE 3HAUEHHsI JOC/IizKeHHs. OIIcano 3B'sSI30K 3 TEMATUKOIO JIOCJI1[7KeHHSI
[HctuTyTy Teopermunol dizuku iMm. M.M. Boromobosa Hamionaabaol akajgemii
HayK YKpalHu.

Y Po3diai 1 HaJlaHO KOPOTKUIl OIJIs)] BiIOMUX €KCIIepUMEHTAJIbHIX, Teope-
TUYHUX JAaHUX Ta JAHUX MOJIEKYJIAPHOI JUHAMIKK IIPO CTPYKTYPY Ta IUHAMIKY
nosiitHOT cripasi JIHK Ta 17 ioH-riipaTHOl 000JIOHKH, a TAKOXK POJIb MOJIEKYJI
BOJIM Ta IPOTUHOHIB JIYKHUX MeTaJ B y ¢gpopmyBaHHi 1nojiBiitHol cripasi JTHK, mo
HeoOXiJIHI JIJIs1 PO3YMIHHSA pe3yJIbTaTiB, OTPUMaHUX y JucepTaliii. B ocranHbOMY
i IPO3I1JI OIMMCAHO METOJM 1 MOJIE, 10 BUKOPUCTOBYIOThCA B POOOTI, 30KpeMa,
MEeTOJI, KJIaCUIHOI MOJIEKYJISIPHOI JIMHAMIKM B 3aCTOCYBaHHI JIJIsSI JOCJIJI?KEHHS
JIMHAMIYHIX BJACTUBOCTEN 10H-TipaTHOl obosionkn JHK.

Y Po3sdiai 2 aBropom amcepTariil PO3BUHYTO HOBY TEOPETUIHY MOJENH JIJIsT

PO3paxXyHKY 4YacTOT Ta aMIUITYJ[ TPaHCASLIMHUX KOJMBAaHb MOJIEKYJl BOJU B



minopaomy k01001 JIHK. Ilokazano, 1mo dacToTa Takux KOJUBAHbL JIEXKUTH Yy
niamasoni crexTpa Big 160 10 210 em™ !, 3asexHO Bin HYKJIEOTH/IHOI 110C/11JJOBHOCTI.
3alponoHoBaHi MeTO/IM IONIYKY MOJ KOJUBAHL MOJIEKY/J BOJAU Y BHYTPINTHIX
00J1aCTSAX TOJIBIITHOT cripaJii JijIst TPOBEJIEHHsT eKCIIEPUMEHTAJIBLHIX BUMIPIOBAHb.
st boro OyB pospaxoBaHmil 3cyB KoJmBaJbHuUX Moi B crekrpax JHK mpn
JIoJaBaHHI BayKKOl BoJi y 3pa30k. [lokazaHo, 1Mo 9acToTa KOJMBaHb 3CYBAETHCS

! B HU3bKOYACTOTHY 00JIACTH CIICKTPA B IIOPIBHSHHI 3 JIETKOIO BOJIOIO.

Ha 10 cMm™
OTpumannii 9acTOTHUN 3CYB KIJIBKICHO Y3TOZKYETHCA 3 BIJIOMUMU Ha, CHOTOJTHI
CKCIIEPUMEHTATbHUMI JIAHUMH, 10 CTOCYEThCs KoJmBaabHux crekTpis HoO 1 Dy O.

Y Posdiai 8 3a 10IIOMOTOI0 METOJLY aTOMICTHYIHOI MOJIEKYJ/ISIPHOI JUHAMIKE OYJI0
poBe/ieHo MojenoBanus jiBox cuctem: 1) JIHK y BogHOMY posuunni 3 ionami; 2)
BOJIa. 3 OTPUMAHUX MOJIEKY/ISIPHO-TUHAMITHIX TPAEKTOPiii pO3paxoBaHoO CIIEKTPH
I'YCTUHU KOJIMBAJILHUX CTAHIB JIjIs MOJIEKYJT BOJIU, 1110 PO3TAIIIOBAHI JIJIsl BUIIAJIKY
piznmx obsacteit moasiitHol crmipasai JIHK: minopnuit »ko0/100, rosioBaMii 207100,
dbocdarui rpyrn ta obacts 6ubite nix 10 A sig JHK. Orpumani ciekrpu 6yiio
IIPOAHAJI30BAHO, B Pe3yJIbTaTi 90ro OY/I0 BUJILIEHO D MO KOJHBaHb. 3a JOIOMOIO0
MOJIeJIFOBaHb cUCTEeM 00’'€MHOI BOJIM OYJIO 3aIIPOIIOHOBAHO (DI3UUHY iHTEpPIIPeTalliio
KoJmBabHIX MO/, [Tokazano, mo 9acToTa MO KOJTMBAHDb MOJIEKYJT BOJU 3CYBAETHCS
B BHCOKOYACTOTHY 00JIACTh CIIEKTPa IIpHoansHo Ha 15 — 20 eM ™!, mo naitbianm
BUPaYKeHO JIJI MOJIEKYJT BOJIM Y BHYTPIIIHIX 00J1aCTdX TO/BIHHOT cripaJi. [TokazaHo,
110 MO/1a PO3TSTY BOJHEBUX 3B’SI3KIB MiK MOJIEKYJIaMU BOJIM HE CIIOCTEPIra€ThCd Y
crekTpax y Bunajiky obsacteit 6iis JIHK, 110 mos’s3aHo 3 mopyHIIeHHSIM CUMeTPil
KOJINBaHb, TOJII sIK BOHA MPHUCYTHSA B CHEKTPaxX 00 €MHOI BOJIN.

Y Posdiat 4 0Oysno uposejeno wMojenoBanHg cucrtem /JHK 3 pisaumn
nporuitonamu Jykunx meraiis (Lit, Na®, Kt Rb*, Cs"™) ta sanpononosato
JIBa He3aJIeyKHI METO/IM I PO3PaxyHKy KOJMBAJIBLHUX CIIEKTPIB, 06a3yI0UNChH
Ha KOPEeJIAIl JUIOJbHUX MOMEHTIB Ta KOPeJsdIisax IBUJIKOCTEll aTOMIB CUCTEM.
Ananiz iHdpadepBoHUX CIIEKTPIB, PO3paXOBaHUX JIJIsl 1HIUBITya IbHIX KOMITOHEHTIB
cucTeM, ToKa3aB, IO BIJIUB i0HIB Ha KoJuBaJibiy jgunaMiky JIHK € necyrreBnm.
Bukmouennsim € cucrema LiT-JIHK, ne Bius ioHIB clioCTEperKHMI JIIST MO
KOJIMBaHb, 1110 OB sI3aHl 3 KOJMBAHHSIMI OCTOBA MOJBIHOI cripaJi. AHasi3 BILINBY

pizaux obsracreit JTHK (MminopHuii k05100, rosoBHuil k0106 ta dhocdatHi rpyin)



Ha JIMHAMIKY 10HIB BUSIBUB CYTTEBY BIJIMIHHICTH CIEKTPIB IO3UTUBHO I'JIPATOBAHUX
(Li*, Na™) ta nerarusno rijparosanux ionis (K™, Rb™, Cs™). Jlana sigminnicTs €
HaOIIbII BUPaXKEHOO JIJIsi HeraTUBHO TiJipaTOBAHUX 10HIB, JIOKAJI30BaHUX OLIsI
nosepxni JIHK, ocobmmBo B MiHOpHOMY 2K0J1001 10/1BiiTHOT criipaJii. AHaJsii3 crekTpiB
I'YCTUHU KOJMBAJIBHUX CTAHIB MOJIEKYJ BOJM TiipaTHOl 0DOJIOHKM 10HIB BUSIBUB

izo6ecTaHy TouKy 6iss 70 Mt

, IKa BUHUKA€E Y BIIIOBI/Ib HA CTEPUYHI OOMEKeHH
crpuYunHEeHI HeojiHOPiaHOO noBepxHero JIHK Ta nmpormnitonamu meralis.

Y BucHoskax 1iICyMOBAHO OCHOBHI pe3ysbTaTH, 10 Oy/Iu OTPUMAaHI JIHIcep-
TAHTKOIO B POOOTI. 30KpeMa, Po3paxoBaHO YACTOTY TPAHCJIAIIIHHUX KOJMBAHDL
MOJIEKYJI Boju B MajioMmy »ko0j1001 JIHK Ta mokazano 3aje:kKHiCcTb 4acTOTH Bij
HykJieoruiHol nocsigosHocti JIHK. Ilokazano, 1mo B KoJMBaJbHUX CIEKTpPax
MOJIEKYJI Boju, JiokajizoBanux Oinst JIHK, crocrepesknmit dacTtorHuii 3cyB B
HOPIBHSIHHI 3 YUCTUM PO3YMHOM, 110 HAMOLJIBII BUPaAXKEHO Y BUIIAJIKY MIHOPHOI'O
»kos100a JIHK. Bugsieno, mo Mojia KomBaHb CUMETPUYHUX PO3TATIB BOIHEBUX
3B’A3KIB MiXK MOJIEKYJIaAMU BOJU 3HUKAE Y CIEKTPaxX MOJEKYJ BOIU Ols TTOBEPXHI
JHK, B Toil 9ac sIK gaHa MOJIa CIIOCTEPeXKHA, JJIsT IICTOro po3unny. OIiHeHO BILINB
loHiB Ha KoJmBaJbLHYy AunaMiky aromuux rpyn JIHK Ta Bussieno, mo y Bumajgky
ionis Li™ B cHeKkTpl crocTepiraeThbesa MoJia, 110 ACOIIIOETLCA 3 10H-dpocdaTHIME
KommBanuAMU. [lokazano, 1Mo 9acToTn KOJUBaHb IMPOTUIHOHIB, IO PO3TAIIIOBAHI
oira JIHK, smimytoTbes y BUCOKOUACTOTHY 00JIaCTh CIIEKTPa MOPIBHAHO 3 10HAMMU
B 00’emi. OTpuMaHO 1300€CTHIHY TOUKY B KOJUBAJILHIX CIHEKTPaX MOJEKYJ BOJIN
rijipaTHOl 000JIOHKHU IIPOTUNOHIB JIy?KHUX METaJIIB.

Karouosi ciosa: /JHK, nporuitonu, rigparartisi, MOJIEKYJIH BOIM, I0HU JIYKHUX
MeTaJIiB, KOJUBAJLHUI CIIEKTP, MOJEKY/IsIpHa JTIHHAMIKA.
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Abstract

Tetiana Bubon Modeling vibrational dynamics of the ion-hydration
shell of DNA double helix — Manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty 01.04.02
"Theoretical Physics" (104 — Physics and Astronomy). Bogolyubov Institute for
Theoretical Physics of National Academy of Sciences of Ukraine, Kyiv, 2025.

In a living cell, DNA adopts the form of a double helix, consisting of two
chains of nucleotides winding around each other. The hydrophobic nucleotide bases
form complementary hydrogen-bonded pairs inside the macromolecule, reducing
contact with water molecules. Adenine (A) is hydrogen-bonded to thymine (T),
and guanine (G) is hydrogen-bonded to cytosine (C). The negatively charged
phosphate groups of the double helix backbone are located on the outside of
the helix, facing the solution. The phosphate groups of DNA are neutralized by
positively charged metal ions (Na*, KT, Mg?") or molecular ions (polyamines).
These ions are referred to as counterions. In the early studies of DNA structure,
it was shown that the ion-hydration environment stabilizes the macromolecule’s
structure. The dynamics of the DNA double helix and its ion-hydration shell
are interrelated, crucial for protein-nucleic recognition and DNA interaction with
biologically active compounds. The critical role of the ion-hydration shell of DNA
makes its study key to understanding the physical mechanisms underlying the
macromolecule’s function.

The features of the ion-hydration shell is still actively studied from the point of
view of the structural and dynamical properties of ions and water molecules around
the double helix. An important aspect of characterizing the dynamic properties
of the DNA-water-ion system is the investigation of the vibrational dynamics
of water molecules and counterions near the DNA surface, which may play a

decisive role in biological processes. Using various experimental methods, it is



possible to extract vibrational spectra and thus sample the vibrational modes
of the structural elements of DNA-water-ion systems. However, it is still quite
challenging to distinguish and characterize in detail the intermolecular vibrational
modes of water molecules and counterions in the ion-hydration shell of DNA, which
directly interact with the double helix and are observed in the low-frequency range
of the spectrum (< 400 cm™1).

In the thesis, the vibrational dynamics of the DNA ion-hydration shell were
investigated using a theoretical approach and computer simulations. An analysis
was conducted to study the vibrational dynamics of water molecules and alkali
metal counterions in the DNA ion-hydration shell. The influence of individual
counterions on the dynamics of water molecules of the DNA ion-hydration shell
was identified. The impact of the character of hydration of counterions and the
structural organization of water molecules in different regions of the double helix
was elucidated.

In the Introduction, we underline the relevance of the thesis topic, pose main
goals of the research, the methods, novelty, and practical significance of the
study. The connection with the research programs of the Bogolyubov Institute
for Theoretical Physics of the National Academy of Sciences of Ukraine is also
described.

In Chapter 1, we briefly overview some of the known experimental, theoretical,
and molecular dynamics data on the structure and dynamics of the DNA double
helix and its ion-hydration shell. We also review the role of water molecules and
alkali metal counterions in the formation of the DNA double helix, which is crucial
for understanding the results presented in the thesis. The last subsection describes
the methods and models used in the study, including the classical molecular
dynamics approach applied to investigate the dynamical properties of the DNA
ion-hydration shell.

In Chapter 2, a new theoretical model for calculating the frequencies and
amplitudes of translational vibrations of water molecules in the minor groove of
DNA was developed. We demonstrated that the frequencies of water vibrations
are within the range of 160-210 cm™!, depending on the nucleotide sequence.

Additionally, experimental approaches were proposed to identify the vibrational



modes of water molecules in the inner regions of the double helix. The frequency
shift in the vibrational modes of DNA spectra due to the addition of heavy water
to the sample was calculated, showing a shift of 10 cm™' to lower frequencies
compared to light water. The obtained results quantitatively agree with the known
experimental data on the vibrational spectra of HoO and D50O.

In Chapter 3, molecular dynamics simulations were carried out for two systems:
1) DNA in aqueous salt solution, and 2) water. From the obtained molecular
dynamics trajectories, vibrational density of states spectra for water molecules
located in different regions of the DNA double helix were calculated: the minor and
major grooves, phosphate groups, and the outer layer (> 10 A from the DNA double
helix). The five vibrational modes were distinguished by analyzing the spectra.
The physical interpretation of these modes was proposed, based on the simulations
of bulk water systems. Our results showed that the vibrational mode frequencies of
water molecules near the DNA shift to higher frequencies by approximately 15-20
cm ™!, most notably for water molecules in the inner regions of the double helix.
Additionally, the mode of symmetric stretching of hydrogen bonds between water
molecules is absent from the spectra of water near the DNA, although it is present
in bulk water. This effect was attributed to the disruption of the symmetry of the
vibrations caused by the DNA atoms.

In Chapter 4, molecular dynamics simulations were carried out for DNA systems
with different alkali metal counterions (Li*, Na®, K, Rb™, Cs™). Two independent
methods for calculating vibrational spectra were proposed, based on the correlation
of dipole moments and atomic velocity correlations in the systems. Analysis of
infrared spectra, calculated for individual components of the systems, showed that
the effect of ions on the vibrational dynamics of DNA is insignificant. The exception
is only for the Lit*-DNA system, where the effects of the ions are observed for
vibration modes associated with the vibrations of the DNA backbone. An analysis
of the influence of different regions of the DNA (minor groove, major groove, and
phosphate groups) on the ion dynamics revealed a significant difference in the
spectra of positively hydrated (Li*, Na®) and negatively hydrated ions (K*, Rb*,
Cs™). This difference is most pronounced for negatively hydrated ions localized near

the DNA surface, especially in the minor groove of the double helix. Analysis of the



vibrational density of states spectra for water molecules within the hydration shell
of the ions revealed an isobestic point around 70 ecm~!, which appears in response
to the confinement induced by the surface of the DNA and the counterions.

As for the Conclusions, the main results of the thesis are summerized. In
particular, the frequencies of translational vibrations of water molecules in the
minor groove of DNA were calculated, and the dependence of the vibrational
frequency on the nucleotide sequence of DNA was demonstrated. A frequency shift
in the vibrational spectra of water molecules localized near DNA was observed,
compared to the bulk. This effect was most pronounced in the case of water in
the minor groove of DNA. The mode of symmetric stretching of hydrogen bonds
between water molecules was not observed in the spectra of water molecules near
the DNA surface, while it was present in the spectra of the bulk. The influence of
counterions on the vibrational dynamics of DNA atomic groups was studied and
the mode associated with ion-phosphate vibrations was observed in the spectrum
for Li™ ions. It was shown that the frequencies of vibrations of counterions located
near DNA shifted towards higher frequencies compared to those in the bulk. An
isobestic point was observed in the vibrational spectra of water molecules within
the hydration shell of alkali metal counterions.

Keywords: DNA, Counterions, Hydration, Water Molecules, Alkali Metal Ions,
Vibrational Spectra, Molecular Dynamics.
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BCTVII

AkryanbHicTb. Y disionoriunnx ymosax JIHK nepedysae y dpopmi mojsiiiHol
cripa/i B 0To4YeHHI MOJieKkysl Boju Ta ioHiB Merajis |1418]. Iykposo-docdartuii
ocroB /JIHK 3 rizpodismbanmu dpocdaTammu rpynamMm 3HaX0UThCA 330BHI T0/1Bifi-
HOI cripaJjii Ta obepHeHmit 1o posunny. PocdaTHi rpynu ocToBa HECYTh Ha COOI
HEraTUBHUI 3apsij], piBHUIT 3apsiay ejekTpona. Herarusno 3apsipkeni docdarhi
Ipynu HeATPaIi3y0Th MO3UTHBHO 3apsiyizKeH] ioHn MeTtasis (mporuiionn). Beepe-
JHI cripasti 3HaXOIsIThest TiapodobHi HYyK/IeTHOBI OCHOBH (aJieHiH, TUMIH, TyaHiH
Ta [UTO3MH), YHUKAIOIN KOHTAKTY 3 BOJOMI0. TOMY B3a€MO/Iisi MaKpOMOJIEKYJIH 3
l0HAMH Ta MOJIEKYJIaMHU BOJM PO3YNHY € BU3HAYAJLHOIO YMOBOIO JIJII YTBOPEHHS
Ta CcTabLILHOCTI CTPYKTYpHU IHOABIHIHOI cripaJii, 1m0 0yJI0 IIOMIYeHO MOYMHAIYN 3
nepimx jocipkens JTHK [50,53, 182, 185].

Haskosio JITHK nporwmitonn Ta MoJiekysn Bojiu (pOpMYyIOTh 10H-TiIpaTHy 000-
JIOHKY, CTPYKTypa Ta JUHaMIKa KOl HEOJIHOPIJIHI, 1110 BIJIITOBI/Ia€ HEOJHOPITHOCTI
CTPYKTYPH caMol IO/IBiitHOI cripaJi. 3a J0IOMOIoK eKCIiepIMEeHTAIbHIX MeTO/IiB
JIoCJIIKeHb 1oH-riaparHol obosonku JIHK Oyno mokazano, mo Oiisi moBepxHi
MaKpOMOJIEKY/IN JINHAMiKa Ta YIOPSJIKYBaHHS 10HIB Ta MOJIEKYJ BOJU CYTTEBO
BiAMIHHI Bijl qrcTOr0 BoHOTO posuuny (39,4497, 105, 134]. 3a qomomororo miaxory
MOJIEKYJISIDHOI JInHaMiKKi OyB BUsIBJIeHMIT B3aeMo3B 30K JuHamiku JIHK Ta 11
ioH-rizpaTHol obooHKE |10, 78], mo Bigirpae BayKJuUBY POJIb it GIOTOTIIHIX
pyHKIIHT MaKpOMOJIEKY/IN, 9K HAIIPUKJIA], TPAHCKPUIIITiS Ta OLTKOBO-HYKJIETHOBE
posnizaasanus JJHK 6iosoriuno akrusaumu mojekysiamu [13,61,72]. Came Tomy
JUTsT PO3YMIHHSA (DISUIHIX MexXaHI3MiB (DYHKITIOHYBaHHS moBiitHol cripasi JJTHK y
PKUBIIl KJIITHHI HEOOXITHUM € BUBYEHHsI CTPYKTYPHU Ta JuHAMIKM 1T 10H-T1apaTHOI
000JIOHK.

YHopsiIKyBaHHsI Ta JUHAMIKa MOJIEKYJ BOJIM Ta I1OHIB JIy?KHHX MeTaJliB

CYTTEBO 3aJIe;KUTh BijJl 0bJsacTi 10H-TiapaTHOl obosoHKHU. Bimomo, 1m0 HaiOlIbII



BIIOPSIKOBAHI MOJIEKYJIH BOJIM Ta 10HU 3HAX0sThes Oiist mosepxui JTHK [121,134].
Hanpukmiaj, y BUtajiKy MoJIeKyJ1 BOJAU, YIOPSIKOBAHA CTPYKTYPa CIIOCTEPITaeThCS
y HAfOLIbIIT cTepnaHO 0OMezKeHiit obiacti — MiHoproMy k01001 [14, 166]. Inramika
MOJIEKYJT BOJIH TiJIpaTHOl 0O0JOHKN TOMITHO CHOBLILHIOETHCs Ol mosepxui JJHK
i, 0cobyimBO, y BHYTPIIIHIX 0bsacTsax mojBiiiHOT cripasi [39, 40, 10, |. Bina
dochaTHIX IPYII I0HK JIY?KHAX METaJiB HefiTpaJli3yIoTh HeraTUBHI 3apsu 0CTOBA,
YTBOPIOIOYN YIIOPSJIKOBAHY IIOCJIJIOBHICTh, JMHAMIKa $KOI OIlKCaHa B paMKax
kourierntiil iou-hocdarrol rpatku [127]. [Tokazano, 1o po3mo/ia Ta auHaMika i0HIB
naBkosio JIHK szanekars Bijm xapakTepy iX rigpararliii, a TaKoxK HYKJIEOTHHOI
noctiIoBHOCTI Ta obJtacti camoi JITHK [12,83,92 104, 110, 111,121,123,124,139]. B
JITepaTypl AMHAMIKY MOJIEKYJI BOJU Ta 10HIB 3a3BUYail ONKUCYIOTh B TEPMiHAX YaciB
OCIJITIOTO »KUTTSI Ta TepeopieHTarniil (I MOJIEKYT BOJIN) Ta TEpiopy KOJINBAHD.
OpnHak caMe KoJIMBaJIbHa JIMHAMiKa 10H-TiapaTHol obostouku JIHK Ta KosmBabHMit
3B 130K MixK Bojio10, ionamu Ta JIHK € masio mocitimpkenuvu. BuBuenns koJmBaHb
cucrem /IHK e BagmBUM, OCKLIBKH MOXKE JIO3BOJUTHU 3PO3YMITH MeXaHi3MU
B3aeMo/il, Taki sik JIHK-Bona, JTHK-ion, AHK-/IHK, JTHK-6im0kK.

ExcriepumenTtasbai Metonn (KomOiHaIiiiHe po3cistHHs CBiT/IA, iH(MpPadepBOHA
Ta TepareprioBa CIeKTPOCKOIIisI) He J03BOJISIIOTH TOYHO OIMHUCATH CIIOCTEPEKYBaHi
MO/ B KOJIUBAJIbHUX CIEKTPaX, AKi MOXKYTb XapaKTepu3yBaTH KOJIMBaHH: 10H-
riyipatnoi obosionkn JIHK, ockimbku, HaIpukiaj, eKcIepuMeHTaJbHI 3pasKu
MICTSATH BEeJIMKY KLTbKicTh 00’emuOl Bojm (Hampukiaz, |141]). Tomy mist inTep-
nperariii excrepumenTaabanx crekrpis JIHK Ta norymbienol xapakTepucTUKH
KOJINBAJIbHOT JTUHAMIKK 10H-IiJIpaTHO] 000JIOHKN HEOOXiTHO 3aIpOIOHYyBaTH HOBI
I JIXOJIM.

OxapakTepu3yBaTy KOJUBAJIbHY JUHAMIKY MOJIEKYJI BOJN y PI3HUX 00JIACTSIX
ion-rigpaTHol obosonku moxaBiitHol coipasi JHK Ta orpumarun xapaxrepsi
JaCTOTU KOJIMBAaHb MOKJIMBO 3a JOIMOMOIOI (Ii3MIHUX MoJesieil, a TaKoxK
MEeTO/IIB YUCJIOBOIO MOJIEIIOBAHHS, 30KpeMa MEeTOJly MOJIEKYJISIPHOI JUHAMIKH,
SIKII TTPOTATOM OCTAHHIX JIECATUIITH HAOYB CYyTTEBOIO PO3BUTKY. Tak caMo MeToJ
MOJIEKYJISIPHOI JIMHAMIKI JIO3BOJISIE PO3PaXyBaTU CIEKTPU 10HIB JIYKHUX MeTaJliB
3 PI3HUM XapaKTepoM TiapaTaliil HaBKOJO IOABIHHOI cIipaJi Ta ONIHATU 1X BILIAB

Ha JIMHAMIKY MOJIEKYJT Boju rijnpatnol obosonku JIHK.

16



3anporioHoBaHa TeMa, JucepTaliil ImpejicTaBiisie 3HaTHui iHTepec /st oruo.ie-
HHsI PO3YMiHHs (DIBMYHMX MEXaHI3MIB B3a€MOJIIl MOJIEKYJI BOJIM Ta 10HIB JIYXKHIX
MeTaJIiB 10H-TiapaTHOI 00010HKY i3 mojiBiitHO0 cripasuio JJHK, a Takoxk B3aeMoil
MIXK eJIeMeHTaMHU CaMOTr0 PO3UMHY. TakKuM YUHOM, B POOOTI JIOC/IKYIOTHCA HOBI
BiracTuBOCTI cucteMu /JIHK-Boja-nporuitonn, ski € BayKJIMBUMHE, sIK 3 TOUYKH 30PY
dyHIaMeHTaIbHIX, TaK 1 TPUKJIAJIHAX 33/1a9. ¥ 3B’g3KYy 3 UM TeMa, JiiucepTallil €
aKTYyaJIbHOIO.

3B’d30K pobOTM 3 HAYKOBWMHU MOpoOrpaMaMu, IIJIAaHAMHU, TeMaMu,
rpanTamu. /luceprarniiina pobora Oyna BuUKOHaHa B IHCTUTYTI TeopeTHIHOI
dizukn im. M. M. Borosiobosa HarionayibHol akajgeMil HayK Y KpalHu Ta 0B’ s3aHa,

3 HACTYIIHUMHU aKaJeMIYHUMU [IporpaMaMu, TeMaMU Ta I'PaHTaMU:

1. "BiiacTuBocTi HU3LKOBUMIPHIX (DYHKITIOHATLHUX MaTepiaiB Ha HAHOMACIIITa-
bax" 2020-2024 pp., Bijgomua tema Bimtinennst ¢isukn i actpornomii HAH
Ykpaiun (PK Ne0120U100855);

IiApaTHOrO OTOYEHHS B 30BHINIHBOMY ejeKTpuanomy moui" 2021 - 2022 pp.,
rpaaT HAH Vkpaian pst mostoqux yaennx (PK Ne 0121U111838);

3. I'pant g MikHapogHOro IeHTpY TeopeTudHoi disuku imeni Abjyca
Canama (ICTP) Big Simons Foundation (Ne 284558FY19, DA).

Merta i 3aza4i gociimKenHs. Mera — JocaiguT JUHAMIYHY CTPYKTYPY
ioH-TiIpaTHOl 000JIOHKH B pizHUX obJsacTax nojsiitHol cripasi JIHK i BuznaunTn
KOJINBaJIbHI XapaKTEPUCTUKU MOJIEKY/ BOJU Ta IIPOTUHOHIB, MO IPOSIBJISIIOTHCS
B eKCIepUMEHTAJIbHUX CleKTpax. /Jljisi jgocarHeHHsT MeTH JIOC/iKeHHsT OYJ10

IIOCTaBJICHO HACTYIIHI 3aJIadi:

1. IToOynyBatu ¢isuuHy MOJEIb TPAHCISIINHUX KOJMBaHbL MOJIEKYJI BOJIMU,
JOKaJ/Ti30BaHmX y MinopHomy ko001 JIHK. 3BampononysBaTtu meromm Ta
I JTXO/TU JIJTsT TIOTITYKY MOJT KOJIMBaHb MOJIEKYJT BOIM MiHOPHOTO 2kK0/100a JTHK

B eKCIIEpUMEHTaJIbHUX KOJIMUBAJIbHUX CIIEKTPax.
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B pamkax merony MOJIEKYJISIPHOI JUHAMIKK JIOCTLINTH KOJUBAJILHY JUHA-
MiKy MOJIEKYJT BOJIM, IO 3HAXOAATHCS B MIHOPHOMY Ta FOJIOBHOMY 2KOJI0DaX
nojBiitHol cripasi JIHK Ta 6i1s dpocdaTHux rpyl ocroBa MaKpOMOJIEKYJIN.

[TopiBaSATH 3 pe3yabTaTaMu OTPUMAHUMUI JJIsT YUCTOIO BOJHOTO PO3UNHY.

3a J0MOMOr0I0 METO/Iy MOJIEKY/ISIPHOI JINHAMIKI PO3paxyBaTn iHgpadepBoHi
cuexkTpn s cucrem 3 JIHK y Bojgnux pozumnax cosieit XJIOpUIiB JIyzKHAX
MeTasiB. BU3HAYNTU BIJIMB PI3HUX MMPOTUHOHIB JIYKHUX MeTaJsliB Ha KOJIV-
BasibHy JnHamiky aromuux rpyi JHK. [TpoanamnizyBaTtn ciekTpu KoJmBanb
BOJIHUX PO3YMHIB CcOJIell XJIOPUJIIB JIY?KHUX MeTaJliB 3 PI3HUM XapaKTepoM

rigpaTalii.

B pamrax meTomy MOJIEKYJIAPHOI JUHAMIKHA JIOCTIINTH KOJUBAJILHY TUHA-
MIKY TPOTUHOHIB JIY?KHUX MeTaJliB y PI3HUX 00JACTAX MOJBIHHOI cripaJi
JHK. TlopiBugaTn aunaMiky mpoTuiioniB B ioH-TijpaTHiii obosonmi JIHK 3

pe3y/bTraTaMiu, OTPUMaHUMHE JIJIg BOJHOTO po3unHy coJti 0e3 JTHK.

HocmiguT KoJMBaHHS TPOTUHOHIB 3 PI3HUM XapakKTepoMm rifpararil (rmo-
SUTHBHO Ta HETaTUBHO IiJIpATOBaHI), IO JIOKAII30BaHl y PI3HUX 00/IacTsIX

nojsiiinol cripasi JIHK (docdarni rpymu, rososuuii ta MinopHuii 2k0/106m).

3a JIOIIOMOTOI0 METOJIy MOJICKYJIAPHOI JIMHAMIKI JIOC/IIUTH KOJIMBAJILHY
JIMHAMIKY MOJIEKYJI BOJIM TiJIpaTHOI OOOJIOHKU IPOTHUIOHIB JIy?KHUX METAJIB
3 PI3HUM XapaKTepoM TijpaTallil, 110 JOKaJi30BaHi y PI3HUX 00JacTAX

noasiitnol coipaai JHK.

O06’ekTOM JOCJII>KEHHSI € JUHAMIUHI BJIACTUBOCTI 10H-T1paTHOI 000JI0HKI

noiBiftnol cripadti JIHK.

IIpeameroMm pociikKeHHS € KOJIEKTUBHA KOJIMBAJIbHA JIMHAMIKA MOJIEKYJI

BOJIM Ta 10HIB JIy?KHUX METaJiB B 10H-TijIpaHiit obosoHI nojasiiiHol cripasi JIHK.

Metoam mociigxkeHHs. Y JucepTalliiiniit podoTi OY/10 BUKOPUCTAHO HU3KY

METO/I1B JIOCJI1JI?KEHHSI.

B pamkax T€opeTUIHUX METOJIIB OOYI0BAHO MO/IE/Ib KOJMBAHb MOJIEKYJT BOJIN

B MiHOpHOMY k0,001 JIHK, 1ne BuKopmcrano mijgxoju Teopil TBEpJOro Tijga Ta

Teopil KoHdopmaniitanx Koaubanb JITHK.
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B pamkax o04MC/IIOBAJILHUX METOJIIB, 30KpPEMa, IIPOBEIEHO MOJIEKYJISIPHO-
Juaamiuni mogemioBanug cucrem JIHK 3 mpormitonamMum Jy:KHUX MeTaiB Ta
MoJIeKyJ1aMu Bojau. Kowmir'torepHi cumysisiiil Oyyim 3JificHeHI 3a J0IIOMOI'0I 00-
YUCTIOBAILHUX KjacTepiB [HcTutyTy Teoperndnol ¢dizuku im. M.M. Borosrobosa
Harmionanbuol akajeMmil nayk YKpainnm Ta MiKHAPOIHOTO TEHTPY TEOPETHUIHOI
disukn imeni Aoayca Canama (ICTP, Itasis).

HaykoBa HOBHM3Ha oaepkaHUX pe3yJabTaTiB. B jumceprariiiiniii pobori

Oy OTpUMaHi HACTYIHI HOBI PE3Y/IbTATH:

1. IToOymoBaHo HOBY isudHYy MOJEIb KOJMBaHbL MOJIEKYJI BOJIU, IO 3HAXO-
natbess B Magomy xkos100i JTHK. Tlokasano, mo KojuBajibHa JIMHAMIKa
BOJII B MIHOPHOMY 2KOJI001 MOJIY/TIOETHCA HYKJIEOTUIHOIO ITOCJITIOBHICTIO
JHK. 3ampornoHoBaHo jBa He3aJIeXKHI IIJIXOAU I BUOKPEMJIEHHS MOJI
KOJINBaHb MOJIEKYJT BOJIM MIHOPHOI'O »K0J100a IOJIBIfIHOT cIiipaJsii cepej, Mo/I

CIIOCTEPEXKHUX B eKclepuMeHTaapbanx crnekrpax JIHK.

2. Bueprie ozepkaHO CIIEKTPU KOJUBaHbL MOJIEKYJ BOJAU B PI3HUX 00JACTAX
ion-ripaTHol obostonkn JITHK. Briepie Bu3natueno Mo/ KOJIMBaHb MOJIEKYJT
BOJAU B PIi3HUX 00/acTsIX mojaBiitHOI cripaJji. IlokaszaHo, 1m0 KoJuBaJbHA
JnHaMiKa ioH-ripaTHol obosonku JIHK cyTTeBO BiJpisHsIETHCS Bijl ClIEKTPa
YUCTOrO PO3UMHY, IO HAHOIIbII BUPAXKEHO JIJIsi CIIEKTPIB BOAU B MiHOPHOMY
xkoyiobi JITHK. Bugpneno, mo Moga CHUMETPUYHOIO PO3TATY BOJTHEBUX
3B’913KIB Mi»K MOJIEKYJIaMI BOJIH, IO CIOCTEPEYKHA JIJIsi PO3UNHY, 3HUKAE Y

BUITQJIKY 10H-TipaTHol obosonkn JTHK.

3. Bmepre pospaxoBano B paMKax MeTOJY MOJIEKYJIAPHOI JMHAMIKHA JIeTaIbHi
indpavepsoni crnekrpu JJIHK, comeit ioHIB JIy:KHIX MeTaJiB Ta MOJIEKYJ
Boju. IlpoanasizoBano BIUIMB pi3HUX I0HIB Ha KOJUBAJIBLHY JUHAMIKY
aromunx rpyn JAHK Ta mokasano, mo 3-moMmixK JOCHIIZKYBAHUX 10HIB

HaMOL/IbIIII BIINB Mag€ 10H JITIIO, IO IPOSIBJISIETbCSI B KOJNBAJIbHIX MOJAX

docharnux rpyr.

4. Brepire po3paxoBaHO CIEKTPU TYCTHHU KOJUBAJLHUX CTaHIB JJIsd 10HIB

aykHnX MeTasiB HaBkoso JIHK Ta y BomHOMy poszunni. Busgsieno, 1o
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dopMa crekTpiB KoJIMBaHb 10HIB 3 PI3HUM XapaKTepoM TijpaTaliil Mae
cyrTeBi Biaminnocti. Omninennit BB JIHK nma konmBanmbny amHamiky
10HIB 3aJI€2KHO BiJ| 1X PO3TaIllyBaHHS HABKOJO MOJBiiiHOI cripaJi. [Tomiveno
HAWOLIBINMUI YaCcTOTHUI 3CYB y YACTOTHHUX CIIEKTPax 10HIB 3 HEraTHBHUM

XapaKTepoM TijpaTallil, 1Mo JIoKaJIi30BaHl y BHyTpimHuix obdaactax JTHK.

5. Tlokazano, 110 y KOJIMBaJbHUX CIEKTPaX 10HIB JIiTiIO, sIKi JIOKAJII30BaHi OiJist
docdaraux rpyn ta rogoHomy xkos1001 JTHK, criocrepiraerbest emyra Oiist

820 cm !, ska xapaxkTepusye ioH-ocdaTHi KOJMBAHHI.

6. Bueprie oTpumano Ta TpoaHAJI30BaAHO CIHEKTPHU TYCTUHU KOJMBAJTBHUX
CTaHIB JIJIT MOJIEKYJI BOJM TiJipaTHOI OOOJIOHKH 1OHIB JIy?KHUX MeTaJliB.
Bruepiie BusiB/ieno, 1mo B ceKTpax I MepIol MigapaTHol 000JOHKNA PI3HUX
{OHIB JIY?KHIX METAJIB CIIOCTEPIraeThes i300ecTHIHa TouKa 6m3bKo 70 ev L
[IokazaHo, 110 1OsiBa Ii€l 1300€CTUYHOI TOYKM € HACJIJKOM CTePUYHUX

oOMezKeHb KoJimBaHb MoJieKyJt Bojiu nopepxuero JIHK Ta ionis.

Ocobuctuit BHecok 3mo0yBada. Y pobori [1]| mobypoBano mojesb st
PO3paxyHKYy TPaHCISIINHIX KOJUBaHb MOJIEKYJ BOJM B MIHOPHOMY »K0JI00i
noasiitaol cripasi JIHK. PozpaxoBano Ta nmpoanagizoBaHo 4acTOTH Ta aMILTITYIN
KOJINBaHb MOJIEKYJT Bojau Ta cTpyKTypHux esnementis JJHK. Orpumano nesigomi
napaMeTpu MoJIei, o HeoOXi/IHi /I pO3paxXyHKy 9acTOT Ta aMILIITY/ KOJUBaHb
MOJIEKYJT BOJIH.

Y pobori 2] BukoHAHO MOJIEKYJISIPHO-IMHAMITHI CUMYJISITIIT CHCTEM 3 00’ €éMHOIO
BOJI0I0. Po3paxoBaHo CIIEeKTpH KOJMBAJBLHOI TYCTUHN CTAHIB /I MOJIEKYJ BOJN B
00’emi. Harmmcano KoMITtioTepHUIT KOJI JIJIsi aHAJI3y Ta IIPOAHAJI30BaHO CIEKTPU
KOJINBAJILHOI T'YCTUHU CTaHIB JIII MOJIEKYJI BOJAU B PI3HUX O0JIACTAX IOJIBIITHOT
cripasi JTHK (minopHuit k05100, rosioBHUI 2K05100, hocdaTHi rpynun) Ta B 00’eMi.

Y poboti [3|] BUKOHAHO MOJIEKYJISIPHO-IMHAMIUHI CHMYJISIN I'SITH DI3HUX
cucrem 3 JHK Ta n'stu cucrem BOJHUX pO34uHIB coJieit. Po3paxoBaHo Ta
IpoaHaJiizoBaHo iHndpadepBoHi cuekTpu MoJekyan JIHK, coseit Ta Bogu y pizanx
3MO/IEJILOBAHUX CHCTEMaX. 3aIPOIIOHOBAHO METO/] aHaJ i3y KOJUBAILHOI JMHAMIKN

10HIB Ta MOJIEKYJI BOJIU I'ijIpaTHOl 000JI0HKHK i0HIB. Po3paxoBaHo Ta mpoaHaJi30BaHO
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CHEKTPHW T'YCTUHU KOJIMBAJIBHUX CTaHIB /I HPOTUHOHIB y pI3HUX 00JIACTSX
nozsiitaol cripaai JIHK (minopruit k0106, rooBauil 207106, docdathi rpyrm)
Ta B po3umHi. Po3paxoBano Ta mpoaHa/i30BaHO CIIEKTPU T'yCTUHU KOJUBAJbBHIX
CTaHIB JIJI MOJIEKYJT BOJM T1APATHOI 0OOJIOHKN MPOTUNOHIB JIYXKHUX METAJIB, 110
JIOKaJTII30BaHi y pizHux objacTax noasiiinol cripasi JTHK.

IIpakTuvHe 3HaUEeHHs OTPUMaHUX pe3yJabTaTiB. Pe3yibraru orpuMani B

JlicepTalliiiniii poboTi MOXKYTb OYTH BUKOPUCTAHI JIJIsT:

1. Tlorimbenns po3yMiHHsg CTPYKTYPHOI Ta JAMHAMIUHOI OpraHizallii MOJIeKYJT
BOJIM Ta WPOTUHOHIB JIYKHUX MeTasiB ioH-TijpaTHol obosonkn JIHK,
a TakoyK PpoJii ioH-TiapaTHol obosonku y B3aeMoil JIHK 3 6Gionoriuno

AKTUBHUMU MOJIEKYJIaMU.

2. Imrepuperaltil KOJIMBAJIBHUX CIHEKTPIB OTPUMAHUX €KCIePUMeHTaJIbHUMU

METO/IaMU CIIEKTPOCKOIIII.

3. BukopucranHsi oTpuMaHUX Pe3yJbTaTiB JucepTaril sl IPOBeJIeHHs Ha-
BUYaHb CTYJIEHTIB. 30KpeMa, OTPUMaHi pe3yJbTaTu Oy BUKOPHUCTAHI JIJIst
MPOBEJICHHS JIEKIII Ta MPaKTUYHUX 3aHATH Ha JIBOX IIKOJIaX-CeMiHapax
"Kowmrm'torepna disuka JHK" | o 6ysin nposejieni B [nctuTyTi TeopeTnaHol
disukn im. M.M. Borosiobosa HAH Vkpainn B 2023 ta 2024 pokax.

Arpobariiss pe3yibTaTiB AnCepTAIlil.
PesynpraTtn aucepraliil JonoBigaancd Ha ceminapax [HCTUTYTy TeopeTmdIHOI
disukn im. M.M. Boromobosa Harmionaapnol akajemil Hayk YKpalHu, Ta Ha

MIXKHApPOTHIX KOHMEPEHIIidxX Ta MIKOJJIaxX, 30KpeMa

1. T.L. Bubon, S.M. Perepelytsya. Low-frequency vibrations of water molecules
in the hydration spine of DNA minor groove. X Conference of Young
Scientists "Problems of Theoretical Physics". 23-24 December, 2019.
Bogolyubov Institute for Theoretical Physics of NAS of Ukraine, Kyiv,
Ukraine. Book of Abstracts — P. 12.

2. T.L. Bubon, S.M. Perepelytsya. Low-frequency modes of water vibrations

in the minor groove of DNA double helix. XI Conference of Young Scientists
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"Problems of Theoretical Physics". 21-23 December, 2020. Bogolyubov
Institute for Theoretical Physics of NAS of Ukraine, Kyiv, Ukraine. Book of
Abstracts — P. 71.

3. T.L. Bubon, O.0. Zdorevskyi, S.M. Perepelytsya. Collective water vibrati-
ons in a DNA hydration shell. XIIT Conference of Young Scientists "Problems
of Theoretical Physics". 21 December, 2022. Bogolyubov Institute for
Theoretical Physics of NAS of Ukraine, Kyiv, Ukraine. Book of Abstracts —
P. 13.

4. T.L. Bubon, 0O.0. Zdorevskyi, S.M. Perepelytsya. Modeling collective
vibrations of DNA hydration shell. Training school: Multiscale Modeling
of the properties of compounds: From isolated molecules to 3D materials.
Belgrade, Serbia. 19-22 September, 2023. Book of Abstracts — P. 35.

5. T.JI. Byoon, O.0. 3mopescokuii, C.M. [lepenenuiist. KosekTupaa guHaMika,
MOJIEKYJT BOJIM 10H-TigpaTHOl obosoHKHN mojBiiiHol croipam JHK. 26-27
xoBTHs, 2023. XXIII Beeykpainchbka mKoja-ceMiHap MOJOJNX BYEHUX 31

CTATUCTUIHOI (hI3UMKH Ta Teopil KOHJIeHCcOBaHol pedoBuHM. JIbBIB, YKpaiHa.
30ipka Tes - ¢. 25.

6. Tetiana Bubon, Khatereh Azizi. Specific effects of alkali metal ions on
the vibrational dynamics of DNA ion-hydration shell. The 2nd Scientific
workshop for students "Computational Physics of DNA". May 21-23, 2024.
Bogolyubov Institute for Theoretical Physics of the NAS of Ukraine. Kyiv,

Ukraine. Publication from the school proceedings - [125].

Ily6mikarii. Pesyibrarn qucepTaliiiiiol poOOTH MPEJCTABICHO YV 3 Ky pHAIb-
HUX TyOJIKaIligX, MO iHJIEKCYIOThCI HAYKOMETPUIHOIO 0Aa3010 JAaHUX SCOpPUS Ta

Web of Science:

1. T.L. Bubon, S.M. Perepelytsya. Low-frequency vibrations of water molecules
in DNA minor groove. Furopean Physical Journal E. 44(6), 84 (2021).
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2. Tetiana Bubon, Oleksii Zdorevskyi, Sergiy Perepelytsya. Molecular dynami-
cs study of collective water vibrations in a DNA hydration shell. Furopean
Biophysics Journal. 52(1-2), 69-79 (2023). DOL: 10.1007 /s00249-023-01638-7
(Q2)

3. Tetiana Bubon, Khatereh Azizi. Effects of alkali-metal counterions on the
vibrational dynamics of the DNA hydration shell. The Journal of Physical
Chemistry B . 129(1), 28-40 (2025). DOI: 10.1021 /acs.jpch.4c04449 (Q1)

HucepTariiitia podoTa CKJIaIa€ThC 13 BCTYITY, YOTHPHOX PO3/ILIIB, 1110 BIOBI/I-
aI0Th JIOTTYHO 3aBEPIIEHNM eTallaM JIOC/I/ZKeHb, BUCHOBKIB Ta CIIMCKY IIUTOBAHOI
JiTepaTypH, 1Mo MicTuTh 202 mocuianasg Ha 22 cTopinKax, i 4 nogarku. nceprartis
BKJIIOUaE 25 pucyHkis ta 11 tabiuip (0e3 ypaxyBaHHs THX, 10 B JI0JaTKaX).

SarajbHuit 00csir poboTH CTAHOBUTHL 171 CTOPIHOK JIPYKOBAHOI'O TEKCTY.
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Pozma 1

CrpykTypa Ta amHaMiKa 10H-TLIpaTHOI 000JIOHKN
JIHK Ta 11 poJb y popMyBaHHi IMOJABIIAHOI cIripaJii
JIHK

1.1  OcobmmuBocTi cTpykTypm mnozasiitHol cripaJsi JTHK

JTHK (ne30xcupubonyK/ieiHoBa KUCIOTa) — O10JI0rTHA MAKPOMOJIEKYJTa, 10
€ HOCIEM T'eHeTHYHOI iH(opMallil B KUBUX OPTraHI3Max Ta € BayKJIUBUM 00 €KTOM
JIOCJTIJIZKEHDb TTPOTAToM Oararhox pokiB. Axktusnae BuBdenus JIHK mouammcs y 19
cToiTTi 3 BiAKpuTTd Opijgpixom Mimepom pedoBunn, Ky BiH Ha3BaB ‘HYKJIETHOM
miznime igenrudikosany gk JTHK [35]. Ase ctpykrypa ta 6iooridne 3HadeHHs
HTHK oymn nesiomumu 1o cepequan 20 cromittsa. Ta Bxke y 1950-x pokax Oymm
3JIIICHEH] TPOPUBHI BIAKPUTTS 3aBAdkn 3ycuyiaMm Jxxeiimca Borcona, ®pemncica
Kpika, Pozaming @pankiain ta Mopica Binkinca.

Y Koponisebkomy Koseki B Jlongoni Pozamning @pankiin MeTo0M peHTre-
HOCTPYKTYPHOI'O aHaJI3y MPOBOJNIA JIOCTLIZKEHHS, K1 BLIIPpaAJIM KJIIOUYOBY POJIb
y BinkpuTTi cruipagbHol cTtpykrtypu JIHK. VY cBoiit poboTi BoHa BHOKpEMuMJIa,
JBi bopMu moaBiiiHOI cripaJi: rigpaToBany B-dopwmy, IO BiAIOBiAa€ BigoMiil
Mo/[BifiHI# cripaJii, Ta jgerigparoBany A-hopmy, sika € OLIbIIT KOMIAKTHOW |5 1=53].
Y Tiit ke Jjaboparopil rpyna Mopica Biikinca He3aseyKHO IIPOBOIMIIA CXOXKi
nocaikenas |190]. Ha mouarky 1953 poky, micias mosiBu pobortun Jlaiimyca
[Tosinra |122], mobaumsiim xubHicTh fforo Teopii, Mopic Binkinc magas Ixkeiivcy
Borcony jgoctyn o KaouoBux jaHnx Ppank/iiH, BKIOYa0UN BijgoMe ‘Poro
51" [71]. Hamana indopmallisi pasoM 3 TEOPETHUIHUM MOJIEJIOBAHHAM JO3BOJIILIA
Borcony i Kpiky y 1953 porii 3amporonyBsaT Mojie/ib noBiiHOT cripasi [183], 1o
CTaJIO0 PEBOJIIOIIEI0 B MOJIEKYJIAPHiil 6i0/10Til Ta 3MIHUIO PO3YMIHHSA M€HETHUIHOI
CHaJIKOBOCTI.

byno nokazano, mo JHK ckramaeTbesa 3 1BoX KOMILIEMEHTaApHAX, aHTUATIapa-



JIEJILHUX JIAHITIOTIB, 110 POPMYIOTH 1oJIBiiHY cripasib. [lomimepnnii gantmor JTHK
MICTHTB Yy €001 TOCJIIOBHICTL (pochaTHUX TPy, IO 3’€THYIOTHCA 3 JI€30KCUPH-
003010 Ta HYKJIEITHOBOIO OCHOBOHO. JlaHmor docdaTHUX Ipyll Ta J1e30KCUPHO03H
dopmye ocros JITHK, 1o posrammosanuit 330BHi nojBiiinol cripasi. ®ocdarni
Ipynu HECyTh Ha OOl eJeKTPOCTATUYHWI 3apsj, PIBHUI 3apsly eJeKTpOHA.
Beepenuni mosBiitHOT criipaJjii po3TallioBaHi IJIaHAPHI HYKJIETHOBI OCHOBH JIBOX
THUIB: ypuHE (&JeHiH, IyaHiH) Ta MUPUMINHE (TUMIH, THTO3KH). 3a MPABUIOM
koMmiieMenTapaocti Hapradda [25] agenin croith HaBmpoTn THMiHY, (hOpPMY0OUN
nBa BojHeBl 3B'si3ku (naai H-3B’s130k). [lurosms cToiTh HABIPOTH TyaHIHY,
yTBopiotoun Tpu H-3B’s13kn. ATOMHI HITPOreHYy Ta OKCUI'E€HY OCHOB € aKIIEeIITOPAMI,
a rpymu NHy — monopavu H-38’s3ky [143]. ToBepxust mogsiitaol cripaai JTHK
HEOTHOPIHA, JIe MOXKHA BIILINTU MIHODHUI Ta rojoBHUH »Ko100u. CXeMaTuaHO
crpykrypa JAHK npencrasiena na Puc.1.1.

3ajieXKHO Bijl YMOB HaBKOJIMIIHBOTO CepeIOBUINa Ta/abo HyKJIEOTUTHOI 10~
caitoBHocTi noasiitHa cmipaab JIHK moke npuitmaru psg KondopMmaliiii, cepes
skux B-, A-dopmu, ski sragyBasncs pasime, ta Z-dopma [108]. JTHK xapa-
KTEePHU3YEThCA HAOOPOM NeOMETPUIHUX [TapaMeTpiB, dKi € BIJIOMUMU JIJIsT BUIAJIKY
pisanx Koudopmarniit noasiitnol crmipasi [153]. Hampukmnan, miamerp cripami B-
JTHK cranosuts ~20 A, Bincranb Mik dhocdaTHIME IPYIAMI Ta BiICTAHD MK
HYKJIEIHOBUMH OCHOBaMM B3/I0BYK OJIHOTO JIaHIIOra piBHI 7 Ta 3.4 A, Bijrrosino. Ha
OJINH KPOK cripaJi mpunajgae npubn3ao 10-10.5 HyKJIeIHOBUX OCHOB, IO JIEXKATh
B ILIOMINHI, HMEPHeH UKYJIAPHIN ocl moaBiifinol cmipasi. Minopauit Ta rosjoBHUIT
KOJIOOK € J0BOJI DINGOKIMU 3 XapaKTepHOIo MIHPHHOI0 Gumsbko 12 ta 17 A,
Binosigno. Kinbie nesokenpubosu snaxoantbest y kondopmaril C2' -enjo.

Y Bumajiky x A-dpopmu Bijcranb MizK dochaTaM CKOPOIYETHCSI B IOPIBHSTHHI
3 B-IHK 10 5.9 A, Ta MK HYKJIETHOBUMHU OCHOBaMu 10 ~2.6 A. Minopnnit
»K0JI00 MeHII TyIMOOKUil, Hi>K y BUIlaIKy B-dopMu, ajie roJoBHUNE ¥KOJI00 BY KMl
ta raubmmit. HykJieTHOBI 0OCHOBU pO3TAIIOBYIOThCA 1M1 KyToM ~20° BiJIHOCHO OCi
cuipasi Ta giamerp 36Libiryerbes 10 ~26 A. Ha sigminy sig B-dopmu, y A-
dopmi JJHK kinbie pezoxcupudbosu npuiimae C3' -enjgo kondopmailiio. Kpok
crmipaJii craHoBUTH Om3bko 11-12 HykieiHoBux ocHoB. B-, A-dopmn JIHK €

[IPaBO3aKPYyUEHUMHI Ta KAHOHIYHUMU (pOpMaMU, TOOTO MOXKYTb YTBOPUTUCS IIPH
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Puc. 1.1: Crpykrypa nojgiitnoi cripasi JIHK. Cipum, cuniM, »KOBTUM, 4€pBOHUM,

OimmM KoJibopamu 3adapboBani aTroMu KapboHy, HITporeny, (pochopy, OKCUTeHY
Ta I'JIPOreHy, BlJIMOBIIHO.

OyIb-AKNX HYKJIeOTHIHuX mociaigoBHocTsax. Hamporusary, Z-JIHK e miBozakpy-
YEHOIO Ta YTBOPIOETHCS JIMIIE Y BHUIAJIKY JEAKNX HYKJIETHOBUX IIOCJIIOBHOCTE
(CG nociyoBHicTs) [181] Ta 3a BusHAYEHUX yMOB HABKOJIUIIIHBOTO CEPEOBHIIA,
HAIPUKJIAJ], MJBUIEHOT KOHIeHTpallil coyi rormo |12, [44]. liamerp croipasi Z-
JTHK cranosurs ~18 A. Kondopmaris Kijblis 1e30KCHPUGO3H 3a/162KUTD BiJ| THILY
HYKJIETHOBOI ocHOBU: it nurosuny ne C2-enjo, myis ryaniny ne C3'-empo. Ha
MOBEPXHI BULIAIOTH MiHOPHHI »KOJI00 KUl € BY3bKUM Ta, TJINOOKIM.

Y disionoriuanx ymoBax mojpiitHa cripaas JHK 3a3Budaii 3HAXOIUTHCS Yy
B-dopwmi. JloBojii JI0Bro BBazKaJiocs, IO Yy KJITHUHI peasi3yeTbCd JIAIIE JaHa
dopma JTHK, omnax Oyno moxkazaHo, 10 BCi pO3IVIsIHYTI KoHQOpMaIl € 6i0J10-
riuno aktuBHumu. A-JIHK peasnisyersest npu yrsopenni JJHK-PHK kommiexcis
(mampukiasm, [91]). YTBOpenus Z-koudopmarlil 3adesmneuye Hascnipasisaiio JHK

i gac Tpanckpuii (nanpukiar, [191, 192]).
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1.2 Poap moJiekysn Boau Ta NPOTUIOHIB po3umHy y ¢OpMyBaHHIi

noBiitHOl cripaJyi JJHK

[Tounnaroun 3 nepmux Jgociijzkerb makpomosekyan JIHK, Oyino momige-
HO, 110 HAaBKOJIUIITHE CEePEJJOBUINE, MOJEKYJIN BOJU Ta IMO3UTUBHO 3apsiKeHi
ioHM JIy>KHEX MeTasiB (gaji TpOTUHOHM), BiirpaloTh BUPIIIAJBHY DPOJIb JIJIsT
CTPYKTYpH Ta byHKIOHYBaHHs TojBiiiHol cmipasi JHK [52) 53, : |.
BpaxoBytoun, 110 BiJICTaHb MiK HEraTUBHO 3apsyzKeHnMu GpochaTHUMU T'PyIaMu
JIHK mporwiexkuux TsKiB MOPIBHAHO HeBesnKa (mpubsmsao pisaa 10 A),
3a 3akKoHOM KysoHa BoHM Majum O BIIIITOBXYBATHCA 3 CUJIOKIO, IO 3HAYHO
IepeBUIIy€e CUIn cTabiyiizalil mojBiiiHol cripaJi. FiaemenTapHi oIiHKN TOKa3yI0Th,
0 €eHeprisg eJeKTPOCTATUYHOI'O BIJIINITOBXYBAHHS 3HAYHO IIEPEBUIIYE €HEPTiio
BOJHEBUX 3B 93KiB y IIapax OCHOB, 4depe3 110 cTpykTypa cripasi JHK He Oyia
6 crabinbnoro. Opmax npucyTni y kiituni nporuitonn (Na®, KT, Mg?") Ta
MOJIEKYJISIpHI ioHU (TostiaMibm) HefATpa i3yoTh HeraTuBHI 3apsu Ha (ochaTHux
rpynax.

Hagsricts mostekyn Bogaum HaBkoso JIHK e BupimasbHOoto ymMoBOIO T8
CcTpyKTypu nojiiitaol cripasi. @ocdarui rpynu JTHK rigpodinbhi, B Toil gac gk
HYKJIETHOBI OCHOBH TijipodobHi. ToMy HagBHICTH BOJHOTO CepeoBUINa 3ade3Iedye
dopMyBaHHA CTPYKTYpHU MOJBIHHOI cripaJii, Jie TipodoOHI HYKJIEIHOBI OCHOBH
nexxkath Beepeuni JIHK. CtpykTypa moBiitHOT criipaJii peaJii3yeThbcs 1pu TEBHii
KIJIbKOCTI MOJIEKYJT BOIH, 1110 (DOPMYIOTH IijipaTHy 000/10HKY. Ha manuit yac godpe
BiJloMa KIJIbKICTh MOJIEKYJ BOJM, IO IOTPiOHA JIJIss YTBOpPEHHs Pi3HUX (HopM
nogBifinol croipasti JIHK, zanexxkno Bijg Ttumy mnportuiionis y 3pasky. llogasbimi
BifomocTi po 38’s130k hopmu JTHK Ta rigparariito onmcani va ocuosi [21,73]. [Tpu
0 % BigHOCHOT BoJIOrOCTI (/1a/1i B.B.), Y BUCYIIIEHOMY CTaHi, Ha Mapy HYKJICOTHIiB
npuIaiae B cepegnboMy 6 Mosiekyst sogu. Ilpu s6iabmenni B.8. 10 40 %, noasiiina
cruipaib JJHK xapakrepusyerbest po3ynopsiIKOBaHUM CTaHOM. Y BuUIaiky 75 %
B.B. 3pa3ky JAHK mnpuitmae A-dpopmy. B-JIHK yTBOpIoeTbest npu 30i/1bIIeHH] J10
~92 % B.B. y 3pasKy. KiibkicTh Mojiekys Boau, 1o norpibna mist nepexory JHK
B Ty YU iHIIYy GOpPMY, CYTTEBO 3aJIEXKUTh BiJI TUIy HMPOTUIHOHIB y 3pa3Ky. Tax,

HAIIPUKJIaJ, Y BUIaJIKy HpoTuitony KaJjiwo, B-/IHK dbopmyerbes npu HasBHOCTI
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omm3bko 40 MoJieKysl BOJM Ha Tapy HYKJIeoTw iB. [Ipu 3MeHImeHHi KiJIbLKOCTI
MOJIEKYJI BOJIU T0/IBiiTHA cripaJib nepexoantsb y A-dopmy. Cins Na-/JIHK mpuitmae
B-dbopmy npu 40 — 51 MoJieKys1 BoaM Ha Iapy HYKJIEOTHJIB Ta IPU 3MEHIIeHHI
1o 20-40, BinOysaeTnesa nepexin B A-popmy. YV Bunaaxy karionis Rb™ ta Cst,
Jutd hopmyBanis B-dopMu moTpioHO mpubdam3Ho 42 Ta 28 MOJIEKYJT BOJN Ha, Mapy
HYKJICOTH/IB, BiAnoBiaHo. Y BUIaAKy »K nporuitonis LiT, npu s36iabmensi B.B 10
60 % (20 moJieky/T BOJM Ha Tapy HYKJICOTH/IIB) MOJBIiiHA CIipa/ib MepexoIuTh y
C-dopmy. A-dbopma JIHK y Bumaaky nporunitonis jiTio He hopmyeThesi. MoxHa
mo0AuNTHU, MO YUM OIIBIINI TPOTUHOH, TUM MeHINa KIJTbKICTb MOJIEKYT BOJH
noTpibHa st GopMyBaHHs IOABIIHOI cripasi. Bunarkom e nporuiton LiT, axuit
Hefirpasiizye HeratwsHi 3apsjaun JIHK Tak, mo jirg crabimizarnii nmorpidoHa maJga
KLIBKICTh MOJIEKYJI BOJIN.

HocmiazKennsa cTpyKTYpPHOI opraHizaliil Ta AUHaMIKH MOJIEKYJI BOJW Ta 10HIB
naskoyio JITHK e BaxkauBum 719 po3yMinHA OaraThbox OIOJOTIYHUX IPOIECIB B
JKUBIT KJIITUHI, TAKUX 9K OLIKOBO-HYKJIETHOBE po3Ii3HaBaHts abo B3aemo/iga JJTHK
3 opraHiuHuMu pedoBuHaMmu. JlaJi OyayTh po3ryIsiHyTi BiJIoMi eKclepuMeHTaJ IbHi
Ta TEOPETUYHI JIaHl PO BHOPSJAKYBaHHA Ta JIMHAMIKY MOJIEKYJI BOJIM Ta 10HIB
naBkosio JIHK, a Ttakok numamika camol makpomosexynn JJHK mia posyminms

QYHKITIOHYBaHHA CUCTEMH.

1.3 Crpykrypa Ta nuHaMika ioH-rigpaTHoil obosioakm JIHK

Monekynun Bogu Ta ionm gopmyioTh HaBkoso JIHK ion-rizpatny o000JI0HKY
TosmmHol0 ~10-15 A Bix nosepxmi noasifinoi cmipam (Puc.1.2) [14, 97, 100].
YMOBHO 10H-Ti/IpaTHY OOOJIOHKY MOYKHa PO3JIJINTH Ha JIEKLIbKa IapiB 3a/1e7KHO
BiJI ITOJIOXKEHHsT MOJIEKYJI Ta 10HIB HABKOJIO MOJIBiitHOT cripasii. Ha Bijcrani OiibIm
ak 10 A Bij1 moepxHi JAHK ynopaakysanng Ta auHamika MOJIEKYJT BOJN Ta 10HIB
38 CBOIMH BJIACTUBOCTSIMH HAraJylOThb 00 €MHHUII PO3YUH, IO PO3IJISIAI0Th K
30BHIIMHIA 1map ion-rizparnoi obosonkn |[07]. [Ipn mabmmkenmi MoJekys Bojn
1o noBepxui JTHK, ane ne yrBOopiooun mpsaMux KOHTaKTiB 3 aTOMHUME T'DYIaMU
OJIBiiTHOT crripaJii, (POpMYEThCs ApyTa TijpaTHa obooHKa. TyT Ha JUHAMIKY MixK-
MOJIEKYIsipHIX H-3B’s13KIB BILIMBAIOTH JIAJIEKOCSXKHI €/IeKTPOCTATUIHI B3a€MO/Iil.

Hpyra rigparaa 000JOHKa € MIApOM TOBIIUHOI ~7 A, 10 BiAIOBigaE JTOBKUHI
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B’eppyma. Bapro mnarajaru, mo jgoBxkuna b’eppyma 1e BijicTaHb MiXK JIBOMA
eJIeMEeHTApHUMHI 3apsiiaMu (e), Ha sKifi eJeKTpOoCTATHIHA eHepris X B3aeMO/Iil

JopiBHIOE TerioBiit eneprii k1. Jlopkuna B’eppyma BusHadaerhbcs sik: lgp =

62

st Bopm mpu kimuartiin temneparypi (300 K) 1g Bigcranb piBa

AregekgT *
~T7,14 A [202]. ¥V tipomy miapi criocrepiraeTbesi KOHJIEHCAIisT 10HIB, 0 (hOPMYIOTh
ionHy armocdepy HaBKojI0 mojsiitHoi cripai [38]. Kownjercarisi ioHiB HABKOJIO

MaKpomoJiekysu Oysia nepejabaderna Meninrom ta OocaBoio B paMKax TakK 3BaHUX
HaHTpOCTIMIX MoJrieeKTpoiTHIX Mojeseitr, ne JITHK mpencrapimena gx jaHiior
3apsiJIiB OCTOBA Ta 10HU sIK MO3UTUBHO 3apsi/zKeHuil KonTuryywm |[100)].

bing moepxui Ta y BHyTpimuix obsgactax JIHK wmosekynum Bojgum Ta ionn
6e311ocepeTHH0 B3a€MOJIIIOTh 3 aTOMHUMHU T'PYIaMi MaKpPOMOJIEKY/IN, (pOPMYIOUH
nepiy rigparny ob6os0uKy. [lepira rigzpaTHa 0060J10HKa [TpejICTaBIeHa IK IINJITHIP
3 iameTpoM ~20 A, 10 BIAIOBIIAE AiaMeTpy HMOABIHHOI cripaJi. YOPSIKyBaHHS
Ta JJMHAMIKA 10H-T1JIpaTHOrO OTOYEHH Y TePITiit 000JIOHII TOMITHO BiIPIZHAIOTHCS
Biji 00'emy, 1m0 Oy/0 TOKa3aHO $K €KCIepUMEHTaJbHO, TaK 1 3a JOIOMOIOI0

TEOPETUIHUX IMIXO/IB (Hampukaar [134]).

1.3.1 CrpykTypHa opraHi3allis MOJIEKYJ BOAMN iOH-TiapaTHOI 000JIOHKN

JTTHK

['iapodinbai Ta rigpododbui rpynu aromis JIHK mo-pisHoMy B3aeMo/iiioTh
3 HABKOJIMIIHIM BOJIHUM CEPEJIOBHUINEM, IO € BU3HAYAJLHUM JJIsi CTPYKTYPH
noBiitnol croipasi. st posyminug posti rigpatanii y ¢yskmionyBanni JIHK,
JIMHAMIKa Ta YIOPSIKYBaHHA MOJIEKY/T Ma€ OyTH PO3TJIAHYTO OKPEMO JIJ1sT OKPEMUX
CTPYKTYPHUX eJIEMEHTIB IIOJIBIITHOI CIIipaJil.

3308BHI 1Mo/ABiiIHOT cripaJi aroMu okcureny ocdaTHUX TPy YTBOPIOIOTH BO-
JIHEB1 3B’sI3K1 3 aTOMaMHU T'1APOreHy MOJIEKYJI BoJu. byJio mokasaHo, 110 y BUIIAIKY
A-JTHK, mostekym BoJiu yTBOPIOIOTH YIIOPSIKOBAHI MTOCJIIIOBHOCTI B3I0BXK OCTOBA
JTHK, mokamizytounch MixK dochaTHuMI TpynamMu depe3 CKOpOYeHYy BiJICTaHb
Mizk Humu 98], TyT MoJieky/inm BOJM MOXKYTh YTBOPUTH BOJHEBHH 3B’SI30K 3
aromamu PO1--W--PO1 1a PO1.-W--PO2 docharaux rpyn A-JJHK [73]. V
Bunaiky B-JIHK Bigcranb mixk dochaTHUME IPyIaMi ITOMITHO 301JIBbITYETHC,

[0 YHEMOZKJINBJIIOE YTBOPEHHHA CTPYKTYP 3 MOJIEKYJ BOJIM, CIOCTEPEXKHUX $K
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Puc. 1.2: Cxemaruune 300parkeHHsI CTPYKTYPH 10H-T1ApaTHOT 000JIOHKHU TIOJBIITHOT
cruipai JJHK. I, 11, IIT nosnavarors obsiacti iou-rijgparHol obostonku [97].

30



y BunaJiky A-gpopmu. Tomy s Bunajgky B-JIHK 6inbmicrs docharaux rpyi
TiIpaTyIOThCsT OKpeMo [73].

BriopsiikyBatHst MoJieKy/1 Boju y BHyTpintHix obaactsx JTHK (rososhuii Ta
MIHOpHUIT 2K0J1001) 3aJIe’KUTh BiJI HyKJeoTuaHOI mocaigorocti |71]. 2Kosobu
JTHK rigparoBani J10BOJI CKIATHUM YHHOM. ¥ »KOJ00ax, Jie JeXKaTh IijipododHi
apoOMaTHUYHI KiJbIld HYK/JIETHOBIUX OCHOB, B3a€MOJIid 3 MOJIEKYJIaMHU BOJIM BiJI0yBa-
€ThbCsl Yepe3 KpaiiHi aToMHI rpyin. ¥ IOJOBHOMY »K0J1001 cIipaJi XapaKTepHUME
caiitamu B3aemosil BuctynaioTb aromu N3, N7, N2, N6, O6 nmypuHOBUX OCHOB
ta N4, O4, O2 nipumiguhis. Y BHUIAJKY BEJIUKOIO »K0J100a 2—3 MOJIEKY/IN BOJIM
MOXKYTb JIOKAJII3YBATUCH B3/I0BXK K0J100a. Y MIHOPHOMY KOJI001 yIIOPSTKYBAHHS
MOJIEKYJT BOJM TIOMITHO BIJIDI3HAETHCS BiJI IHINX obJacTeil MOJBIiiHOT criipadii.
XapaxrepHoto ocobsusicTio B-JIHK € yTBopeHHs1 B MIHOPHOMY »K0JIOD1 yIIOpSi/I-
KOBaHOI CTPYKTYpPH 3 MOJIEKYJ BOJIM, BIJIOMOI K TigpaTHuii xpebdber. Bmepire
JTaHa CTpyKTypa Oysia nomideHa B |14, 15| mpu peHTreHOCTPYKTYpPHOMY aHaJii3i
kpucraiais dparmenta JTHK 3 mocnigosrictio d(CGCGAATTCGCG), Bigomoro
Tenep sk jgoxexamep /[ikepcona-/Ipro. ¥V wmiHopHomy k0/100i, y Bumaiaky AT
MOC/TIIOBHOCT] HYKJICOTH/IIB, MOJIEKYJIN BOJIN 3B’ A3YIOThCA 3 aToMaMu N3 IMypuHiB
ta O2 mipumiauHiB nporuaexkuux jJanmoris JTHK. Moekynu Boju nepiioro mapy
(aHr1. inner spine.), GOPMYIOTH 3B’SI3KU 3 MOJIEKYJIAMHE, 110 JIEZKATH HaPAJIeTHHO
naauM (aHra. outer spine). CxeMarudHa CTPYKTYpa TipaTHOro XpedTa moKasaHa
Ha Puc.1.3. Ocranni hopMyloTh 3B'd3KH 3 CyciJamu, 10 3B’d3aHI 3 aTOMaMU
Jle30Kcuprbo3n Ta (pocaTHUMEU IPYIIaMU.

Ak pesysnbrar, GOpMYIOTbCS ILJIAHAPHI IMMECTUKYTHUKNA 3 MOJIEKYJ BOJHU, &
caM rizparHuii xpeber mnpuiiMae xapakTepHy 3ursaronojiony dopmy [14, 166].
[LranapHicTh CTPYKTYpHU B MiHOpHOMY 2K0/1001 JTHK mosicHIO€TBCST TTpOCTOPOBUMNI
OOMEIKeHHsIMH, Jie [HpHHA K0/100a npubinsno pisaa 6 A. Excrepnmentasbhi
mani criekTpockoril [105] mokaszasn, mo B curHasi JOMIHYIOTh MOJIEKYJIN BOJIH, sIKi
B3a€MO/IIIOTH 3 ATOMHUMH I'pynaMu B Minopaomy ko,1001 JIHK. Ileit pesyabrar 6yB
JIOTIOBHEHUI OocTaHHiMU poboTamu, Jie nokazano, 1mo JIHK mepenae xipaiabHicThb
HE TLIBKU MOJIEKYJIaM BOJIM Y MAaJIOMY »K0JIODi, ajie B IJIOMY IepIiil rijipaTHiil

0DOJIOHIII, BKJIFOUAIOYM MOJIEKYJIM BOJM B 00JAaCTi T'OJIOBHOI'O »KOJI00y Ta, OiJjst

dbocdaruux rpym. [134].
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Puc. 1.3: Cxemaruane 300pakeHHsT CTPYKTYpPHU TiJIpaTHOTO XpedTa y MiHOPHOMY
»K0J1061 mojBiiiHoT cripasi JTHK [44].

1.3.2 JImaamika MOJIEKYJ BoaAM B ioH-riapaTtHiil obosmonmi JIHK

Hwnamika rigparaoi obosonku JIHK, gax i 11 crpykTypa, HeoaHopijgHa Ta
3aJIC2KUTH BiJI TIOJIOYKEHHST MOJICKYJT BOJIM B3JI0BXK Oci mojBiiiHol cripasti. CiTka
BOJIHEBUX 3B’SI3KiB MizK MOJIEKYJIAMU BOJIM B rijipaTHiil 000JI0HII 11epedyI0BYEThCS
B TMKOCEKYHJHOMY dYacoBomy miamasoni [78]. Mosekynn Bogu guHamidei Ta
3MIHIOIOTh CBO€ IIOJIO?KEHHA K B MeKaxX OJIHOTO TLJIpaTHOIrO Iapy, TakK 1
Mixk mapamu [151]. Sk Oysio 3a3HaueHo Bulle, OpraHizallisi MOJIEKYJT BOJU
3aJIe2KUTh BlJI HYKJEOTHJIHOI IIOCJIJIOBHOCTI, 110 B CBOIO 4epry I03HAYa€ThCs
TaKOK 1 Ha IX JauHamini. BBarkaeTbcs, IO TakKa 3ajle’KHICTh MOXKe OyTH
BU3HAYAILHUM (dakTopoM s posmizHaBannsg JIHK wmosekynamu npoTeiHis,
OCKLIBKHI 3B’s3yBalHs 011Ka 3 MOABIHHOIO CHIPAJIIIO 3aJI€XKUTh Bl HYKJIEOTHTHOT
nocitosrocti |1 14]. Sycrpiuatoun moTpibHi misaHKY, MOJIEKyJIa OliKa 3B I3yEThCsT
3 JTHK, Bumrosxyoun Bomy Oijisd caiiTiB B3a€MO/IIl, IO Jla€ eHTPOIIHNII BHECOK

y BUIbHY eHeprito 38’s3yBanHst |103)].
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JlmHaMiKy MOJIEKYJI BOJIM TPUHHATO XapaKTepusyBaTH y TepMiHax daciB
ocijioro kuttst (aHri. residence time), mepeopieHTaniii (aHra. reorientation
time) Ta mepiomy kosmuBaHb (aHrit. wvibrational period). ExcrepnmeHTATbHUMEI
MEeTOJIAMU $sJIEPHO-MAIHITHOTO pe30HaHCy (JuB., Hanpukiaji, [39,87,130]), mero-
JIOM MOJICKYJISIDHOI JMHaMiKi (uB., Hampukia, |10, 151]) MoxHaa orinuTn dacu
OCIJIJTOTO YKUTTs MOJIEKYJ/T BOJIH, 1110 BU3HAYAIOTH Yac 1epedyBaHHs aToMa OKCUTCHY
MOJIEKYJIN BOJM OlJisi piBHOBasKHOro IMoJjioykeHHsi. Mostekym Boju  rijparTHol
0DOJIOHKH XapaKTepPU3yIOThCs CKOPETbOBAHOIO JUHAMIKOIO, IO 3MEHIIYEThCS Y
Mipy Biggasenns sig nosepxui JHK. Ha sigcrami monas 10 A mosekysu Boju
YTBOPIOIOTH JIMHAMIYHY CTPYKTYPY BOJIHEBUX 3B’¢I3KiB IO/IOHO JI0 BOJU B 00’€Mi
[67]. ¥V Bunajgky o6’eMHOI BOJM XapaKTepHUil 9ac OCIIIOr0 JKUTTS CTAHOBUTH
oinst 1-1,5 me |15, 78=80]. Bina mosepxui JAHK (dbocharni rpynun) muramika
MOJIEKYJT BOJU CIIOBLIBHIOETHCS Ta YaCH OCLIJIOr0 KUTTHA 3pocTatoTh 0 ~10 11c
[19]. ¥ BHyTpinmHix obsacTsix mojaBiitHol cripasi JuHAMIKa MOJIEKYJT BOJIU TIOMITHO
BIJIPI3HSAETHCS BiJl BUTIAJIKY 30BHINTHHOTO PErioHy Ta 00’€MHOI BOJU. Y TOJIOBHOMY
7KO0JI061 9ac OCiIoro »KuTTs OmiHiTh 6,113bk0 100 e |39, 40,87, 136, 151, 164].
HaiinoBijibHIII MOJIEKY/IM BOJIM JIOKAJI30BaHI y MIHOPHOMY »KOJI001 3 YacoMm
OCIJIIOTO KUTTS, IO MOXKe Jjocdraru 1 HC y BHNAJKY 3BYXKEHHX 0o0JacTeit
minopaoro xkojioba JHK (A-tpakry) [39,40,87, 136,151, 164].

Y 1mpoMy K YacoBOMY IHTepBaJii BiJIOYBalOTbCsl IIepPEOpi€EHTAIlll MOJIEKYJI
BOJIM, IO € BU3HAYAJLHUM /I JAWHAMIKKM TigpaTHoro mapy. llepeopienTarii
BiIOYBAIOTHCST TIEPEBAXKHO Yepe3 PanToBi, KyTOBI CTPUOKN BEJUKOT aMILiTyan (3
kyToMm Osm3bko 80°). Ko rigpokcmibha rpyna sogu (OH) 3minioe akrenTopa
BOJIHEBOI'O 3B’sI3KY BiIOyBa€ThCss OOMIH BOJHEBUMHU 3B I3KaMH 3 HAMOJIMKINMUI
cycimamu. MexaHi3Mm IepeopieHTallil MOJIEKYJ BOJM ONMcaHuii B Mojesi ['ineca-
Jlaaxa [10,79,81]. PesyabraTn po3paxyHKiB 4aciB mepeopieHTAIiil MOJIEKY/T BOIH
y pizaux obsactsax JIHK mokaszasu, 1mo y roiloBHOMY 2K0./1001 Ta 61151 pocaTHIx
Irpyn dac mepeopieHTtarii pisauit ~13 mc. Y MiHOpHOMY KOJ001 JuHaMika
BOJIN CHOBUIBHIOETHCS, 1 Yacu rnepeopientanil csaraiors jio 80 nc [16]. Baxksuso
3a3Ha9UTH, MO0 KoHdopmariitni koauanus /JIHK npuckopiooTs jJuHaMiky BOJM
B CTEPUYHO OOMEXKeHHX 00J1acTsaX (¥K0j100ax), BUINTOBXYIOUN MOJIEKYJIN BOJIH

[16]. HomarkoBo Oysim po3paxoBaHi Yach »KUTTS BOJHEBUX 3B’SI3KIB MOJIEKYJT
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Puc. 1.4: Cxemarnune 300parkeHHsI HU3bKOYACTOTHOT'O KOJIMBAJIBLHOI'O CIEKTPA
MoJIeKyJT Bojin B 00’emi. CriekTp 1100y 10BaHO, 0a3yI0UYNCh HA BiJIOMIX €KCIIEPIMEH-
TaJIbHUX JAHNX KOMOIHAIIHHOTO po3cisuust cBitia [H0]. Biaaknraa, momapandesa,
CHHSI, 3eJIeHa Ta POorKeBa KPUBI I03HAYAIOTh XapaKTepH1 KOJIUBaJIbHI MOJIN MOJIEKY.T
BoM. YepBona JIiHIg MO3HAYAE CyMAapHUIl CIIEKTP.

BOJY TipaTHOI 0OOJIOHKH, MOKA3ABIIN, IO Yac KUTTA H-3B'A3KIB BOJAM 3HAYTHO
BIJIPI3HSIETHCS JIJII pI3HUX obJiacTeil 1mojBiitHol cripasii. Tak, y BUIajKy BeJIUKOro
K0s1008 gacn orinerni 6m3pko 20 11¢, TOMl SK y MasgoMy caraioTh b0 me [119,195].

Y miamasoHi 4YaciB OCIJIOrO KHTTH, IO TOIO SK MOJIEKYJda BOJIN 3MIHUTH
MOJIOYKEHHS, BOHA 3/1HCHIOE KOJIUBAHHA 011 TOJI0XKeHHd piBHOBaru. KoympaibHa
JITHAMIKa XapaKTePU3YETHC BHY TPIITHHOMOJIEKYIIPHIMU Ta MIXKMOJIEKYISTPHUMEI
KOJINBAHHSMU MOJIEKYJ BOJU. Y BUCOKOYACTOTHOMY Jiialla30HI KOJUBAJILHOTO
ciektpa (> 1000 cm™!) cmocrepiratorbess srunm Ta postar ximiummx O-H

3B’a3KiB 3 wacroramu ~1600 Ta ~3000 cm 1

, Bianosiguo [179]. Ilepiog Bhy-
TPIIHBOMOJIEKYJISIPHIX KOJIMBaHb cranoBuTh ~0.01 mc [78]. MixmosekyspHi,
ab0 TPAHCJIAIIITHI KOJIMBAHHS MOJIEKYJT BOJH, IO XapaKTepU3yIOThCA JTOpaIisaMu
(obMmezkeHi porariil), po3TsaraMn Ta 3THHAME 3B s13KiB, CIIOCTEPIrafoThCs B [liarna3oHi
<1000 ecm~t. Tak, sibpamifini KoJMBaHHS XapaKTEPH3YIOTHCS MIIPOKOI0 CMYTOIO 3
IEeHTPOM OJI3bKo 680 cM™!, 1e MoKHA BUJIINTH JIEKiJIbKA KOJIMBAJBHIX MOJL 3
qacroramu ~390 ta ~600 [200]. Tlepios kosmBaHb y BUllajKy JHOPAIIHHIX MO

cranosuTb <0.1 e |75].
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Tpancsniiini »K KosmBaHHs, TOB'si3ani 31 3runamu (aHria. bending mode)
Ta posraramu (aHri. stretching mode) BOJHEBOTO 3B'SI3KY MK MOJIEKY/IAMI
BOJIN, Ta € CIIOCTEPEKHUMU B HU3BKOYACTOTHINH obsacti crektpa [115, 177, 179].
BijfirmoBiiHO JI0 eKCIEPUMEHTAJIBLHUX Ta TEOPETHIHUX JIAHUX, Y HU3bKOYACTOTHOMY
criekTpi 06’€MHOT BOJM MOXKHA BUJIUINTH JeKLJIbKa MOJ KojuBaub [H0, 112, 115,

, |. HusbkowacToTHuil crieKTp KOMOIHAIIHHOTO DPO3CIAHHSI, 3 BUJLIEHUMU
KOJIMBAJILHUME  MOJIAMM, CXeMaTH4dHo TIpejcraBienuit na Pwuc.1.4. Swmimennsa
MOJIEKYJI BOJAM BIAMOBITHO 10 MOJ, KOJIMBAHbL CXeMaTHIHO IpejicTaBiaeHi Ha Puc.1.5.
Mopna srunis BogueBux 38’s13kiB (O--O--0) XapakTepu3yeTbesi 4acTOTOR OJIN3bKO
60 cm~t [56, 112, 115, 177, 200]. ¥V mmpokiii cMysi 3 nenrpom 6imsbko 200
cm ™! BuissioTh MOJH PO3TATY BOJIHEBUX 3B’S3KiB, 1110 MOB’si3aHi 31 3MIMCHHAMN
aToMa OKCcHUreHy MoJsieKy/1 Bojan |50, 112, 115, 177 200]. Bugingiors aBa pexnmu:
cumerpuuni (~110 cm™1) ta acumerpuuni (~160 cm~!) posraru  BojHeBnx
3B’st3KiB [50]. JIBi Moau 3 wacrotamn 6imsbko 70 Ta 220 cMT1 xapaKTepusyloTh
Kpydenus (anri. torsion mode) Ta 3MimaHi TpaHCIAIIiHO-06epTa bl (aHII.
translation/rotation mode) KOJMBaHHs MOJIEKYJT BOjHU, Bijmosigao [H0, 180]. BapTo
3ayBayKUTH, 110 3a JOIOMOI'OI0 MeToxy ab initio MOJIEKYJsIpHOI JuHAMIKU OYJI0

IIOKa3aMHo0, Mo Moja Oi1a ~70 cM~ ! Mae XapaKTepu3yBaTH KOJUBaHHs KJacTepa

MOJIEKYJI BOJM BigHocHO inmoro (anri. umbrella mode) Ta mona 6ias ~290 cm?
OIUCAHA sIK MOJA ACMMETPUYHOIO PO3Tsry BojHeBUX 3B’s13KiB 00, 112].

TakuMm 4YuHOM, 3 HaABEJICHUX BHUIIE EKCIIEPUMEHTAJbHUX Ta TEOPETUIHIX
pe3y/IbTaTiB MOXKHa 3pOOUTH BHCHOBOK, IO JUHAMIKA MOJIEKYJI BOJIN 10H-T1PaTHOI
obostonkn JIHK BijminHa Bijr Bunajaky ob’eMHuol Boju. Posriisaoan JuHaMidHi Ta
CTPYKTYPHI O0COOJIMBOCTI MOJIEKYJT BOJW 10H-TiApaTHOI 000/JI0HKM, Tpeda MaTh Ha
yBa3i, 10 NPOTUINOHN HABKOJIO MOJBIIIHOI CIlipaJil CyTTEBO BILJINBAIOTH HA MEPEXKY
BOJHEBUX 3B’si3KiB B rijipartHiit obosonni JIHK, 30yprotoun jauHamiky MoJieKys

BOJIN.

1.3.3 CrpyKrypHa opraHi3aliid ioHiB Jy>kKHIUX MeTaJiB HaBKoJio JIHK

[Iporuitonn Jy’KHUX MeTaJsiB BIIrpaloTh BaxKJIUBY pOJb B CTPYKTYpPHIi
oprasizalii Ta ¢yHKIioHyBaHHI nojsiitaol cripasi JHK. 3a disionoriaaunx ymos

B JKUBIl KJITHHI 3HAXOJATHCS OJHOBaJIeHTHI Karionnm wMetasis Nat, Kt Ta
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Puc. 1.5: Cxematndne 300parkeHHsi MiXKMOJIEKYJISIPHIX MOJT KOJUBAHb MOJIEKYJT
Boji. CTpijikaMu 1oKasaHi XapaKTepHi 3MileHHsT MOJIEKYJIH BOJN BiJITHOCHO iHIION.
(a) Mona sruny H-38"s13ky. (6) Moga 6idypkartil H-38"s13ky (kpyuentsi). (B) Moga
cumerpuaHoro po3rary H-38’sa3ky. (r) Mojga acumerpuanoro postsiry H-3B7s13Ky.
(1) Moga Tpanc/siiiiHo-00epTaIbHUX KOJTMBAHb.

2+ Ca?". Ilpu Busuenni BiactusocTeil Maxpomosexyan JIHK,

nBoBasieHTHI Mg
sIK eKCIIEpUMEHTAJILHO, TaK 1 32 JIOIOMOT'0I0 KOMIT FOTEPHOI'O MOJIC/IIOBAHHSI, YaCcTO
BUKOPUCTOBYIOTBC i inimi, ne iziosoriuni ionn, Taki gx LiT, Cs™, Rb™ Ta immi.

Yepes neratuBHO 3apsiapkeni docdarni rpynun JIHK, wakoso mnojasiiiHol
cripaJii yTBOPIOEThCs ioHHA aTMocdepa, 10 CIIOCTEPIracThCsl B eKCIIEPUMEHTaX K
obosonka 7 A (yuB., manpukias, [35]). Po3pisnsiors BiibHI i0HH, 10 MOKYThH
BUIBHO pyXaTHUCd B PO3YNHI Ta 3B’sI3aHi 10HH, IO 0E3I0CEPEIHBO 3HAXOIATHCS
naskosio JJHK. ITlporuitonn gvactkoBo kKomirencyorh 3apan JIHK, mo cranosuTh
npubsusno 75 % Big saranbaoro sapsany JHK B obmacti komgencarii [99].
BpaxoBytoun, 1110 I'yCTHHA €/IeKTPOCTATHIHOro 3apsijly Ha aromHux rpynax JHK
HEPIBHOMIPDHO pOBIIOJILJIEHa, JedKl aTOMHI I'pyIM € HeraTUBHO 3apsJIXKEHUMU, &
JlesiKl, Ha SIKHX T'YCTUHA 3apsiy 3MEHIIYEThCS, O3UTUBHO 3apsijizkeHi. Jlanwuii
PO3IIOJILJI BU3HAUAE CallT B3aeMOJIIN, AKI € eHepreTHuYHO BUTLAHUMU I 10HIB
JIY?KHUX MeTaJliB.

Jlokastizaniio ioniB nHakosio JIHK Moxkna BcTaHOBUTH eKCIIepUMEHTAJIBLHO
(muB., HAPUKJIAJ, splepHuit MaruiTHuii pesonanc 10|, peHTreHiBCcbKa KpuUCTAJIO-
rpadis [166,167]), Ta MeTo0M MOJIEKYJISIPHOT AMHAMIKE (JIUB., HAIPUKIAT, [33]).

3zoBHi JITHK nporuitonn B3aeMOIIOTL 3 aToMaMu OKCUTeHy ¢ochaTHuX TpyIl
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OCTOBA, ITOJBIITHOT cripaJii. ¥ BHYTPIIIHIX 00J1aCTsIX OABIIHOI clipaJii, XapakTepHi
caiiTu B3aeMOJIil y MiHOpHOMY 2K0j1001: O2 mipuminnaiB Ta N3 IypuHiB; Ta
y rosoBHoMy 2k0J100i: O4 nipumiguuip ta N7, N4, O4 nypunis. Bigomo, mio
Jeqaki nporuiionu, 3okpeMa Rb' Ta Cs™, MoxKyTh 3aMiniyBaTn MOJIEKYIM BOJN
B TijpatHomy xpedTi minopHoro :xosody JIHK, me mopymryioun crabinbHICTD

CTPYKTYPH, OJJHAK JIEII0 3MiHIOI04M fioro reomerpito [17, 166].

1.3.4 Imaamika iOHIB JIy>KHUX MeTaJIiB B i0oH-TiApaTHiit obosouIt JIHK

s onucy mnuaamiku mpotuitonis naskosio JJTHK 3ymunnmo yBary na dacax
OCIJIJIOTO »KUTTSI Ta KOJHMBAHHAX. 32 JOIOMOTOI0 METO/Iy MOJIEKYJ/ISIPHOI JMHAMIKN
MOKHa e(PEKTUBHO OIIHUTH XapaKTePHI 9acu OCIJIIOr0 YKUTTS JIJId 10HIB JIYKHIX
MeTaJiiB B TrijparHiii o00oJIoHII T1oBiiiHOT cripasi. Byno mokasano, 1o dvac
nepeOyBaHHsA 10HA OlJis caliTy B3a€MOJIil CYTTEBO 3aJI€KUTh BiJ HYKJIEOTHHOI
nocigosrocti JTHK [123, |. Xapakrepruil 4yac oCiJJIOr0 JKUTTsI JIEXKUTH B
MeXKaxX BiJI JEeKIJIbKOX IHKOCEKYHJ JI0 JIeKiJIbKOX HaHocekyH]. HalirmoBiibHima
JIMHAMiKa CIIOCTEPIraeThes JJIst TPOTUIOHIB, 110 3HAXOAATHCS Y MIHOPHOMY K0J1001
JHK. Yacu ocigjgoro >KuTTs IOMITHO 3MEHIIYIOTbCs JJIsi 00JacTi IOJIOBHOIO
KkoJ00y Ta docedaraux rpym. ¥ pobori [123] OyB mpoBeieHuit JeraibHuMil
aHaJIi3 JUHAMIKKM HO3MTHBHO 3apsazkenux iomis (Mg?™, Nat, KT, ta CsT), mo
JIoKaJ1i30BaHi y pizHux obsactax JIHK Ta y Bumajky pisHuX caifTiB B3aeMoiil. Y
minopaomy xko510601 JTHK, gac ocigyoro xurrs ionis Cs™ csarae 1 ne Ta naiigosie
jonn mepedyBaioTh Oima aromis O2. B roit camnii wac gama Na™ wgac ocimioro
KUATT Y MiHOpHOMY 2kK0J1001 carae 100 mc. TTokazano, mo gy i0HIB y MiHOpHOMY
»K0J1001 TTO/IBIIHOI cITipaJii cepeHiil 9ac 0CiJIJIOro KUTTS XapaKTePU3YETHCA PSIIOM:
TCs>TMg>TK >TNa- ¥ TOJOBHOMY >k0s1001 Haifyosie nepebysaiorh ionn Cs™ Ta
Mg?* 3 qacom 6imsbko 200 me. Bing docdaTHIX rpyn HalOBIbHIIIA THHAMIKA
noMivena y Bumajiky iomis Mg?t, ne wacm nocaraiors 400 1mc, Kostm i iHITIX
ioniB menre Hizk 200 mc. TakuM 4MHOM ITOKA3aHO, IO YaCU OCIIJIOr0 »KUTTS 10HIB
POBHOJILIEH] AK: Targ>TNg >TK >Tcs. LIl Pe3yJIbTaTH y3roJIzKyI0ThCsl 3 TI0HepeiHIME
pe3yJibTaTaMi PO3PaXyHKIB 3 MOJIEKYJISIPHO-IHHAMITHUX TpaeKTOpii |1, 12,30, 83,

Y ) ) ) ) ) Y ) Y ) Y ) ]‘

KonuBanbaa qunaMika MO3UTUBHO 3apsZKEeHIX 10HIB JIYKHIX MEeTaJIiB Ta 10HIB
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ol JTHK mocnipkyBasacs ik eKcrepuMeHTaIbHIMI (HATPUKIIA], KOJINBATbHA
crieKTpockoris [55, 140,152,154, 155]), Tak i TeopeTHIHIME MeTo[aM1 (HAITPUKJIA/I,
[0, 127]), ma komi'torepHuMu cumyssiiisvu (Hanpukiag, [0, 93, 110, 152]). B
eKCIIePUMEHTAIbHIX KOJUBAJIbHUX CIEKTPAX COJLOBUX PO3UYMHIB CIIOCTEPIraloThCs
XapaKTepHi MpoABH KATiOHiB Ta amionis y miamasoni < 400 cm ! (HAITpUKIIAI,
[154]). Ba momomMoro MmpoBeIeHOTo aHaJli3y Ha OCHOBI KJIACHTHOTO MOJIETIOBAHHS
MOJIEKYJIIPHOI JIMHAMIKHN 111 pe30HAaHCU MOXKHa& BIJIHECTU JIO0 KOJIMBaHb aHIOHIB 1
KaTioHiB y iX meprmiii rixparariitaiii obosonmi (anri. rattling motions) [55]. Bei
CHEKTPHU JIYKHUX METaJIiB JIEMOHCTPYIOTH JiBa MiKu B dactoTHuX TT'1M criekTpax
Bijg 30 s10 200 em™L, 3a BuK/IOUeHHS coJii JtiTi0 [55, 157].

Y paMKax TeOpeTUIHHX ITi/IX0/1iB OyJia po3pobiieHa KOoHIEIIis 10H-hochaTHOT
JUHAMIYHOI I'PATKH, Jie YIOPSIKYBaHHsd MPOTUHOHIB HABKOJIO (hocdaTHUX TPy
ocroBa JIHK posriusgaerbest moniono o ionHoi rparku. Ilokazano, 1o ioH-
docharni kommsanng JIHK y Bunajky ioHIB JIV:KHUX MeTasliB CIIOCTEPEXKHI B

nianasoni cuexkrpa Bix 90 1o 180 cM™L, o 3asexxuTh Big Macu iona [127-133].

1.3.5  OcobamBocTi riipaTaliil ioHiB JTy>KHUX METaJIiB

[oHn JTy»KHUX METaJIiB, 3HAXOJ/IAUNCH Y BOJHOMY CEPEJIOBUII, MOXKYTH CTadi-
JlizyBaTH abo, HaBIIAKWU, J1eCTabLII3yBATH CITKY BOJHEBUX 3B’A3KIiB. & 3B’S3KYy 3
UM PO3PIZHSIOTH MO3UTUBHO TijipaToBaHi abo CTPYKTYpPOyTBOpIOBadi ioHE (aHTI.
structure-making ions), taxi ax LiT, Na®, Mg?t Ta meratusno rimpaTosami
abo CTpyKTypo-pyitHiBHI ionn (anri. structure-breaking ions): KT, RbT, Cs™.
[TosuTuBHO TijpaToBaHi i0HU CTAOLMIZYIOTH Ta BIOPSIKOBYIOTH MOJIEKYIN BOJIN
HaBkoJio cebe [101, 160]. Mosekysin Boji 1ijipaTHOl 000JIOHKN TaKuX 10HIB OLIbII
CTPYKTYPOBaHI B TOPIBHsAHHI 3 BOJI0I0 B 00’emi. HeraruBHo rijpaToBani ioHw,
HABIIAKI, MOPYIIYIOTh BIOPSIKYBAHHS MOJIEKYJI BOau HaBkojio cebe [101, 160].
KimouoBuM axkTopoM B3aeMoJIii € TYCTHHA 3apsijly i0Ha, IO BU3HAYAETLCS
K BIJIHOIEHHS 3apsjy J0 pajiyca ioHy. [oHH 3 BUCOKOIO T'yCTHHOIO 3apsiTy
CTBOPIOIOTH CHUJIbHE €JeKTPOCTATU4IHEe I10Jie, IO CTBOPIOE OLIBINT edeKTUBHE
MIPUTSATAHHS HABKOJIMIIHIX MOJIEKY/T Boju |32]. Bapro 3asmaqduru, 1mo posmo/ia
karioniB Hakoso JIHK Takoxk cyrreBo 3asmexxuth Bij ix rigparamii [33, ).

[TosuTuBHOTiIpaTOBaHl 10HW CHJIBHO 3B’SI3YIOTH BOJY, 4Yepe3 Iie BOHHM 4YacTile
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JIoKaJ1i3ytoThest 011 noepxui JIHK Ta 3B’s13ytoThbes 3 aTomMamu 1MoBepxHI dyepes
MOJIEKYJTH BOJIM iX TijgparHoi obosonku |123]. Jleranpuuii anasiz opranizarii ioHiB
3a JIONOMOTOK0 KOMIT'IOTEpHUX CUMYJIAIN TOKa3as, Mo KOHIeHTpalis ionis LiT e
Haiibisbimoo Gitst dpocdaranx rpyn JTHK [33]. e nosicaioerbest ocobmmBocTsivu
rijparanii Ta MajgumM po3mipom iony [93]. Tonu Na™ nepesaskno jiokasizosani 6iJist
aToMiB OoKcureny gocdarTHuX T'PYI, ajleé TAaKOXK MOXKYTb 3aXOIUTH Yy BHYTPIIIHI
obtacti nogiiinol cripasi JTHK [33]. Heratusro rigparosani ionu, B 6ibiiocti
PO3TAIIIOBYIOTHCSI Y BHYTPIIIHIX 00J1aCTSIX, OCKIJIbKM BOHU JIEIKO PO3PUBAIOTH
3B’ I3KM 3 MOJIEKYJIAMU BOJIN 1X TiIpaTHOl 0O0JIOHKHN Ta MOXKYTh BLILHO MOTPAILISITH
y BHyTpimui obsacti JJHK [33,123].

JlmHaMigHi Ta CTPYKTYPHI BJIACTHBOCTI TiJIpaTHOI'O OTOYEHHs 10HIB MOYKHa,
JTOCTIIUTH 3 JIOMOMOTOI0 HU3KH EeKCIIePUMEHTATBHIX MeTOMIB (Hampukiai |7,

|) Ta xomm'torepHux cumyssniit (Hanpuxian [0, 74, 88, 89]). ns neprmoi
KOOpAMHAIIHOI Ta apyroi cdepn mus ionis Lit ta Na' xoopammamiiine umciio
piBHe ~4 Ta ~6 Mojekya Bogu Ta ~9 ta ~12; BianosigHo |74, |. Takum
YMHOM, TOBIIMHA TiapaTHol obojgonku y sunajgky LiT ta Na®™ cranosuth ~4.6
Ta ~4.4 A, BinosigHo |71]. Cepe/Hiit gac 0CiIIOT0 KUTTST MOJIEKYJT BOJIHU TIEPIIOT
KoopAnHamiiinol chepu ominennit y 2.2 ta 1.2 mc mag LiT ta Na™, sigmosigmo
[162]. Bing nosepxui JJHK, wac ocijyoro »KuTTsi MOJIEKYJI BOJU HABKOJIO 10HIB
3aJIC2KUTD BIJI IOJIOYKEHHs 10Ha B3JI0BXK OCI 1OJBiiiHOI cripasi. Tax, 3a omiHKaMmu
MOJIEKYJISIPHOT JuHaMiky 11 Na ™ qacu »Kuttst csaraioTh 50 11¢ y MIHOPHOMY K0J10061
JHK B nopiBusinHi 3 06’emoM, je gacu Oias 40 e [124].

1 HeraTupHO TigpaToBaHuMX 10HIB, Jud BUNAAKy ionis KT koopaunamiiine
qucI0 OJM3bKe ab0 piBHE 8 MOJIeKyJIaM BOJIN JIJId MEPIol KOOpInHaIliinol cepn
[161]. Tomuua rigpaTHOl OOOJOHKH, PO3pAXOBaHA 3 MOJIEKY/IAPHOI JIMHAMIKH,
piBHa ~4.4 A [74]. Hac ocigyioro »KUTTsI MOJIEKYJ BOJIU TEPIIOT KOOPAMHAIIHHOT
obostonku pisauit 0.8 we. Bing JJHK yacn MoxKyTh caratu 1o 9 nc y BHYTPINTHIX
obsracTsx Ta B 06’eMi, 3a orinkami, 6i1s 6.5 e [124].

Yepes Olabmuii posmip iona Rb' mopisnsno 3 ionom K™, Bsaemopia iona
Rb™ 3 mosexkynamu Boau rigparnol obojonkn ciaabira. Tomy  10C/IIzKeHHsT
CTPYKTYPHU PO3YMHIB coJieil pyOijIito yeKIa HIoThes. Jleski poboT moKa3yooTh,

0 KOOPJMHAIIHEe 4YUCJI0 MOJIEKYJd BOAM HaBkoso Rb' piBHo 6 3 TOBIIMHOIO
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rijipaTHoi oboJsionkn 2.33 A [161]. B manomy BUIQJIKy BUJLISIIOTE JIKIIE TIEPIILY
KOODAUHAIIITHY cdepy.

Bigomi nani mogo rigparanil ionis Cs™ neoxgnosnauni. Ion Cs™ e naiibinbmmm
cepeJl 10HIB JIy?KHUX MeTaJliB, TOMY IeOMeTPUYHO IOoro KOoopjuHalliiiHe YucJio
Mae OyTH BEJIMKNM, OJHAK dYepe3 HallMeHITy I'yCTUHY 3apsjly cepell PO3TIAHyTHX
KaTIOHIB KOOP/IMHAIIIHE YnCJI0 Ma€ OyTH MaJmM. Koop/inHalliiiHi 1nuc/ia MOJIEKYT
o i ionis Cs™, BusHadeni pisHUME €KCIIEPUMEHTATLHIMI METOIAMH, JIEZKATD
B Mexkax Bif 3 mo 9 [101]. ToumHa rigpaTHOl 060JIOHKH, M0 BU3HAYEHA OJHIEIO
KOOPMHAIIHHOIO cepoio, cTanoBuTS mpubin3nao 2.2 A [71].

TakuMm YnMHOM, 3/IaTHICTH YTBOPIOBATH JPYTY KOOpJMHAIINHY cdepy uu
riipaTay OOOJIOHKY 3HUKAE JId BUMAJKY BayKKUX 10HIB JIyKHUX MeTaJsiB, IO
3yMOBJICHO 3MeHIIeHHsIM rycrunn 3apsay: Lit > Nat > KT> Rb™>Cs™. Bapro
TaKOXK 3ayBarKUTH, M0 KOOPJUHAIIliHE YUCJIO Y BUIIAJIKY 3a3HAYeHUX 10HIB MOKe
KOJIMBATHUCA 3aJIC2KHO BiJ KOHIIEHTpAaIlll caMUX 10HIB y 3paskax. Hacu ociiioro
JKATTSI MOJIEKYJI BOJU TiJIpaTHOI O0DOJIOHKU HETraTUBHO TiIPATOBAHUX 10HIB O1JIs
nosepxHi JIHK mopisaiooTh ~5 11c. Leit yac HabaraTro MeHIINil 3a po3paxoBaHuil
Jac OCIJIJIOr0 YKUTTs MOJIEKYJT BOJU TiIpaTHOI 0O0JOHKH TMO3UTHBHO T1IpaTOBAHIX

ionis [124].

1.4 OcobauBocti KoauBaJibHOl guHaMikm JIHK, 1mo mposBisiorbesa B

E€KCIIEpMMEHTAJIbHNX CIIEKTPaX

Konmuaabna aunamika moasiiinol cmipasai JIHK axTtuBHo BHBUaEThHCA K
eKCIIePUMEHTAIbHO (HApUKIIa)], pamaniebka |10, 184], indpadepsona |3, 111]
CIIEKTPOCKOIIT TOIO), TaK i 3a JIONOMOTOK TEOPETUIHUX MiJAXOMB |31, ) )

: |. Hns spyasnocrti posgimmvo crektp JIHK wa wumsprouacroraumii, e
BiI0yBalOThCst KOH(OpMaIIiiiHi KOJIMBaHHS IIOJBIITHOI cIipaJii, Ta BEICOKOYaCTOTHMIT
miamazon suiie 500 cM !, e crocTepiraloThesa BHYTPIIIHI KOJINBAHHSA CTPYKTYPHIX
eJIEMEHTIB (KOJIMBaHHs XIMITHIX 3B sI3KiB).

B nwmsbkouacToTHOMY ianta3oni KosiuBajbHOro crekrpa JIHK crocrepira-
I0TbCsl KOJIMBaHHS IOJBIMHOI cripaJii, IO IOB’sI3aHi 31 3MIIIEHHSIMHI IIIX

aTOMHUX TI'pYyIl, TOOTO dochaTHUX T'PYII, JIE30KCHPUO03U Ta HYKJIETHOBUX OCHOB.

HusbkouactoTnunit ekcriepumenTaabunii cektp JIHK xapakTepusyeTbest BuCOKO-
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Y4

Puc. 1.6: Mouesnb HusbkodactoTHux KosmBanb JIHK pospunyrta C.H. BojakoBum
i A.M. Kocesuuem [174]. Ha pucynky 300pakena napa HYKJIEOTHJIIB, 3'€JIHAHUX
BOJIHEBUM 3B’sI3KOM, III0 JIe2KaTh B ILIOIINHI, OPTOTOHAJIbHIN OCl TOABIIHOL cIipaJi.
mp 1 M TO3HAYAIOTh MacH OCTOBA 1 HYKJIEO3W Ty, BIJIIIOBLIHO; [ — 3BejieHa JJOBXKUHA
HYKJICO3UTY; 6y — pIBHOBayKHUI KyT MiXK Macol0 HYKJEO3ULy Ta OCTOBOM; #7 i
[IO3HAYAIOTH 3MIIMEHHS MadgTHUKIB-HYKJJI€03U/I1B JIaHIiora 1 Ta 2, BIJAIIOBITHO.

iHTEHCHBHIM, HI3bKOYACTOTHIM TIiKOM 6i1s 20 ¢M ™!, MIITPOKOIO CMYTOIO 3 IIEHTPOM

6iast 85 M~ |82, 170, 172, 184] ra Momamm Kojmbanb ionis Big 100 o 200
em~ L [141, 184]. Teopia nusbkouacrorHux xojusanb JHK Gyna possunyra C.H.
BoJikoBuM.

st onmcy HusbkodacTtoTHux crektpiB JIHK Oyiau 3amnpornonoBani HU3Ka
AQHAJIITUIHUX [IXOMIB. 30KpeMa, JAeTajJbHUil ONNUC HU3bKOYACTOTHUX MOJ| B
ekcrepuMeHTabHuX criekTpax OyB Hajganuit C.H. Boakosum i A.M. Kocepuuem
B [174,175]. HaBesemo KOpOTKO OCHOBHI moJjiozKeHHs1 Mojiesii Bosikoa-Kocesnua.
st onmcy morepevHnX KOJMBaHb CTPYKTYPHUX €JIeMEHTIB IMOJBIfHOI cIipaJi B
MOJIe/Il MaKpOMOJIeKyJ/Ia IIpeJicTaB/ieHa dK IOJBIIHNI JIaHIIOI Mac OCTOBa, J10
SIKUX TIPUKPIIJIeH] »KOPCTKi (Di3UdHI MasiTHUKHU, IO MOJIEIIOITH HYKJIEO3MIH.
MagaTHIKI-HYKJICO3U I 31IICHIOIOTh KOJMBaHH B ILIOMIMHI OPTOTOHAJbHIN OCi
MOJIBIfIHOT cripaJii Ta 3'€/iHaHl MONapHO BOJIHEBUMHU 3B d3KaMu. KineTu4ana enepris

CHCTEMU B MOJIEJI 3allicaHa 9K:

K= % 3 [MXm + (202 + QZSGMXM)} , (1.1)

n,i

e X, 0, OmuCyloTh 3MINEHHsT 1 MAcH HYKJIeo3uja (m) Ta Macu octoBa (my)
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B MOJIe/I BiJ piBHOBaXKHOTO MOJI02KeHHs1 (Og); i = 1,2 1mo3Hadae HOMEp JIAHIIOTA;

M =m + mg ta ly = [sin ©y. Ta Bupas 115 MOTEHIaJILHOI eHepril:

U =23 [alor,)? + 02, + 5(6in — O11)? + g(Xin — X 1)+
i (1.2)

+ G(Xing1 + Xi,n—1—2Xm)2} -

Y Bupasi (1.2), o — KoHCcTaHTa B3aeMOIT Tapu OCHOB, (01,) — 3MiHA PIBHOBaZKHOT
BificTaHl MIXK HyKJeo3ugaMn B mapi. JIpyruit momaHok omnmcye KOJMBAHHS
MaATHUKIB HABKOJIO OCTOBA 3 CUJIOBOIO KOHCTaHTOIO (3. TpeTiil 01aHOK BpaxoBye
B3aEMO/III0 MiXK HYKJIEO3UJIaMI Y CTOITKaX 3 CHUJIOBOIO KOHCTAHTOIO §. deTBepTwuil
JIOJIAHOK BU3HAYA€ 3MIHY IOTEHI1aJIbHOI eHepril JIaHIfora Ipu 3MIIIEHHI OCHOB
Ta ocToBa B3/0BK oci OX. OcraHHill JI0JJaHOK - €HEepris 3rUHY JAHIOIB 3
KOHCTAHTOIO 3TMHHOI KOpcTKoCcTi G.

Bukopucrasim Bupasu eHeprii po3myIgHyTOl CUCTEMHU, MOXKHA 3aIlUcaTh PiB-
HIHHA PYXY, 3BLIKU, BUKOPHUCTABIIN PO3B’S30K Y (OPMI ITJIOCKOI XBUJI, JIETKO

OTpuMaTu BHUPa3u [Jigd 9aCTOT KOJIMBaHb Yy BI/IF.HH,Z[iI

w1 —n) — W (Bo + pag + (¢ + 2)k?) + B+

lym. - (1.3)
+ (apc® + Boc + ozcol—QM)k + ikt =0,
w1 —1n) — W (By + k*) + Bok® + ekt = 0. (1.4)
Piusinust (1.3) onmcye cumerpuuni kosmBanusi, ko (1.4) - acumerpudni. Y
BUpA3aX (g = %,5 — %,02 = Shlg Ta ¢§ = 9h2 , 1 =sinOyi;,p = 1 —sin?0y(1—

70). k — XBUJIBOBUIT BEKTOD Ta h — BiJICTaHb MiZK HYK/JICOTHJAMH B CTOIII].
Binmosiznno jo anamisy, sanpornornosanoro C.H. Boikosum 1 A.M. KoceBnuenm,

1

MoJta 011t 20 eM™ -+ IHTepIpeTyeThed K KonBanisg octoBa JIHK, Tosi ax mmpoka

cmyra O 85 cm !

XapakTepusye KoJyimBaHHsi H-3B'$I3KiB B mapax OCHOB, €
BIJIIJIEHO JeKiabKa Mog i3 gactoramu 60, 80, 100 Ta 120 cm~!. Tliznime B poboTax
[127-131,133] ma ocHOBI onucanol Buiie Mofesi Oyna posrisayra JJHK 3 pisaumu

loHaMI JIV2KHUX MeTauiB. Bussieno HoB1 MOIM B HHM3BKOYaCTOTHHX CIIEKTpPaX

42



JIHK Bix 100 — 200 e~ !, mo nmos’ssani 3 KoaMBaHHAMN HPOTHHOHIB BijHOCHO
dbocdaraux rpyn octoBa mo/BiiiHOI cripasi (iou-bocdaTHi KOTMBAHHSS).
Bucokouacrorauit konupaabauii criekTp JHK, 3rinno 3 ekcriepuMerTabHIMI
JIAHUMM, MOYKHA, PO3JIJIMTH Ha JIeK1LIbKa YacTUH, Jie CIIOCTEPIraloThCd MOJH, IO
XapaKTepU3yloTh KOJUBAHHSA PI3HUX CTPYKTYPHUX €JIEMEHTIB IOJBIIHOI CIlipaJil.
Ob6uactsb crexrpa Big 800 1o 1300 cm~! moB’si3aHa 3 KOJIMBAHHSMHI OCTOBA, JI€
MOXKHA BHOKPEMUTH XapakTepHi Kondopmaiiiini mapkepu B-/IHK. ani momn

! mo xapakrepusyiorb O-P-O

crioctepexkai 3 gactororo ~830 Ta 1093 cm™
po3Tsr Ta cumerpuanuii posrar PO; [3, 10, : : , 169]. Moan HOXKUIHUX
kosmBanb 2°CHy Ta cumerpuunmii posrar PO, cnocrepexxni mpu 1420 ra 1237
em L [8, 10,142,157, 168]. Konupannsa noasiitnux 38’a3kis ocuos JHK y miommumi
MaKpPOMOJIEKY/I CIOCTepexKHI B Jrianasoni crmekrpa 1300-1800 cm~! 8, 10, )
, , . ¥V giamasoni < 800 cM~! crocTepiraloTbcs MOAM OB 'dA3aHI 3
KOJIMBaHHAMU ocHOB (aHrul. ring breathing) 3 wactoramu 680, 730, 750, 734 cm™ !,
110 BIIIIOBLIAIOTH KOJIMBAHHSM I'YaHIHY, aJleHIHY, TUMIHY, IIUTO3UHY, BIJIIIOBIJIHO.
XapakTep KOJUBAJLHUX MOJI B €KCIIEPUMEHTAJIbHIX CIIEKTpax HYKJIeITHOBUX
KICJIOT BU3HAYAIOTh €KCIIEPUMEHTAJILHO TIJISIXOM IOPIBHAHHS 3 ITPOCTUMU MOJIe-
KyJlaMU, BaplloBaHHs HYKJIEOTUJHOI'O CKJIaJly, 3MIHU B CIIEKTpax IIpU JI0JaBaHHI

D50, BapitoBannss pH [3]. Kpim Toro, jjist onncaHHsi KOJMBAJIBHUX CIIEKTPIB

3alIPOIIOHOBaHI TeOpeTHYHI Ta 064YKuC/IoBaIbHI MeTou (Hanpukia, (00,84, 85]).

1.5 Meroa KJacUvIHOI MOJIEKYJISIPHOI AWHAMIKMA B 3aCTOCYBaHHI A5

JOCJiI>KEHHA AUHaMIKU 10H-TigpaTHol obosonku JIHK

OjiHuM i3 MiJIXO/IB JIjIsT BUBUYEHHSI €BOJIOIIT MOJIEKYJISIPHUX CHCTEM Y HYaci,
3okpema cucremu 3 JIHK, € mero atomictianoi mosiexyssipaol aunamikm (MJI),
AKUI J03BOJISIE JeTaJbHO MPEJCTABUTU CUCTEMY ILISAXOM $IBHOTO PO3IVISLY BCIX
aTOMIB Ta 1X B3aeMo/iiil. leTaabaMil OMc METOy MOJIEKYISPHOT TUHAMIKI MOYKHA
sHaiiTu B Jtireparypi, Hampukaan |13, |. Janwit merton TIpyHTYETbC Ha
Mexanini Heiorona, nie a1 cucremu 3 N B3a€MOIIIOUNX YaCTHHOK PIBHAHHS PYXY

JIJISL 2-TO1 YaCTUHKM MOYKHA IOJAQTU Y BULJIsI:
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0°r; s,

F, = miﬁ—Qtl’ F, = —8—”U(ri), (1.5)
Jle My - Maca -Tol YJaCTUHKH, 1; - KOOPAUHATH -TOl YaCTUHKHU Ta Fj- cuma, 1mo

aie Ha gacTuuky, U(r), - norenniaibha enepris ta ¢ € (1 ... N).
Cucrema mgudepeHIiHIX PIBHSIHb PyXy 4YaCTUHOK CHCTEMU I1HTErPYEThCs
Ha KOXKHOMY dvacoBomy kpori (At). [lng ducenbHOTo iHTErpyBaHHSI DIBHSHD
PyXy Ta MOJIe/TIOBAHHS JUHAMIKM MOJIEKYJISIPHOI CUCTeMM TOTPiOHI edeKTUBHI
asiropuTMu. OHUM i3 HIMPOKO BUKOPUCTOBYBAHUX METOJIB IHTEIPDYyBaHHS PIBHSIHb
pyxy € anropuTMm Bepie, me mosorkeHHsT Ta MIBUIKICTL Ha Kpori t + At MoxKHA

po3paxyBaTu:
r(t + At) = 2r(t) — r(t — At) + a(t) At> + O(Ath); (1.6)

r(t+ At) —r(t)
At
Jlaui aqropurmu iMIieMeHTOBaHI B mporpamui nakern (Hampukiajg, NAMD

[137], GROMACS [I|, AMBER [21] Ta immi), 3a IOMOMOIOI0 SKHX MOXKHA

MOJIEJTIOBATH MOJIEKYJIAPHI cucTeMu MeTogaom MJI.

v(t + At) = +O(AL). (1.7)

Bazkymsum jiist Bukonantst M1 mozesoBanns € Busnadenns U(r). B ganomy
MEeTOJII B3aeMOJIII MixK aToMaM$ BU3HAYAIOTHLCS IOTeHIiajaMu B3aemosiit. Habip
TaKUX IIapaMeTpPiB JJjisd PI3HUX THUIIB aTOMiB, 10 (POPMYIOTH JIOCJIIKYBaHY
CUCTEMY, HA3WBAIOTH CUJIOBUM IIOJIEM. Heprig mapHux B3a€MOJIiil MiXK aTOMaMU

CUCTEMHU B 3al'aJIbHOMY BI/IF.HH,[Li MOZKE 6}/TI/I InpeacraBjieHa sAK:

U(I‘) = Ubonds(r) + Unonbonded(r); (18)

Jle IepHinit JJ0JaHOK BHU3HaAvYa€ KOBAJEHTHI B3aeMOJll, a JpYIruil oIucye

HekoBaseHTHI B3aemosii. Bupas (1.8) moxkHa posrnucarn sk mokasano B [95]:
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= S kb=t + 3 ka6 00+ S k(1 + cos(ny — 0))+

bonds angels dihedrals
- O m, 0
+ E kUB S S —|— E ki D ng qb )
impropers
12 6
4 Z Rmm” Rmaxij + qig;
(rij)? (ry)° €T
nonbonded

(1.9)

Y piastani (1.9) nmeprunit 1o1aHOK onucye 3MiHy eHeprii XiMiYHUX 3B'sI3KiB
Ipu 3MiHI X JIOBXKUHU 3 CUJIOBOIO KOHCTAHTOIO kp Ta (b — by) - 3MiHa JOBXKUHE
3B’s13Ky. Jlpyruil 10/1aH0K BU3HAYAE 3MIHY BAJIEHTHOTO KyTa (#) 3 CHIIOBOIO CTAJIOI0
ko. Tperiit nojaHoK omucye eHepriio TopcifiHux KyTiB () 3 KOHCTAHTOIO K
Ta n - nepiog (dmcgao MiHIMyMiB eHepril 3a OMWH TOBHUI TUKJ). erBepTuii
JIOJAHOK OIMCYE B3AEMO/III0 Mi2K aToOMaMM Ha BiJICTaHl JIBOX KOBaJEHTHUX 3B’ sI3KiB
3 CUJIOBOIO KOHCTAHTOIO kyyp Ta (s — Sp) 1ie 3MiHa BijcTani Mik aromamu. [1sruit
JI0JI2HOK OIINCY€E HeBJlacHe KPyUeHHdA CTPYKTYPHUX €JIeMEHTIB 3 KOHCTAHTOIO Kjpp.
Ocranni JiBa J0JlaHKN BHU3HadaloTh B3aeMojil Ban gep Baasibca Ta Kysiona.
Ban 7ep BaajabCiBChKI B3a€MOJil HalidacTilie OMUCYIOTh y BUTVIS TMOTEHITIATY
Jlennapna-Txonca. TyT Rpin,;, Rimar,; Ta €; BU3HAYAIOTH B3AEMOJIIO Ta Tij -
BijIcTaHb MiK aTomMamu ¢ Ta j. /lojlaHOK eJIeKTPOCTaTUIHUX B3a€MOJIIl MICTHTD
i, §j - NapUIAJIbHI 3apaAd aTOMIB ¢ Ta j, T;j - BLICTaHb MI?K aTOMaMU ¢ Ta j Ta €
- JlleJIEKTPUYHA TPOHUKHICTD.

Bapro 3ayBakuTn, 1110 HeMage yHIBepCAJIbHOIO 3aIIICY JI0IaHKIB piBHsiHHS (1.8).
Jist BUNa Ky pisHUX 1akeTiB cuoBux moJiB Jogaiku Uppnas(r) Ta Unonbonded(T)
MOXKYTh OyTHm 3ammcani y pisHux ¢opmax. [lapamerpusariisi cuaoBuX IOJIB
nepejdoadae MiJroHKy (QyHKIII MOTeHIiaJbHOI eHepril JI0 eKcIepuMeHTaIbHIX
JTaHNX 1 KBAHTOBO-MEXaHIUHIX po3paxyHKiB. Haiigacrime BUKOPUCTOBYIOTH CHIOBI
nosis CHARMM (manpuxman |11,62] ), GROMOS (manpuknaz [117]), AMBER
(mampukiaz (30, 138]) Ta OPLS (mampukimanx [145]). Hus cumymamiin 3 JJHK
Haiikpare 3apekomen,ryBajn cedbe makern CHARMM ta AMBER, siki Takozk OyJin

BUKOPHCTaH] B HaIIiil poOOTI.
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J11st oTpUMaHHS pe3yJIbTaTiB, OJU3bKIX JIO PEAJTbHOI0 €KCIIEPUMEHTY, MOJIETIO-
BaHHS CUCTEM ITPOBOJIUTHCS TPU MOCTIHHUX MAKPOCKOIIYHUX IapaMeTpax, TaKmX
sIK TeMIlepaTypa, THCK, 00’€M, KiJIbKICTh YaCTHHOK Ta eHeprisi cucreMu. L1 Benan-
HU He KOHTPOJIIOIThCst pyHKIero U(r). st 30epekenHst ux TepMOMHAMITHIX
BEJIMIWH MOJIETIOBAHHA Ma€ OyTH MPOBE/IEHO B KOHKPETHUX CTATUCTUUHUX aHCAM-
onax (NVE, NVT, NPT, puVT). Takok BayK/JMBUM € BU3HAUEHHs MOYATKOBUX 1
I'PAHNYHNAX YMOB, SIKi BUKOPUCTOBYIOTHCH JIIT PO3B’sI3alHsl PIBHIHD PyXY.

i yHUKHEeHHSA TakK 3BAHNX e(DEKTIiB IPAHUYHOTO PO3MIPY CUCTEMU BUKOPU-
CTOBYIOTH IepiofnyHi rpanndi ymoBu (anri. periodic boundary conditions), 1o
JIO3BOJISIE 3pOOUTHU JIOC/ILPKYBaHY CHCTEMY KBa3i-HECKIHUEHHOIO Ta HAOJIMZKEHO
BIITBOpPIOBATH BJIACTUBOCTI 00’emy. IIpuHImm mnepionyHuX TI'paHUIHUX YMOB
[IOJISITA€ B CTBOPEHHI HECKIHYEeHHO! KiJIbKOCTI 00pa3iB HABKOJIO peasibHOI CHCTEMU
MOJIEJTIOBAHHS B YCIX HampsiMKax. ZIKIMO JacTHHKA BUXOJIUTH 3 PeabHOIo OOKCY
CUMYJIATII, BOHA 3’ABJAETHCA 3 IHIIOI CTOPOHU OOKCY 3 Ti€l0 K MIBUIKICTIO.
YacTuHKEN peabHOl CUCTEMH MOXKYTh B3a€MOJIIATH 3 0Opa3aMu, 10 BPaXOBYETHC

B pO3paxyHKax B3a€MO/Ilil B CUCTEMI.
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Ilincymkn posmaiiay

Moutekynu Boi Ta TPOTUHOHN JTIY?KHUX METAJIIB BIIITPAIOTh BaXKJINBY POJIb Y
peryJIoBaHHi XiMIYHUX MTPOIIECiB y Olojiorivamx cucreMax. He3parkarouu Ha Te, 110
MOYMHAI0YN 3 Tepiux Jocaikenb JJHK 6yB nmomivennit 38’430k MiK KoOHpOpMa-
miero JJHK Ta posumnom (Boja Ta ioHH) B 3pa3Ky, JOCHIKEHHsT POJIi Tigparariii
I0YaJI0 PO3BUBATUCS JIUIIE 3 MOsABOIO CyYaCHUX eKCIIepUMEHTAJILHUX MeToIiB. [le
J1aJI0 3MOTY 3pO3YMITH, MO 10H-TipaTHa 000J0HKA BiIirpae BUPIMAILHY POJIb Y
dyukuionysanui makpomosiekyan JTHK. Okpim nosimopdismy, icHye psiji IuTaHb,
BIJIIIOBIJIb Ha 9Ki MOYKHa, OTPUMATHU JIMIIIE PO3YMit0Un (Pi3MIHI ITPOIECH B3ae€MOJIiT
Mizk JITHK Ta oTouyioumm 11 BOAHO-IOHHIM CEPEIOBHUIIEM.

Mostekyun Boaum Ta mpotuitonn ¢opmyiorh HaBkoso JIHK iomn-rimparmy
000JIOHKY TOBIIMHOIO ~15 A [inparna ob6oJIOHKA HEOJIHOPiJIHA, IO BiloOpaKa-
€TbC Ha 11 CTPYKTYPHUX 1 AMHAMIUYHUX BJIACTUBOCTAX. HaftOlibmn yropsakoBami
MOJIEKYJIN BOJIM Ta, 10HHW JIY?KHUX MeTaJIiB 3HAXOASTbCs Yy BHYTPIIIHIX 00J1aCTSIX
JIHK. bBispme Toro, ymnopsaakyBaHHd Ta JAMHAMIKa TigpaTallil pPeryJroloThCs
nocigosHicTio HykKjaeotuais JIHK. 2Komobu rigparoBani cKIaJHUM HYIHOM,
BKJIIOYAIOYN TiApaTHuil XpebeT B MIHOPHOMY »K0J/1001 mojBiitHOl cripaai. Tyt
JIMTHAMIKa MOJIEKYJI BOJIM IIOMITHO CIIOBLJIBHIOETHCS B IOPIBHSHHI 3 30BHIIIHIM
perioHoM Ta 0co0JITBO 00’ €MOM.

Taxk camo, JuHamika TPOTUHOHIB, 1O 3HAXOAATbCd Ol moepxni JIHK,
XapaKTepU3YEThCdA JOBIMMU YacaMU OCIJIJIOTO YKUTTS B TMOPIBHAHHI 3 THUMH,
[0 BIJILHO 3MIiHIOIOTH CBOE IIOJIO?KEHHSI B MeyKax IIapy KOHJeHcaIll. 3ajeKHO
BIJI THUIY 10HY Ta XapakTepy Horo rijpataliil BapllOlOTbcs caiiTu B3aeMOJiil 3
JIHK. TTokazaHo, 1110 MOJIEKYJIH BOJM T'iApPaTHOrO XpedTa MOXKYTh OYTH 3aMillleHi
JIeIKUMU TPOTUHOHAMHI JTy?KHUX METAJIIB, 110 He TOPYIITY€E CTPYKTYPY YTBOPEHHS.
Bapro sayBaxkutu, mo xapakrep rijgparaiil i0HIB (IO3UTHBHO YM HEraTHBHO

ripaToBaHi 10HN) Mae CyTTEBUIl BIUIUB HA BIOPSIKYBAHHS Ta JTHHAMIKY MOJIEKYJT



BOJIM TipaTHOl 0OOJIOHKM IIOJBIfIHOI clipaJii, 10, CBOEI 4eprolo, BILIMBAE Ha,
dyukmionyBanua JTHK.

Ha cworomni jg00pe Bizmomo, mo anaamika JJHK Ta 1T ioH-rigpaTHol 000/10HKK
noB’st3aHi, 1 Ie € BUPIMAJLHUM I Ol0JOTiYHUX (DYHKIH MaKpPOMOJIEKYJIN.
Byno momiveno, 1mo ioH-rigpaTHe OTOYEHHsI I'pa€ BaxKJIMUBY POJIb Yy IIpolecax
B3aemoyil JTHK 3 6io10rigHO aKTUBHUMEI MOJIEKYJIaMU, IO € BUPIIMIAJIbHIM JIJId,
HAITPUKJIAJ], MEXaHI3MIB TpPaHCKPHIILil, OlJIKOBO-HYKJIEITHOBOTO pO3Ii3HABAHHAI.
JwmHamika CKJIaJ0BUX TaKol CKJIAJHOI CHCTEeMHU AKTHUBHO BUBYAETHCI B PaMKax
YaciB OCIJIJIOTO YKUTTs, TepeopieHTalliil, cTpubKiB Ta KoauBaub. OJHAK Bce IIe
camMe KoJIMBaJIbHa JIMHaAMiKa MOJIEKYJT BOJM Ta MPOTHiioHiB MeTasiB HaBkoso JJHK
BUBYEHA HEJIOCTATHLO, X0Ya 1CHYE HU3Ka PE3YJIbTaTiB, 10 ONUCYIOTH KOJIMBAHHS
PO3YNHIB.

B naniit guceprariitHiii pobOTI TOJIOBHOIO METOI0 € OIMCATH KOJUBaJIbHY
JIMHAMIKY 10H-rigparHol obossonkn mnojisiitaol cuipaa JHK. Iias mporo y Posdiai
2 HaMu 1OOY/I0BaHa aHaJITHIHA MOJEb /I PO3PaxXyHKYy JacTOT TPAHCIATIITHIX
KOJINBaHb MOJIEKYJI BOJIM, 1110 JIOKaJIi30BaHi B MiHopHOMY 2k0/1001 JIHK. Y Posdiai
3, 3a JIOTIOMOT'OI0 METO/IY aTOMICTUYHOI MOJIEKYJIAPHOI JUHAMIKE OyJI0 OTPIMAHO
CHEKTPU TI'YyCTUHU KOJUBAJbHUX CTAHIB JIJIA MOJIEKYJl BOJU TiIpaTHOI 0OOJIOHKH
JHK, mo JokamizoBani y pisHux obacTsx mojBiiiHol cripasi (rosioBunit Ta
MiHOpHUIT yKos100u, docdaTHi TpyIHN, 30BHIMIHS TigpaTHa 000J0HKA). Y P03diai
4, 3a JIOIIOMOT'0I0 MeTOJIYy aTOMICTUYHOI MOJIEKYJ/ISPHOI JIMHAMIKM IIpOaHaJ i30BaHO
KOJINBAJIbHY JMHAMIKY OKpeMux ejieMeHTiB cucremu JJHK-niporuitonn-soga Ha 6a3i
ITiJIXO/Ty KOpEJIAIiil JUMOJBHIX MOMEHTIB aTOMIB cucTeMu. i OIIHKN BILJIUBY
JIHK na kosmBaibHy AuHaMiky npoTuitonis jayxuux meraiis (LiT) Nat KT Rb™T,
Cs ), 6y/i po3paxoBaHi CIIEKTPU I'YCTHHU KOJIMBAJIBHIX CTAHIB JIJisl I0HIB Y PI3HIX
o0J1acTsAX MMOJABIHOI cripaji Ta B 00’emi. /logaTkoBo MM JIOCTIININ JITHAMIKY

MOJIEKYJI BOJH TijipaTHOl 000JOHKM IIPOTHIOHIB 3 PI3HUM THUIIOM TigpaTallil.
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Pozm 2

HusbkoyacToTHI KOJIMBAHHA MOJIEKYJI BOJAU B

MiHopHOMY 2k0J1001 JIHK

CTpyKTypHi Ta JUHAMIYHI BJIACTHBOCTI BOJIU AKTUBHO JOC/IIIZKYIOTH IIPOTATOM
Jleka 1, B ToMy unci iy Bunajky cucrem 3 JIHK. Ojgnax mutanHs KoJMBaJIbHOT
JIMHAMIKH BCe I 3a/IUIIaeThCs BIAKPUTHUM 1 11oTpedye rymobIioro aHaizy. Oxapa-
kTepusyBaTu aunaMmiky cucremu JIHK-Boga moxkna 3a g0momMoroin KomBaaIbHIX
CIEKTPIB, IO MICTATH MapKepHi kommBaabai Mo JIHK Ta moszexyn Bogu. Ak Oy/io
[IOKA3aHO Y IIOIEPeIHLOMY PO3JIiJi, KoJuBaHHA MoJieKyJ Boau Ta JIHK jexkarh B
OJIHOMY YaCTOTHOMY /Jliala30Hi. KKcnepuMenTaIbHIMI METOIaMU JIOBOJII CKJTA IHO
BUJIIJINTH MOJIM KOJIMBaHb MOJIEKYJI BOJH, 10 Oe310cepeIHbo B3aeMo1ioTh 3 JTHK,
OCKIJIbKH 3a3BHUYail eKCIIepUMEHTAIbHI 3pa3Ki MICTAThH BEJIMKY KiJTbKiCTh 00’ €MHOT
Boau (mpubsmsno 2000 mostexysn Bojn Ha HykJeorn (Hampukiag, [111])). Tomy
JUUTs BUBYEHHSI KOJIMBAJIBLHOI JIMHAMIKKM MOJIEKYJT BOJU 10H-T1IpaTHOI 0OOJIOHKHU Ta,
BHOKPEMJIEHHSI KOJIMBAJIbHUX MOJI B eKcliepuMeHTabHuxX crekTpax JHK morpidno
IPOBECTH JIoJaTKOBUiT aHaJsi3. st mpoBejeHHsT TakKoro aHaJsizy HeOoOXiHO
po3podbUTH HOBI MOJIe, gKi OyayTh BpaxoByBaTu ocodsmBocti crpykrypu JHK
Ta i1 rijipaTHol 000JIOHKHU.

B nanomy posmiii, JUid T0C/IKeHHT KOJINBAJILHOI JJUHAMIKI MOJIEKYJT BOJIN SK
ILJIMX, IO JIOKaJIi30BaHi B MiHOpHOMY k01001 JITHK, 3amporonoBana TeoperuyHa
Motes1b. Mojiests Oyiia modyoBaHa Ha 0a3i paHilie 3amporoHOBaHOTO T IXOLY JIId
orucy Koubopmariitaux kosusaub JTHK, possunyroro C.H. Bosikosum [174, 175],
orcaHoro y mijaposaia 1.4. 3a J0IoMOrow 3alpoloHOBAHOTO aBTOPAME IIiIXOLY
YACTOTU TPAHCSIINHAX KOJMBAaHb MOJIEKYJI BOJIU Y MIHOPHOMY »K0J1001 T10JIBifTHOT
cuipagi JHK moxkyTb OyTu po3paxoBaHi aHaiTudHO. PesyibraTu, npejicrapieHi
y JIAHOMY PO3/IiJIi, orrcaHi B craTTi aBTopa jguceptaiiii European Physical Journal
E (Q3) [19] ra gonosiganucs na koudepeniiax |1, 2, 4| i ceminapax incruryTy |1,
2|.



2.1 IloGynoBa Mozesi Ay BHU3HAYEeHHsI KOJIMBAHb MOJIEKYJI BOJU B

MiHOpHOMY 2Kk0J1001 JIHK

B wmopmeni mopgiitna cmoipaab JIHK mnpexncraBiena gk jgBa TsKi OCTOBA,
JI0 SIKUX TPUKPiieHi Hykaeo3u . g Toro, abm Oy0 MOMKJINBO OJIepXKaTH
aHaJiTHaHI po3B’a3Kku, pocdarni rpynu JHK 6ynu 3adikcoBani Ta Mojie/oBamcs
y BUIJISl YKOPCTKUX CTIiHOK. B IbOoMy BHUIAJKy BpaxyBaHHs KOJHBaHbL OCTOBA
JIHK me € cyTTeBUM, OCKIJILKI BOHH MalOTh MaJIiil BIJINB Ha KOJUBAHHS MOJIEKYJT
BojiM, 10 Oyje mokasano gami (migposain 2.4). Hykrimeosumum MomemoroTbes
Yy BUIIAA (DI3UIHUX MagTHHUKIB, IO MOXKYTH 3/IIICHIOBATH KOJUBAHHA K
€JINHa Maca HaBKOJIO OCTOBa Yy ILJIOIIMHI OPTOTOHAJbHIN OCl MOJIBIHOI cripadil.
Taxwuit posrysan koudopmMariitnol auaamiku JIHK Bianosimgae migxomy Mmopesti
goruprox Mmac C.H. Bosxosa |[174, |. Bmaxarumenmo, 1o KoHbOpMAIiis
Jle30Keupubo3u He 3MiHeThea Ta Bianosinae C2 -endo |, xapakrepuiit jisg B-
dopvu JIHK. Toukoro migBicy MagTHUKIB-HYKJICO3UIIB JIO OCTOBa OOpaHUil aToM
C3 ' nesoxkcupubosu. Oiznyni MasgTHUKN XapaKTePU3YIOThCsI 3BEICHOIO0 JIOBXKIHOIO
¢ ta macoro M. ®Dizuuni mMasgrTaHukn npormiekHnx Tskie JHK 3’e¢qnani mix
c000I0 IPY2KUHAMHU, 10 MOJEJIOIOTh BOJHEB] 3B’sI3K1 B KOMILJIEMEHTAPHUX I1apax
ocuoB. Moyiekymn Boji B TigpaTHOMY XpeOTi MIHOPHOTO »K0/100a IpeJicTaB/IeH]
y BUIJISIJII TOYKOBUX Mac 1M, M0 3’ €THYIOTh MasgTHUKN HYKJICO3UIH TPOTHIEKHIX
TsizkiB JITHK. Hykieosuiu, 1110 yTBOPIOIOTH 3B 30K 3 MOJIEKYJI0I0 BOJIN, (POPMYIOTH
MOHOMEPHY JIAaHKY MojieJii. JIaHIIor MOHOMEPHUX JIaHOK 300pazkeHuii Ha Puc.2.1a.
[Tinkpecaumo, 110 B jlaHiil poOOTI MOJIEKYJIM BOJIM B TipaTHOMY XpedTi MiHOPHOTO
»xo00a JIHK npepcrasiieni y BUIVIAAl TOUYKOBUX Mac, TOMY OpIi€HTAIlisl aTOMiB
I'iJIporeHy SIBHO He BpaxoByBaJiach. [o/1oxKeHHs MOJIEKY/T BOJIM B MOJIEJI1 BiJIIIOBI 1€
CTPYKTYPI rijipaTHOro xpedTa BiJIMOBIIHO J0 BIJIOMUX €KCIIEPUMEHTAJIbHIX JAHIX
[166] Ta cxemarnano nokasamna ma Puc. 1.3, Pozzin 1.

Ha Puc.2.16 nokazani aBi KOMILJIEMEHTapHI IMapu HYKJICOTHIIB, IO JIEXKAThb
y ILIONIMHI, opToroHa/bHiil oci moasiitaol cripasi JIHK. Bice OZ nanpsimiiena
B3JI0B2K OCi 110/1BiitHOI cripaJii. Bick OY HanpaniieHa B CTOPOHY BEJIMKOTO »K0J100a.
Bics OX oproronanbna jo miomuan Y OZ. Bice OX Busnaudae Jo1aTHi 3MIITIEHHS

HYKJICO3UIB B 000X HalpsMKax. PIBHOBaXkKHE TOJIOKEHHS HYKJ/JICO3WIIB BiIHOCHO
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Puc. 2.1: KosmBanbaa Mojeb MOJIEKYJ Bogu B MiHopHOMY 2k0j1001 JIHK. a)
Jlanmior monomepnnx Janok. /Ipa mykmeoruan mnapagenbanx TsaxkiB JIHK, mo
YTBOPIOIOTH BOJIHEBI 3B'SI3KHM 3 OJIHIEIO0 MOJIEKYJIOI BOJIM, (POPMYIOTH MOHOMEPHY
JlaHKy Mojesi. MoHOMepHI JIaHKH BUJIJIEH] IIyHKTHPOM. £ — 3BejleHa JOBYKUHA,
diznmanoro magTHuka; M 1 m — Macu HYKJIEO3U1y 1 MOJIEKYIH BOJH, BiJIIIOBIIHO;
¢ Ta M BU3HAYAIOThb HOMED MOHOMEpHOI JIaHKU Ta JIAHIfora IOJBIIHOI cripadi,
BimosiHo. 6) JIBi mapu KoMIJIeMEHTApHUX OCHOB Y ILIONIMHI, OPTOrOHAJIbHI
oci monpiitHol cripaJsii. Hykieorwmau, 3B’s13aHi 3 MOJIEKYJ/IOI0 BOJM, BU3HAYAIOTDH
MOHOMEpPHY JIaHKY Mojesi. Mosekysta Boau momirneHa B eHTP CUCTEMU KOOPINHAT.
¢p — PIBHOBaXKHUI KYT MiXK MAaCOI0 HYKJIEO3UIy Ta MACOI0 MOJIEKYJIU BOJIN.
0p — piBHOBaxKHMIl KyT MiK Macol0 HYKJEO3HJy Ta OCTOBOM; i, 1 7, —
KOODJMHATU HYKJIEO3U/IB Ta BOJM B Mojesi, BiimoBigHo. CTPLIKK BU3HAYAIOTD
HAIPSIMOK JIOJIATHUX 3MIIEHb. @ 1 b — BijcTaHl BiJl EHTPY CHCTEMHU KOOD/MHAT
1o Toukn mijsicy (atom Cf nesokcupubosn) macu mHykaeosuiay 1o oci OX ta OY,
BIJITIOBITHO.
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OCTOBa XapaKTepu3yeThcss KyToM Oy. SwmimierHst (pi3suIHUX MasITHUKIB BiJIHOCHO
dbocdarnnx rpyn 3amaerbess KyToM 0;,. Je n HyMepye MOHOMEDHI JIAaHKH B
momemi (n = 0,£1,4£2,.... £ N) T1a i mymepye ganmor JHK (i = 1,2).
[TostosKeHHsT MOJIEKYJIM BOJIM B MOJIEJI XapaKTepU3YEThCs IapamMeTrpaMu a Ta b,
10 BIJIIIOBLJIAIOTH BIJACTAHI Bl IEHTPY KOOPJMHAT CUCTEMU J10 TOYKHU II1JIBICY Macu
HyKjaeo3uay B30Bxk oci OX ta QY Bignosinno. MoJiekyita Bojau po3TalioBaHa
I1iJI PIBHOBasKHUM KYTOM @by BIJIHOCHO HYKJICO3MJIIB, 3 AKHUMHU (POPMYE BOJIHEBI
3B’9I3KM. SMIIEHHsST MacHu MOJIEKYJIM BOJM Bijl 11 PIBHOBAXKHOI'O IIOJIOYKEHHSI B
MOHOMEPHIil JIaHIII XapaKTePU3yeThCA IapaMeTPOM 7p,. TaKuM YMHOM KOOPJIAUHATH

3MiH_[eHb MOzKHa 3alluCaTh y BI/II‘JIS{,ZHZ

Xin=a—"Llcos(by+ 0;,); (2.1)
Yin = {sin(6y + 0;,) — b; (2.2)
i = T CO3 23)
Uy p = Ty SIN Pp. (2.4)

Xin Ta Y, — KOODJAMHATATH 3MIIIEHb MadATHHUKIB HYKJECO3UJIB B30BZXK OCI
OX ta OY, BIANOBLAHO. Uy, Ta Uy, — KOODAMHATH 3MileHb MOJIEKY/IH BOIM Y
MOHOMEPHIil JIaHII].

Y Mojiesi HyKJIeTHOBI OCHOBU DI3HUX THINB (a/I€HiH, TUMIiH, [IUTO3WMH, T'yaHiH)
XapaKTepu3yloThcs ycepeaneHumu napamerpamu £, M, 6y. Ilapamerpu, o
3aJ1al0Th II0JIOYKEHHsI BOJU ¢, a, b Oy po3paxoBaHi, BpaxoBYIOUN IIapaMeTpH

nojsiiinol cripam JHK (nusuruch migposmiia 2.2).

2.1.1 EHeprisg KoJIluBaHb CTPYKTYPHHUX €JIEMEHTIiB MOJeJi

EHeprisi cucremu Morke OyTH 3alliicaHa y BULJISIIL:

E=) [Ky+U,+ Uy, (2.5)

ne K, — kinerwyHa eHeprisg B3a€MO/lil CTPYKTYPHUX €JeMEHTIB MOHOMEPHOI

jganku n; U, ta U,_1 — mnoreHniajbHa eHepris, ae U, 1 omucye B3aeMOJIiIO

52



MI?K OCHOBaMU B KOMILIEMEHTApPHUX Iapax Ta B3J0BXK OCl IOJIBIHOI clipaJil,
BIJIITOB1JTHO.

B mozeni mu posrisiaemo kKondopwmariitai koauanus JIHK, mo BijgdyBato-
ThCs B paMKax OJiHiel KoHdopMallil o/ [BiitHOI cliipaJii. 3a TaKol YMOBH BPaXyeMo,
110 3MileHHsd Mac MaJii. Bupa3s /i KiHeTudHol eneprii KoJMBaHb CUCTEMU MOYKHA

3alluCaTu HaCTYIIHUM YMHOM:

2
K, = M (£6;,,)? + mi?2 (2.6)
n =3 - mr, | . :
i=1
Bukopucraemo rapMoHivuHe HaOJIMXKEHHs Ta 3aIUIIEMO TOTeHIaJIbHy eHepriio

B3a€MO/I11 B MOHOMEPHIT JIAHIII MOJIEJI:

2
1 2 2
Un =5 |86, + k(0Ru i) (2.7)
1=1
ne [y — CuaoBa KOHCTAHTA KOJIMBAHb MAsITHUKIB HYKJIEO3UIB HABKOJIO

OCTOBa B ILJIOIINHI OPTOTrOHAJbHIN MMOJBIHII cripaJyi 0e3 BpaxXyBaHHs B3a€MOJIII
3 HyKJseo3ugamn B3oBxK Jganmora JJHK (korncranta kommBanb HyK1eo3umiB). k —
CUJIOBA KOHCTAHTA B3AEMO/IIT MOJIEKYJIN BOJIU Ta HYKJICO3UJIiB (KOHCTAHTA KOJIMBAHb
BOJH). Ry i, — 3MiHA JOBYKHHE BOJHEBNX 3B’9I3KIB Y 3B si3aHiil BOJIOIO Hapi.

dR,, in MOXKHA PO3paxyBaTn, BUKopucrasiy pisngamns (2.1)-(2.4) masa xKoop-
JUHAT 3MIIEHb CTPYKTYPHUX ejgeMeHTiB. Haragemo, mo Mm posrisgiaeMo MaJii
KOJINBaHHSI B cucremi, Ta Bicb OX cupsgMoBaHa B JIOAATHBOMY HAIIPSIMKY JIJIsI
3MilieHb HyKJeo3uais. Pospaxyemo Bijncranb 0Ry, j, MIZK MOJIEKYJIOIO BOIU Ta

HYKJIETHOBOIO OCHOBOIO TiepIioro Ta jpyroro tsiky JTHK (i = 1,2):

Ry in = \/(a — lcos(bp + 0;) + 1 cosdg)? £ (€sin(0p + 6;,) — b — 18I0 g ) > —

1
— Ry = Ry <1 + o (alsinOo0in + arn cos go — ral cos(fo — do) -
0

1/2
— bl cos 0p0; , + bry, sin gbo)) — Ry,
(2.8)
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Ry — piBHOBarkHa BijicTaHb MiXK IIEHTPaAMU MacC BOJU 1 HyKJICO3UIOM, Ta Ry =

a? + 2 + 02 —2(aly + bly). £, = £sin By, £, = £ cos By. B pesynbraTi oTpuMyeMO:

5Rw in ~ ei,ncl =+ Tn027 (29>

(asinfy — bcos bp) Oy (acos g + bsin g — Lcos(0y — ¢o)) (2.10)

Ro RO

ae Cp =

OcraTouHo nepernuieMo piBHsiHHS (2.7) JJIs MOTEHIIaJIbHOT eHepril KOJnBaHb

CTPYKTYPHUX eJIeMeHTIB MOHOMEPHOI JIAaHKU MOJEJI Y BUIJISIL:

1

2
Un=35>" [5% + k(0;,0C, + rncg\)?] . (2.11)

i=1
[Torenmnianbaa eHepris 3MilEeHb B KOMILJIEMEHTAPHUX TTapax OCHOB Ta eHeprisd

B3aeMoiit B3goexk nanora JJHK (U,_1) Moxe OyTn 3anmcana siK:

1

2
Un-t = 5| (6Rz i)’ + ; g (Oin = Oin1)’) (2.12)

Jle (v — CHJIOBA KOHCTaHTa KOJIMBaHb BOJHEBUX 3B’sI3KIB Y KOMILIEMEHTAPHUX
mapax OCHOB (KOHCTaHTa DO3TSTY BOJHEBUX 3B'SI3KiB), ¢ — CHJIOBA KOHCTAHTA
CTOIIKOBHUX B3aeMogiit B3zosxk Janmiora JAHK. 0Rpgp i, — 3MiHa JOBXKUHE

BOJIHEBHX 3B A3KIB B KOMILJIEMCHTAPHUX Hapax. 0 Ry p ;, MOXKHA 3alllCaTH fK:

5RHB \n ~ ga(elm + 62,n—1)- (213)

Taxum YMHOM, MAIOYN €HEPrilo CUCTEMU MOYKEMO OTPUMATHU JIaJii PIBHAHHS PyXY

JIOCJILIZKYBaHOI CUCTEMU.

2.1.2 PiBHAHHA pyXy

Bukopucraemo orpumani Bupasu i KiHeTHYHOI eHeprii cuctemu (2.6) Ta

supasu (2.11), (2.12) mis moreHia bHOI eHepril CHCTeMHU JIJIs 3alliCy PIBHSIHb

: - d oK | oU __
pyxy y dbopmi Jlarpamxka, sike JiJist HAIIIOI CUCTEME OYJ1e BUTTISIJIATH SIK Tiog tor =

54



0. B pesysabrari oTpuMaeMo HaCTYIIHI PIBHSIHHS PYXY:

( .o
M62917n + Bel,n + @52(91,71 + 92,71—1)"‘
+g(91,n—1 - 201,n + el,n-l—l) + k601(81,n601 + TnOZ) = 07

o\

MO0y, + B0, + al2(01 i1 + Oa)+ (2.14)
+g(92,n71 - 292771 + ‘92,n+1) + ka’l ((92,”601 -+ TnCQ) = O;

mr, + kC2(017n€Cl + TnCQ) + kCQ(QZnKCl + TnCQ) = 0.
\

Mwu orpumam cuctemy JudepeHniiunX piHsdib JPYyTroro MOpsIKy, PO3B’A30K
SIKIX MOKe OyTH 3Halijiennii y dpopmi:

0, = 0;" ) g = pellwt=smn) (2.15)

Y

ne 6 ta i — aMILTITYJIM KOJINBaHb MagTHUKIB HYKJIEO03U/IIB Ta MOJIEKYJT BOJIN,
BIJITIIOBIJIHO. 2¢ — IIPOEKIIlisi XBUJILOBOI'O BeKTOpa Ha Bich O Z.

B naniit pobori ocobmBuil iHTEpec i Hac IMPEJICTABJISIOTH MOJIH, IO €
crocTepexkKyBaHi B KomBasibHnx crekTtpax JIHK. Excrnepmmentaibno Moxkna
BUSBUTH Ti KOJIMBaHHsI, 1110 B3aE€MO/IIIOTH 31 CBITJIOBOIO XBUJIEIO, TOOTO KOJIMBAHHSI
ONTUYIHOTO TUlly. BUKOpucraemMo TyT JH0BroxBujiboBe HabsmkenHs (» — 0) Ta

IEepEeInIeMo cucreMy piBHsHB (2.14) migcTaBuBiim po3s’s30K y Bursii (2.15) :

( N _ N
— MU0, w? + B0y + al%(01 + 03) + kLC1(01£Cy + 7Cy) = 0;

7\

_M629~2 + 592 + Od&%(él + 52) + MCl(égEC’l + fCQ) = 0; (2-16)

| i + kCy(0,LC) + 7Cy) + kCy(02LC) + 7Cy) = 0.
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JJts1 cripotneHHst cucTeMu piBHSIHb BPAXyeEMO:
él—i—éQZé, 91—52:5. (2.17)

B pesymbraTi 3aMinn 3MIHHUX, CHCTEMa PO3IMIEIIIOETHCS Ha CUCTEMY PIBHAHDL 3

HeBioMuM 6 Ta T, a TAKOXK PIBHSHHS Jiid &:

éé <w2 _ 50 . an Sin2 00 o kOC%m> . kOQClcsz — O,

k M M (2.18)
—00kyC1Cy + (w? — 2koC3) 7 = 0.
~ C?m

€<w2—ﬁo—ko 7 ) =0, (2.19)

_ _ 2 1. _
e ag = /M, By = B/M* kg = k/m.
Cucrema 3B’s13aHIX piBHSAHB (2.18) XapakTepn3ye cUMETPUYHI JIOBrOXBUIBOBI
KOJIMBaHHs, B TOW 4ac, siKk piBHsAHHs (2.19) ommcye acuMeTpudHi JOBrOXBUJIHOBI

KOJIMBaHHS CTPYKTYPHUX CKJIAQJ0BUX MOJEJI.

2.1.3 YacToT; AOBroxXBHJILOBHX KOJIMBAHb

Cucrema piBHsiHB (2.18) Mae HeTpUBIaJbHUIT PO3B’SI30K B TOMY BUITQJIKY, SKIIO

JerepMinaHT Oyjie piBHMIT HY/110. PO3B 130K MaTHMe HACTYITHIIT BUTJISIT:

w! — W’ (50 + 2asin® 6 + ko (2C5 + Cf%)) + 2k Cs (Bo + 2aq sin”6) = 0.
(2.20)

3 Bupasy (2.19) orpumMaeMo piBHSIHHS JIJIsT 9aCTOT KOJUBAHB Y BUTJIA/I:
m
w? — By — konM = 0. (2.21)

BarmiiieMo pimmenns piBustab (2.20), (2.21) y Bursii :
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1
w%MH = 5{60 + 20 sin? 0y + k0(2022 + 012%):*:

£ (6 + 20050 B + k(203 + CF0))” — kO3B + 200 sin )] 7).
(2.22)

m
wh = Bo + k:ocfﬁ (2.23)

HocizKyBaHa crCTeMa XapaKTepU3YEThCsl TPbOMa HOPMAJIbLHUMU MOJIAMMA.
Jst asastizy oTpuMaHuX MOJI, Bi3bMEMO JI0 yBaru, 1o ciiBsigaoments m/M < 1.

B nanomy HabJIMKeHI OTpUMAEMO PIBHAHHA MOJT KOJUBAHb Y sIBHOMY BUTJISAII:

Wiy & 2kyC5, (2.24)
w¥ = By + 20 sin by, (2.25)
Wi = By. (2.26)

3 orpumannx piBasHb (2.24) Ta (2.26) MOKHA TTOMITHUTH, 10 MOJIa KOJHUBAHD
sIBHO 3aJI€2KUTh B1J] CMJI0BOI KOHCTAHTHU KOJIMBaHb MOJIEKYJ BOJU Ta HYKJIEO3U/IIB,
BiioBiTHO. OXapakTepu3yeMo wyy K MOJY KOJMBAHb MOJIEKYJ BOJM Ta Wy K
MOJIy KOJIMBaHb MAasITHUKIB HYKJIeo3u/iB. 3 piBHsAHHs (2.25), Moma wpy ONUCY€e
KOJIMBaHHS BOJIHEBUX 3B'(3KIB y KOMILJIEMEHTAPHUX Iapax OCHOB, OCKIJIbKN
3aJI€2KUTh BlJl JIBOX CHJIOBUX KOHCTAHT: KOHCTaHTH KOJIMBaHb HYKJICO3U/JIB Ta

PO3TATY BOJTHEBUX 3B’ 43KIB y Mapax HYyKJIEOTU/IB.

2.1.4 AMILTITYaIn KOJIMBAHb

st onmcy xapakTepy KoJsimBaHb MoJjieKys1 Bogu Ta JIHK, Oymu pospaxosani
AMILTITY/I HA OCHOBI METOJLy 3aIpOIIOHOBaHOrO B pobori [174,175]. Bukopucrosy-

foun piBastHEsA (2.11), (2.12) Ta (2.15) orpuMaemo:

1 .. ~ ~ ~ ~ ~ ~
U= 562“’t (afa(Ql + 65)% 4 B(6? + 02) + k(0,£,C, + 7Co)? + k(024,01 + f02)2>
(2.27)
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Yeepegaumo Bupas (2.27) 3a 9acoM Ta Bpaxyemo, 1o 3a rinore30i0 bosbiMana
cepejiHst eHeprisi Ha OimHy CTyIiHb BiibHocTi piBHa (U) = kzT/2 [2]. Tyr T —

Temieparypa Ta ky — crajia Boabimana. Bupasumo 61 Ta 6y uepes 3minHi 6 Ta &:

91 = Ta 92 = — (228)

Toai BUpa3 j71a ycepeIHeHol eHepril MOYKHa MPEJICTABUTU Y BUTISA/I:

1
(U) = g[U++U‘], (2.29)
e
- - - 2
Ut = 2a020° + B0* + k (96()1 + 2f02) , (292)
- . 2
U~ =BE+k (gzcl) . (296)
Bukopucraemo piBHsiHHS (2.29) Ta 3HaligeMO aMILTITY/y KOJUBAHB MOJIEKYJT
BOJIH:
_ kT
T =2 T (2.30)
e

N2 N2 _ 9
00 W14 14

U;_ = 2« SiIl2 Oy | — + é — + k[ —Cq+ 20 .
7 2\ 7 T

[3 cumcremu piBHAHDL (2.18) MOXKEMO OTPHUMATH CIIBBITHOIICHHS AMILIITY/T
KOJINBAHBL MOJIEKYJT BOJIM Ta (PISUYHNX MasgTHUKIB:
m
2kQC1CQM

— ) 2.31
w? — 60 — 20[0 sin2 (90 — kOC%% < )

- &

3 oTpUMaHUX BHUPAa3iB BUJIHO, IO JIJId PO3PAXyHKY 3HAYEHb YaCTOT Ta aM-
ity koymBanbk JIHK Ta Boju, Bark/imBO mpaBuIbHO po3paxyBaTH MeOMETPUTHI

IapaMeTpu Ta CUJIOBI KOHCTAHTH.
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2.2 Ilapamerpu mozmesti

st po3paxXyHKy YacTOT Ta aMILITY[ KOJWBAHbL CTPYKTYPHUX €JIEMEHTIB
JHK Ta Mojekyan BojJu MaloTh OyTH pO3paxoBaHi TI'€OMETPHYHI MapaMeTpH
(60, ¢, b0, b,a, M Ta m) ra cunosi koucrantu (a, 3, k). [apamerpu, nos’si3ani 3
nozsiitaoro cripamo JIHK (6y, ¢, M) ta cuioBi KoHcTanTn v, § Oy oTpuMani
panimie B poborax [174, 175]. CuyioBa KOHCTAHTA (v, IO OIMUCYE PO3TST BOJHEBUX
3B’SI3KIB B KOMILJIEMEHTapHUX napax pisHa 80 KkaJi/ moutb-A2. CujtoBa KOHCTAHTA
3, 110 OMUCY€e KOJMBAHHS MAsITHUKIB HYKJI€O3U1iB piBHa 40 KKaJ1/MOJIb. SHAUEHHS
piBHOBaXKHOI0 KyTa 6y Ta 3BemeHol jobxKuuu £ JopiBHIOWOTL 28° Ta 4.9 A,
BijinosiHo. Cepenne suadenns macu M wmykieosuiis (A, T, G ta C) pisae 199
a.0.M.

[TapameTpu, 1m0 3a7a10Th MMOJIOXKEHHS MOJIEKYJIN BOJM B MOHOMEPHIiil JIaHII
MOJIeJTi, Ta CUJI0BA KOHCTAHTa 3B’g3Ky k Oy/in po3paxoBaHi OKPEMO B IIPeCTaB-
JIeHit guceprariitaiit podoTi. st BU3HAUEHHST TEOMETPUIHUX TTapaMeTpiB (g, a,
b), OGysin BUKOpUCTaHi BijloMi JaHi peHTreHOCTpyKTypHOro anamisy B-IHK [166].
PospaxyHKN MpoBOM/IICs 3 BUKOPUCTAHHAM IporpaMuoro nakera VMD [05].

Besieni y Mozenb mapamerpu a Ta b BU3HAYAIOTH BiJCTaHb BijJ IEHTpa
KOODJIMHAT (B sIKUil TOKJIQJIEHO Macy 1M MOJIEKYJIU BOJU) JIO aToMa Cé JIE30KCH-
pubo3u (Touka MijBicy HYKJ/ICO3UIiB). [ljIsi dncebHOr0 po3paxyHKy HapaMerpa
b (Bijgcranb 1o oci OY) mpumycTUMO, IO MOJIEKYJIa BOJIU JIEXKUTH MPHOJIN3HO
ocepeInHI Mi?K HYKJICOTHIaMH y CTOIII, 1o JopiBHioe 1.7 A J1ns1 BU3HAYEHHS
mapamerpa a (Bigcranb 1o oci OX) po3paxyeMo BiJcTaHb Bij IEHTPY Mac
HYKJIEO3UTY JI0 KPalHbOTO aToMa, 3 IKUM MOJIEKYJIa BOJIU MOYKE YTBOPUTH 3B’ SI30K
B MiHOpHOMY 2kK0J1061 (N3 abo O2), Ta BpaxyeMo JOBKUHY BOJHEBOIO 3B’s13Ky (2.8
A) OTtpumyemo, IO cepejiHe 3HAYEeHHS a piBHE 7.3 A. BukopucroBytoun Bijgomi
BiJICTaHI BiJI TIeHTpa Mac MOJIEKYJN BOJM JIO HYKJIEO3UTY, MOXKHA pPO3PaxyBaTH
KyT ¢p 3a Teopemoio [epoma Tak, mo h = % e S — mjoma yTBOPEHOTO
TPUKYTHUKA, ¢ — BIJICTaHb MIZK IIEHTpaMU Mac HYKJI€O3U/I1B MOHOMEPHOI JIAaHKH, 1110
3B’s13aH1 3 MOJIEKYJ1010 Boju. Ilic/ist yeepeiHeHHS OTPUMaHNX 3HAYECHbD JIJIsT KOXKHOT'O

HYKJIEOTH/Iy OTPUMAEMO 3HaUYeHHs KyTa 39°.
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2.3 BusHaveHHS CHUJIOBOl KOHCTAHTHW KOJINBAaHb MOJIEKYJI BOAUN

Moutekysn BojM, IO YTBOPIOIOTH 3B’s130K 3 aroMmamu JIHK, morpamisiors y
HOTEHIIAJIbHY sIMY, Jie 3JIHCHIOITh KOJMBaHHsI OijIs PIBHOBaXKHOT'O IIOJIOYKEHHSI.
TaxkuMm YMHOM, CUJIOBY KOHCTAHTY KOJIMBAHb BOJM MOXKHA OIIHUTHU, BUKOPHUCTO-
BYIOYHM BU3HAYEHHS TOTEHINATY CEPEJIHBOI CUJIM, AKUIl MOXKe OYTH pO3paxOBaHMil

ax [20]:

W = —k;TIn(g(r)), (2.32)

1e k; — koncranra Bosbimana, T’ — remmieparypa ta g(r) — pajiaabaa dyHKITis
PO3IOILITY.

Pamianbui dyskiii posmogiay (g(r)) jjisg MOJEKyJ BOJIM BIIHOCHO aTO-
MmiB N3 1a O2 nykieinoBux ocuoB /JIHK Oyiu pospaxoBaHi, BUKOPHCTOBYIOUU
TPAEKTOPIT MOJIEKYJISIPHO-AMHAMIYHOT CHMYJISITIiT, OTpUMaHi momepegnso B [123].
Y pobori [123] MmojemOBaHHS MPOBOMMIOCH [IIsi CHCTEMH, IO CKJIAJIAJach
3 mojsifinol cmipani B-JIHK y Bognomy po3umni 3 PpizHEMH TPOTHIOHAMI.
B amcepraniitnomy pociijzkenni Oyao B3aTO Bunagok nporuitonis K. s
cumysatii 6ys Bukopuctanuit pparment JIHK 3 HykI€oTnHoo mocaioBHICTIO
d(CGCGAATTCGCG) (momexkamep [lpio-/likepcona). BpiBHoBakeHHsT cucremu
MPOBOJIMJIOCH TIpU  MocTiitHuX 3HadeHHaAx Temmeparypu (300 K) ra Tucky (1
oap). dosxuua TpaekTopii MojemoBatus cranosuia 200 He. Pamianbui dbyHKIil
PO310111y OyJIM PO3paxoBaHi JIJisi ATOMIB OKCUI'€HY MOJIEKYJI BOIH BIJTHOCHO aTOMIB
HYKJIEOTHJIIB B MiHOpHOMY 2K0j1001: O2 nurosumny Ta Tuminy, N3 ryaHiHy Ta

aJleHiny. Pajiaabai MyHKINT po3oiay Oy po3paxoBaHi 3a JOIMOMOIOIO ILIariHa

[36], immemenrroBanoro B porpammmit maker VMD [65], ne ¢(r) Busnauena sik:
: p(r)
=1 . 2.33
9(r) ArD0 A2 Ar Npgirs |V (2.33)

Orpumani pajiaibHi GYHKINT pO3IOILIY JIJI MOJIEKYJI BOAU BITHOCHO OOPAHIX
atomiB (N3 ta O2) HyKJETHOBHX OCHOB MAJOro koj0ba jpojekamepa Jlpio-
Hikepcona npencrasieni y lomarky b, Puc. Bl.

BakmBo 3a3HAYUTH, MO ATOMH TiJIPOTEHY MOJIEKYJI BOJAN He Oy MpPSMO
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BpaxoBaHi IPHU PO3PaxXyHKY QYHKIIN pagiaJbHOINO PO3MOJLIY. YCi opieHTalil
MOJIEKYJIN BOJIM OYJI0 yCEPEIHEHO 3a JacoM. ¥ 3B’SI3KY 3 IIMM OTPUMAaHi pa/liabHi
QYHKIT po3Moiay MicTdTh y cobi iHdoOpMalliio MIpo MOXKJINBIL KOHMIryparil
MOJIEKYJT BOJIH, sIK1 BIJIIOBIIAIOTH CTPYKTYPi rijparHoro xpebra (Puc. 1.3, Pozmin
1). Bepyun mo yBarm, mo d4ac OCIJJIONO KUTTSI MOJIEKY/JIM BOJIU TiJIPATHOrO
xpebra HabaraTo Oinbimit B mopiBHsAHHI 3 06’emHO0 Bojoto |16, 151], BHECOK
KoHirypariiif, 1Mo He MOB’s3aHi 3 TiApaTHUM XpedToM, Mae OyTH HEXTOBAHO
MaJIIM.

[Torenmianu cepenbol cun Oy po3paxoBaHi s MOJJEKYJT BOJM BIIHOCHO
KOYKHOT OCHOBH B ITapi HYKJIEOTHUJIIB, 110 B3aEMOJIIIOThH 3 BOJIOIO B MIHOPHOMY K0J1001

(Hdomarok B, Puc.B2) ta anmpokcumMoBaHi moJiiHOMOM 9eTBEPTOrO MOPSIIKY:

W ~ A+ Byr + Bor® + Bsr® + Byr?, (2.34)

ne A, By, By, Bs, By — KoedinienTn anpokcumaliili Ta r — BijgcTtanb. ducesbHi
3HauYeHHs KoedillieHTiB anpokcuMariii npejcrasieni y Jloparky 1, Taosu. Bl.
3 iHImoro OOKy, IOTEHIIaJ CEepPEIHBbOI CHJIM MOYKHA, 3alluCaTH AK PO3KJIAL

MOTEHIIATbLHOI eHepril B psaj Teityiopa BIIHOCHO PIBHOBaYKHOTO TOJIOYKEHHST:

AW 1d*W
WxW| +— (T—T0)+— (T—To)Z—l—
Ldw (r oy 4 d'w A |
- r—r - r—r
6dr |, "V T 24drt|, "

Jie 7o — MOJIOYKEHHS MIHIMYMY.

3 yMOBH piBHOBaru, mepiia moxXijgHa IIOTEeHIIaIbHOT eHepril MOBUHHA JOPIBHIO-

BATH HYJTIO:
aw
| =0. 2.36
dr |, (2:36)
[TopiBusBumn Bupasu (2.34) ta (2.35), orpuMaeMo piBHSIHHS Jijisi KOHCTAHTH k
y BUIJISIJIL:
d>W 5
k= dr2 = 232 + 6337’0 + 12347’0. (237)
r
0
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Taba. 2.1: HYucsosi 3HaYEeHHS CHJIOBOI KOHCTAHTU K, OTPUMaHI 3 MOJIEKY/IsIPHO-
JUHAMITHOT'O MOJIETIOBAHHA JIJIsd KOXKHOT'O HYKJIEOTHJY B Iapax, aTOMU SKHX
YTBOPIOIOTH BOJIHEBHIl 3B’30K 3 MOJIEKYJIOIO BOJM Ta CEPEJIHE 3HadYeHHs k s
TaKIX Tap.

Hyxueinosa ocuosa (5'— 3') G4 A5 A6 T7 T8 C9 G10
k, (xxas/moumb-A?) 39 36 28 26 33 43 40
Hyxkieinosa ocuosa (5« 3') G22 (C21 T20 T19 A18 A17  Gl6
k, (xxas/momnb-A?) 36 40 34 26 30 37 37

Cepemie snauenms k, (kxas/momb-A?) 37 38 31 26 32 40 38

ro MOYKe OyTH BU3HAYEHO BUKOPUCTOBYIOUN BUpas (2.36):

aw
dr |,

PospaxoBani 3nadennst Konctantu k OyJam ycepeJiHeHi Jijisl BCIX HYKJIEOTH/IIB,

= By + 2Byrg + 3Bsr} + 4By = 0. (2.38)

1110 YTBOPIOIOTH BOJHEBHI 3B’s130K 3 MOJIEKYJ/IO0 BOI (MOHOMEpHA JIAHKa MOJIE/I ).
Otrpumani uncioBl 3HadeHHs Hapegeni y Tabsmmi 2.1. PospaxoBani B jaHiii
MOJIEJII CHJIOBI KOHCTAHTH MOJIEKYJI BOJIHM MOYXKYTb OYTH BUKOPUCTAHI JIJId BUIAIKY
HeckiHdeHHOI Makpomosiekyn JIHK 3 romorenHoro HyKJI€OTHTHOIO IIOC/IiOBHI-
crio, nHanpukial, poly(A)-poly(T) ta poly(G)-poly (C)). Bapro zaysaxkuru, 1o
KOHCTAHTN KOJIMBAaHL BOJM OIIHEHO 3 ITOTEHITaJIB CepeIHbOl CHIN, OTPUMAHNX
3 MOJIEKYJIAPHO-IMHAMIYHOT cuMysdrii. k& MicTuTh y cobi indopmariiio mpo
CTaH cuCTeME (TeMIeparypa, THCK, BJACTHBOCTI PO3YMHY). 3MiHU HapaMeTpiB
MOJIeJIIOBaHHs IIPU3BEJYTH 10 3MIHM 3Ha4deHb IIOTeHIlla/liB CepeHbol CUJIN 1,

BIJIITOBIAHO, CUJIOBOI KOHCTAHTH.

2.4 YacrtoTm Ta aMILUTITY AN KOJIMBAHb MOJIEKYJ BOAMW Ta CTPYKTYPHUX

einementiB JITHK
2.4.1 YacToTHM KOJIUBaAHD

BukopucroByoun oTpuMaHi mapamMeTpy, BA3HAUEH] Y T Ipo3/1iJii 2.2, Ta BUpasn
(2.22), (2.23), po3paxyemMo 9acTOTH KOJMBaHb CTpyKTypHuX eaementis JITHK Ta
MOJIEKYJI BOJM B MIHOPHOMY »K0J1001 mojBiiiHOI cripaJi. Po3paxoBaHi dacToru

KOJINBaHb IIpejicTaBiieHi B Tabur. 2.2.
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Taba. 2.2: Hacroru kosmBanb JTHK 3 MosiekysramMu Bojii. wy, — 9aCTOTa KOJIMBAHb
MOJIEKYJI BOJIM TiIPaTHOIO XpedTa; wy — JacToTa KOJMBAHb BOIHEBUX 3B’SI3KIB B
KOMILJIEMEHTAPHUX IIapaX OCHOB; Wy — YacTOTa KOJMBAaHb HYKJ/ICO3UIIiB. SHAUCHHSI

YaCTOT IIPEJICTABJICHI B CM .

[Tapu ocnos  G4-G22 A5-C21 A6-T20 T7-T19 T8A18 C9-A17 G10-G16

Wy 199 201 181 166 183 205 202
Wy 47 47 47 47 47 47 47
Wy 16 16 15 14 15 16 16

YHacroru kosmBanb rigparaoro xpebra JIHK (wy ) orpumani B miamasoni Bij
166 cm ! g0 205 cv ! BaskamBuM pe3y/ILTATOM € Te, IO YacTOTa KOJMBAHD
MOJIEKYJT BOJI CYTTEBO 3aJI€2KUTh BiJ HYKJIEOTUIHOI MOCTITOBHOCTI. Y BUIAIKY
map OCHOB Ha Kpastx jocjipkysanoro ¢dpparmenta JJHK (G-G i C-A), cmocrepi-
ra€ThCsl 3CYyB YaCTOTH KOJMBAHBL Y BHCOKOYACTOTHY 00J1acTh criekTpa. OcKiabKu
B cumyJdrii [123] mo kpaiinix map ocnos JTHK 6ysio 3actocoBano oOMerkeHHsT Ha
pyXu aToMiB (IIPUKJIAIEHUT rapMOHITHU{T TOTEHIIA), TaHl HyK/JIeTHOBI OCHOBU MU
He OpaJii JI0 aHaJi3y I YHUKHEHHsI TaK 3BaHUX KiHleBuX edekTiB. CepemgHe
3HAYCHHS YacTOTH KoJuBaHb y Bumajky nap G4-G22 i G10-G16 mpubansno

L B Toit wac gk juia A5-C21 i C9-A19 snauenns oTpHMAHOI

nopisaioe 201 cm™
4acTOTH GJIM3bKE JIO NONepeIHboro i jgopisHioe ~203 ey~ (Tabu. 2.2). B nentpi
»xosioba pparmenta JIHK, y Bunmagky A-T mnociigoBHOCTI, 3HAYEHHS YacTOT
KOJIMBAaHb Wy, 3MeHIIyeThes Ha ~20 cM™ . CepejiHe 3HAUEHHS YacTOT y BHIIAJIKY
map A6-T20 i T8-A18 cranosurh 182 cm~!. Haiimenma 4acToTa KOJIMBaHb
crioctepiraetbed Jd napum T-T, gxa 3HaX0aUTbed B HEHTPL  PO3TJIAHYTOrO
dbparmenta JHK (menme nizx 170 ey 1), TlomiTHo, 1110 4acToTa KOJMBAHDL MOJIEKYJI
BOJI CUMETPUYHO 3POCTAa€ BIHOCHO NeHTpasibHOl napu Hykjaeoruis (T7-T19).
SHaUYeHHsT YacTOT Wy, Y IapaxX HYKJIEOTHIIB, 3B’SI3aHUX 3 MOJIEKYJIOK BO/IN,
KOJIMBAIOTHCA B MEKax 2 €M1 BiJIHOCHO CepeIHbOro 3HaUeHHs, M0 3HAXOANTHCA B
MerKaX TOYHOCTI HAIMX PO3PaxyHKIB.

YacToTa Mo/ KOJIMBaHb BOJIHEBUX 3B’sI3KiB B KOMIIJIEMEHTapHUX ITapaxX OCHOB

1

(wy) orpumana ~47 cM™ ', MmO UPUOIM3HO BIABIYI MeHINE, HIXK pPO3PaXOBAHO

B Mogei 174, 175] (6mmsbko 85 cm™t). Bimmosigno go [174, 175], konusan-
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Hsl BOJIHEBUX 3B’SI3KIB BIJIOYBAETHCA dYepe3 CUMETPUUHI KOJMBAHHS MAATHUKIB-
HYKJICO3WJIIB HABKOJIO (ocdaTHUX TPYI i, TaKoxK, KOJUBaHb Mac QocdaTHIX
rpyi. Y IpejcTaBiieHiii HaMHu MoJjesii KoJimBaHHsI (ocdaTHUX TIpyl He Oyiim
BpaxoBaHi. ToMy po3Tsir BOJHEBUX 3B’SI3KiB CHPUYMHEHUI JIUIIE KOJUBAHHSIMU
MasgTHUKIB-HYKJI€O3W 1B HABKOJIO OCTOBa. J[J1s1 TOro M00 OIMinUTH BILINB BBEIEHOTO
B MOJIeJIb OOMEXKEHHSI KOJIMBaHb (pochaTHUX I'PYI Ha YacCTOTH KOJUBAHb MOJIEKYI
BOJIM, MW BapiloBaJiM 3HadeHHs KOHCTAHTH «. Pe3yiabrarm aHajizy TOKa3aJIH,
0 oOMerkeHHsI JuHaMiKu ¢docdaTHUX TPy iICTOTHO He BILIMBAE Ha YaCTOTY
KOJINBaHb MOJIeKYsa BoAu. OCKIJIbKH MeTOI0 JAaHOI POOOTH € JOC/iIYKeHHS CaMe
KOJINBAJTLHOT JIMHAMIKIA MOJIEKYJI BOJIM T1JPATHOTO XpedTa, 3MEHINEeHHT YaCTOTH
KOJINBaHb BOJTHEBUX 3B’sI3KIB y Iapax OCHOB HE € JIJIsi HAC Hapas3i CyTTEBUM.
Yacrorn KoJMBaHb HYKJIEO3WIB (wy) po3paxoBai y mamasoni Bix 14 10
16 cm~!, samexxno Bij Tumy Hykiaeorugy. OTpuMmani HaMyu 3HadeHHA HYACTOTH
100pe Y3ro/KYIOThCs 3 pesysbraraMu, mpejactasienuMu y [174, 175], ne nana
MOJIa  acomiioeTbess 3 KosmBaHHsMu ocrtoBa JHK. Orpumani snadenHs wy
J100pe  y3roJIzKyI0ThCs 3 BIJIOMHMHU €KCIIepUMEHTaJbHUMU JlaHuMu. Jlerasbhi
JIOCJTIJIZKEHHSI TT0Ka3aJIu, 1110 HU3bKOYaCTOTHA MOJIA CYTTEBO 3aJIeXKUTh Bijl (hopME
nozgifinol cmoipami JIHK, rigparamil Ta, Takoxk, THUIy NpPOTHIOHIB y 3pasKy

[ ) ) ) ]

2.4.2 AMIUTITYy/ I KOJIUBAHb

AmrutiTyn 3MillieHb Mac HYKJICO3WIB Ta MOJIEKY/JT BOAM OyJIM pO3paxoBaHi
3a gornomoroto piugHHs (2.30), npencrasieni B Tabsmuni 2.3. TogaTkoBo 0yiio
po3paxoBaHO 3MIHY JOBXKUHHU BOJHEBUX 3B’SI3KIB Y KOMILJIEMEHTAPHUX IIapax
OCHOB 51K 0 = (,0. PospaxoBaHi 3HaUYeHHS aMILIITY/ KOJUBaHb MOKa3yIOTh, IO
3MIIIEHHs, TIOB sI3aH] 3 HYKJICOTUIAMU, € HAHOLIbIIUMU. ¥ BUIIAJIKY aCUMETPUIHIX
KOJIMBaHb 3HAYEHHSI aMILIITY/I1 é 3HAXOUTHCS B MexKax 8.7 — 9.8°) 6e3 BpaxyBaHHs
BaJICHTHUX KOJIMBAaHb MOJIEKYJIM BOJM Ta BOJHEBUX 3B A3KIB y KOMILIEMEHTAPHiil
napi. Haitbiibia sMiHa JI0BXKUHE BOJHEBUX 3B 's13KiB (§ & 12 M) criocTepiraerbest
y BUINAJKY MOJIN Wy, IO BUHUKAE BHACIJIOK KOJUBAHb HYKJIEO3WIIB. Y BUIAJIKY
MOJIN KOJIUBaHb BOjN (wy,) JuHaMiKa cTpykTypHEX enementiB JIHK xapakrepn-

3YE€ThCs MaJIMMU aMILITyaMu KoJjinBaHb y Jianasoni Bijg 0.04 1o 0.06 °.
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Tabs. 2.3: Ammityan xondopmanifinux xoimusanb JHK Ta wmosexyn Bojw,
O JIOKAJII30BaHi B MIHOpHOMY »K0J1001 mmojBiitHol cripasi. € 1 & — amiuiiTynu
KOJIMBAHb HYKJICO3U/IIB; 7 — aMILTITY/Ia KOJUBaHb MOJIEKYJI BOJU; 0 — KOJINBAHHS
BO/JTHEBUX 3B s13KiB B KOMILIEMEHTAPHUX MTapaxX OCHOB. Wy ,Wy,Wy — MOJIM KOJINBAHD
CTPYKTYpHUX eneMeHTiB Mojesi (Tabmumst 2.2).

G4-G22

0 () r (i) £ () 0 ()
Wiy 0.045 14.0 0 0.18
Wi -2.97 3.85 0 -11.9
Wy 0 0 8.9 0

A5-C21
Wiy 0.044 13.9 0 0.18
Wi -2.97 3.84 0 -11.9
Wy 0 0 8.8 0
A6-T20
Wiy 0.050 15.4 0 0.20
Wi -2.97 3.89 0 -11.9
Wy 0 0 9.4 0
T7-T19
Wiy 0.055 16.8 0 0.22
Wi -2.97 3.94 0 -11.9
Wy 0 0 9.8 0
TS-A18
Wiy 0.049 15.3 0 0.20
Wi -2.97 3.89 0 -11.9
Wy 0 0 9.3 0
C9-A17
Wiy 0.043 13.6 0 0.17
Wi -2.97 3.83 0 119
Wy 0 0 8.7 0
G10-G16

Wiy 0.044 13.8 0 0.18
Wi -2.97 3.84 0 -11.9
Wy 0 0 8.8 0
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Puc. 2.2: Cxemarndne 300pazKeHHsI TOTEHIaIy CepeHbOI CUIN ATOMIB OKCHUI'€HY
MOJIEKYJTH BOJIH BiJIHOCHO aToMa HyKJieiHOBOT ocHoBH (O2 abo N3). ro — mosioxKeHHs
MIHIMYMY. 71 1 79 II03HAUaI0Th Kpaitni Touku. Wy — eHeprist y MiHIMYMI. 70 1 T
[IO3HAYAIOTh aMILIITY/IU 3MIIleHb MOJIEKYJIN BO/IN.

2.4.3 BpaxyBaHHHA aHTapMOHI3MY

Bupasu (2.11) Ta (2.12) norenmniaabHOl eHepril cucreMu Oy 3amucani y rap-
MOHITHOMY HabmKenni. O HaK y peaJbHUX OIOJIOTTIHIX CHCTeMaX aHTapMOHI3M
Ma€ CyTTeBUMiIl BILIUB Ha JauHaMiky cuctem 3 JIHK, i fioro ciig BpaxoByBaTH.
st Toro, mob OIHUTH BIUIMB aHTapMOHIZMY, aMILITY/IN 3MIIeHb MOJIEKYJIH
Bo/M Oysim TIpsIMO po3paxoBaHi 3 moreHmiamis cepenubol cuin ([logarok B,
Puc.B1). [Tam’aratoun mpo piBHOMIpHEI PO3IO/IT eHepril 3a CTyHeHsIMI CBOOOIN

Ta BBOjsiun HabJmKeHHs (2.34), pospaxyemo KoopauHatu 11 ta ro (Puc. 2.2):

A+ Byr + Byr? + Bsr® 4+ Byr* = Wy + kgT, (2.39)

ne Wy 3nadenHs eHepril B MOJIOXKEHHI MIHIMYyMY 7.
AMILTITY Il 3MillleHb BU3HAUUMO SIK: Tppipn = T0 — 71 1 Tmaz = T2 — To.

PospaxoBaHi 7, 1 Tmee npeicranieni B Homarky B, Tabs. B2. Orpumani
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aMILTiTyin Oysin TIOpiBHSHI 3 aMmIuniTygaMu 7, pospaxoBanumu paxime (TaOr.
2.3). Orpumani 7,;, 106pe y3rojKyIOTbCsI 31 3HAUCHHSIMU 7. AMIUITYIR Tigs
JexkaTtb 'y Mexkax 0.2-0.6 Ay BUINAKY KiJTbKOX HyKJjeiHoBux ocuoB (T7,
A18) sHaveHHsT aMIUIITY/ HAOATATO EPEBUIIYIOTH OTPUMAHI B MOJIeJi 3HAYEHHSI.
ane BiIXWJIEHHS MOYXKHA MOSCHUTU 3aCTOCOBAHUM TYT METOJIOM allpOKCUMAIIIT Ta,

¢dopMOI0 TOTEHIIIAIBHOT M.

2.5 Teopidg i ekciepuMeHT

2.5.1 IlopiBugHH# pe3yJbTaTiB 3 BIJOMUMH €KCHepUMEHTAJIbHUMN

JaHUMMN

Hamri pospaxynkm mokasaJjiu, IO MOjia KOJUBAaHL MOJIEKYJT BOJM Mag OyTu
CIIOCTEPErKHOIO B Jiana3oHi 4actoT Bix ~160 cm™ ! 1o ~210 em~!, 3ajexHo Bix
HyKJIeOTHIHOT TocioBaocti (Taba. 2.2). ExcriepumeHTasbHO MOy KOJHBaHD
MOJIEKYJI BOJIM CKJIAJHO BUJIIJIUTH CEPeJ IHIIMX MOJ, CIOCTEPEXKHUX Y HUBbKO-
qacroranx crektpax JHK. 3okpema, B miamasoni crextpa <250 cm™! moan
koHbopmariiitaux kojmBanb JTHK [141,185 180]; a Takozk MOJII KOJMBAHb MOJIEKY.T
Bojin |43, 150, 176-178] € criocrepeskHUMME.

ExcrniepuMeHTaJIbHI JaHl MMOKA3yl0Th, M0 B HU3BKOYACTOTHUX CIEKTPaX KOM-
OIHAIIITHOIO PO3CIgHHS CBiTJIa 00'€MHOI BOJM, MOJU TPAHC/SIINHIX KOJIUBAHDL
JesKaTh y IMUPOKiit cMysi 3 menrpom Gimst 180 em™! [43, 150, 176-178]. 3rigno
3 HAIMIMU pe3yJbTaTaMM, MOJia KOJWBaHbL BOJHEBOTO XpebTa IOTpallisde B
Jany cmyry. ¥ Bunajgky sojornx 1ok JIHK npm memmneparypi 300 K B
HUBbKOYACTOTHOMY Jlialla30Hl CIIEKTPY TAKOXK 3’ ABJISIIOTHCS 1HII KOJIMBAJIbHI MOJIH

[141, 185, 186]. Bokpema, miku Giusbko 60 cm™t, 170 em~t, 181 em™!, 195 cm?

i 214 cv! y KoMmMBAJIBLHUX CHEKTpaX y BHNAJKY 3PasKiB 3 MOJIHYKJICOTHIAMMI

poly(dA)-poly(dT), poly(dA-dT)-poly(dA-dT) ra poly(dG)-poly(dC) [141]. Ba-

I xapakrepusye komusanus NaCl [141], Ta

3HAYMMO, 110 MOojia, O/m3bKo 170 cm™
kosmBanHs nporuitonis Nat signocno docharaux rpyn JTHK (ion-docdarhi
KoJIBaHH:A). [123, 127,128 130, 133]. XapakTep IHIIIX MOJ[ KOJUBAaHb B CIIEKTPAX
MOJIIHYKJIEOTHU/I1B HE OIMCAHUI, ajie BPaXOBYIOUM OTPUMAaH] HaMU Pe3yJIbTaTH, JIaHl

MOJM MOZKYTDHb XapaKTEepU3yBaTU KOJIMBaHHA MOJICKYJI BOIAU B MiHOpHOMy »K0J1001
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Puc. 2.3: IlopiBusgnnsa po3paxoBaHUX 3a JOTOMOIOI0 PO3BUHEHOI MOJIE/I 9acTOT
KOJINBaHb JIErKOI Ta BaykKKoI Boju B MiHopHomy ko001 IHK. Yophoto Jiniero
O3HAYEHI MOJIN KOoJInBaHb Jierkol Boju (HoO), uepBoHOIO JTiHIEI0 — MO/ KOJTMBAaHD
Bazkkoi Bom (D50).

JIHK.

2.5.2 BwusnHadyeHHsI BILIMBY Ba>KKOI BOJIM Ha KOJUBAJbHY JIWHAMIKY

MOJIEKYJT Boau B MiHOpHOMY k01001 /JIHK

J11s1 BIOKpeMJIeHHST MOJIM KOJIMBAaHb MOJIEKYJT BOJIM B MiHOpHOMY 2K0j1001 JITHK
cepej iHIMMX MOJI Y HuU3bkoudacToTHHX crekTpax JIHK neobxijgno BpaxyBaru
BJIACTMBOCTI JIAHOT MOJIM KOJIMBaHb. 30KpeMa, PO3TJISHEMO i30TONHUI 3CYB,
obyMoBIeHnit Baxkkow Bojow (DO). st Toro, 1mob mpoaHa i3yBaTu MOKINBY
3MIHY 4YacTOT KOJIMBaHb, MU pO3PaxyBaJi dYacTOTy KOJUBAHbL BaXKKOl BOJM
B Minopuomy kosiobi JIHK, BukopmcroByoum posBunenuit B PoOOTI ITiIXiJ.

BizbMeMmo 10 yBaru, mo nojstpHi aromu rijporeny B JIHK MoxkyTh 3amintyBarucs
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aTOMaMU JIeUTePiio y BUIAQJIKY MaKPOMOJIEKYJIN, 110 TIOMIIIeHa Y PO3UYNH 3 BAXKKOIO
BOJIOIO 3riJIHO 3 PEHTIEeHIBCHKUMH Ta HeHTPOHOIrpaMIUHIMU JTOCJIYKEeHHIMI
crpykrypu JAHK [3,29]. Takuit obmiH criocrepira€Thest jijisi aTOMIB TigporeHy,
o 3B’s13aHi 3 aTOMaMM HITPOTeHy Ta OKcHUreHy. BojHodac aroM Tijporeny He
3aMIIYEThCA JIEUTEPIEM y TOMY BHIAJIKY, KOJH (POPMYy€ 3B’SI30K 3 aTOMaMU
ByrJyemio. MoxkHa OmMiHUTH, 9K 3MiHUThCA Maca HykJseo3u i JIHK npu B3aemoil
3 BaxKKOI0 BOJo10. Tak, B cepesinibomy 3 atomu H MOKyThL OyTH 3aMilieni aToMmaMn
D. B pesyabrari obMiHy cepejiis Maca MasgTHUKIB HYKJICO3UIB 301MbIINTHCA 10
202 a.o.m.

Bukopucraemo orpuMaHi pIiBHSIHHA JIJIg YaCTOT KOJMBAHbL Ta OTPUMAEMO
JaCcTOTY KOJIMBaHb BaykKKOl BOJM B MiHOpHOMY K0Ji00i. Po3paxoBana dacToTa

1 3asexxmo Bin HYKJIEOTUTHOI

KoamBaHb DO 3HaX0nThHCA B jianasoni 158-195 cm™
nocigosaocTi (Puc.2.3). Tlopisustaust pesynbraris st HoO ta DyO mokasye,
[0 3HAYEHHS YacTOTH KOJIMBaHb 3MeHIIyeThes Ha 10 e . YacroTn KoJBaHb
BaykKKOl Ta Jierkol Bojgu B MiHopHoMy kosiobi JITHK mokazani ma Puc. 2.3.
[TopiBHAHHS OTPUMAHUX PE3YJILTATIB 3 BIAOMUMHU €KCIIEPUMEHTAJILHUME JAHUMU
qu1st DoO Takork mokazasin, Mo MoJAa TPAHC/ISIIIRHAX KOJIMBAHD " TIOM SIKITY€ThCs "

' B nopisnanui 3 HyO [54].

npubm3no Ha 10 cm™
2.5.3 BmimB HYKJEOTHUHOTO CKJIA/Iy HAa KOJMBaJbHY AWHAMIKY iOH-

riziparaoi obosionku JTHK

AK OyJsio moKa3aHO, YacTOTa KOJUBAHb I'iJPAaTHOTO XpedTa CyTTEBO 3aJIEXKUTh
Biji HykseoTuHOT mocsigoHocti (Tads. 2.2). Tomy ekcrepuMeHTaJIbHO MOXKHA
nocippkyBarn 3pasku JJHK 3 pisHuM HyKJI€OTHTHIM CKJI8JI0M JIJIsT BUJILIEHHST MO/
KoJImBaHb rijparHoro xpedra. Hamnpukian, JTHK 6axrepii Clostridium perfringens
it JTHK 6akrepil Micrococcus lysodeikticus, mo mictsars 27 % it 72 % nykieoruis
CG sigmosiguo |23, 102]. ¥V xomuBambaux crekrpax JIHK 6axrepit Clostridium
perfringens OYIKye€TbCsl, IO MOJa KOJUBAHbL BOIM Ma€ JiexkaTu Om3bko 170
cm~! i3-3a Bucokoro Bmicty AT map. V 1poMy BHIAAKY MOJa KOJINBAHb BOJIN
Oyje 3HAXOJMUTUCS IPAKTHIHO B IEHTPI IIHPOKOI CMYTHM KOJIMBaHL 00 €MHOI
Bogu. Ha nporusary, B cnekrpax JIHK 6akrepii Micrococcus lysodeikticus, moja

KOJIMBaHb TifpaTHoro xpebTa Mae OyTH crHocTepeskybana Omspko 200 cm ™1
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gepe3 Te, 1Mo Kiibkicth CG map 3nHadno nepesuiye BMmict AT map. Y 1mpomy
BUIIQJIKY MOJIa KOJIMBaHb BOJM B MiHOpHOMY »KkK0j1001 JIHK Moxke OyTu BHsABIIECHA
eKCIIepUMEHTAIbHO, OCKLILKI BOHA, JIEXKUTH T103a CMYTOI0 KOJTMBaHb 00’ €MHOI BOJIN.

Takum dYwHOM, HAIl aHa 3 IOKa3ye, MO0 KOJUBAHHS MOJIEKYJT BOJIN Y
ripaTnomy xpedTi majoro xosjodba JJIHK MoxkyTh OyTm crocrtepexkni B eKc-
IEPUMEHTAJIbHUX KOJIMBAJIBHUX CIIEKTpaxX. BusHaveHi B 1iif poboTi 0coOJMBOCTI
MO/T KOJTUBAHB T1/IPATHOTO XpeOdTa MOKYThH OYTH BUKOPHUCTAHI JJIsT BHOOPY OITH-
MaJIbHIX IapaMeTpiB sl IPOBEJIEHHsT eKCIIepUMEHTY. 30KpeMa, IIPH I1iIrOTOBII
eKCIIepUMEHTATBHIX 3Pa3KiB MOXKHA BUKOPUCTOBYBATHU JIETKY Ta BaKKy BOJY, &
TakokK Jocaiutu JIHK i3 pizauM nykieoTniauM ckiajioM. [lopiBHsaHHS CIIEKTPIB
JIHK 3 jlerkoio Ta BayKKOIO BOJIOIO0 IIOBUHHO JO3BOJIUTH BUABUTHU 130TOIIYHUIT
3CYB, KU, SK OUiKyeThcs, pubsmsHo pisauit 10 e~ ' Bapiariis HyKIeoTnmaHOro
ckiaany JIHK Takok Mae D03BOUTH BIJOKPEMUTH MOJIY KOJHUBaHb BOIN B

MIHOpHOMY 2KO0J1001 Biji 00’€MHOI BOjI Y HuU3bKovYacToTHUX crekTpax JIHK.
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Ilincymkn posmaiiay

Ha 6a3i migxomy i kondopwmaliiitnol guHamiky rmojasiitaol cripasi JTHK
[174,175] ©yso po3BUHYTO TEOPETUUHY MOJIEJb JIJisl JIOCII[ZKEHHsT KOJIMBAJIbHOT
JIMHAMIKK MOJIEKYJT BOJM, JIOKaJjizoBaHux y Mmajiomy »koj100i JIHK. Ha ocnoBbi
3aIIPOIIOHOBAHOI MOJIeJIi OyJii Po3paxoBaHi YacTOTH Ta AMILITYIM KOJUBAHD
MOJIEKYJT BOJIM Ta CTPYKTYpHUX ejeMenTiB mojsiitnol cuipamd JIHK. Tloxkazamo,
MO0 YacTOTa TPAHCASIINHNX KOJMBAHL MOJEKYJ BOJAWM B MIHOPHOMY »KOJI00i
JIeXKUTH Y jlanazoni B 160 mo 210 ML Busijieno, 1o dacToTa KOJIMBAHb
BOJIM 3a/IeKUTh BiJl KoHOpMAIHINX KojuBaHb mojasiitHol croipanai JHK Ta
MOJIETTIOEThC TIOCTIIOBHICTIO HYKJICOTHIIB. L7151 BHOKpEMIeHHA TPAHCIIIITHIX
MO/, KOJIMBaHb MOJIEKYJ Boju B MaJsioMy »kKos1001 JTHK cepep inmmx Mo, crocte-
PEKHUX B €KCIepUMEeHTAJIbHIUX HU3bKOYACTOTHUX CIEKTPaX, 3aIPOIIOHOBAHO JIBa
HezasiexkHi miaxoau. OIHNM i3 3aIpOINOHOBAHUX IIJIXO/IB € aHaJi3 KOJUBAJILHOI
quaaMiky JIHK 3 pisHuM BMiCTOM HYKJIEOTHJIHHX Iap. 3MiHa YaCTOT KOJIUBAaHD
gepes Bapialfiio HyKJIeOTHIHOI HOCTiOBHOCTI mpuOamsHo popisHioe 30 ¢M™ !, 110
€ JIOCTATHBO BEJUKUM YaCTOTHUM 3CYBOM I BUOKPEMJIEHHSA MOJ KOJUBAaHDL
MOJIEKYJT BOJIM MAaJIOro »KoJjioba TOoMiXK 1HmNX Moj B 3paskax 3 JIHK y Bojgno-
COJILOBUX pO3YMHAX. [HIMIT miIxi JI1st BUABJIECHHST MOJI KOJTMBaHb BOJU Y »K0JI001
JIHK € gacToTnmit 3cyB y KOJIMBAJILHOMY CIEKTpPIl depe3 MpoBeAeHHs JTOCTIIZKEeHb
cucremn JIHK 3 Bakkoro Bogoro. ITokazamno, 1mo gacToTa KoJnBaHb BaXKKOI BOIN
B MiHOPHOMY »KOJI001 HIZKYA, HizK y BUIAJKY JerKoi Boau, npubinmsno Ha 10 cm L.
Busgsiieni oco0MBOCTI MOJU KOJMBaHb MOJIEKYJT BOJIM B MajioMy 2koj1001 JTHK
MOXKYTh OYTH BUKOPHUCTaHI JIJIs1 JIETEKTYBaHHS JJaHOI MOJIN B €KCIIEPUMEHTAIbHIX

HU3bKOYaCTOTHUX CIICKTPaX.



Pozma 3

KoJsiekTuBH1 KOJIMBAHHA MOJIEKYJI BOAU

10H-T1IpaTHOl 000JIOHKH TToABiiiHOI cripaJi JJHK

Y 1orepeiHbOMY PO3JIi OYB 3alpPOIIOHOBAHUN TEOPETUIHUN TJIXIJT ISt
PO3paxyHKy 4acTOT KOJUBAHD JIUIIE THX MOJIEKYJT BOJIU, IO 3HAXOISITHCA B MATOMY
k01001 JTHK (rigparauii xpeber). st MogaabIioro BUBUEHHs ANHAMIKE MOJICKYJT
Bojin ioH-rijipaTHol obosionkn JIHK B jpucepraril BUKOPHUCTAHO KOMII'IOTEPHE
MOJIe/TIOBaHHs. BpaxoByroun JIUHAMIYHICTL JIOCTIZKYBaHOI CUCTEMU, JIOPEUTHO
3aCTOCYBATU METO/l MOJIEKYJISIPHOI JUHAMIKHU, 1110 OIUCAHUil y 1ipo3ai 1.3.

1t po3paxyHKy KOJTUBAJILHUX CIHEKTPIB 3 MOJIEKY/ISPHO-TNHAMITHIX Tpae-
KTOpiit OYB BUKOPUCTAHWUIT MTi/IXi/T TYCTHHN KOJUBAJbHUX CTaHiB (aHri. vibrational
density of states (VDOS)). VDOS mozxke 6yTu pospaxoBana sik Qyp’e meperBo-
PEHHST aBTOKOPEJISIIHOT (DYHKINHT MBUIKOCTE MOJIEKYJI BOJHM. 3allpOIIOHOBAHMI
METO/I, paHillie BUKOPUCTOBYBAaBCs JIJIsI aHaJII3y KOJIUBaHb MOJIEKYJT BOJIN IijIpaTHOI
00OJIOHKH TpoTelHiB Ha artomicTuaroMmy Maciirabi [0, 67]. Ilepesaroro VDOS
METOJTY € Te, IO KNI aBTOKOPEJIATII MOJIEKYJI BOAU B OTPUMAHIX CIIEKTPAX MOYKHA
Oe3r1ocepeTHLO MOPIBHATH 31 CIIEKTpaMU TOTJIMHAHHS CBIT/IA B HU3HKOYACTOTHOMY
iHdpadepBoHOMY / TepareprioBoMy Jianaszonax. PesysibraTu JaHOro po3iiy onmca-
Hi B cTaTTi aBTOpa Juceprarii B kypHasi European Biophysics Journal (Q2) [15]

Ta JIONOBIIAJIICS Ha HAyKOBUX KOHDepeHIisx [3, 4, 5| ta ceminapax incturyry [3].

3.1 eraji MOJIeKyJaIPHO-IMHAMIYHOI CUMYJISIIIL

st BuBYeHHA JuHaMiky TijpaTHol obosonku JITHK mu rnmposesm aTomicTiane
MOJIEKYJIIPHO-/IMHAMIYHE MOJIe/IIOBaHHs JIBOX PI3HUX CHUCTEM: I0JIBliiHA CIlipaJib
JIHK, orouena wmosexysmamn Bogn Ta nporuiionamu (cucrema ‘JIHK-Boma’), Ta
KyO 06’emuOl Bosn (cucrema ‘06’emua Boga’). JleranbHuii omuc cumysisimiit 06ox

CUCTEM HaBeJdeHUil JiaJl.



3.1.1 Mouaekynsprao-auHamMmiuui napamerpu cucremu ‘JIHK-Boga’

1t MOJEKYISpHO- TMHAMIYHIAX CHMYJISIIN MW BUKOPUCTAIN MOMABINHY CIIi-
panb B-JIHK, mo npeacrapiienHa gK HECKIHUEHHUN JIAHIIOT 3 HYKJIEOTHIHOIO
noctigosricTio: d(CGCGAATTCGCGCGAATTCGCG). Makpomoiiekyna JTHK
Oysa TOMillleHa B KOMIPKY 3 MOJIEKYJaMHi BOJW 3 ITOYATKOBUMU PO3MipaMu
54x54x72 A. BukopucroByBaJIics nepiondHi I'PAHUYH]I YMOBH. 3arajoM CUCTEMa
‘JIHK-Boma’ mictuia 25122 mosexkynn Boju. HeraTuphi 3apsiin cucremu OyJio
neiirpasizosano 22 ionamu K. JTonarkoso 6ymta nogana cinb KCl qia gocarnenns
isiosioriunol kounenTparii B 0.15 M [1419]. TTouaTkoBe mo/I0KEeHHS MTPOTUIHOHIB
OyJ10 3reHepOBAaHO BUIIAIKOBUM YMHOM 3 MiHIMaJIbHOIO BIJICTAHHIO 7 A J10 TIOBEPXHI
JIHK. MinimaabHa BijicTaHb MiXK I0HAMU B TOYATKOBIil cuctemi 5 A.

Mopgemopanass MJI Oysio HpoBeeHO 3a JOIMOMOI'OI0 IIPOrPAMHOIO IIAKEeTa
NAMD [137] 3 cuiosum mosem CHARMMS36 st mykieinoBux kucsor [37,

|. Hara LKNA cunosoro nosst CHARMMS36 6yB 3acrocoBanuii 0 KiHIleBUX
OCHOB TOJIIHYKJICOTUy, 1100 3’e¢aHaTn KpaitHi ocHoBu dparmenta JIHK 3
iX 300paskKeHHAMHU B CYCLIHIX KOMipkKax. ¥ B3MOJIe/JboBAHNX CHCTeMax OyJra
BrKoprcTtana Mogeab TIP3P mrs mosexyn Bogm [75]. Vel 3B’s3ku 3 aromamn
rigporeny Oyiu bikcoBani 3a jpornomororo aaropurmy SHAKE [147].

Minimizariist ereprii cucremu OyJia JOCIrHYTa y JeKijabKa KpokiB. Crodarky
MiHimizalis Gy/ia mpoBejieHa 3 3adiKCOBAHIMI BAyKKUME aTOMaMU (TLIBKE aTOMI
riIporeHy MOIJIH BIIbHO pyxartncs), motim 3 3adikcoBannmu aromamu JTHK ta
ionamu. Tak camo, cucreMma HarpiBaJacsd B JIeKiJbKa KpPOKiB 10 TemiepaTrypu 300
K. g cucremu 3 JIHK Mu jjorpumyBanch npoToKoJIy MOJAETIOBAHHA, OITUCAHOTO
B [126]. Hosromitoui esekrpocrarndni Baemosmil 6y obunc/eHi 3a JOIOMOrO0
cxemn Particle-Mesh Ewald [37] 3 10 A pagiycom Bmuxanus (anrn. switching) Ta
12 A pasiycom obpizanus (anri. cutoff).

BpiBnoBakyBaHHsS CHUCTEMU ITPOBOJAUIOCL TpHU TocTifinomy Tucky 1 6ap Ta
nocriitaiit Temmeparypi 300 K (NPT ancam6in). s migrpumanHs HOCTIHHOT
TeMIepaTypu 1 THCKY BHKOPUCTOBYBaJIMCS TepMocTaT i Oapocrtar JlamkeBeHa
[59]. Koncranra tepra s Tepmocrara Jlamskesena Gysa pisHoto 5 me~!. Yac

KOJIMBaHb Ta 4ac pesakcaril i nopias Jlanxkepena cranosuin 100 de i 50 de,
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BijiioBiiHO. BpiBHOoBazkennst B NPT ancamb6si Oys10 mpoBejieHO TpoTAroM 25 HC.
Kpok iHTerpyBaHHs 3a 4aCOM CTAHOBUB 2 ¢, a KOOPJMHATH 3alllICyBaJINCh KOXKHI
100 xpoxkis. Ilicasa mporo cucrema BpiBHOBaXKyBaJach IMPHU MOCTIHIIT TeMmepaTypi
Ta 3 nocrifinnm 06’emom (NVT ancamb6iin) mporsirom 300 me. Koxkia nanocekymia
ocrannix 200 HC OTPUMAHOI TpaeKTOPil Oy/1a BUKOPUCTAHA sIK CTAPTOBA TOUKA JIJId
kopotkol 10 1c cumyszsaiil y NVE ancam6ii. Kpok 3a 1acom Jj1si MOJIEIIOBAHHSI
NVE nopisuioBas 1 ¢c. IBujkocti aTomi Oyym 3almcaHi KoxKHI 5 e i

1101 aJIbIIOIO KOJINBaJIbHOI'O aHaﬂiSY.

3.1.2 MoJuaekyjJagpHO-JIAHAMIYHI TapaMeTpu cucteMu ‘06’eMHa Boaa’

Cucremy 00’eMHOT BoAn mpejicrasicHo v dopmi Kyba 31 croponono 64 A
Ta MEPIoNIHIMI TpanndnnMu ymoBamu. Cucrema ckiaauanacs 3 8339 mosrexyr
Bojin. MixkatoMmHul B3aemosnil Oysm obumCIeHI 3 pajiycamMu BMHUKaHHS (aHII.
switching) wa Bincrami 8 A Ta obpisamns (ammi cutoff) ma sigcram 10 A.
Eneprisg cucremun Oysia minimizoBana mpotsarom 5000 kpokis. [licas mporo mu
npoBesn HarpiBanng cucremu jo Temmeparypu 300 K 3 xpoxom 0,02 K. [Insa
BpiBHOBaxkeHHs1 cucreMu B NPT ancambiii Oy/ia mpoBejeHa KOPOTKa CHUMYJISIIST
nporsarom 20 nc. Ilicisa mporo eramy cucreMy BpiBHOBazkeHo y NVT ancamb6iii
nporarom 100 me. Ha ocramnbomy eram KoKHa HAHOCEKYHJIa IOTEPeTHHOT
CUMYJIATIT BUKOPUCTOBYBaJacs K cTapTroBa Touka Jiisd 100 nc cumysaniit y NVE
ancam0OJ1i. Perra napaMerpiB, BUKOPUCTAHUX Y CUMYJIAIT, BIJIIIOBIIaI0Th TUM, IO
BUKOPUCTOBYIOThCs Y Bunajaky cucremun ‘/IHK-Boja’.

HonarkoBo HaMu OyJI0 TPOBEICHO MOJICJIIOBAHHS JIBOX CUCTEM 00’€MHOT BOJIH 3
3aKPIIJIEHUMI aTOMaMU Tijiporeny. ¥ IMeprioMy BUIaJIKY KOXKEeH aTOM TiJIpOreHy
H1 B xoxkHiil MoJeKysl Boju Oy/o 3adikcoBano. ¥ IpyTiil cucTeMi BCl aToMu

rijiporeny Oy 3adgikcoBaHi.

3.2 Metoam aHaJi3y JTaHUX

Jl1s1 BUBYEHHS JMHAMIKI MOJIEKYJI Boau ioH-rinparHol obosonku JIHK, Oyia
po3paxoBaHa I'yCTHHA KOJUBAJIBLHUX CTAHIB, IO OKA3y€ PO3IOMILI MO/ KOJNBAHDb

B CIIEKTPax 4acTOT Ta MOxKe OyTH po3paxoBaHa sIK:
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VDOS,(CU) = / mng’i(t)ei”tdt, (31)
0

1e Cyi(t) aBroxopessiiiiina (QyHKIs MBUJIKOCTEl aToMa ¢ Ta m; 1€ Maca aToMa
1. Bapro onpa3sy 3ayBaykKuTH, IO MU HE BPAXOBYEMO Y pO3paxyHKaxX IpedarTop
nepeJ1 InTerpaJjoM, ocKiIbKHN 3nadenns VDOS He € BU3HaAYEHUMH.

ABTOKOpe ANy QPYHKIIIO MBUJIKOCTEH MOYKEMO pPO3paxyBaTH BiJIIIOBIHO JI0

[25,58] sx:
2.i((0) - 6i(1))
>_i(7:(0) - 5:(0))°

ne 7;(0) Ta ¥;(t) — mBUIAKOCTI 4-TO aTOMa MOJIEKY/IH BOJIU B MOYATKOBUIT MOMEHT

5i(t) = (3.2)

Jacy Ta MOMEHT dacy t, BimoBijgHo. JIy»KK1 BU3HAYAIOTH yCepeIHEHHS 3a YacoM
Ta, TUIIOM ATOMIB (B IIbOMY BHI&JIKY aTOMU OKCUT'€HY YU TiJPOreHy).

s po3paxyHky CHeKTpiB TYCTUHU KOJUBAJLHUX CTAHIB MU JI0JIATKOBO
MIPOBEIN MOJETIOBAHHS CHUCTEM B CTATUCTHIHO HE3aJEKHOMY MIKPOKAHOHIUHO-
vy ancam6sii (NVE) Bimnosigno g0 mportokosy cumystsnil, ormmcanoro B [07].
BpisnoBaxkenns cucrem y NVE ancamOsi Oyso TpoBejeHO I YHUKHEHH:
MOXKJIMBUX apTedaKTiB y KOJMBAJIBHUX CIEKTpax depe3 3B’'s30K 3 TepMOCTaTOM
i1 yac BpiBHOBazkeHHst cuctemu y NVT ancam0Oui. [lis mociijizKyBaHUX CUCTEM,
IIBUJIKOCTI aTOMIB OyJ/IM 3allicaHl KOyKHI 5 e /10 oTpuMaHHs IPOMiIiB I'yCTHHH
KOJINBAJIbHUX CTaHIB.

st Bastiganii MeTojly po3paxoBaHUii BHECOK aTOMIB OKCUTEHY Ta TiJIpOreHy
MOJIEKYJIN BOJH B pe3yJibTyiounit KosmBaibHuil criektp. Crektp VDOS 151 Bon
Ta OKpeMi BHECKHM PI3HMX aToMiB MokKazano Ha Puc.3.1. Ham pesynbrar gkicno
Y3TO/ZKYEThCA 3 Bigomumu jganumu [07]. Anasis mokasas, 110 KOJMBAHHS aTOMIB
OKCHTEeHYy JaloTh HaHOLIBINMIT BHECOK B HU3BKOYACTOTHY 00JIaCTL CIEKTpa, B
TOI Yac dK KOJMBAHHA JIETKIX aTOMIB Tijporeny e crocrepeskamMu >300 cm L.
Ockinbkn B JlaHiit podOTI MeTo OyJIo JIOC/IKEeHHsT HI3bKOYACTOTHOI 00J1acTi
CIIEKTPA, JIe CIIOCTEPITAIOThC MIKMOJIEKYISIPHI KOJIMBAHHS MOJIEKYJT BOJIU, HAIIa
yBara Oy/ia 30cepejiKeHa Ha BHeCKax JIMIIe aTOMIB OKCHUIE€HY Y KOJIUBaJIbHi
crexkrpu. g anasisy Hamu 6yB BuieHnil giamason craexkTpa 1o 400 eyt s
BHOKPEMJIEHHST MIKMOJIEKYJIAPHIX MOJ| KOJMBaHb BOJIM OTPUMAaHI CIIEKTPU OyJIH

alpokcuMoBaHi pyHkIieo ['ayca y BUTIs:

)
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Puc. 3.1: Cuekrp VDOS wmoJiekys1 Boju B cucreMmi ‘00’eMHa Bojia’. UepBoHa Ta
JKOBTA JIIHIT MO3HAYAIOTh BHECOK aTOMIB OKCUI'€HY Ta TiJIpOreHy BIJIIOBIIHO.

nLA e
fw) =) ——=e ¥, (3.3)
— 0V 2T

ne A; - aMIutiTyja, o; - MUPUHA KA, V. - MOJIOKEHHs EeHTPY MiKa, V = w /27
Ta ¢ HyMepye Kpusi [ayca.

3riiHo 3 eKcrepuMeHTAJbHUMI JaruMu |[H0, 112, 115, 180, 200|, Hu3bKOUa-
CTOTHUII CHEKTP BOAM MOXKHa omnucatn 6 momamu. Takum YnuHOM, y BHpasi
(3.3), n = 6. Hnga migronkn 6 kpusux [ayca 70 pospaxoBaHux CrekTpiB OyB
BUKOPUCTAHUN MeToJ] HaiiMeHIUX KBajpaTis. [Iporeaypa ampokcumariii Oy/a
3jlificHeHa 3a JIOMOMOTOI0 MOJIyJIst Imfit iMiLiemMenToBaHoro B Python. 3HavueHHS
A, 0 i v, BapioBa/ucs Jjisi OTPUMaHHs ONTUMAJbHIX pe3y/ibrariB. Pospaxosami

3HAUEHHs IapaMeTpiB anpokcumallii HaBejieHl B JlojgaTky B, Ta6s.B1.
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3.3 KoamBajgbHa JuHaMiKa MoOJieKyJd Boam TigpatHoi obosonkm THK

Ta cucTeMu 00’€MHOI BOIU
3.3.1 CnekTpu KOJWBaHb MOJIEKYJ BoJu TipaTHoi obosouku JTHK

Ax Bimomo, amHaMiKa MOJEKYJ1 Bojau rigparHoi obosonkn JIHK cyrreBo
3aJIE’KUTH BiJI TIOJIOZKEHHST MOJICKYJIH B3JIOBXK OCI MOABIHOT cripaJii. OCKiJIbKHI 110-
Bepxus JIHK meojnopijna, MoxkHa BHOKPEMUTH MOJIEKYJIH BOJIM, IO JIOKAJII30BaH]
y pisHux objactstx moaBiitHol cripaJi: 1) MOJIeKyJIn BOjHU, M0 JIOKATI3YIOThC Ha
Biscrani nonas 10 A si mosepxui JJHK (3oBrimmiii map) (Puc.3.2a); 2) Mosexysmm
oz 6itst PO, (Puc.3.26); 3) mostexysm Boxu y rososnomy »xo0s100i (Puc.3.28); 4)
MOJICKYJII BOJH B MiHOpHOMY 2K071001 (Pmc.3.2r). YV xoxwiit Buieniit obracti Mu
Bi/1i0pa/Im aToMI OKCUTEHY MOJIEKYJT BOJIH, IO MOXKYTb YTBOPUTHU BOJIHEBI 3B’ A3KH
3 aromamn JIHK ([logarok B, Puc.B1). /Iyt BuBUenHst quHAMIKE MOJIEKYJT BOJH Yy
KOXKHifl 00/1aCTi MU CTBOPUJIM CIIUCOK MOJIEKYJT BOJIM B TIOUATKOBHII MOMEHT Jacy
KOKHOT TpaekTopil. Ockinbku joBxkuHa oaHiel TpaekTopil (10 1c) 3HauHO MeHIIa
3a 4ac OCiIIoro »Kurtsd Mosekysa Boan Oing nosepxui JHK (> 10 mc), Brsms
OOMiHY MOJIEKYJI BOJU B 10H-TiJpaTHiil 000JIOHIII Ha PE3YJIbTYIOUi CIEKTPU Mae
OyTH HECYTTEBUM.

Bukopucraemo pisusuHs (3.1) Ta po3K/IaIEMO OTPUMAHI CIIEKTPH JJIsT PI3HIX
obnacteit rimparnoi obononkn JIHK, gk onucano y migposnii 3.2. B pesyiabrari
MOXKHA OTPUMATH HACTYIHE. Y 30BHINIHBOMY Iapi rijiparHoi obosonkn (>10 A
Bl mozBiitHOT criipasii) po3paxoBaHi CIEeKTPU I'YCTUHU KOJUBATLHUX CTAHIB JIJIsT
MOJICKYJT BOJI XapaKTePH3yIOThCs TIKOM BHCOKOI iHTEHCHBHOCTI 61m3bK0 30 cv !
i edem 3 rentpoM 6i1st 200 em~ ! (Puc. 3.3a). Ticas anpokcumaliii criekTpa 6yJ10
BUJILICHO MICTH MOJ| KOJIMBaHb: 0/n3bko 32 cM 1 (moza A), 106 cm™! (moga B),
143 em™t (moga C), 190 em™! (moga D) i 237 em™! (mosa E). B obuiacti ciekrpa

1

oipie Hizk 300 cM™ " MOXKHA BWJJIUTH OJHY MOJIy HU3bKOI IHTEHCUBHOCTI OiJId

~361 e~ ! (mogia F).

KonuBanbaUil crieKTp /1 aTOMIB OKCUTEHY MOJIEKYJT BOJM, IO JIOKATI30BaHI
oisst pocarnux rpyn JJHK (Puc.3.36) nomiTHO BijpisHsieThCsI Biji BOJN Y 30BHi-
IITHBOMY TiJIpaTHOMY Iapi 10H-rigpaTHol 0bosonKn. MoxKHa 6a9nTn 3 OTpUMAHIX

PE3YIBTATIB, IO JACTOTH MO/T KOJUBAHb 3MINIYIOTHCA Y BUCOKOYACTOTHY 00JIaCTh
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Monekynu Boau Ha BiacTtaHi > 10 A docdhatHi rpynn  [onosHUi xonob  MiHopHUIA Xorob
Big AHK

Puc. 3.2: O6macri ion-rigparaoi obomonku JTHK posrsiayTi st anamisy @ (a)
MOJIEKYJIM BOJIM, 110 3HAXOAAThCS Ha BljcTaHl 1moHa) 10 A Bix nosepxui JIHK;
(6) mosekynu Bogu Ot pocarHux rpyir; (B) MOJEKYIH BOJH Y TOJOBHOMY
K0J1061; (1) MoJIeKy/ I Bojau B MiHOpHOMY 2K0J1061. Hykiseinosi ocnosn JIHK
(rurosuH, TyaHiH, ajeHiH i TuMin) 3acdapboBaHi MOMapaHYEBUM, KOBTUM, CHHIM
Ta (HioJIeTOBUM, BiJIIOBIJIHO.

1

ciekTpa. Moja A smimyerscs na ~10 cv™! 3 gactoroio 43 cv .V miedi 3

nenTpoM Oims ~200 cm~!

, Mu BuJummn Tpu KoqmBasabhi momu (B, D, E) 3
qacrotamn 114, 183, 225 cm~'. Moga C He € CIOCTEPE:KHOIO B OTPHMAHOMY
criekTpi. Mosma F xapakTepu3yeTbcst TaKOK HUBLKOIO IHTEHCUBHICTIO Ta, 9aCTOTOIO
KoJMBaHb ~396 cm L.

PospaxoBanuii criekTp Jiyist Boju y rojosaoMy ko0/1001 JTHK (Puc.3.38) gerro
BIJIpi3HSIETbCsT Bijl criekTpa Boau Ot (ocdarnux rpymn. Moga A xapakrepusye-

! Bumie, HixK v BUIAAKy 00’eMHOI Bogm. Y

ThCsA 9acTOTOIO ~46 cM ™!, o Ha 10 M~
IMHIPOKiit eMy3i 6;m3bko 200 cM ™!, fe crocTepiraloThes TPaHCIAIIIHI KOJMBAHHS,
oyso Bugineno momu B, D i E 3 wacroramu 101, 185, 264 cm~!, Bimnosigno. Sk i
y Bunajky obsacti 6insg PO, , moga C me € criocrepekysanoro B crekTpi. Mojga F
OTpUMaHa 3 4acToTo0 ~394 cm !t

CHekTp TYCTHHU KOJUBaJbHUX CTAaHIB MOJIEKYJ BOJIM, JIOKAJI30BAHUX B
MiHopHoMmy k071001 JIHK, 3HA4UHO BiJpi3HSIETHCA Bij JIOCTIIXKYBaHUX OOJacTeil

no/iBiitHol cripasti Ta 06’emuol Boau (Puc.3.3r). Ilupuma nepmroro miky 6/u36K0
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Puc. 3.3: Cnexktp VDOS arTomiB OKCUTeHYy MOJIEKYJI BOJH, IO JIOKAJi30BaHi y
pizaux obsractsx noasiitaol cripasi JIHK. (a) Mosekysu Bojn y Tpetiii rigparHiii
obosonmi (> 10 A six mnosepxui JHK). (6) Mosexymn Boju, JToKamizoBami
oinst POy . (B) Mosekyiu Bomm y rosioBHoMmy 2k051001. (1) Mosekynn Bogu y
MiHOpHOMY 2K0J1001. YepBoHa JiiHist o3HAYAE AIPOKCUMAITI0 (JUB. MiApo3ait 3.2).
Moyn xkosimBanb A—F 3adapboBani cuHiM, TOMapaHIeBIM, 3€JICHIM, ITYPIIYPOBUM,
diosreToBUM 1 KOpHIHEBUM KOJIbOpaMu BioBijHo. [laness mig rpadikoM mokasye
PISHUINO MiZK pe3yJIbTaTaMil PO3paxyHKY (cipa JiiHisi) Ta alpoKCUMAIE0 (TepBoHa
JTiHisT).
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30 cM~!, o criocTepiraeThes y BUMAJIKY BOAN B 06’€Mi, TTOMITHO 301IbIIYETHCS, JI€
MoxkHa BT Monn A, B, D i E 6ina 56, 132, 199, 277 em~ !, Binnosizno. ¥

! nopiBustHO

IIbOMY BHIIQJIKYy YacTOTa MOJI KOJMBaHb 3pocTae Mpud/n3Ho Ha 20 M~
3 OTPUMAHUMU y BHUIAJIKy 00’eMHOI Boju. fK i B iHmux obsacrax, moga C He €
CTIOCTEPEYKYBAHOIO.

Taxkum umHOM, KOJIMBaJbHA JMHAMiIKa MoJieKysa Bogu 1nodsnsy JHK cyrreso
BIJIPI3HSIETHCS BiJI KOJMBAJIbHOI JIMHAMIKI B 00’€Mi, 1110 Hallb1IbII BUPAKEHO y BU-
NaJIKy BHYTPINIHIX 00J1acTell MoABiitHOT cripaJi. Y BUMAIKY BCiX MpoaHai30BaHIX
obnacreit JIHK, mona F mMae nusbky iHTEeHCHBHICTH, TOMY JaJii PO3IVISAIATUCT HE
Oyae. Y BHUIIAJIKY MOJIEKYJ BOJM, IO JIOKaJi30BaHI Oiisl moasiitnol cripasi JHK,
moja C 3HMKae. BpaxoByrounm KOJIEKTHBHY JIMHAMIKY MOJIEKYJI BOJM TiJpaTHO!
obosionkn JIHK, BaxkmBuUM € mpoaHaIi3yBaTl XapaKTep OKPEeMUX KOJIUBaJIbHIX

MO/I.

3.3.2 ChnekTpm KOJMBaHb MOJIEKYJI BOJAU B 00’eMi

st ismynol iHTepHpeTalil MOJI KOJHWBaHbL MOJIEKYJ BOJU B TijipaTHIil
obostonti JIHK, okpemo Oyito gocimkeno cucremy 06’ eMHOT BoJM (JUB. OMUCAHHS
cucremu Buire, Posain 3.1). B rakoMmy BHIIQJIKY MI MAeMO MOXKJIMBICTH HAIPSMY
MOPIBHATH OJlepKaHl pe3yabTaTh 3 eKCIepUMeHTAJbHUMU JIAHUMU Ta JIaHUMU
MOJIEKYJISIPHOT JTMHAMIKH, IO OJiep:KaHi B poboTax iHIMMX aBTOpiB. Po3paxoBani
Hamu crektpu VDOS g aromiB O Boau B 00’emi 300parkeni Ha Puc. 3.4.
Orpumani 9acTOTH KOJIMBAHDb, 3a pe3y/JbTaTaMH aHaJIi3y IIJIIXOM PO3KJIaIy Ha
raycoBl Kpusi, nmokazani B Tabs. 3.1. Tpancaamiiini KoamBaHHA MOJIEKYJ BOJH
XapaKTepU3YIOThCs 5 MOJaMHI KOJMBaHb B Jianasoni crexrpa <300 cv ' Bumie
300 cm~! cmocrepiratorbes Jribparii MOJIEKYJI BOJIA, Jie OTPUMaHa OJiHa MOJIa.
PospaxoBaHnuii crieKTp Jy»kKe MOJIOHMIT 0 CIIeKTPa, [0 OTPUMAaHUl JIJIsi BUIAIKY

BOJiN 30BHIMHBOI TigpaTHol obostonku JTHK (Puc.3.3a).

80



127 Cuctema ‘O6’emHa Boaa’
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Puc. 3.4: Crnexkrp VDOS aromiB okcureHy MoJIeKyJl BOJIW B CUCTeMi ‘00’eMHA
Boga’. YepBona JiiHist nmosHauae amnpoxkcuMmariio. Moan xkonupanb A—F mosnadeni
CUHIM, IIOMapaH4YeBUM, 3eJIeHUM, IIyPIYyPOBUM, (Ii0JeTOBUM 1 KOPUIHEBUM
KoJIbOpaMu BianoBijHo. [Taness mix rpadikoM mokasye pisHUIIO MiXK Pe3yJIbTaTOM
po3paxyHKy (cipa JiiHist) Ta pe3yjbTaToM anpoKCHUMAIll (4epBoHa JIiHis).

s igTeprperallil XapakTepy OTPUMAHUX MOJ KOJUBAHbL Ta TOPIBHAHHS
pe3yJibTaTiB 3 BIOMUMU JIAHUMU MU 3alIPOIIOHYBAJIN HACTYIHUIT METOJ aHaJi3y.
Mu npoBe/im MOJEIIOBaHHs JIBOX CHCTEM ‘00’€MHOI BOJU’, B AKX MU OOMEXKIJIN
pyxu atomiB rigporeny mosekysn Bogu (auB. lomatok 2). VY mepriit cmeremi
OJINH aTOM TiJIporeHy KoxKHOI MoJjiekysm Boju (atom H1) Gyio 3adikcoBano. Ha
HACTYITHOMY KpoIii Mu 3adikcyBasm Bci atomu rijgporeny B cucremi (atromm H1 i
H2). Asrokopesnsiiiini dynkiii msuaxkocti Cy;(t) aToMiB OKCHI€HY MOJIEKY/T BOAN
Ta IYCTUHA KOJMBAJBHUX CTAHIB OyJIM PO3pAXOBaHi 3a JOMOMOTOK piBHsHB (3.1)

a (3.2). Cuijg 3a3naquru, 1Mo JaHuil anaai3 He BigoOparkae peajbHuX (DI3UIHIX
BJIACTUBOCTEl CHUCTEeMH, OJIHAK BiH HaJae sKICHHUII OIMMC KOJMBAJLHOI MOBEIIHKN
MOJIEKYJI BOIY, BaxKJIUBUIl Jij1st (DI3UUIHOT IHTEpIpeTallil JUHAMIKIA CUCTEMH.

Orpumani crnekTpu 06’eMHOl BoJM B cucTemi 3 3adikcoBanum aromom Hl
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(a) " 3adpikcosaHuii atom H1 (6) b SadpikcosaHi atomm H1 H2

101

(o]
|

VDOS ( V.0.
VDOS ( y.0. )

11
04 0
-1 -1

e e L e e

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
YactoTa, (cM™ ) Yacrota, (cM~' )

Puc. 3.5: Cuekrpu VDOS cucrem ‘o6’emuol Bogu’ 3: (a) 3aKpillyIeHUM OTHUM
aromoM Tigporeny (H1) Ta (6) sakpimiennvu obusoma aromamu rigporeny (H1
ta H2). Ueppona JiHis BH3HavYae pe3ysnbrar ampokcuMaril. Moan kosuBaxb A
— — F 300pazkeni cuniMm, rnmoMapaHdeBUM, 3e€JEHUM, IIyPIYPOBUM, (ioJIeTOBUM
i KopuuHeBuM, BianosigHo. Ilanenb mig rpadikoM IOKa3ye pISHUIO MixK
PO3paxOBaHUMU JIAHUMU Ta AITPOKCUMAIIIE0. Y MpaBOMYy KyTi PUCYHKa ITOKa3aHi
CXeMaTUIHO MOXKJINMBI 3MIMIEHHSA MOJIEKYJI BOJM HaBKOJIO OCeil, 10 HPOJIAraioTh
yepe3 3adiKcoBaHl aTOMU T'iJIpOreHy.

npejcrasieni Ha Puc. 3.5a. B npoMmy Bumajgky Mu BUALIHIN HOTUPU MOJH
KoJmBanb B jianasoni crextpa < 300 cm~!. InTencusHicTh HM3LKOYACTOTHOTO
nika, crocrepeskuoro ~30 cM ™!y BUIAIKY 06’€MHOT BOJH, HOMITHO 3MEHITYEThCH
y nopisasiai 3 "BlibHOIO" Bosoto (Puc. 3.4). CriekTp Jij1s1 AaTOMIB OKCUTEHY BOJIU B
cucremi 3 dikcopanmvnu aromamu H1 i H2 (Puc. 3.56) xapakTepusyeTbesi OHIE0
IMIPOKOIO eMyTo10 6t 200 cM ™1, jie MoyKHa BULINTH TPH MOJII, Ta OJIHIEI0 MOJIOIO
3 HU3BKOIO IHTEHCHUBHICTIO B 006/1acTi Oibiie Hizk 300 cM ™' B 060X BHIIAIKAX.

B obox gociipKyBaHUX cUcTeMax 13 3adiKCOBAaHUMHU ATOMaMH TiJpOTeHy
mepiia Mojia KOJIMBaHb XapaKTepu3yeTbcss HU3bKo iHTeHcuBHicTIO (Tabs1.3.1).
Bpaxosytoun, mo obmerxkenns Ha pyx oxuoro aromy H1 (Puc.3.5a) npussoants
JIO 3aTyXaHHs I[epIIol MO KOJUBaHbL, TOMY MOy A MOYKHA XapaKTepU3yBaTH

AK KOJIMBaHHA MOJIEKYJIM BOJAM K LLlJIOl Heﬁ BUCHOBOK Y3I'OIZKYETHCA 3 PE-
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3yJIbTATOM, OTpUMaHuM pasimie |[118], je Oy/10 MOKA3aHO, 10 HU3bKOYACTOTHA
MOJIa XapaKTepusye He Jjiuiie 3ruHu (aHri. bending) BOJHEBUX 3B'sI3KiB, aJje
it JoKasbHI CTPYKTYpHI edexktu. Bapro 3a3HaunTn, 10 B eKCIePUMEHTaIbHIX
creKTpax 06’eéMHOT BOJM YacToTa JaHoi MoJu JopisHIoe ~50 cM~1 [115,177,200).
SMeHIIIeHHsI YaCTOTU KOJIMBaHb B HAIIOMY BUIIAJKY MOKe OyTH IOsiCHEHE THM,
o B JaHiil poboTi Oyjia BUKOPHCTAHA MOJIEJb YKOPCTKOI BOJAM (JIMB. THIPO3/IiT
3.1). s mepeBipkn jaHoro mpuiyiieHHst Mu pospaxysaiun VDOS crekTp s
ATOMIB OKCHUT'€HIB BOJIH, Je MH MOAeJToBan "M'SaKy" MoJeKysry BOmM, TOOTO He
0OMeKYIOUN KOJIMBAHHS aTOMIB Tijiporeny. Pesynbrar anasisy nokasanuit na Puc.
B2, Honarok B. Takoxk Tpeba B34TH JI0 yBaru HeJIOMIKNA KJIACHIHOTO TT1IX0/TY, SKNii
HE BPaXOBY€E 3MIHY €JIeKTPOHHOI I'yCTUHHU i, TUM CaMUM, BUKJIIOUYAE TOJIAPU3AIIIIO,
siKa BiJIirpa€ poJib B JlaHuX Iporecax. [yt OLIbIT TOYHUX PO3PaxyHKIB MalOTh
OyTH BpaxoBaHi KBaHTOBI edekTn. AJjte, MOIPH KIJILKICHI CyIepedHOCTI, OTPUMAaHI
pe3yJIbTaTH J03BOJIAIOTH 3POOUTH BUCHOBOK IIPO 3B’SI30K €KCIEPUMEHTAJIbHIX
3HAYEHb 3 BU3HAUCHUMU MOJAMU KOJUBAHBL MOJIEKYJI BOIU.

AK pe3syibTar aHaJizy, MOXKHa 3allpOIIOHYBATU HACTYIIHY MOJIEJb JIJIS OIUCY
KOJIMBAJILHOT TOBE/IIHKN MoJiekys Bojn B ob0’emi (Puc.3.6). Mosekymn Bojum
Pa30M i3 HAfOIMKINME CyCiJaMi yTBOPIOIOTH TeTPaeIpUIHy CTPYKTYPY BOIHEBHUX
3B’SI3KIB, J€ MOXKHA BHIJIIJINTU JIeKiJIbKa MOXKJIMBUX MOJI KOJUBAHBL MOJIEKYJ Yy
kJacTepi. Jlane npejcraBiieHHsI 3arajioM XapakKTepHe JIJIs CTPYKTYPH JIbO/LY, aJie
J100pe CXeMaTUIHO I0sICHIOE MOXKJIMBI 3MIIIIeHHsI B KJIacTepax BOJIM B PijKiit dasi.

Y BHUIIQJIKY CHCTeMHU 3 JBOMa 3adiKCOBAaHUMU aTOMaMU TiJpOreHy JIMHaMiKa
MOJIEKYJI BOJIM HaiOL/IbII oOMexKeHa. ¥ I[bOMY BHIIQJIKY MOXKJIMBUME € JIKIIE KO-
yBanHst HaBkoJio oci H1-H2 (Puc.3.56), 1mo Hak/ajae oOMeXKeHHsT Ha KOJIEKTUBHI
KOJIMBAHHS MOJIEKYJT Bo/in. [TopiBHIOIOUN CIIEKTD MOJIEKYJT BOJIN 13 3ahiKCOBAaHUMMU
aTOMaMMI T'1JIPOTeHY Ta CIIEKTP BLJIbHOI 00’€MHOT BOU, MOYKHA MOOAUYNTH, 1110 MOJA
B He criocTepiraeTbest y po3paxoBaHOMY CIIEKTPi. 3TiJHO 3 eKCIepUMeHTaIbHIMU
JTaHuMU, Mojia B xapakrepusye KpydeHHs] MOJIEKYJIH BOIu (aHri. torsion mode)
[56, | Ta cxemaruuno upejcrasiena Ha Puc.3.66. Tomy, oCcKiJbKU MOXKJIHBI
JIUIIE TIOCTYIaJIbHI PYyXM aTOMIB OKCUI'€HY, MU CIIOCTEPIra€EMO BUKJJIOYHO MO/IH,
1[0 II0B’sI3aHi 31 3MIHOIO JIOBXKUHI BOJHEBUX 3B’s13KiB. MoxKHa 3poOUTH BICHOBOK,

o mMmomu C, D ta E xapakTepusyioTh 3MiH OBXKMHHU BOJIHEBUX 3B A3KIB MIXK
111 )i\ 3 p pusy y A )i\
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CumeTpudHum

3rvH KpyyeHHs J—

AcCMMETPUYHUN AcCUMETPUYHUIN

po3Tdar (aa) po3T4ar (o4a)

Puc. 3.6: Cxemarnune 300pakeHHsI MO KOJIMBaHb MOJIEKYJI BOJM Yy KJlAcTepax.
Crplikamu  1mokazani MOK/nBl 3wmimennss Mosekysn Bojgn. (a) Kosmamms
MOJICKYJI BOJM $IK €IMHOI IUIOT (3rMH BOAHEBHX 3B’a3KiB, auri. bending); (0)
Kpyuenus wmosiekysin Bomau (aurst. torsion mode); (B) Cumerpudnunii posrsr
BOJIHEBUX 3B’s13KiB; (r) AcHMeTpUYHWI DPO3TSr BOAHEBUX 3B'sI3KiB, Je ‘na’
no3Havae npoTudasii KOJMBAHHs JOHOPA Ta aKIENTOpa BOJIHEBOIO 3B's3KYy; (/1)
AcnmerpuyHnil po3TAT BOAHEBUX 3B’SI3KIB, Je ‘71 03HAYa€ 3MIIEHHS MOJIEKYJL Y
nporudasi, siki € JIOHOPaMH BOJIHEBOI'O 3B SI3KY.

MOJIEKYJIaMI BOAHM y KJacTtepl. KpiM TOro, BpaxoBYIOUM MOXKJINBI 3MiIICHHS
MOJIEKYJI BOJM BIHOCHO IEHTPAJIbHOI MOJIEKYJIN, MOXKHA BUILINTU JAEKLIbKa MO/I
kosmBaHb H-3B’s13ky. CumerpudHmii po3Tsr XapakKTepu3ye CUHXPOHHE 3MiIleHHs
MOJIEKYJT BOJIM B KJacTepl BimHOCHO mneHTpasibHOl Mosekyan (Puc.3.68). Mona
acuMeTpuuHOro po3rsary H-3B’s13KiB 10B’si3aHa 3 KOJMBAHHSIMHI MOJIEKYJI BO/IH,
[0 MHOPYIIYIOTH CUMETPiI0 KOJIMBaHbL BIJIHOCHO IEHTPaJbHOI MOJEKyau. bysio
MOKA3aHO, 10 JIaHa MOJIA MAg BUIIY YacTOTY, HiYK CUMeTPUUHI KojmBaHHst [H0]. Y

BUIIQ/IKY aCUMETPUIHOrO po3Tary H-3B’g3KiB, MOYKHA BUJILJINTHU JCKIJIbKa PEXKIMIB
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3MillleHb BUIOBIJIHO JI0 TOrO, sIK Il OmucaHo B pobori [00], mo cxemarndno
npejicraBieHo Ha Puc. 3.6r, a. Byno mokasano, 1o y crekTpi o0’€MHOI BOJH
MOYKHa, BHOKPEMUTH JTOHOPHO-AKIEITOPHI Ta JOHOPHO-IOHOPHI MOJM KOJUBaHbD,
0 BU3HAYAE IAPTHEPIB BOJHEBOI'O 3B $I3KY, IO KOJHMBAIOTHCA B IHPOTHda3i.
Panimie Oy/o nokaszano [00], mo Moja, 1moB’si3aHa 3 JIOHOPHO-aKIENTOPHUM (J1a)
PEXKIMOM aCUMETPUIHNIX KOJINBaHb, Ma€ HIUXKIY 9aCTOTY, Hi?K Y BUIIQJIKY JOHOPHO-
JTOHOPHUX (1) KouBaHb. [lopiBHIOIOUN T1i JlaHl 3 HAIMMEI DPe3yJbTaTaMu, MU
MOXKEMO 3poOUTH BHCHOBOK, 1m0 Moja C Mae XapaKTepu3yBaTH CHMETPUUHMI
PO3TAI BOJHEBOIO 3B’sI3KY, TOAI sIK D XapakTepusye acUMeTPUUHUI PO3THL.
Mona E 06roBoproeThbest B pisHUX JIOCJIIZKEHHSIX 1 OB’ si3aHa 3 TPAHC/ISIIITHIME
ab0 TpaHC/ISIITHIME / POTAIIIHIMY KOJIMBAHHSAMEI MOJIeKyn Boju |50, 66, 112].
OpnHak, ¢9K IIOKa3ye Hall aHaJi3, y cucremi 3 s3adikcoanmmu aromamm H1 i
H2, mosekymum Bojam Jiy»ke OOMeKeHI ¥ He MOXKYThb 3ificHIOBATH OOEpTaHHs
BijiHOCHO aToma okcureny (yibpanii). Takum uannom, moga E, mBumuie 3a Bee,

Mag XapakTepudyBaTu KoJjinBaHHs H-3B’s13KiB.

3.4 OcobymmBOCTi KOJIMBAJIBHOI JUHAMIKI MOJIEKYJI BOAM iOH-TiApaTHOL

obostonku no/BitHOI cripaJdi /JTHK

Anasiz Kopessniii mMBUJAKOCTE MOJIEKY/T Boju B rijgpatHiit obosonmi JIHK,
oTpuMaHuii 3 TpaekrTopiit MJI cumyssniii, mokasas, 10 KOJUBaJbHA JUHAMIKA
MOJIEKYJT BOJIM 1OH-T1JpaTHOI OOOJIOHKM HABKOJIO IOJBIHOI cripaJji iCTOTHO
BIAPIBHAETbCS Bia auHaMiki Bogum B 00’emi. IlopiBHsSIHHS dYacTOT KOJIMBAHDL
MOJIeKYJ1 Boju B pizHux obsactax JHK ta Bogum B 00’emi moxkazano B Tabsmii
3.2.

Y BUNAJAKY MOJIEKYJ BOJIHU, IO 3HAXOJAThCA Ha BijgcTani monaj 10 A BiJI
nosepxHi JAHK, ix kosmBajbHa JMHaAMIKa He BIJIPI3HSAETHCA BiJl BUIIAJIKY 00’€MYy.
30KpeMa, y BHIAQJIKY MOAN A, o JesKnTh Osm3bko 30 cM ™! Ta XapaKTepusye
KOJINBaHHS BOJIM $K I[LJIOI, MU CIIOCTePIra€MO 3MIIIeHHs 4YacTOTH KOJUBaHb B
00J1aCTh BUCOKUX YaCTOT Y BUIAJIKY MOJIEKYJI BOJIM, JIOKAJJII30BAHUX O1JIsl IIOBEPXHI
JIHK. e y3rojizKyeTbes 3 OTpUMaHUM paHilie pe3yJibTaTOM Y BUIAJIKY TipaTHOl
obostonkn 6isKiB |25, 05|, Bogunouac, 1miede B crexTpax 3 nentpom 6iast 200 cm™ !

HEe 3MIINYeThCA sK JjI BOJAW Y 30BHINIHINA Ta BHYTPIMIHINA 00JACTIX MOJABIHHOI
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(a) MiHOPHWI k006 (6) FonoBHMIA %0rno6

|
/N LL\://
( \(\

(B) docdhatHi rpynu

Puc. 3.7: Kitacrepu mosekyst Bojau 0i1st nosepxai JJHK. V koxkHOMY KiacTepi ogHa
mosteky.ta Bou 3amirena aromom JITHK. (a) Kitacrep mosekyit Boju y MiHOpHOMY
k0J1061; (6) Kiactep mosekyst Bojgn y rosioBHOMY 2K0/1001; (B) Kiacrep mosexy
Bojin 0Lt bocdarnol rpynu. Ajenin 3adapboBaHuil CUHIM KOJHOPOM, T'YaHiH
— JKOBTHUM, IUTO3WMH — IIOMapaH4ieBuUM, a TUMiH — ddioseroBuM. PedepenTHi
aromu JIHK sadapbosani pisaumu kosasopamu: N (cuniit), O (uepsonnii) i Cp
(6rakuTHMIIL).

cuipasi, Tak i y Buajky cucremu o0’emHa Boja’. IlopiBHsiHHS OTpUMAHIX
pe3yabTaTiB g Bojm B 00’emi Ta Bojam modau3y nosepxui JIHK moxasye, mio
moja C He crocrepiraerbest. Jlana moma XapakTepusye CUMETPUIHHI PO3TD

H-3p’a3KiB vy KjacTepax Boju 3 dacroToo ~143 cm !

Saryxamasg mojan C
MOZKHa TIOSCHUTH THM, IO 3MIIMIEHHS MOJIEKY/T BOAU 00OMeXKeHi yepe3 (popMyBaHHA
3B’s3kiB 3 aromamu JIHK. VY npomy BuNagKy KOJUBaJIbHI MOJW, HMPUCYTHI B
crieKTpax 00’€MHOI BOJIM, MOXKYTH He CIOCTEPIraTHcs, OCKIIbKNI MOJIEKYIU BOJH
B KJacTepax 3aminiyioTbea aromamu JIHK, mo mopymiye cumerpiio KoJmBaHb
BIJIHOCHO TIEHTPAJIHLHOI MOJIEKY/n BOAW. JlaHuit BUCHOBOK MOKHA MOOAYNTH HA
CHEIIIIOTaxX 3 TpaekTopiit MozjemoBanus (Puc. 3.7).

[TopiBHAHHSA pe3y/IbTaTiB J1J1s T0JIOBHOTO K0y100a Ta PO, mokasye, mo monn A

i D maroTh 6,in3bKi 3HaYeHHS YaCTOT KOJIMBaHb. 1aCTOTHUI 3CyB CIIOCTEPEXKHUIT y
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BUITAJIKY Mojiu Kpydentsi (B) ta monn secumerpuannx posrsris H-3’s3ky (E). Y
BUIIQJIKY MOJIEKYJT BOJIM, IO (POPMYIOTH 3B’SI3KH 3 aTOMaMK B IOJIOBHOMY »K0JIOD,
Mojla B XapaKTepusyeThest HIZKUOI0 YacTOTO KOoanBaHb (mpubmusHo Ha 10 ey~ 1)
y nopisusanti 3 PO, 1 Mae 3nHauenH:, 6sin3bKe /10 00’eMHOI Bojin. JacToTa KoJIMBaHb
Mo E 30inbimyernhesa y BayTpimHix obsiactax JIHK 3 maitOiibmmMm 3Hadennsam
(277 em™1) B MinopHOMY 2K0.1061. Mojia D XapaKkTepusyeThcs HailBUIIOI JaCTOTOI0
~199 cm~! y mimopmnoMy ¥K0s00i, B TOil uWac fK HaiHIKYa JaCTOTa KOJMBAHD
CIIOCTEPErKHA y BUIAJKY objacTeil rosioBHOro 2kos00y Ta PO, . Bumineni momn
KOJINBaHb Y MiHOPHOMY »K0J1001 TIOMITHO 3MIMIYIOThCS Y BUCOKOYACTOTHY 00JIaCThb
criekTpa. TpaHc/siitni Moju, 10 XapaKTepu3yioTh PO3TST BOJHEBUX 3B’sI3KiB,
CIIOCTEPIraloThcsd B Tifl »Ke o0JacTi dacToT, MO OyJ0 OTpUMaHO paHilie 3a
JoroMoroio Teoperndrol Mogesi (Posmin 2), e Mu oTpuMasi 9acToTH KOJNBAHD
B jiamnazoni Bin 160 10 210 em~ 1.

PospaxoBani 3 MOJIEKY/ISIPHO-IMHAMITHIX TpaekTopiit criekTpu VDOS moxkHa
HOPIBHSITU 3 BIJIOMUMH €KCIEePUMEHTAJbHUMU JaHuMu. Tak, MOKHA BUJLJINTH
JeKiabKa Mo B mianasoni crexkrpa < 300 cm~l [32, 141, 184]. V nmaHumx excre-
puMeHTax Oy/u BUKOpHUCTaHi 3pa3ku BoJiorux miaiBok JAHK, mo mictsaTh 01m3bK0
2000 momekys BOAM Ha HYKJeoTH . HaBiThb mpm yMoBI BHCOKOI KOHIIEHTPAIll
JHK 3navynmnii BHECOK B OTpUMaHUX cIeKTpax Oyje Bij o0’emuol Boju. Towmy
JUUTsl €KCITEPUMEHTAIBLHOIO CIIOCTEPEXKEeHHS KOJIMBAJIBLHUX MOJI MOJIEKYJT BOJIM 10H-
rizparHol 0060JI0HKK OTPiOHI Jerinparosani mwiisku JHK.

Otrpumani Mo, IO XapaKTepU3yITh KOJEKTUBHY JUHAMIKY TigpaTHOI 000-
JIOHKKM HaBKoJIO TojBiitHol crmipanai JIHK, mators OyTH 4yTIuBUME JI0 BILIUBY
iHIIX  O10JIOMYHUX MaKpPOMOJIEKYJI. 30KpeMa, OLJIKOBO-HYKJIETHOBA B3AaEMOJIisd
Ma€ BILIMBaTH Ha JauHaMiky Boju Hakojo JIHK ta mporeiny. Ouikyerbes,
MO Iporec OITKOBO-HYKJIETHOBOIO PO3II3HABAHHS PO3MOYNHAETHCA 3aJ0BTO JI0
Oe3110cepeIHbOT0 KOHTAKTY Mixk MakpomosieKyaamu. [inparai obomonku JTHK Ta
MPOTEINY MOBUHHI XapaKTepPU3yBaTUCh CKOPEJTHOBAHUMEI KOJMBAHHAMU MOJIEKYT

BO/IU, 1110 1 BU3HAYAE 1X B3aEMO/IIIO.
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Ilincymkn posmaiiay

it BUBYEHHST KOJIEKTUBHOI JIMHAMIKYM MOJIEKYJI BOJM 10H-I'IpaTHOT 000JIOHKH
makpomoJsiekyan JIHK Oynm mpoBegeHi MoJIEKY/IsIDHO-JIMHAMIYHI MOJICIIOBAHHSI
cucrem 3 JIHK Ta ob’emuol Bojau. B pesynbrari Oyiam pospaxoBaHi Ta IpoaHa-
JII30BaHI CIIEKTPU I'YCTUHU KOJMBAJIbHUX CTaHIB MOJIEKYJ BOJHU, 1110 JIOKAJII30BaH1
y pisuux obsactsix io-rigparaol obomonkn JTHK (3oBHimmHst obosonka, dhocdarHi
IPYIIH, TOJIOBHUIT Ta MIHOPHUIT »K0JI001) Ta B 4icTOMY po3unti. B pesynbrari Gyim

BIJIJICH] MIICTH MOJI KOJINBaHb B Jiana3oHi crekrpa <400 ey

Ta 3aIPOIIOHOBAHNIL
miaxijg st GpismaHol iHTepHpeTalil BUIJICHUX MOJ[ KOJUBaHb MOJICKYJ BO/IN.
OTrpumaHni pe3ysibTaTu MOKa3aJH, 110 KOJEeKTUBHA KOJIUBaJIbHA JIMHAMIKa MOJIEKYJI
Bou TigpaTtHol obosionkn JIHK cyTTeBo BijpisHsgeThed BiJl BUIAIKY MOJIEKYJT
Boju B 00'emi. JlaHa BiJMIHHICTH BMHUKAE BHACJ/IIJIOK B3AaE€MOJII MOJIEKYJ BOIU
3 aromamn JIHK, mo obmexKyroTh X MOOLIBHICTB. Y PO3paxoBaHUX CIIEKTpPax
HUBbKOYACTOTHA MOJIa KOJIMBaHb 3CYBAEThCA B BUCOKOYACTOTHY 00JIACTH CIIEKTPA
Ha ~15-20 cm~'. Jlanmit edpekT HAMOIIBII BUPAyKEHHT /I MOJIEKY/I BOIH, IO
JIoKautizoBaHi B Minopaomy k01001 JIHK. ITokazano, 1mo B3aemo/1isi MOJIEKYJI BOIN
3 aToMaM# IOBepxHi mojsiiinol cmipaai JHK npusBomuTh 10 3aTyXaHHs MOIN
KOJINBaHb CUMETPUYHUX PO3TATIB BOJHEBUX 3B’SI3KIB MIXK MOJIEKYJIaMU BOJIH, IO

CIIOCTEPIraeThCs y CIIeKTpax 00’ €MHOI BOJIH.



Pozm 4

EdexkTn ioHIB JIy>XHNX MeTaJiB B AMHAMIII]

KOJINBaHb 10H-T1IPATHOI 0OOJIOHKHN IOABIITHOIL
canipa JHK

Y 1onepeiHix po3jiiax MU BUBYAJN KOJUBAJILHY JUHAMIKY JIUIIIE MOJIEKYJT
Boju ioH-rizparHol obosonkn JIHK. Ase Bapro 3ayBaxkuTu, 1o HpoTuiionu
JIY’KHUX MeTaJliB, B3a€MOJII0UN 3 MOJIEKYJIAMU BOJIH, CTPYKTYPYIOTh ab0, HaBIaKM,
MOPYIIYIOTh oprafizaniio Mosekysn ogn aaskoso JJTHK (mus. Poszgin 1). B cBoro
gyepry, JTHK Takox B3aeMmojie 3 ioHaMu Ta BOJOIO, i, IK OyJIO TIOKA3aHO paHille,
JIOKaJI3alllgd MOJIEKYJ BOJW HABKOJIO TOJBIAHOI cHipaJil CYyTTEBO BILIMBAE Ha
KOJINBAJIbHY JIMHAMIKY TiJIpaTHOrO Iapy. KojmBaHHs TPOTUHOHIB JIeXKaTh B TOMY
2K 4aCTOTHOMY Jllalla30Hl, 110 i KOJEeKTHBHA JIMHAMIKa MOJIEKYJI BOJIM T1JIpaTHOI
obosionkn JIHK, a Takoxk kordopMalliiiHi KoJIMBaHHS ITOABIIHOI CIipaJi.

Y JaHoMy pO3iJi Jis BUBUYEHHST KOJUBAJILHOI JuHaMiku mpotuitonis, JTHK
Ta MOJIEKYJT BOJIU OYJIO 3allpOMOHOBAHO JIBA HE3aJIEXKHI IiJIXO/IN JIIT PO3PaxyHKY
KOJINBAJIbHUX CIIEKTPIB: Ha OCHOBI aBTOKOPEJIAII{l MIBUIKOCTEl Ta aBTOKOpEsIiit
JATIOIBHIX MOMeHTIB. [1i1xi/1 Ha ocHOBI PO3paxyHKy KOpeJsIliii JUIOJiB paHiiie
3aCTOCOBYBABCS B JIOCJIKEHHIX MOJIEKY/T OLIKIB y BOJHUX po3umHax [, (0], a
TAKOXK CHCTEM BOJU Ta 10HIB [1D8], moKasaBIIN y3roIzKEeHICTh 3 €KCIEePUMEHTOM.
[Tigxin Ha ocHOBI PO3paxyHKY KOPEJSIiil MBUIKOCTell OYB BUKOPUCTAHUI HaMU
pasimre (quB. Posmin 3). Pesynbrarn posmiy mpejcraBieHi aBTOpoOM y CTaTTi B
Kypuasi Journal of Physical Chemistry B (Q1) [17] Ta monosinasics na ceminapax
incruryry [4]. IlizcyMKi HAyKOBOI MIKOJIH-CeMiHADY, Jie OY/I0 TPOBEIEHO JIOMOBIIb,

omy6utikoBami y [125].



4.1 Jleraji MOJeKYyJIIPHO-JIUHAMIYHOI CUMYJISIIT

By npoBejieHi MOJIEKYISIPHO-IMHAMITHI MOJIEIIOBaHHS IT' AT PI3SHUX CHCTEM,
mo ckaajgaaucd 3 nojsifinol coipani JIHK, otodenoi monexynamu Bognm Ta
nporuiionamu Jjiyxkaux meranais (Na™, Lit, RbT, Cs*, KT). Homarkoso 6yiio
IIPOMO/IEJILOBAHO I1'ITh CUCTEM 3 MOJIEKYJAMU BOJU Ta BiOBLIHUME COJISIME

(LiCl, NaCl, KCI1, RbClI ta CsCl). lerasi cumyJisriiii onmcani gadii.

4.1.1 MoaekyagapHo-auHaMmidHi napamerpu cucteMm 3 JTHK

JIHK npencrasiena y surisani pparmenta B-JIHK 3 24 mapamn nyKaeiHOBIX
ocaoB nocinosaicTio: d(CGCGAATTCGCGCGCGAATTCGCG), mo € aBoma
nognekamepamn Jlikepcona-/Ipro [11]. @parmentr THK mowmimenuit y xy6 Bojan 3
noBxuHOI0 pebpa ~106 A. Herarusui sapsan docdariux rpyn JHK crouarky
Oyan HeifTpaJsiizoBaHi 46 MO3UTHBHO 3apAKCHUMHU 10HAMHU METaJIiB, a IOTIM JI0
cucremn Oysa pogana Bigmosigxa ciie (LiCl, NaCl, KCI, RbCl ta CsCl) y
konurmentpatii 0.1 M. B cywmi, koxkna cucrema 3 JIHK wmictmna 115843 aromis.
Herasi cucrem mnokaszani y Tabmumi 4.1 Ta cxemaTudHe 300parkKeHHsI CHCTEMH
HMHK-Boma-ionn mpejcrasieno Ha Puc. 4.1. Ilepioguuni rpanuyni yMoBH OysIu
IIPUKJIaJIeH] JIO0 BCIX JIOCJIZKYBaAHUX CHCTEM.

M/JI cumy st 6ysi BuKoHasi 3a joromororto rnporpamuoro makera GROMACS
[l] 3 cmmoBum motem AMBER parmbscl g JHK [69], mogemmio TIP3P
it MoJiekysr Bojm [7D] Ta mapamerpamu Joung-Cheatham |[76] mrs ionis
(Na™, Li*, Rb™, Cst, K*). loB:kunu XiMiYHUX 3B’SI3KIB 3 aTOMaMU Tijporeny
oynu 3adikcoBani 3a jgomnomorow ajropurmy LINCS [63]. s obunciienms
JIAJIEKOJIIIOUNX €JIEKTPOCTATUIHIX B3a€MOJIiil BUKOPUCTOBYBaBCsi MeTo 1 EBaib/ia
(arrit. particle meshed Fwald) [37]. Paniycn Bmukannsg (auri. switching distance)
Ta obpiszanus (anri. cutoff distance) cranosuin 8 A ta 10 A, Bignosinuo. Kpok
iHTerpyBatHst 3a dacom (aHrii. time step) cranoBus 2 ¢c.

[Ticia minimizarii eneprii cucremu Oysu mposegeni cumysnii y NVT ta NPT
arcam0iax porsirom 10 He. Tlocriitna Temneparypa migrpumysaiacst (300 K)
3a sroroMoroio Tepmoctarta V-rescale [22]. Iloctifinmit Tnek B cucremi (1 6ap)

miITpUMYBaBCst 3a jornomoroo 6apocrara [lapinesio-Paxvana (anria. Parrinello-
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Rahman) [120]. [Ticas 1o4aTKOBOrO BpiBHOBasKEeHHsI CHCTEMH BPIBHOBAYKYBAJIUCSI

B ancam0Os1i NVT nporsrom 300 Hc.

4.1.2 MoaeKyagpHO-IMHAMIYHI ITapaMeTpPU CHUCTEM COJIbOBUX PO3YU-
HiB

Cucremn 3 MOJIEKyJaMU BOJAM Ta 3 PI3HUMU COJISIMHU IHPOTUHOHIB JIyKHUX
MeTaJIiB IpejcTaBjeHi y ¢dopmi Kyda 3 J0BKUHOIO pebpa ~64 A. Tepiomuusi
IrpaHnyii yMOBHU OyJIM MPUKJIaJIEH] O BCIX CUCTEM 3 BOJIOI0 Ta ioHamu. KoxkHa
cucrema 00’eMHOI Boj/in cKiaaaacd 3 25650 aTromis. /o cucrem Oyso 101aHO CLIb
konrenrparieo 0.15 M. B nanomy BuiaJKy KOHIIEHTPalliss coji OyJia 301jbIeHa,
JUIst 30LIBINEHHST CTATUCTUKKM JUIA  IOJAJIBIIION0 KOJMBaJbHOrO aHasizy. [Ipu
IiJIBUIEHH] KOHIIEHTPAIl COJIi MU TUM CAMUM 301IbIIYEMO KIJIBKICTH Iap 10HIB
y 3MoJie/iboBaHnX cucremax. KoumenTpario cosi st 06ox tunis cucrem (JTHK-
BOJIa-10HU Ta COJIbOBHI po34nH) 6yJI0 00paHo OU3BKOI0 0 (Di3i0I0raHOrO PiBHS
(0.15 M) [149]. Ouikyerbest, 10 301IbIIEHHs] KOHIIEHTPAI[T COJII B CHCTEMI BHUIIE
JIAHOI MOYKe CIIPUYMHUTHU JOJATKOBI epeKTH B CIEKTpaxX, 30KpeMa B CIEKTPi
JHK, mo e mikaBoroo Temoro g BubdeHHs. OJHaK 3ayBaKUMO, IO Bapialiis
KOHIIEHTpAIIil coJieil He € MeToIo jiaHol podoru. [l st nepeBipKu BILIUBY 301/IbITICHHA
KOHIIEHTPAIIil cOoJli B cUCTeMaxX 3 BOJOIO MU JIOJATKOBO OTPUMAJIM MOJIEKYJISIPHO-
JIMHAMIYHY CHMYJISII0, Je BCTAHOBUJIM KoHIeHTparllio, piBay 0.1 M. Jlanwmit
TecTOBUil po3paxyHoK OyB 3podsennii st cucremu NaCl. [l Basigaril Hammmx
pe3yJbTaTIB MU PO3paxyBaJil CHEKTP MOTVIMHAHHS CBITJI& JJIS JIAHOI CUCTEMU 1
NnopiBHAMM 3 pe3yabraTtamu s kKoumenTpariil 0.15 M. Pesynprar nokazanmit y
Honarky I', Puc. I'11.

Bci inmmi mapaMeTpu MO/ TIOBAHHS OYJIM BCTAHOBJIEH] TAK CaMo, sIK 1 Y BUMTAIKY
cucrem 3 JJHK. Jlerasi cucrem Boja-ionn noxkazani y Taosuii 4.1.

[Ticng minimizarmii emeprii Oyam npoBejieHi cumydiil B ancamOasx NVT Ta
NPT nporsarom 5 uc. Ilicasg mogaTkoBoro, KOpOTKOTO BPIBHOBaXKEHHs TapaMeTpiB

OyJ10 1poBejieHo BpiBHOBazkeHHs B aHcaMmOJi NVT nporsrom 150 He.
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Puc. 4.1: CxemarudsHe IpeJCTABICHHS 3MOJEJIbOBAHUX CHCTEM, IO MiCTATH
nojeifiny cripaas JIHK, mosnexymn Bogu ta cins (LiCl, NaCl, KCI, RbCl
abo CsCl). Ha pucyHky KaTioHH OTOYEHI MOJIEKYJaMH BOJH, IO yTBOPIOIOTH
rigparay 000s0HKY HaBkojo. IIpormitonm LiT, Na®, K%, Rb*™, Cs™ Ta CI~
zadapboBaHi B KOpaJoBuii, 2KOBTHil, KOpu4uHeBuii, biojeToBuil, cuniii i 61aKuTHMII
signosinno. Hykmeoruaun JTHK (murosun, ryanin, ajgenin i Tumin) 3adgapbosani
IOMapaH4YeBUM, YKOBTUM, CUHIM 1 (Di0JIeTOBUM KOJIHOPaMHU.
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Tabs. 4.1: [erami cucremun MoJje/toBaHHs. Po3sMmip KOMIpKH MOJIEIIOBAHHS
KOKHOI cucreMu 1nokasano B A%, IIpexcrabiena KiTbKIiCHA XapaKTEPHCTUKA
JOCJZKYBaHIX CHCTEM, BKJroYaloun Kiibkictb nmap ocuoB JIHK (y Bumajxy
cuctem 3 JIHK), mosexyst Bogu Ta ioHiB.

Hassa cucremu Ilapu ocnos JIHK  Posmip komipkn  Mostekyin Bomu  lonu (kartionu/aniorn)

LiDNA 24 106 38,045 118 (Li*)/ 72 (CI7)
NaDNA 24 106 38,045 118 (Na*) /72 (CI7)
KDNA 24 106 38,045 118 (K*) /72 (CI7)
RbDNA 24 106 38,045 118 (Rb*) / 72 (CI7)
CsDNA 24 106 38,045 118 (Cs™) /72 (CI7)
LiCl - 64 8,534 24 (Lit) / 24 (CI)
NaCl - 64 8,534 24 (Na™) /24 (CI)
KCI - 64 8,534 24 (KT) /24(C17)
RbCl - 64 8,534 24 (Rb™) /24 (CI7)
CsCl - 64 8,534 24 (Cst) /24 (C17)

4.2 Meroan aHaJi3y JTaHUX

B nanomy po3ziiii Oyj10 BUKOPUCTAHO JIBa ITLAXOMM JIJIsI aHAJII3Y JIaHUX JIJIsd
BuBYenHs KosmBanb JIHK, Mosekysr Bogm Ta i0HIB JIy?KHIX METAJIB: PO3PaxyHOK
CIIEKTPa MOIVIMHAHHS CBIT/Ia Ta KOJUBaJIbHOI I'ycTUHU cTaHiB. CIeKTp IOrInHAHHST
CBiTJIa MOXKe OyTH po3paxoBaHMil Ha OCHOBI (BJIYKTYyalliil JUIIOJNIB, IO MOXKHA
pospaxysaru 3 M /I tpaexropiii |16, 106, 143]. Bupas mjist pospaxyHky Koedirienra
IOTJIMHAHHS 3alliCyloTh K TepeTrBopeHHsa Pyp’e KopesisiiitHol QpyHKIT MOBHIX
JIATIOJTBHIX MOMEHTIB CHUCTEMHU. Dysio mokaszano, IO Ile €KBIBaJEeHTHO 3alncy
KOPeJIAIIHHOT (YHKINT MOXIIHIX MOBHUX JUIOJBHUX MOMEHTIB 3a dacom |[10].
Januit miaxig BUKOPUCTAHWI TYyT 4epe3 He3aJseyKHICTh PO3PaxyHKiB BijJ BHOOPY
[IOYATKY CHCTEMH KOOPJAMHAT. TaKUM UMHOM, 3aIUIIEeMO KOSMIIIEHT IOTJIMHAHHS

AK:

alw) = Flo) [ (G0 G0 ) ar (11)

ge M - noBumit jpunosbHuit MomenT. M s cucremu JHK-Boma-ionn

3allUCYETHCA AK CyMMa AUIIOJIbHUX MOMEHTIB KOMIIOHEHTIB CHUCTEMM:

M = MDNA + Mion + Mwat@r: (42>
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Ta BUpa3 JAJId ITIOBHOI'O AUIIOJIBLHOT'O MOMEHTY CUCTEMU BO,[La—iOHI/I BUIVIAJa€ AK:

M = Mion + Mwater- (43>
Y pisansni (4.1), F(w)— samexkanit Bij 9acToTn mpedakTop, 3allMCaHmii K
[143]:

1 27 1
dreg kpT 3Ven(w)

Jie €y — Iie JIieJIeKTpUYIHa cTaja BakyyMmy, V' — ob’eM cucremu, ¢ — MIBUJIKICTD

F(w) = (4.4)

cBiTia, n(w) — 3ajexkHUl BiJl 9aCTOTH MOKA3HUK 3ajI0MJIeHHsT po3unny, T —
TeMIiiepaTypa, a kg — koncranTa Bosibiimana. CrieKTp MOrImHaHHS IIPeCTaBJIeHN
sk J100yTOK ov(w)n(w).

CrekTp HOTJIMHAHHS BKJIFOUA€ BHECKHU STK aBTOKOPEJISIII, TaK 1 KpOC-KOpeJIsiiiii
nunoiB Mosekys Boau, ioHiB Ta JIHK. Tomy Bupas mis Kopesdmiii MOBHOTO
unosibHoro Momenty (4.2) ta (4.3) esementis cucrem JTHK-Boma-ionn ta Bosa-

10HI MOXKHa 3alcaTh BIIIOBIJIHO SIK:

dM > <dMDNA<O dMDNA

<dcll\t/l(0)- M, +<den )_den(t)>

< dMDNA zon >+

dMDNA (O deater >

+

+

+/\+

deater dMDNA t)

deater den ( )
dt ’

+ -

dea er dea er
t t t) >
+

(i
<d1\;;an dMDNA( )>
(e
(i

< szon deater >

_|_
(4.5)
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<d3;[(0) : dji\f(t)> = <d1\;2"” (0) - dl\;f"(t)> — <%(0) : %(t)%

dMion deater deater dMion
dt ot ' '
+ (T o) )+ (o o)

dt

Y naniit poboTi HacC IIKABJIATH 1HAMBIIYaIbHI BHECKH KOMIIOHEHTIB CHCTEMM.
Tomy 6y Bpaxosani Tibkn asrokopessii (JIHK-THK, ionu-ionu, Boma-Boja),
a YIEHH Kpoc-KopeJsdiil Oyso omyiieHo. Bupas juisi koedilieHTa IHOTJIMHAHHS

cucremn JTHK-Bojia-ionn Terep Mozke OyTH Tepernucanuii y BUTJISAII:

alw) = Fla) [ et | (P 0) TPy ) 4 (om0 T ) 4

deater deater
+< S(0) - (t)>]

(4.7)
Ta amaJjoriano Jjisg CUCTEMH BOJa-10HMU:
> ; dMion dMion
a(w) = F(w)/ e “tdt [< o (0) - o (t)> +
—o0 (4.8)

deater deater
. t

Bak/imBo 3a3HavunTH, MO 3a3BUYail B eKCIIepUMeHTaX KOJUBAJIbHI CIEKTpU
OTPUMYIOTH MHIJISIXOM BiJHIMaHHS po3umMHy. AJie, He JUBJIAYNCL Ha Te, IO B
HaIllOMYy aHaJIi31, M1 He BIJIHIMaJIA CIIEKTP BOJU BlJI 3araJibHOIO CIIEKTPa CUCTEMU,
HaIl Ii/1XiJ1 eeKTUBHO BpaxoBye iHJuBIAyasbHi edexkTu Mosekys Boju, JHK
Ta 10HIB. BUKOPNCTOBYIOUN aBTOKOPEIAIIl IUTIO/IIB Ta MBUIKOCTEHN JI1 KOXKHOTO
komronenTa cucreM (JIHK, Boja Ta ioHmn) 0KpeMo, MI MOKEMO BUJILIUTH BHECKU
KO»KHOI CKJI&JIOBOI CHUCTEM.

Jlnst aHaJizy HU3BKOYACTOTHOI O0JIACTI CIIEKTpa, Jie JedKi MOJU MOKe
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OyTH CKJIaJIHO PO3PI3ZHUTU B OTPUMAHUX CIEKTPaxX IMOIIMHAHHS, MU JIO/IATKOBO
po3paxyBaJn I'YCTUHY KOJIMBAJILHUX CTaHIB, IK Oys10 mokazano y Pozmimi 3.

Jl1st pospaxyHKYy crieKTpiB norjimHanis Ta VDOS 3 MoJIeKy/IsipHO- IIHAMIYHIX
TPAEKTOPiil, MU TPOBEJM JOJATKOBE BPIBHOBAaXKEHHSI CHUCTEM B CTATUCTUYIHO
He3a/IesKHOMY Mikpokanonignomy ancam6sii (NVE). 3 ocrannix 100 He TpaekTopiit
cucrem JIHK 1 Bomm koxkui 1 HC Oyia BUKOpHCTaHa 9K MOYATKOBA TOYKA JIJIsI
kopoTkux 100 11c cumyuisrniit 3 yacoBuM KpokoM 1 dc, a MBUIKOCTI Oy/IN 3alnucaHi

KOKHI 4 .

4.3 Imdpadepnoni criektpu cuctem /JIHK y pizHux po3umHax coJieii

XJIOPUIiB

Koedirient norimuanns 6y pospaxoBanuit s kommonentis (JIHK, Boja,
lOHNI) yCIX PO3IVISTHYTHX CHCTeM, BUKOpHCTOBYtoUM piBHsiaHs (4.7). [nsa 3men-
IMeHHs MIyMy B OOYHMCJIEHUX CHEKTPAJLHUX JIAHUX MU 3aCTOCYBAJM MPOIETYPY
stajikyBanis. Crexkrpun JITHK ta poswumny (Bojm Ta ionis) Oysn 3riajpkeHi 3a
JIOTIOMOTOI0 METOJIy KOHBOJIIOIIT 3 BikHOM [ayca. 3aszmaummo, mo BikHO [ayca
— Il THUII BIKOHHOI (DYHKIIII, sika BUKOPHCTOBYEThCsS B 00poOIil curHajiiB. BikHO
layca B nakeri Python scipy.signal.windows., 3a JOMOMOTOIO KOTO OYJI0 3/ificCHEHO
30JIAJKYBaHHs PO3PAXOBAHUX JIAHUX, BU3HAUEHO $IK: w(n) = e~z(n/ ”)2, ne o —
cTaHJapTHe BiIXWjaeHHsT Ta N nosHadae injexc (Big 0 mo N — 1). Opurinaibui

criekTpu jogaTkoBo Hajtani y Jdogarky I, Puc. I'l Ta Puc. I'2.

4.3.1 ImdpadepBonmnii criektp /THK

Pospaxosannii cnexktp /JHK mnpenacrasmennit na Puc. 4.2 ana cucrem 3
pizaumu cosisivn (Tabsr. 4.1). Tlosoxkernst po3paxoBaHuX TiKiB iH(GpadepBOHUX
cnexkTpiB normmmHanag JIHK Ta ix mopiBHSHHS 3 eKCIepuMeHTaJIbHUMU JTaHUMU
noxazani y Tabu. 4.2. B obsacti crextpa Bin 700 1o 1300 em~! crocrepiratorses
KoJIMBaHHS 1yKpoBo-docdarnoro ocroa JIHK, ne xapakrepni mapkepu B-/IHK
CIIOCTEPIraloThes MpUOIM3HO 3 dacToToo 835 i 1093 cm™ !, 1m0 XapaKTepu3yioTh
O-P-O posrar ta cumerpuuanuii postar POy [3, 10, 142 157168, 169]. Moan

HOKUIHIX (aHT/I. scissor) kosmBadb 2'CH2 nmesokcmpnbo3m Ta CHMETPUIHIX
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posraris PO, cnocrepexxni 3 gacroramm ~1420 ta 1230 e [8, 10, , )

|. KonmmBanus mosBiitHuxX 3B’sI3KiB HYKJIETHOBUX OCHOB JIEZKATH B 4aCTOTHOMY
mianazoni Big ~1300 go 1800 cm™! |8, 10, 142, 157, 168, 169]. Hami pesyasrarn
JI00pe  y3roJKYIOThCs 3 BIJIOMUMHU JIaHUMHU iH(MPAYEPBOHOI CIHEKTPOCKOIIT Ta
KOMOIHAIIIfTHOro po3cisHHA cBiTya B miamasoni crekTpa Bix 600 mo 1300 cm .
OjHaK MOMITHHI YacTOTHHIT 3CYB Yy BUCOKOYACTOTHY O0JIACTH CIIOCTEPIra€Thes B
nianazoni sume 1300 em ! (mus. Tabu. 4.2). 1o pos6ixKHiCTL MOYKHA OACHUTH
CUJIOBUM IIOJIEM Ta METOJaMU MOJIEJIOBAHHS. 3ayBaKUMO, 1110 B JlaHiii poboTi Mu
BIUKOPUCTOBYBAJIU KJIACHIHE CUJIOBE TI0JIe JIJisi MojlestoBaH st [(09], sike He BpaxoBye
edpexTn nosrstpuzaiiii. BijloMo, 1110 HYKJIETHOBI OCHOBU XapaKTepU3yIOThCsl BUCOKOIO
HoJIsIpU30BHICTIO |9], 10 CJ1ifi BpaxoByBaTH JJisi KOPEKTHOTO BiT0OparKeHHsT
KOJTMBAJILHAX MOJT Y BICOKOYACTOTHOMY CIIEKTPAJIbHOMY JIialla30H] y po3paxyHKax.

[TopiBasaHHSI po3paxoBaHux iHdpadepBonux crekTpis st JHK 3 pizaumun
COJIIMU 10HIB JIY?KHUX METaJIB IOKa3y€, 10 BIJIUB PI3HUX 10HIB Ha KOJIMBAHHI
ATOMHUX TPYIT MAKPOMOJIEKY/IH Y BHUCOKOYACTOTHOMY jianas3oni crektpa (600-
2000 CM71> € HesHauyHuM. Bumsgrtkom € jumie BumaJgok cucremn LiDNA, e
CIIOCTepIraloThcsd 3MiHM Yy crekTpi y Jjanazoni sy 1000 jgo 1200 eM~!, e
nexarb kosmBanHsg ocroBa JIHK (Tabmuig 4.2). 3okpema, crocrepirae€Thbest
posImpenHs mika 6,1m3bKo ~1080 eM ™! (Buaineno cipum na Puc. 4.2). s anaizy
Jlialla30Hy CIIEKTpa, Jleé MU CIIOCTEPIraEMO MOXKJIMBUI 3CYyB 9acCTOT, JlaHa 00J1acThb
Oys1a alpoKCHMOBaHa YOTUPMa, I'ayCOBUME KPUBUMU, IO BiJIIOBIIAIOTH KIJIBKOCTI
crioctepexkyBaHux cMyr. OCKUJIBKM 3MiHM B CIIEKTpaxX He CIOCTEPIrajich JIjIsI
JKOJHIX 3 couiedt, okpim LiT, mu cniogarky poskiaau cnekrpu st Na®, KT Cs™ ta
Rb™, mist Toro, mob orpuMarTn napamerpu (aMILITyLy, IIUPUHY Ta HEHTD MiKa).
Haui, nas cuekrpis LiT mu sadikcyBaayn 3HadeHHsl ¢, OTPUMaHE 3 IIOIIEPeIHIX
AlPOKCUMATIiil, Ta 3MIHIOBAJIM JIBa HII napameTpu (aMILITY/u Ta IEeHTPH IKiB).
Pesynpratn ampokcmmariii moxkazani Ha Puc.4.3 Ta mapameTrpm anpoKCHMallil
npencrapiaeni B Hogarky I, Tabaumg ['l. Ham anasiz mokaszas, mo g JIHK

3 ionamu Lit inrencusnicTs Moun 3 wactororo ~1080 cm !

3MEHITYETHCS, TOJII SIK
inTencusaicTb, Moan ~1110 cm~! 3pocrae, M0 IPU3BOIUTE 0 PO3IIMPEHHS IIKA.
JI1s1 pO3yMiHHSI CIIOCTEPEXKYBAHOI'O B PO3pPaXyHKaxX e@eKTy CIPUIMHEHOrO

jomamu LiT, 6yam pospaxosani pajiaibHi (DYHKIII PO3NOJLITY Ta KOODIMHAIINHI
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qUCIIa JIOCTIJIZKYBaHNX 10HIB BiiHOCHO aToMiB okcurerny PO, . Orpumani pajiiaibHi
dyukii posnoainy nokazani y Homarky I', Puc. I'4. 3 orpumanux pesy/abraTiB
MOXKHA 1100AYUTH, IO 3B’sI30K 3 aTOMaMH OKCUIreHy (ocdaTHUX I'PyIl yTBOPIOE
nepeBazkuo ioH LiT B mopiBHAHHI 3 IHIIMME JOCJIIZKYBAHUMEU [POTUIOHAMM.
JogaTkoBo MU po3paxyBan Kpoc-Kopesdiito st coseit ta JHK. Orpumanmnii
pesyabrar nokazanuii Ha Puc. '10, HJomaroxk I'. Mokna mobaynTi iHTEHCHUBHI
JIOJIATHI KN B CHEeKTpax y Jialasoni, jge jexkarb Kosmpauua PO, . Ileit pesyib-
TAT y3TOJZKYETbCS 3 TOMEPeTHIMI pe3yIbTaTaMl, OTPUMaHUMU 38 JOTIOMOTOIO
koM forepanx cumyssiiii 3 JITHK ta nporuitomamu Jykanx metatis [33, 92].
TakoxkK 3CyB 4aCTOT KOJMBAaHL pochaTHUX TPyH Ta MPOAB KOJUBAHL 10HIB LiT

1

6smm3bKOo 840 cM ™ criocTepiraBces JiId 3pas3KiB, 1o MicTum resb JTHK 3 Bucoknmm

KOHIIeHTpaIlisivu coJteit ionis Lit [109].

4.3.2 IndpadepBoHUITI CIIEKTP PO3UYNHY

J11st aHaJ1i3y KOJIMBAJIBLHOL JIMHAMIKI PO3YNHY HABKOJIO 1ojBiitHOoI cripasti JJTHK
Oy/10 po3paxoBaHO iH(pPaYEPBOHI CIEKTPHU IOIVIMHAHHSA OKPEMO I coJjieil Ta
MoJiekyJ1 Boju B cucreMax JJHK-Boja-ionn. OTpumaHi ClieKTpu MOIVIMHAHHS BOJIM,
y BHIAQJIKY BCIX JOCJIIKEHUX CHUCTEM, XapaKTepU3YIOThCS ITHPOKOIO CMYTOI0 3
nenTpoM 6m3bK0o 600 M~ M0 acoriioeTbes 3 TibpalisaMI MOJIEKYI BOIN (Puc.
4.4a). Husbko9acToTHI MOJM DPO3TATY BOJHEBUX 3B’SI3KiB, IO JIEXKATb y CMY3i

1 He crocTepiratoTbest depes 0OMeXKEeHHS JIAHOTO IIiJIXOJLY,

3 neHTpom ~200 cMm™
[0 HEe BPAXOBY€E €JCKTPOHHY CTPYKTYPY MOJEKYJI, IO BarKJINBO JJIsI KOPEKTHOTO
ommncy B3aeMojiil. YIK pesysnbrart, miamason cruekrpa ke 200 cM ™ He Moke 6yTH
OIMCAHU, sIK OYJIO TAKOXK IMOKA3aHO B IOIEpE/HIX poboTax (JuB., HAIPHUKJIAJ,
[67]). TlopiBHSIHHST eKCIIEPUMEHTY 3 HAINME PO3paxyHKaMi MoKa3aHo Ha Puc.4.5.
[Ipore pesysnbraTn jJoOpe y3roJKyIOThCS 3 eKCllepUMeHTaJ bHUMEI JaHumu [H-
creKTpockoril B giamazoni sutie 300 ey [11,200]. st 6i1b11 TOYHUX Pe3yIbTATIB
3a3BUYall BUKOPHUCTOBYIOTH IMOJspU3aliitHi cuaoBi moas abo ab initio M nms
JOCJTJIZKeHHsT BOJHUX pos3untiB |18, 66]. OxHak Ha jgaHuil 4ac KOJEeH i3 1ux
IJIXO/IIB HEe MOYKe OyTH epeKTUBHO BUKOPUCTAHNI JIJI BEJIMKNX OI0MOJIEKYJIAPHITX

CUCTEM.

PospaxoBani ingpadepBOHi CIEKTPHU TMOIJIMHAHHS CBITJIa JjId KaTIOHIB Ta
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Puc. 4.3: Indpagepsoni criekrpu nornunanag JIHK y gianmazoni sijg 1000 g0 1170
e~ s cucrem: a) LIDNA, 6) NaDNA, ) KDNA, r) RbDNA, ta 1) CsDNA.

Yepponoio JiiHi€l0 TOKa3aHUl pe3yJIbTAT AITPOKCUMAIll B Pe3y/IbTaTi ITiITOHKN

o\ 2T 202
IOKa3aHl CUHIM, 3eJIeHUM, IIOMapaH4YeBUM 1 POKEBUM KOJIbOpaMHU BIJIIIOBLIHO.

PospaxoBaHi 3HaudeHHsl IapameTpiB amnpokcumallil Hapejgeni B Tabmumi I'1,
Homarok I'.

. ~ _ A (ﬁ*ﬁc)Q
kpusux layca. @yukimis [ayca sagana sk f(V) = exp | — 5=~ ). Moau

aHioOHIB y nociijpkyBanux cucreMax JIHK-Boma-ionn mnokazano na Puc.4.46.

Y Bunajaky cosi LiCl cnekrp morjimHaHHSI XapaKTepU3yeThCsl JIBOMa IKaMU 3
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4.4: 3rnajpkeni iHGpavepBOHI CIEKTPH  IHJUBIIyaJbHIX KOMIIOHEHTIB

posunHy (Bojga Ta ciib) cucrem 3 JIHK. PospaxoBanuii criekTp KOMIIOHEHTIB
cucrem LiDNA, NaDNA, KDNA, RbDNA ta CsDNA 300pakennii 6,1akKuTHUM,
YOPHUM, YEepBOHUM, CHHIM Ta 3ejeHnM BianosigHo. (a) PospaxoBani crekTpu
mostekys1 Bogn B cucremax 3 JIHK. (6) Pospaxosani criekrpu coseit (LiCl, NaCl,

KCI, RbCI ta CsCl) B cucremax 3 nofsiiinoro cripasio JTHK.
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Puc. 4.5: [lopiBHsIHHS iH)paYepPBOHUX CIIEKTPIB MOJIEKYJT BOJIM OTPUMAHIX B JIaHIi
po6ori mst TIP3P (6axkurnha Jiinist) Ta excrnepumentaibao B podori [11] (wopna
JTiHisT).
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1 Ta mmpokoio CMyroro 3 MEHTPOM OJIM3BKO

yactotamu Oinst 40 Ta 160 cm™
600 cm . OTpumMaHnil pesyabTaT 100pe Y3rOIKYEThCA 3 eKCIePUMEHTAIbHIMN
JaHUMI KOMOIHAIITHOTO PO3CisiHHs CBIT/IA Y HU3BbKOYACTOTHIN 00JIACTI CIIEKTpA,

Iy cnexrpax LiCl [70].

Jle criocrepekHi i cmyru O6mm3bko 60 Ta 166 cm—
B ekcnepumenranbuux TT'm cnexkrpax st pozunny LiCl [55, : : ]
€ crocTepesKHNM TiK 6/m3bko 180 cm~!. Jlammii mK BigcyTHil y BHIIAIKY
LiBr [154], mo BKazye Ha e, 1o ioro ciijg Bigxectu jo kojmBanb Cl7. V
BUCOKOYACTOTHOMY Jlialla30Hi CHEKTpa MU CIOcTepiraeMo cmyry Ou3bko 600
cM™l, onHax y pesyibrarTax iHIIMX cuMyJIsIii [93, 152, 159] Ta ekcrepuMmeHnTax
[27, : , 146] nana cmyra crocrepexkna 6iusbko 450 eMm~. Y monepejnix
JoCTKeHHAX 1HmmX rpym |93] g cmyra Oysa BigHeceHa 10 0OMexKeHHX (AHTJI.
rattling) KoJWBaHb TPOTUHOHIB Y BOJHOMY OTOYeHHI (aHryi. water cage). st
TOro, MO0 JI3HATHCHA, UM Ma€ BILUIUB MOjesab Boau (Mu Bukopucraiau TIP3P)
Ha YaCTOTHUII 3CYyB B CHEKTPi, MU MPOBEJN TECTOBE MOJIETIOBAHHS JIJIsI CUCTEMU
Lit-pona Bukopucrosyoun mogenb SPC. ITopiBHAHHS OTpUMAHUX pe3yJbTaTiB
nokasano Ha Puc.I'3, logarok ['. 3 po3paxoBaHux CIIEKTPIB MOTJIMHAHHST MOYKHA
mo0aINTH, IO 3MiHa MOJEl BOJW CYTTEBO HE BIINBAE Ha IMOJOKEHHSA CMYT Y
ciekTpax. Tomy jana po30i?KHICTb MOyKe OyTH TTOB’si3aHa, 3 KJIACHIHIM ITiIX0I0M,
B TOIl Yac, gk MeTojn ab initio MOJEKYJISIpPHOI JUHAMIKA MOXKYTb JIOTIOMOI'TH
OTpUMATH OILJIbIIT TOYHI PE3Yy/ILTATH.

Y pospaxoBanoMmy crekTpi juid coi NaCl criocrepiraloTbes mMKU 3 IEHTPOM
~40, 300 cm ! Ta mreue ~180 el YV HUBBKOYACTOTHHUX CIIEKTpax KOMOiHaIifi-
HOro poscisiats cBitia pozuunis NaCl [70] cmocrepirarorbest 1Bl ecmyru 61136K0
60 Ta 183 cM~!, MO y3rOMKYeTheda 3 HAIMMH pO3paxyHKaMmu. JIolaTKoBo, B
excriepumenTtaabaomy TT'n criekTpi NaCl criocrepiratorbes nBa mikn 0ist ~100 Ta
180 e~ [55,152,154,155]. dk iy sunanxy LiCl, nopisasmnns crnektpis costeit NaCl

! He crmocrepiraeTnes y BHIAIKY

ta NaBr mokazaso, mo cmyra 6jmsbko 180 cm™
NaBr, Tozi gk emyra 6mspko 100 cM™! criocreperkna B 060x 3paskax [152]. Tomy
JlaHa, CMyTa Ma€ acoIIoBATUCS 3 KOJMBAHHAME HpoTuiionis Na™.

Crnekrpu cojieitt KCI, RbCl i CsCl maroTh sKicHO TOJIOHY CTPYKTYPY.
PospaxoBannii criektp KCl xapakrepusyerbed IjiedeM 13 HEHTPOM ITPUOIU3HO

~150 ecm~! Ta inTeHcmBHEM HH3bKOYAcTOTHHM mKoM ~40 cm~!. IlopiBHaHng
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pe3yabTariB 3 Bijomumu crekTpaMmu TT'1 Ta KoMOIHAIIHOTO PO3CIIHHS CBIT/IA
nokasye mkK 6smspko 160 em~! ta 175 em™ !, Bigmosizno. Crextpn ionis Rb* Tta

1 1

Cs™ xapakTepusyroThbes 1mredeM 3 meHTpom ~160 cm ™' Ta mikom 6m3bko 20 vt

Opnak B ekcnepumenTaibaux crekrpax RbCl i CsCl criocrepiraroTbes HMIMpoOKi

L Bianosimo [55, 154, 155].

KK 3 JyacToToro Ol ~120 Ta 100 cm™

3 oTpuMaHuX PO3pPaXyHKIB MOKHA I00AUUTH 3aJIeKHICTb (DOPME CIIEKTPa
BijI Xapakrepy Tigpatarii nIporuiioHa (MMO3UTHBHO Ta HEraTWBHO TijparoBani). Y
CIeKTpax, IO I'PYHTYIOTHCA Ha pO3paxyHKaxX IUIOJBHUX KOPEeJAIiil, oKpeMmmit
BHECOK KaTIOHIB Ta aHiOHIB HEMOXKJIMBO OIIIHUTH, OCKIJIbKH BOHU € TOYKOBUMU
3apgjgamu. g anamizy 1HIuBIyaJIbHUX e(eKTIB MO3WTUBHO Ta HEraTHBHO
ripaToBaHuX i0HIB MU J0JaTKOBO po3paxyBaJn ciuekTpu VDOS.

Harajaemo, mo crnekrpu VDOS, po3paxoBaHi Ha OCHOBI aBTOKOPEJIAIIITHOI
yHKIIT mBUJIKOCTeH, HAJAIOTh OBHY 1H(OPMAIIO PO PO3IOIII 4aCTOT KOJIH-
BaHb y JIOCIIKYBaHUX cucTeMax. Lleit miixin € MOBHIM, OCKLIBKH BCl KOJIMBaJIbHI
MOJIM TTPOSIBJIAIOTBCA Y pO3paxyHKax 1 mpaBuja BiAOOPY, B JaHOMY BHUITQJIKY, He
HPUKJIIal0ThCa. AJjie MOTpiOHO MaTH Ha yBasi, 0 BOHU MAalOTh BPaXOBYBATUCH
npu anauizi Y coekTpiB Ta crekTpiB KoMOiHAIITHOrO po3cisiHHg cBiT/a. B
IIbOMY BHIIQJKy MU MoykeMo mopiBHioBatu VDOS 31 crekTpamy ITOrJIMHAHHS
Ta KOMOIHAIIITHOTO pO3CIgHHS CBIT/IA, Jie JedKl KOJUBAJIbHI MOJM MOYXKYTH OyTH
HeaKTUBHUMHU. 30KpeMa, B [H criekTpax 1nposiBIsSIIOTbCsST MO/ KOJIMBAHb, 1TOB’si3aHi
31 3MIHOIO JINTIOJILHOTO MOMeHTY. HarnpoTuBary B criekTpax KoMOiHaIIiHOTO po3ci-
SHHA TPOABIAIOTHCS MOJN KOJMBAHb Uepe3 3MIHY MOJIEKYIAPHOI OIS PU30BHOCTI.
Tomy pospaxynok VDOS crieKTpiB Bijiirpae BazKJIMBY POJIb B aHaJII31 KOJTMBAJJILHOT
JuHaMikn ion-rigparnoi obosonkn JIHK, momosmioroun indgopwmarliito, orpuMany
31 CIeKTpiB morJinHaHHd cBiT/a. Jlami Oyie npejcraBieHUil JeTajabHUI aHAJTI3
KOJINBAJILHOI JIMHAMIKN MPOTHIOHIB, & TaKOXK MOJIEKYJI BOJIM TIiJipaTHOl 0O0JIOHKH

IpOTHiioHiB B cucreMax 3 JIHK.

4.4 JImHaMika IIPOTHMOHIB JIy>KHUX MeETaJiB, IMO JIOKAJi30BaHi Yy

pizHux obJacTax moasiitHol coipaJsi JTHK

J171s1 BUBUEHHSI KOJIMBAJIBHOI JJUHAMIKN TPOTHIOHIB MeTaJIiB Y PISHUX 00JIacTIX

nojsiitrol cnipasi JITHK 6ymm pospaxoani VDOS criekTpu, BUKOPHCTOBYIOUN
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Tabs. 4.3: Eranonni aromn JTHK 17151 po3paxyHKy CIIEKTPiB KOJIMBaHb TO3UTHBHO
3apdA/PKEHUX 10HIB JIY’KHHX MeTaJiB, IO JIOKaJi30BaHI Yy pPIi3HUX 00JIACTIX
NOJIBIftHOI crripaJii.

A tenin Tuwmin ['yanin Hwurozun
Docdarri rpynH PO1, PO2 PO1, PO2 PO1, PO2 PO1, PO2
lonoBHMI 2K0100 N6, N7, C5, C8 04, C6, Cbm N7, 06, C5, C8 N4, C5, C6
MinopHuii k0J100 N3, C2 02 N3, N2 02

upa3 (3.1). s anamizy Oyau BigiOpaHi HpOTHHOHE, IO JIOKAJI30BaHI y
IOJIOBHOMY Ta MIHOPHOMY »KoJj100ax Ta Oijist pocharnux rpyn JJHK. Jlns anaizy
MU 0OpaJiu JIuIie Ti 10HM, 10 3HAXOAAThCs Y HIapi TOBIIUHOIO D A BlJI eTaJIOHHUX
aromis JTHK (Ta6sumst 4.3). 1106 Bpaxysaru quHamixy nportuiionis zaskosio JJHK
Ta YHUKHYTH HOMIJIKOBUX edeKTiB y pospaxoBanux crekrpax VDOS, crmcox
iHJIeKCiB 10HIB, 10 Oy/IM BiiOpaHi Ji/Is aHaJi3y, OHOBJIIOBaBCcd KOoxkHI 10 1c. Ileit
yac HabaraTo MEHINNi 3a XapaKTepHuil Jyac rnepedyBaHHd IPOTUIHOHIB 01151 caiiTiB
B3aeMO/Iiil. B TakoMy BHUTIaJIKy BHECOK 10HIB, MO MOYKYTHb 3MIHUTH TOJIOXKEHHS 3a
gac anasizy (10 1c), craTucTuaHO Mae OyTH HE3HATHIM.

Jl1st TOTO, 11100 OIIHUTHU OKPEMi BHECKH KATIOHIB Ta aHIOHIB B OTPUMAaHI CIIEKTPH
coJiefl Ta MOPIBHATH 1X 3 po3paxoBanumu pesybratamu g cucreM JIHK-Boma-
iorn, Oy mpoaHasizoBani cucremu cotboBux posunuis (Tabmuis 4.1). Obusa,
indpadeponi Tta VDOS crnekTpu /it KOXKHOI BOJIHO-IOHHOI CHCTEMU, Oy/In
pO3paxoBaHi 3a 10MoMoroio pisuganb (4.7) ta (3.1), Bignosigno. OTpnmani criekTpn
nokazani y Homarky I', Puc.I's. Pospaxosani indpadepBoHi CHEKTPH COJILOBUX
pPO3UNHIB JI00pe y3TOKYIOThCA 3 OTPUMAHUMU TONEPETHBO Pe3yabTaTaMu JjIsd
punagky cucrtem JIHK-Boma-ionm, Bkasyoum Ha Te, IO HepeBaykKHO 10HU 3
ob’emy JatoTh Haiibiabmmit Baecok B orpumani crekrpu (lomarok I, Puc.I'6).
PospaxoBani crieKTpu i1 BOJHO-IOHHUX CUCTEM, & TakoxK s cucremu 3 JITHK,
XapaKTepu3yIoThes MikoM O/m3bko 170 em~ 1. Ileit mik MoxKHA BigHeCTH 110
kosimBanb ioHiB Cl™ (muB. Hogarok I') Puc.I'5), 110 y3ro/KyeThest 3 pe3yibratamin
TI'n ciexkrpockorii [154].

Orpumani VDOS criekrpu niporuiionis (Puc. 4.6), Tak camo sk 1 B omepeiHbo-
My BUITQJIKY, OyJIU 3TJ1a/7KEeH] 3a JOITOMOTOI0 MeTO/ly KOHBOJIIOIIT 3 BikHOM [ayca.

OpurinayibHi po3paxoBati jaHi mokazani Ha Puc.I'7., 31 3HaueHHAME CTaHIAPTHOIO
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Tabs. 4.4: Hacrorn KoJimBaHb IPOTUNOHIB, 1110 JIOKAJII3YIOTbCS B PI3HUX 00J1aCTSIX
no/Bifinoi cripasi Ta conpoBomy posunni. YactoTn noxkasani B v~ L. CKopodenns
"sh" i "w" nmosHagaroTh 11€9€e i CJ1IA0KY CMYTY BiJIIOBITHO.

Ton/Ob6siacThb Lit Na*t K™ Rb* Cs™
ConboBuii ~30,~157 ~30, ~100, ~3D, ~17 ~10
pPO3YLH ~295 ~110-310
(sh)
docdarhi ~45,~155  ~48(w), ~100, ~45, ~28 ~20
rpynu ~293 ~110-310
(sh)
Minopuuii ~50,~160  ~bH5(w), ~110, ~60, — — ~40 ~30
7K0J100 ~300
['ostoBHMIT ~bHd,~167 —— ~106, ~305  ~80, - — ~48 ~36
¥K0J100

BiAxuIeHHs, 1o nokasani B Tabyumi ['2, Homarok I'. Ilo3umil orpuMannx ImikiB B
CIeKTpax IPOTUHOHIB JIy?KHUX MeTaJsiiB HaBejeHi B Tabsmi 4.4.

Cuexrpu VDOS pis ionis Lit maskosio nogsiitnol cuipasi JJTHK so6pazkeni na
Puc.4.6a. OrpumaHuil KoJMBaJIbHUI CIEKTP XapaKTEePU3YEThCsT TPhOMa, CMyTraMu
3 nerrpamu 6ina 30, 160 Ta 600 cm~!. Ilpu HaOIMKeHHI O MaKpPOMOJEKYIIH
JHK MoxkHa modaunTy, IO KOJUBAJbHHUI CIEKTP 3CYBAa€ThbCs B OIK BHUIIUX
gactoT. [lepmmii mK i mMupoka cMyra 3MiNyoThes npubamsno na 15 em~ ! i 20

cM ™! BiIMOBiIHO, TOmI SIK IPYrHil MK 3aJIMIIa€ThC Mailke 6e3 3MiH. Bazkinso

BiI3Ha4nTH, MO B criekTpax LiIDNA crocrepiraerbes miede 6amspro 800 ev ™!, ke
BijcyTHE v Bunajxy cruexkrpa ionis Lit B o6’emi. Ile MoxKe CBIAYNTH IIPO BILIUB
rpyn aromis JHK na xonmsanng ionis Lit.

Cunexktpu VDOS g posunny Na®™ xapakTepusyloTbesa TphoMa MiKaMu OLis
30, 100 i 300 cm~! (Puc. 4.66). Pospaxosani ciexTpu st i0HIB, 110 3HAXOATHCS
ol moepxui JIHK, momiTHO BiJIpI3HSAIOTHCS Bij CIEKTPIB COJILOBOIO PO3UNHY.

I crocrepeskHa B 00’eMHifl BOji, 3HUKaE s

1

HusbkoinTencusra cmyra ~30 M
BUTIQ/IKY 10HIB Olrg mojsiitaol cripasi JIHK, a mik 6m3bko 100 eM™ moMiTHO
cTae IMMPIINM Ta 3cyBaeThes Ha 10 cM ™! y BICOKOUACTOTHY 06J1aCTD i BUIIAJIKY
pryTpimuix obmacreit JTHK. Tlik ~300 cm~ ! 3mimyerses na ~10 e~ ! 14 ionis

y »KoJiobaxX y IOpIBHSHHI 3 00’eMoM, TOal K Olist docdaTHUX TI'PyH dacToTa,
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(@) 10 loHu B cuctemi LiDNA

o] —— Li* 6ins PO,
- Lit y BenmkoMy »os1ob6i
o . .
= 64 —— Li* y manomy xonobi /‘-\
n —-=- Li* B Ob6’emi
o
a)
>

O IR 30 300 a00 500660 700 800 300 1000
YactoTa (cm1)
(6) (B)
14 16 <
loun B cuctemi NaDNA loun B cuctemi KDNA
12] —— Na* 6ins PO, 144 _~ —— K* 6ina PO,
—10] Na* y ronosHomy »o0n06i 12 > K* y ronosHomy »os06i
o —— Na™ y MiHopHOMY »0/106i S 10] —— K* y MiHOpHOMY 0106i
> 89 —— Na* Bob6'emi o] K* B 06’eMmi
0 o 8
O 67 o
S S ]
44 ]
24 21
T T T T T T T 0 y T T T T T T
C0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
YactoTa (cm™1) YacToTa (cM~1)
r - A) so
( ) loum B cuctemi RbDNA ( ) N loHu B cuctemi CsDNA
307 —— Rb* 6ins PO, N —— Cs* 6ins PO,
. \\ Rb* y ronosHomy »o0s106i A40- \ Cs™* y ronoBHomy »o0s106i
o —— Rb* y MiHOpHOMY »X0/106i <} 30] —— Cs* y MiHOpHOMY >0J106i
>204 —— Rb* B 06'emi > —— Cs* Bob'emi
g g
a a 201
> 104 >
101
0 T T T > I 0 . T T — i
0 50 100 150 200 350 400 0 50 100 150 200 350 400
YactoTa (cM™1) YacToTa (cM~1)

Puc. 4.6: Cunexkrpu VDOS g ionis (a) LiT, (6) Na™, (8) KT, (r) Rb™ Ta (1)
Cs' y pisnux obiacrsx nogsiitnoi cuipani JJHK Ta B o6’emi (cucrema Bojia-
ionn). 3ejieHa, KOBTa Ta IOMapaH4IeBa JIHIT BIIIOBIIAI0TH 10HAM, 110 3HAXOATHCS
Ol pocdarHUX Ipyll, y FOJOBHOMY Ta MiHOpHOMY »kosiobax JIHK BimmosigHo.
YopHa myHKTUPHA JITHIS BiJIIOBLIA€ CIIEKTPY MPOTUHOHIB Y crcTeMi 006’ €MHOI BOIN
3 BIAMOBIAHOIO CLJLIIO.
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KOJINBAHD JIAHOI MOJIM HE 3MIHIOETHCSI.
Cuexrp VDOS s ionis KT y posunni xapaKTepus3yeThest IHNTEHCUBHIM MIKOM
~40 Ta 1mredem i3 mentpom ~170 cm ! (Puc. 4.68). Bina docdarnux rpyn

! crocrepiraernbes j1a 11eprioro miky, Tojil Ak

JacTOTHMI 3cyB OJin3bKO ~10 cm™
IIOJIO?KCHHS 164, 3aJINIIAEThes Maiizke nesminauM. s ionis KT, posramosannx
y 2Kojiobax, IepIiuil MK CcTa€ IMIUPIINM, [0 OLIbII BHParKeHO Jjisi 00JacTi
MIHOPHOTO »KoJi0ba. [l po3paxoBaHUX CIIEKTPIB 10HIB y BHYTPIIIHIX 00J1ACTSIX
1o/BifiHOT cripaJsi crocTepiraeThes 4acTOTHMIT 3¢yB MpHOJII3HO Ha 30 cM ™ L.
Cuextpu VDOS g ionis RbT xapakTepusyioTbes Juine oHuM IHTeHCHBHIM
nikom 6mmspko 20 et (Puc. 4.6r). Ilpu nabmuxkenni jo nosepxni JHK
CIEKTD XapaKTEPU3YEThC JaCTOTHUM 3CYBOM CMYTH Yy BUCOKOYACTOTHY 00JIACTb.
st ioHiB, JioKaJlizoBaHUX HaBKOJIO ¢ocdaraux rpyn JIHK, BucokodacToTHMIT

1 Toii @K y rosloBHOMY Ta MIiHOPHOMY K0J00ax

1

K 3cyBaeTbcsd Ha ~10 cm™
criocrepiraiorbed cmyru Ha ~40 1 ~50 cM™*, BIIIIOBIIHO.

[TonibHo 10 momepesHLOro BHIAJKY, CIEKTp cosbosoro posumny CsT xapa-
KTEePU3YEThCs OJHUM BUCOKOIHTeHCHBHUM TiKoM 6jmzbko 10 cm™t (Puc.4.61).
Y BayTpimuix obsactsax JHK 1 mobausy docharHux rpyi crocTepiraerbest
3cyB "acToTn npubmamsno Ha 10-30 Ml mo Hafibiabm BupaykeHo Jyif iOHIB y
MIHOPHOMY »KOJ1001 TIOJIBI#THOT cITipaJi.

OrpumaHni pe3ysibTaTH IiITBEPIKYIOTh, 10 BUBYEHHS JUHAMITHUX BJIACTHU-
BOCTEll 10HIB € BayK/JIUBUM (aKTOPOM y PO3YMIHHI CIEKTpaJbHUX BJIACTUBOCTE
cucTeMu. 3 OTpUMaHUX pe3ysbTaTiB BujgHo, mo JIHK cyrreBo 30yproe nuHaMiky
npotuitonis. [leit edpexT HaHOLIBIT BUpaXKeHUii It MPOTUHOHIB JIOKAJI30BAHIX Y

MIHOPHOMY »KOJ1001 TIOJIBIiTHOT cITipaJi.

4.5 JImaamMika MOJIEKYyJ BOJM TiIpaTHOI OOOJOHKMN IIPOTUIOHIB JIy-

JKHUX METAJIB

Jns anajizy BIUIUBY PI3HUX MPOTUHOHIB Ha JUHAMIKY MOJIEKYJ BOJM 10H-
rijipatnoi obosonkn JJHK My posrisgayinm KoauBaabHY JUHAMIKY MOJIEKYJT BOJH
B TiIpaTHiil 060JIOHII TPOTUIIOHIB, 1O JIOKAJII30BaHl y PISHUX 00JIACTAX TOJBIITHOT
cripasi (dpocdarHi rpynn, roJoBHIT Ta MiHOpHUIT »Ko1061). MU mpoanasiizyBaJIi

MOJIEKYJIN BOJY HABKOJIO IPOTHUIOHIB, IO 3HAXOASITHCs Ha BiJCTaHi He OliIbIie
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5 A Bix eramonnnx aromis JHK, moui6uo 0 aHasisy, 3alpOIOHOBAHOIO B
norepegaboMy  miapos it (Tabmuns 4.3). o mopiBHSAHHS MH  PO3IJISTHYJIH
MOJIEKYJIN BOJM TipaTHUX OOOJIOHOK IIPOTUHOHIB, IO 3HAXOJSITHCS Ha BiJICTaHI
6inbine nizk 10 A Big nosepxui mosexymun JHK.

st Toro, mo06 BHOKPEMUTH MOJIEKYJIM BOJIM, IO 3HAXOIATHCS B TiIpaTHiil
0DOJIOHIII TPOTUHOHIB, MU PO3paxyBa Il paJjiajbHi (DYHKINI PO3MOIIIYy aTOMIB
OKCHUTeHY BOJI BijiHOCHO JjociipkyBanoro iona ([lomaroxk I') Puc.I'8). Tosmuna
rigpaTtHol obosioHKKM Oysa pos3paxoBaHa K MiHimyMm mika RDF. Orpumani
napamerpu RDF, koopmuHamiiini uncia Ta X HOPIBHAHHS 3 BIIOMUMUI €KCIIEPHU-
MeHTaJbHUMHI JaHuMu HaBe ieHi B Tadsuii 4.5. Ha ocHOBI oTpuMaHux pe3y/IbTaTiB,
Y BHIAJIKY T103UTUBHO TijgparoBanux ionis (Li*T i Na®) mu Bujimuau asi rigparsi
obostonku. Jlist Herarusro rigparosanux ionis (K, Rb™ 1 Cs™) g anasnizy 6yim
BijliOpaHi MOJIEKY/IM BOJM JIMIIE I1epirnol rigparHol obosioHnku. CHMCOK 1HJIEKCIB
MOJIEKYJI BOJIM HABKOJIO 10HIB oHobioBascs Koxkui 50 nc ta 10 me g Lit 1 Na™,
sianosigno. Ja ionis KT, Rb™ ta Cs™ crnmcok MoseKy/1 Boau OHOBJIIOBABCS KOXKHI
5 nc. Yacu Oys10 oOpaHO Ha OCHOBI BIJIOMUX JIAHUX IIPO YacCH OCLJJIOTO »KUTTS
MOJIEKYJT BOJIN B TijipaTHiit 06o/1oHI mporuiionis |74, 124].

Haramaemo, 1o BHeCKH aTOMIB TiJpPOTeHY Ta OKCHUIE€HY MOJIEKYJIN BOIU B
3araJyibHi criekTpu VDOS 1oKa3yoTh, 110 KOJIUBAaHHS aTOMIB OKCUIeHY CIIOCTepira-
I0Thes Y ianaszoni ciekrpa < 300 e~ (aus. Posin 3.2), ToMy pasi Mu BUBYaEMO
BUKJIIOYHO KOJIMBAJIBHY JIMHAMIKY aTOMIB OKCHUTEHY.

Ha Puc. 4.7 nokazani po3paxoBasi criektpu VDOS 151 MoJieKys1 BoJi HaBKOJIO
ioHiB B pizamx obsactax mnojsiitaol cripaai JHK. Orpumani pesynbraru 0ys10
3118 PKEHO 32 JIOIIOMOIOI0 MEeTOJly KOHBOJIIOIII 3 BiKHOM [ayca 31 3HaueHHsIMUI
CTaHIAPTHOTO BijaxujeHHs, mo rnokaszani B Tabsumi ['2, Jomarok I'. Opurinabhi
nani 300pazkeni Ha Puc.I'9, Homarok I'. Tlosumii mikiB B crmeKTpax MOJIEKYJI BOJIH
B IiipaTHIX 000JIOHKaX NPOTUIIOHIB HaBejeHi B Tabsmii 4.6.

CrekTpu aToMiB OKcHMreny BoJu HaBkosio LiT, posramosanux B 00’eMmi,

1 -1

XapaKTepu3yloThcs TikKoM Om3bko 40 ¢+ Ta 1iedeM 3 meHTpoM ~180 cm

(Puc.4.7a). Orpumana dopMma CHeKTpa SIKICHO Y3TOIZKYEThCS 3 BHIIAKOM MO-
JIEKYJI BOJU B YHCTOMY po34muHi. BarkjmBo Bij3HauuTH, 1o O0m3bko 350 cm !

CIIOCTEPIra€ThCd HU3bKOIHTEHCUBHUIT 1K, IO HE CIIOCTEPIra€ThCd Yy BUIAJKY
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Bopa B nepuii rigpaTHiin o6onoHui Cs*

—— binbwe 10 A Big nosepxHi AHK

—— docdarHi rpynu OHK
lonoBHwWi xonob AHK

—— MiHopHui xono6 OHK

= = ATOMM OKCUreHy B 06’emi

0 50 100 150 200 250 300 350 400

YacToTa (cM™1)
Puc. 4.7: VDOS criekTpu aToMiB OKCHUI€HY BOJIM IEPINOl TigpaTHOl 000JOHKN
nporuiionis, (a) Lit, (6) Na * () K*, (r) Rb™ ma (1) Cs*, siniGpani B
pizHux obsractax mnoxasiitHol cripaJi JHK. Chnekrpu, po3paxoBani y BHUIAJIKY
joniB, mo 3HAXOMATHLCH >10 A Bix nosepxui JIHK, 6ing docharnux rpym, a
TAKOXK y T'OJIOBHOMY Ta MiHOPHOMY 2K0J100aX, 300paskeHi CUHIM, 3eJIEHUM, YKOBTHUM
i nmomapandeBuM Bijnosigno. VDOS criekTpr aToMiB OKCHI'e€HY BOJM B 00’eMi
npecTaBeHl YOPHUMHU ITYHKTUPHUME JIHISIMHU.

crekTpiB 00’emuol Bogu. [losia gamoro miky Moxke OyTH OB d3aHa, 31 CTPYKTYPOIO
rigpaTHol 060s0HKK ioHa JiTito. Y Bunaaky Lit 6ing nosepxni JHK nepmit
MK CTae IMMPIINM, 3CYBAalOYNCh y OIK BHIMMX 4acTOT npubimsHo Ha 20 cM '

Haitoinbmnit 9acTOTHNI 3CYB CIIOCTEPITAEThCs Y BUMIAJKY MOJIEKYJT BOJIN HABKOJIO
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Tabs. 4.6: HacToTn KoJMBaHb MOJIEKYJT BOJM TiIPATHOT 0O0JTOHKY KATIOHIB JTy KHIX
MeTaJIiB, fKi 3HAXOIAThCA B PI3HUX o0JjacTax nojsiitaol cripasi JIHK Ta 06’ ewmi.
Yacroru nokazani B cm . Ckopouenns "sh" mosnauae mieue.

Ton/Ob6siacThb Lit Nat K* Rb* Cs™
O6’em ~38, ~5H0, ~40, ~37, ~38,
~100- ~150- ~110- ~110- ~110-
300(sh),~345 310(sh) 310(sh) 310(sh) 310(sh)
docdarhi ~60,— —, ~065, — — ~50, ~45, ~50,
rpyIu ~310 ~130- ~110- ~110-
310(sh) 310(sh) 310(sh)
['onoBHMI ~60,— —, ~80, — — ~65, ~50, ~Hd, — —
7K0J100 ~305 ~150— ~120-
310(sh) 310(sh)
Minopnnit ~70,— —, ~90, — — ~80, ~65, — — ~70, — —
»K0JI00 ~350 ~160—
310(sh)

10HIB y MIHOPHOMY 2K0J1001. ¥ BUNAJIKY ochaTHIX TPYI Ta TOJOBHOIO KOJ100a

JTHK, nusbKouacTOTHHI MK 6Ju3bKO 350 M~ ! 3cyBaeThesg B HM3LKOYACTOTHY

1

obnactb Ha ~40 cm. Crnekrpu VDOS Bomm jpyroi rigpatHol 000JOHKN

1

XapaKTepU3yI0ThCs YACTOTHUM 3CYBOM IIepPIIOro MKy mnpubsmsno Ha 10 cm™ -,

TOJIl K pEIITa CIIeKTPa 3aJUIIAcThCsd Mafizke HE3MIHHOIO MOPIBHSHO 31 CIIEKTPOM
qucroro pozunny (Puc.4.8a).

Pospaxosani VDOS criekTpu jijist aTOMIB OKCUT'€HY [1epIIOoT I'iIpaTHOl 000JIOHKN
ionis Na®™ B 00’emi momiTHO BiApi3HAIOTHC Bij crekTpiB gucrol Boau (Puc.

4.76). HusbkouactoThuit nik 6is ~50 cm— !

1

CTa€ MOMITHO MUPIIUM. 1acTOTHUI
3cyB npuban3Ho Ha 20-40 cM™ " crocTepiraeTbed g rigparHol 000JOHKH 10HIB
Na®™, mo mokamizosani Oinsg docdaTHux Tpyn Ta y BHYTPINIHIX 00JACTAX
nojiBiftnol cripasi. HaiiOinbin BuparkeHi 3MiHM B CIIEKTPl CIIOCTEPIralOThCA IS
ioniB y wminopuomy »ko/1001 JIHK, ne mepmmit mik crocrepiraerbes Oiist ~90
ey~ ! Bask/mmBo 3a3Ha4NTH, 10 B CIHEKTPAX CIIOCTEPErKHa BHPaZKeHa, i300eCTIIHa,
Touka 6m3bko 75 cm ', CmekTpm apyrol rimparnol oboionkn Na® B 00’emi
XapaKTePU3YIOThCsA IHTEHCHBHNM TIKOM 0/3bKO 40 cM ™! Ta miedeM 3 MeHTPOM
oamspKo 200 eyt (Puc.4.86). Orpumani pe3yibraTu y3rofzKyioThes 31 ClIeKTpaMi

JUIst aToMiB okcureny Boju B o0’emi. Crexktpu VDOS 11 Bojin HaBKOJIO 10HIB
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Puc. 4.8: Cnektpu VDOS aToMmiB OKCHUT'eHY MOJICKYJ BOJW B JIPYTiil rijgpaTHiit
obostonri nporuitonis Lit (a) i Nat (6), mio siokasizoBani y pisHux objacTsix
nojiitaol cripani JJHK. CrekTpu, pospaxoBaHi Jijist 10HIB, 10 3HAXOJISATHCSA HA
Bizcrani 6libme 10 A sig JTHK, 6is docdarHnx I'PyI, YV BEJIMKOMY Ta MaJioMy
JKOJI00ax 300parkeHl CHHIM, 3eJeHUM, YKOBTUM 1 ITOMapaHdYeBUM BiIIOBIIHO.
Cunexktpun VDOS aromiB okcureHy B 00’€éMi IOKA3aHO YOPHUMM IIYHKTHUPHUMU
JIHISAMHA.

JIoKa 1i30BaHuX Oijist pochaTHUX I'PYI Ta Y I'OJOBHOMY, Ta MiHOPHOMY »KOJIODAX

1

XapaKTepu3yloThesd mikamu 011 45, 50 1 60 cM™ ", BLAIOBITHO.
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OrpumaHi CHEKTPH JIJI aTOMIB OKCUIE€HY BOJIM IEPIIOol IijipaTHOI 0DO0JIOHKN

nporuiionis K™ nmaseneni na Puc. 4.78. Cnekrpu BoAu HaBKOJIO 10HIB B 00’eMi

XapaKTePU3YIOThCs HU3bKOYACTOTHUM IKOM ~40 cM™! Ta IjiedeM 3 IEeHTPOM

~175 em~l. Jlng iomis 6ina docdarHnx Tpyn Ta y BHYTPINIHIX 00JaCTX

To/IBifiHOT cripasi crocTepiraeThes YacTOTHHI 3cyB mpuosamsno #a 10-40 cv—!

Yy BUCOKOYACTOTHY 00JIACTH CIEKTPa 3 MOMITHUM PO3MIUPEHHSM IEPIIOro IKY.
[Tonibno g0 Bunajaky iomis Na™, MoxKHA HOMITHTH 1300€CTHYHY TOYKY, sKa Y
BHIaAKY ioHiB KT smaxoanThesa npubimsno Ha 70 em L.

[Tonibni pesynapraTu Oyam oTpuMani g ionis Rb', ge mosoxkenna cmyr
y CIEKTpl JI/Isi MOJIEKYJT BOJM TiJIpaTHOI ODOJIOHKM 3MIIleHl Yy BUCOKOYACTOTHY
00J1aCTh y BUITQJIKY 10HIB, po3TalnoBanux 0m3bKo jo noBepxui JIHK. ITobmuzy

docdaris JTHK crnexrp VDOS xapakTepusyeThcs MKoM 6JI3bK0 45 cv !

1

, TOMI K
B 06’eMi ~40 cm ™! 3 meuem 6am3bK0 170 e~V skomobax mosiitaoi cripasi JJTHK
IIepIIii MK crocTepiraeThes 6m3bko H0 eM~ !y BHIIAJIKY IOJIOBHOTO K0s1006a Ta
~65 cM~ ! 11 ioniB v MiHOpHOMY 2K01061. Po3Mura i306ecTiyna ToUKa y BUIIAIKY
Rb* smaxomntbest 6ias ~70 em~ L

CrexTp MoJieKys1 Boau Hapkoso nporuiionis Cst B 06’eMl XapaKTepu3yeThest
HI3LKOYACTOTHIM HEpIINM TmiKoM npubsmsno na 40 em~ 1. JIna Cs™, noxasizosa-
HOTO 61151 pochaTHIX TPYII, CIIEKTP 3CyBaeThcs IpHOIM3HO Ha 10 eM ™! 10 BHIINX
qacror. Y sBunajxky ionis Cst y zkonmobax JHK nepmmii mk crocrepiraerbesa
6M3bKO 55 M IS TOJIOBHOTO »K0J100a Ta 70 cM ™' jyis BY3bKOI'O MIHOPHOI'O
»Kosto0a. Takoxk, monibno 1o Bunajky lonis Rb', B cnekrpax npucyTHs posmunra
is06ecTdna TovKa 6;m3bK0 70 ML

Taxum aunoMm, orpuMani cuektpu VDOS s rizparHux o00J0HOK KaTiOHIB
JyxKHUX MetasiiB HaBkoso JHK mokaszasnm, mo Ha ¢opmy clHekTpiB iCTOTHO
BrinBae MaxkpomoJsiekyna JIHK Ta xapakrep rinpararii nporuitona. Ilomoxkenms
nporuifoHa B KOXKHIN KOHKpeTHifi objacti mojsiiiHol crmipasi (MiHOpHHUIT Ta

roJIoBHUIT 2K0/1001, docdaThi rpynu, 06’eM) Bifirpae BUHAYATLHY POJIb.
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4.6 OcobsimBoCTi AMHAMIKN ITPOTUHOHIB JIyKHIUX MeTaJiB Ta MOJIEKYJT

BoaM TijipaTHOl obosionku JTHK

Amnaniz orpumannx B pobori indpadeporux ta VDOS crekrpis s JTHK
y BoguoMy posunni 3 Lit, Na™, K, Rb*, Cs' nporuitonamn mokasap nposasu
KOJIEKTUBHOI JIMHAMIKM MOJIEKYJI BOJIM Ta 10HIB HABKOJIO IMOJBIIiHOI cIiipaJil
Ta 1X B3aEMO3B’SI30K 3 JIMHAMIKOI MAaKpPOMOJIeKy . JIuHamiuHI BJIACTHBOCTI
i0H-TiJIpaTHOI 0DOJIOHKHN PIi3HI y BHUIAJJKY PI3HUX obJjacreil MOABINHHOI cripaJi
(MiHOPHOTO Ta TOJIOBHOI'O »K0J106iB, hochaTHIX TPYIT) Ta CKIATOBUX KOMIIOHEHTIB
cucremu (MoJstekyst Bojn, ionu, atomis JTHK).

Y Bunajiky cucremn 3 JIHK pesynbratn nokaszasn, 1Mo BIJIUB TUILY TPOTHIO-
HiB, JOJaHUX JIO crucTeMu, HesHadnuii. Bumsrkom e jmire cucrema LiDNA, re

1 mo nos’si3aHi 3 KOJMBAHHSIMU

NpUCYTHI 3MiHU Yy crekTpi Oyim3bko 1100 cm™
PO, ocroBa mogsiitnoi cripasi. Brums comi LiCl ma kosmBasbhHi MOan B
JAHOMY Jliania3oHi crekTpa OyB HMOMideHHWH pamilie ekcrepuMeHTagbHO B [109)],
o 1oB’s3an0 31 B3aeMogieio lonis LiT 3 docdarnumu rpymamu ocrosy JHK.
Ham amasiz nokasa akTHBHY B3aeMojilo iomis LiT 3 aromMaMu okcuremy
dochaTHuX TPYI Y TOPIBHAHHI 3 IHITIME JIOCIIZKYBAHUMI TYT OJJHOBAJICHTHUMU
loHaM” JIY:KHUX MeTasiiB. [IprmamHoro Takoro edekTy Moxke OYyTH TeTpaej pudHa
CTPYKTYpa IijipaTnoi 060soHkN iona Lit, gKa cKIaJaeThest 3 4JOTUPHLOX MOJIEKY.JI
Boju. 3B’s13ytounch i3 docdarauvn rpynavu JTHK, aromn okcureny (PO1 Ta
PO2) docdarnoi rpymnn 3aMinyioTh MOJEKYIN BOAU TigpaTHOI 0OOJOHKE i0HA
Lit. B cBoio uepry, XxapakTepHa TeTpaeApUYHa CTPYKTypa IiIpaTHOl 000JOHKN
HABKOJIO iony 30epiraerbesd. [lomidni pesyiabratu Oym orpuMaHi B TOMEpPETHIX

,34,92].

Amnastis KonuBaabHOI anHaMiki ioH-TigpaTHol obostonkn JIHK mokazas sikicy

MOJIEKYJISTPHO- THHAMITHIX JTOC/TJIZKEHHSIX |

PI3HUINO MiZK KOJIMBATBHOO IHAMIKOIO T03UTHBHO TijpaToBanux (Li* Ta Na®) ra
werarusro rigparoBanux (KT, Rb* i Cs) nporuitonis. Crekrpu Mo3UTHBHO Ti-
JIpaTOBaHUX 10HIB XapaKTePU3yOThCsd TPhOMa UPOKUMU CMyTaMU, Ha ITPOTUBArY
SJKUM CIIEKTPHM HEraTUBHO TiJ[paTOBAHUX 10HIB MAIOTh Jiuiie JiBi cMmyru. [Ipuunna
TaKOl KOJIMBAJIBHOI TIOBEJIHKN 10HIB MOKe OyTH IIOB's3aHa 3 PISHUMHU THIIAME

Mepe:k H-3B'43KiB, Kl yTBOPIOIOTHCA MizK MOJIEKY/JIaMU BOJIM I'iJpaTHOI 000JIOHKH
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ioHa 3 IHIMKUMU MOJIEKYJIaM# Bojii B po3unHi Ta 3 aromamu JIHK. Pi3zni Biactubocri
KaTiOHIB y (pOopMyBaHHI map 3 aHIOHAMHU TaKOXK MOXKYTb MaTH BarKJIMBE 3HAYCHHSI
i MaroTh OyTH OOrOBOPEHI.

3rigao 3 npaswiom Kosutiaza [32], ske moJsisirae B TOMY, 10 HEraTHBHO
rizparoBani ionm Cl~ 3xmaTHi yTBOpoBaTH cTablIbHI Iapu 3 KaTiOHAMHU, IO
MaIOTh TaKMil camuii Xapakrep rijpataiiii. PopMyBaHHs Nap KaTiOH-aHIOH TaKOXK
3aJI2KUTh Bijl pajiyca ioHa, 110 poOUThb OLIbIN iMOBIpHUM yTBOpeHHd map Cl™
3 MenmmMu KaTionamu, sk K. Bomnouac, Bsaemonii Cst-Cl™ BBazkaroTbes
cnabkuMu. TakuM YUHOM, JIg CUCTEM XJOPWIIB JIY?KHUX MeTaJliB MOYKHA
ouiKyBaTH Takuit mnopsjok dopmysanus nap kKarion-anion: KCI>RbCl>CsCl.
B npoMmy anaiizi mMu He posrigigaemo (GoOpMyBaHHsS Hap i BUNAJKy LiT Ta
Nat oCKIJIbKH BOHM € IIO3UTUBHO TiJpaTOBAHUMN 10HAMH. B JaHOMY BHUIIAJIKY
opMmyBaHHs ap MOXKJINBe, HAIPUK/IaJ, 3 aHionamu F~ [32].

KonuBanbai MOu I0HHUX Tap MalOTh CIOCTEPITATHCA B HU3BKOYACTOTHOMY
JianasoHi crekTpa, 1mogiono g0 Bunaiky ionaux kpuctasais KCl, RbCl i CsCl y

mianazoni 90-140 cm~!

, 3aJIe2KHO BiJ Macu npotuitona |77]. Y cucremax JIHK 3
HPOTUIOHAMU JIY?KHUX MeTaJIiB i0H-pocdaTHI KOJMBaHHS TAKOXK CIIOCTEPIraloThCsI
B JIAHOMY JHalas3oHi CIEeKTpa, 3aJeyKHO Bl Macu KarioHa [128]. BpaxoBywoun
eKCIIepUMEHTAIbHI pe3y/IbTaTH, AKi MOKa3yIOTh MPUCYTHICTh HETATUBHO 3apsijizKe-
HuX 10HIB 110613y 110/BiiHHOT cripaai JIHK B ionniii armocdepi naskoso [57, 94,
YTBOpPEHHS T1ap KaTiOH-aHIOH BIlJIII'PA€ KJIIOUOBY POJib Y PO3YMIHHI CTPYKTYPU Ta,
JMHaMIKK 10H-TigpaTHol obostonkn JIHK.

dopma KOJIMBAJIBLHUX CIIEKTPIB IPOTUMNOHIB TAKOXK 3a/I€2KUTH BiJI IX I10JI02KEHHS
HaBKOJIO ToABiiHOI cripasi. Brmms JIHK Oinbmmit s OiibIn cTepraHo odMe-
JKEHUX PErioHiB, dKi MOXKHA PO3TAITYBATU HACTYIHUM YUHOM : MIHOPHUI »K0J100
> roJyioBHUil k07106 > docdarni rpymu. ¥V Bunajaky ionis Lit BucokouyacToTHMit
JIialla30H CIIEKTPa XapaKTepPU3yEThCsl IMUPOKOI CMYToi0 3 IeHTpoM 0/in3bKo 600
cM ! Ta medeM 6s3bK0 820 €M, 10 CIIOCTEPIraeThes I i0HIB, JIOKATI30BAHIX
011 docdaTHUX I'PYIl Ta y TOJOBHOMY »K0j1001. BimmoBinHo 10 BioMHX JaHUX
MoJleTIoBat s 93], JaHa cMyra acoriioeTbes 3 KojmBaHHsiMU 1oHIB LiT momixk
MOJIEKYJT BOJM ioro rimpartHol obojonkn (aHri. water cage). Ilomiveno, 1o

IHTEHCHBHICTD CMYTH 3pocTae 31 36ibinentam Koumentpaiil cosi [107]. [lewe
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(@) (©) ®)

losepxHsa JHK

Puc. 4.9: Cxemarndne 300parkeHHsl 3MIIIEHb MOJIEKYJT Bojnm B o0’emi (a), B
rijipaTHiit 000JIOHI Jesikoro iona (6), B jeskiit obacti Oijist mogBiiiHOT cripaJi
JIHK (B). CTpijKu BKa3ylOTh HAIPSMKU XapaKTEePHUX 3MIIEeHb MOJIEKYJI BOJIU B
KJIacTepi.

I Moxke XapaKTepu3yBaTH KOJEKTHBHI KoJnmBaHHd ioHiB Lit Ta

osmm3bko 820 cM ™
aromiB okcureny docdaraux rpyn (posrar O-P-O), ski crocrepiratorbest B
exciepuMenTaabiux crekrpax JJHK 6msbro 840 ev™1 (Puc. 4.2 Ta Tabiuus 4.2).
Bimosiuao 10 kourernriii guramivaaol iou-ocdarnoi rparkn JTHK [127-133], nana
MOJIa MOZKe XapakTepusysaru ioH-dpocdarni kommpannsa LiT-THK.

AHaJtis po3paxoBaHUX CIIEKTPIB MOJIEKYJI BOJAN B TiApaTHiil 000I0HIN TPOTHIIO-
HIB IIOKa3aB 3aJIC2KHICTh KOJIMBAJJILHOI IMHAMIKK Bl 00J1aCTI MOABINHOI cIiipaJi, e
3HAXO/IUTHCs i0H. 3 Puc. 4.7, isobecTnuna ToOUKa CIIOCTEPEXKHA JIJIs YCIX OTPUMaHUX
cuexktpis VDOS 1 Bumajky mepiioi rigpatHol o0ogoHKE mpoTuiionin. [l
PO3YMiHHSI IIPUYNH, YOMY BUHUKAE 1300€CTUYHA TOYKA, MU IPOBEJIN aHAJII3 MO
KOJINBaHb MOJIEKYJIM Bojau. B 00’éMHOMY pPO34YMHI MOJIEKY/IH BOJH YTBOPIOIOTH
CITKY BOJIHEBUX 3B’A3KIB 13 HaWOJIMKUNMEU CYCIIaMU, SIKY CXEMaTUIHO MOYKHA
PEJICTABUTH Y BULJIsI TeTpaeapuanoro kiaacrepa (Puc. 4.9a). fk 6yi1o mokazano
y Posmimi 3 cnekTpu KoJIWMBaHL MOJEKYJIU BOJM MOXKHA OIUCATH I IThMa
momamu |19, 56, 66, 179, 200]. 3BepHemo Halmy yBary Ha 00JAaCTb CIEKTpa, Je
criocrepiraethes i3obecrnuna Touka (~70 em~ ). B miit obiacti criekTpa jexKarh

1, AK1 aCOHi}OIOTbCH 3 KOJIMBaHHAM

Bl HE3bKodacToTHI Mogum ~40 Ta 100 cm™
MOJIEKYJIN BOJIM AK I11J101, a00 3ruHiB H-3B’g3KiB Ta KpydeHHsIM, BiAOBIIHO. Tak,

1pu HaOJIMKEHHI MoJieKy/n Boju 0 noepxui JIHK inTeHcuBHiCTH KOJIMBAJIBHOT
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MOJIM 3TMHIB BOJHEBUX 3B {3KIB 3MEHINYETHCS, & IHTEHCUBHICTH MOJIM KpPYUeHHs:
3pocTae, 1o MoxkHa mobauutu Ha Puc.3.3, Posmin 3. Lleit edekr € HaOLIBII
MOMITHUM JIJIT BUTIAQAKY MOJIEKYJI BOJIM, IO 3HAXOJATHCSI B MIHOPHOMY KOJI0DI
MOJIBifiHOT cripasii. Y pe3yJibTaTi PI3HUII IHTEHCUBHOCTEN JIBOX MOJ| BUHUKAE
izo6ecTuana Touka (Puc. 4.6).

[cayBanHs i300€CTHIHOT TOYKN BKa3YeE Ha Te, 10 depe3 epeKTH KOH(paHMEHTY,
BUHUKHEeHHIO sKoro cupusge HHK, Tpancsiiiini kKojmBaHHs BOJM OOMEXKeHi,
a obepTaHHsl CTAlOTh OLIBIT IHTEHCUBHUMHU. B CBOIO 4epry, MpOTHIOHU TaKOXK
OOMEXKYIOTh PYXW HABKOJUIIHIX MOJIEKYJT BOJW. [oHM B po3unni BIIMBAIOTL HAa
CITKY BOJHEBUX 3B’¢I3KIB BOJIM HABKOJIO cede, ajie BCe IIIe JIO3BOISIOTH MOJIEKYIaM
snificaroBatu neBHi pyxu (Puc. 4.96). Y obmexkennx ob6/acTsix MojBiitHOT cripaJti
JHK TpaHcsiii MoJieKyJl BOJU HABKOJIO IPOTUHOHIB 3HAYHO OOMEXKeHi, IO
NPU3BOJIUTH JIO HAK/IaJaHHA OOMEXKeHb Ha JIMHAMIKy MOJeKysa Boju. OcCKiTbKH
TPAHC/IAIINH] PyXU MOJIEKYJI BOAU CTAlOTh OOMEXKCHUMM, KIHETUYIHA €HEPris X
pyXiB EPeXOJUTh B €HEeprito, 10 MOoB's3aHa 3 obeprajbHOI juHaMiKor (Puc.

4.98).
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Ilincymkn posmaiiay

Y JaHoMmy po3jiii KoJuWBaJbHa JWHaMiKa 1oH-TigpaTHol obosonkn JIHK
JIOCJIJIZKYyBaJiacs 3a JIOIIOMOI'OI0 METOJ/IB aTOMICTUYHOI MOJIEKYJISIPHOI JIMHAMIKU.
[Iposejiennii anasi3 1okasas, MO BIUIMB posristHyTux nporuiionis (LiT, Na™,
K™, Rb", CsT) ma xosmsasnbny munamiky JIHK e HesnaunuM, 3a BHHSITKOM
ionip LiT, #axi iHTeHCMBHO B3aeMOilOTL 3 QocdaTHIMU IPyHaMH HOABIIHHOI
cripami. Yepes cuibny B3aemonito ionis LiT 3 docdarnmvn rpymavn JHK y
KOJIMBAJIBHOMY CIEKTpi 3’aBiIsfgeThca mede ~820 cM ™!, 10 He CIOCTepiraeThes y
BUIIQJIKY 1HIMX 10HIB JIy»KHUX MeTtaJsiB. [losiBa jiaHol moam Oysia BijiHeceHa J10
posiBy ioH-ochaTHIX KOoJMBaHb. AHAJI3 KOJIMBAJILHOI JMHAMIKI IIPOTHIIOHIB
IIOKa3aB {KICHI BIJIMIHHOCTI B PO3PaxOBaHUX CIIEKTPaxX 3aJeKHO Bl XapaKTepy
rigparanii iona. B cmextpax mnosutusHO TijparoBanux tuporuitonis (LiT Ta
Na™), crnocrepexxkni asi mmpoki cmyrun B jgianasoni <300 cm™! Ta oxHa cmyra
B BHCOKOYACTOTHOMY Jlialla30Hi CIeKTpa. » BUMAJIKY HETaTHBHO TIiIpaTOBAHUX
nporuitonis (KT, Rb* ta Cs™), crnocrepiraiorbest api mupoki emyrn <200 et
[Tokazano, 1o Ko/MBaJibHa JUHAMIKA 10HIB, IO JIOKAJJI30BaHI B PI3HUX 00JIACTIX
nogiBifinol cripasi JITHK, cyTTeBo Bifipi3HAETbCS Bijl BUMTAJIKY COJTHOBOTO PO3UNHY.
[ToibHO J10 TTOTIEepeIHBOT0, aHAJII3 KOJINBAJILHOI JIMHAMIKI MOJIEKYJI BOJU IiIpaTHOl
000JIOHKHN IIPOTUIIOHIB BHUSIBUB 3aJIE2KHICTb BiJ[ IIOJIOYKEHHsI HPONTHOHA B 10H-
rigparuiit odomonmi JHK. V Bcix pospaxoBaHmx HaMH KOJUBAJbHUX CIEKTpax
MOJIEKYJT BOJIM TiJpaTHOl OOOJIOHKHM TPOTUIOHIB BUHUKAE 1300€CTUYHA TOUYKA

1

om3bko 70 eM”' gK BiAmoBian Ha obMexkeHHs MOOLIbHOCTI (KOHMpAHHMEHT)

MoJiekys1 Boau, ciupuuntene JJHK Ta ionmamun.



BUCHOBKU

Y aucepraniitgiii podoTi JOCTIIZKEHO JMHAMIYHI BJIACTHBOCTI 10H-IiIpaTHOI
obosonkn JIHK, 30kpema KojmBaJibHa, JMHAMIKA MOJIEKYJ BOJU Ta IIPOTUIOHIB
JIV’)KHUX MeTaJliB, 10 CTablIi3yl0Th CTPYKTYpPY MojBiitHOT cripaJii. s anasizy
OyJI0 3aCTOCOBAHO PO3BHUHYTI B jucepTalil Bi3zumdHi Moje i HU3bKOYACTOTHIX
KOJIMBAHb MOJIEKYJI BOJIM, & TAKOXK CydJaCH]I METO/I YNCI0BOIO MO/IE/IIOBAHHST 010J10-
IYHIX MAKPOMOJIEKYJT. B pe3ybraTi OKpecjieHo OCHOBHI BJIACTHBOCTI KOJINBAJILHOT
JIMHAMIKNA CKJIQJIHOI CHCTEeMH 10H-TiIpaTHOI 000JIOHKN HABKOJIO MaKpPOMOJIEKYJIN

JIHK, Ha ocHOBI gKuX 3p00JIeHO TaKi BUCHOBKIU:

1. B pamkax po3BuHyTOI MOJIe/i KOH(DOPMAIIITHIX KOJINBAHL MaKpPOMOJIEKY/IN
JIHK 3 Mosexkynamu BoOJM OJeprKaHO aHAJITUIHI BHUPas3W g IacTOT
TPAHCIANIITHITX KOJMBAHbL MOJEKYJ BOJIM B MIHOPHOMY KOJI001 TOJBIITHOT
cuipaJji. IIpoBeieni OIIHKM ITOKa3aJju, IO 3HAYEHHsI YacTOT KOJMBAHb
3aJie’KaTh Bl HYKJIEOTUHOI TIOCJIIJIOBHOCT] 1 3HAXOAATHCS B Jl1alla30H1 Bi/l
160 mo 220 cM™ !, MmO Y3rOmKyeTbcsad 3 HASBHIMHI CKCIEPHMEHTATLHIMM
JaHUMI. 3PpOo0JIeHO PEKOMEHIAINT JIJIsI eKCIIePUMEHTAIbHOIO JIeTeKTYBaHHS

KOJINBAJILHUX MOJT MOJIEKYJT BOJU B MinopHomy »kK0j1001 JTHK.

2. Ha ocmnosi mpoBejienoro MoJeKyJIApHO-ITMHAMIYHOTO JTOCTIZKEHHT HI3bKO-
JACTOTHUX CIIEKTPIB MOJIEKYJI BOJIM TOKA3aHO, IO KOJWBAJbHA JTHHAMIKA
MoJIeKysT Bogu Oing moepxui JIHK gakicno BijpisHsgeThed Bl BUITAJIKY
BOJIM B 00’ emHil dazi. BusBusocs, 1o HU3bK09aCTOTHI KOJIMBAJILHI CIIEKTPU
o6’emnoi Boju (<300 cm™!) MoxKkHA ommcaTH I'sThbMa KOJMBAJILHUMU
MozamMu, Toii sAK Oinst moepxHi JIHK omgnHa 3 Moj, 1o XapakTepusye

CHUMETPUUHI PO3TATU BOJHEBUX 3B s13KiB (~150 cM™1), snukae.

3. 3a JIONOMOTOI0 METOJ/Iy MOJIEKY/ISIPHOI JUHAMIKN JIOCTIIKEHO CIIEKTPU

iHpadepBOHOTO MOIVIMHAHHS CBiT/Ia /st BogHux poszuuHiB JIHK 3 nporn-



floHaMM JIy?KHUX METaJIiB 1 II0Ka3aHOo, 1110 BIJIMB IPOTUIOHIB Ha, KOJMBAHHSI
aromunx rpyn JHK e nesnaunnMm, 3a BuHaTKOM nportuiionis LiT, gxi
AKTUBHO B3a€MO/IiIOTH 3 (pochaTHUME IpyllaMi OCTOBA IOJBIfIHOI cIipaJii.
Po3paxyHKOBI CIEKTpH $KICHO Y3TOJXKYIOThCI 3 €eKCIepUMEHTAJIbHUMUI

JaHIMA.

B paMkax mMeTojy MOJIEKYJISAPHOI JIMHAMIKH BUSBJIEHO BILIUB XapaKTepy Ti-
JipaTallll IPOTUIIOHIB Ha TX KOJMBAJIbHY JUHAMIKY, III0 CYTTEBO IIPOSBIIAETHC
y BUIIQJIKy PO3TaIllyBaHHs ITPOTUHOHIB B PI3HUX 00J1ACTSIX OJIBIIHOI criipaJii
JHK (ronoBuuit ta miHopHmit kos1001, obaacti 6ias docdarHux rpy).
[Tokazano, 1Mo 9acTOTN KOJMBAHL MMPOTUHOHIB, MO po3TamoBani 6i1g JTHK
3MIINYIOTHCA B BUCOKOYACTOTHY 00JIACTH CIIEKTPa MOPIBHAHO 3 TUMU 10HAMU,
IO 3HAXOJIATHCA B 00’emi. Haitblibin BupaxkeHo 1eit epeKT MposiBISIETHCs
Jist HeraTusHO rijiparosanux npotuitonis (KT, Rb* Cs™), posramosannx y

MiHOpPHOMY Ta TojioBHOMY 2Koj100ax JIHK.

3a pe3yabraTaMi PO3paxyHKIB METOIOM MOJIEKY/ISAPHOI JIMHAMIKI BUSB/ICHO
Moty iou-chbochaTnux kosmBanb Li-/ ITHK, mo crocrepiraerbes B indpadep-

BOHOMY CIIEKTPi y BHIJIAI OKpeMoi cMyrH Oiaa 820 cm L.

MouJtekynstpHO-/IMHaAMIYHE JIOCTIJIZKEHHST HU3bKOYACTOTHOTO CIEKTPY MOJIe-
KYJT BOJU TiIpaTHO! 000JOHKN TPOTUIOHIB JIYXKHITX METaJIiB BUSABIJIO BILIUB
JAHK, 1mo nposaBiseThes y BUTJIAl 9aCTOTHOTO 3CYyBY yCBOT'O CIIEKTPY Ha
10-40 em~! Ta mosiBoro i300eCTHYHOT TOYKM $IK BiANOBiAL HA OOMEXKeHHS
MOOLJILHOCTI MOJIEKYJT Boju, cupuuntene rnosepxueio JIHK Ta Bzaemosieio

3 MIPOTUNOHAMMA.

Taxkum 9uHOM, JIOCJIIJIZKEHHSI, 1[0 BUKOHAHI B paMKaxX IIPEJICTaBJIEHOI JIHIcep-

TaliiiHol poboTH, MoKasaJu, 10 i1oH-rigpaTHa obosionka JTHK e aunamigxoro

CTPYKTYPOIO, IO CYTTEBO BIJIPI3HSAETbCS BiJl CTPYKTypu Boiu B o0’emi. IIpu

IIbOMY CTPYKTYPYBaHHS MOJIEKYJ BOJU HABKOJIO MaKPOMOJIEKYJIN BU3HAYAETHCS

He Jite B3aeMojlieto 3 aromaumu rpyrnamu JJTHK, yTBopennsam BojiHeBUX 3B’ s3KIB

3 BUIIIOBIJIHUMM aTOMHUMHU TI'pyllaMM MaKpOMOJIEKYJIUM Ta pO3TallyBaHHAM y 11

pisHuX 00J1acTsIX, a TaKOXK MPOTHIOHAMMU, 1110 HEHTPaJi3yl0Th HEraTUBHUI 3apsI
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noJiiaHiona. 30Kpema, BUSIBJIEHO, 10 y (OPMYBaHHI JUHAMIYHUX BJIACTHBOCTEN
ion-rigparnoi obosionkn JIHK cyTreBy posib BiJirpaioTh XapakTep TijpaTariil
IPOTUIOHIB Ta 1X po3TalllyBaHHS BIJIHOCHO aTOMHMX TIPYIl IOJBIfiHOI cIipa-
. Ojiepzkani pesysabTaTd MaloTh (QyHJIaMEHTaJbHEe 3HAYEHHs JIJId PO3YMIHHS
pi3maHIX MexXaHi3MIB, IO JeXKaTh B OCHOBI OIOJOTYHO BayKJUBUX IPOIECIB,
30KpeMa, 01JIKOBO-HYKJIETHOBOI'O BIII3HABAaHHs, B3a€MO/Il 3 010/I0MYHO aKTUBHUMUI

pedoBnHaMHU Ta crabdiiizalii cTpyKTypu nojsiitnol cripasi JHK B misomy.
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HomaTok b

Jlerai po3paxXyHKY CHUJIOBOI KOHCTAHTH Ta aMILIITY/I

3MIIeHb MOJIEKYJI BOAM B MiHOpHOMY »K0J1001 JIHK

Tabs. Bl: Koedinientn anpokcumarii 3 piusnHs (2.34) B OCHOBHOMY TEKCTI
nuceprarii. Anpokcumarig norenijamiB cepeanpol cuan  (PMF)  mosinomom
werseproi creneni (W = A + Byr + Bor? + Bsr® + Byr?) noxasana na Puc.

bB2.

A B By B3 By

G4 8979,52082 -11655,7815 5671,27326 -1226,32648 99,48043
Ab 9590,21826 -12511,63238 6117,71565 -1329,06472 108,27994
A6 7300,62983 -9975,63035 5110,27884 -1163,43152 99,35419
7 5153,55662 -6852,04417 3408,78115 -752,07155 62,104
T8 6949,04121 -9397,01147 4757,26862 -1068,75459 89,92715
C9 8951,67994 -11610,17232 5645,44258 -1220,28182 98,99069
G10 10313,07139 -14266,63287 7398,43037 -1705,04884 147,38997
G16 9570,38651 -12509,46189 6132,26805 -1336,60216 109,34173
Al7 8805,56097 -11403,95426 5531,7209 -1191,39366 96,16168
A18 5818,61685 -7772,01101 3883,48894 -860,34804 71,31637
T19 7357,25452 -9969,03608 5061,72957 -1141,54821 96,50753
T20 6206,34395 -8342,33879 4198,67648 -938,02828 78,52562
C21 7157,58756 -9103,47818 4331,44172 -913,97238 72,19591
G22 7469,74398 -10174,48485 5194,12783 -1178,24623 100,25374
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Tabsn. B2: Amrurityan smimedb (Timin 1 Tmez) TOKa3aHO B AL 79 - TOJIOXKEHHST
MIHIMYMY. 7 — cepeJiHs aMILIITy/la 3MillleHb, 110 po3paxoBaHa BUKOPUCTOBYIOUN
piBusHHs (2.30).

Gua4 Gua22

T'min Tmaz T Tmin Tmax

0.15 0.25 0.14 0.15 0.27
Ade5 Cyt21

T'min Tmaz T Tmin Tmaz

0.15 0.29 0.14 0.14 0.25
Ade6 Thy20

T'min T'max T T'min T'max

0.16 0.34 0.15 0.15 0.30
Thy7 Thy19

T'min Tmax T Tmin Tmax

0.17 0.58 0.17 0.16 0.41
Thy8 Adel8

T'min T'max T T'min T'max

0.15 0.39 0.15 0.16 0.61
Cyt9 Adel?

T'min Tmaz T Tmin Tmaz
0.14 0.22 0.14 0.14 0.30
GualO Gual6
T'min T'max T T'min T'max
0.14 0.27 0.14 0.15 0.25
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0,6 0,6
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0,2 0,2
0,0 f T T 1 0,0 T T T 1
2,0 2,5 3,0 3,5 4,0 2,0 25 3,0 3,5 4,0
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S
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0,24
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35 40
Biactasb (A)

Puc. Bl: Panmianapui byHKIT po3Mojily i aTOMIB OKCUT'€HY MOJIEKYJ BOJIN

BiziHOCHO aToMiB O2 abo N3 HyKJIETHOBIX OCHOB Yy MiHOPHOMY 2KOJ1001 J0/IeKaMepa
Hpio-Hikepcona. Bigcrans 1o oci OX mnokazana B A.
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0,0 T T . . . . ) 0,0 . T T . : )
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2 104 E
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Puc. B2: Tlorenmiaan cepenbol CUJIM aTOMIB OKCUTEHY MOJIEKYJ BOJN BiJIHOCHO
aromiB O2 abo N3 HYK/IETHOBUX OCHOB Yy MIiHOPHOMY »K0JI0D1 nojexamepa pro-
Jikepcona (pospaxoBani 3a jornomoroo pisasiaas (2.32)). YepBona Ta qopHa JiHiT
[O3HAYAIOTH AIIPOKCUMAIIIO TTOJIHOMOM YeTBepTOl cTereHi (DiBHSIHHST B OCHOBHOMY
Tekeri (2.34)). Bixcrans no oci OX noxaszana B A.

154



HomaTok B

Jerani mociimKeHHs JMHAMIKH MOJIEKYJ BOAM TiaApaTHOL
obosoakn JTHK

Tabn. Bl: YucioBi 3HavenHsa napaMeTpiB allpOKCUMAIIil. V. — 9acTOTa KOJUBaHb
nokazana B My A — ammniTyna; o — mmpuna niky; FWHM — nanismumpnna na
HaIlllBBUCOTI.

Moia U, A o FWHM
Cucrema ‘o6’emHa Boa’
A 31 10.6 43.5 102.5
B 106 1.6 20.6 48 .4
C 143 2.5 28.7 67.7
D 190 1.9 39.5 92.9
E 236 2.1 51.8 121.9
F 361 1.0 96.1 226.9
Boaa 3 3adikcoBannumu aromamu H1
A 15 0.4 27.9 65.7
B 85 1.4 24.1 56.8
C 115 4.2 33.9 79.9
D 168 5.8 53.6 138.1
E 276 2.6 57.9 136.4
F 400 0.8 90.2 2124
Bopaa 3 3adikcoBannmmu aromavm H1 Tta H2

A 37 0.5 64.6 152.0
B _ _ _ _

C 144 3.42 23.9 56.5
D 189 8.9 37.6 88.6
E 263 7.1 38.5 90.7
F 383 0.8 33.9 80.1
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Tabr. Bl: (Ilponosxenns Tabaumi Bl)

Moa U, A o FWHM
BosHinmma o6oa0HKa (> 10 A Bix mosepxni JTHK)
A 32 9.9 43.4 102.3
B 106 1.6 20.5 48.4
C 143 2.6 28.7 67.6
D 190 1.8 39.8 93.8
E 237 2.2 51.4 121.1
F 361 1.2 90.1 226.2
®ocdaTHi rpynu
A 43 7.4 32.4 76.3
B 114 3.5 34.8 82.1
C - - - -
D 183 2.4 61.5 144.7
E 225 2.1 74.6 175.6
F 396 10.9 132.1 311.1
Tl'onoBHmMit k05100
A 46 6.2 31.4 73.9
B 101 3.9 39.4 92.9
C - . ,
D 185 3.2 65.0 153.2
E 264 1.7 96.7 227.7
F 394 0.3 32.7 73.9
MinopHuit k0J100
A 56 6.8 31.4 73.9
B 132 5.6 39.4 92.9
C _ _ _ _
D 199 3.1 37.3 87.9
E 277 2.5 54.6 128.5
F 385 0.9 23.9 56.3
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€HiH

Fonosval >Kono6 TUMIH

MIHOpHI/II/I )KOJ'IO6

LInTo3uH ‘—rOJ'IOBHI/II/I >|<ono6 | FvaniH

MIHOpHI/II/I >|<ono6

Puc. B1: Aromn B xomnobax JTHK 1 PO, , BiiHOCHO SIKHX BIIOHpAJIICS MOJIEKYJ/IN
BOJIN JIJISI KOJTMBAJBHOTO aHAJTI3Y.
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©o

—— ATOMW OKCUreHy MOJIEKYN BOOM

u (o)} ~ oo

N

pov o b o by o b g bv v o by by by aa by

VDOS (y.0.)

N w

=

o

T T T T

—— ——
300 400
YacTtoTa, cM~1

——
200

Puc. B2: Cunexktp VDOS aroMiB OKcHUTeHY MOJIEKYJT BOJAM 3 He3adiKCOBAHOIO
JIOBXKMHOIO KoBaJIeHTHUX 3B sa3KiB O--H.
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Homarok I'

JleraJii JOCJIiIXKEeHHs JUHAMIKHA IIPOTUIOHIB JIY>KHIX

MEeTaJIiB Ta MOJIEKYJ BoAM 10H-TizpaTrHol obosonku JIHK

LiDNA
po3paxoBaHi AaHi
—— 3rfafXyBaHHA

701
601
<501
3 40
o]
X 301
3201
101

m~1)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
YacToTa (cm~1)

6) 80 B) 80
70 NaDNA 701 KDNA
- po3paxoBaHi AaHi fep po3paxoBaHi AaHi
s 60y 3rnag)KyBaHHs s 60y 3rnag)KyBaHHs
Y 50
340 340
]
X 30 X 30
320 320
=y <
10 10
0 : 8 y y y . . ; ; 0 : 8 y . v . . ; .
0 200 400 600 800 10001200 14001600 18002000 0 200 400 600 800 100012001400160018002000
YacTtoTa (cm~1) YacTtoTa (cm™1)
r) 80 1) 80
o]  RbDNA o] CsDNA
k) poO3paxoBaHi AaHi ke po3paxoBaHi AaHi
5601 — 3raf)KyBaHHS 5601 — 3riafKyBaHHS
£ 503 £ 503
340 340
]
X 301 X 307
320 3201
< <
101 109
0 ; . y y v . . ¥ . 0 ; 8 y y v ; . ; .
0 200 400 600 800 10001200 1400160018002000 0 200 400 600 800 100012001400160018002000
YacToTa (cM™1) YacToTa (cMm™1)

Puc. I'l: Cnexkrpu noryimnanust cBitiia mojsiiinol cripaai JIHK 3 pizaumn
nporuitonamu. PospaxoBaHi CHEKTpU MOTNJIMHAHHA 3IVIaJKEHHI 3a JIOMOMOI'0IO
IPOIE/Iypr KOHBOJIIONIT 3 BiKOoHOM [ayca 31 cTangapTHUM BIIXWIEHHAM 0 = 2
em~ L. (a) Cuexrp JHK B cucremi LiDNA. (6) Cuextp JHK y cucremi NaDNA.
(B) Crexrp JIHK y cucremi KDNA. (r) Cnexkrp JHK y cucremi RbDNA. ()
Cuextp JIHK B cucremi CsDNA.
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CnekTp BOAM

LiDNA
NaDNA
KDNA

RbDNA
CsDNA

YacToTa (cm71)

600

25

200

400

YacToTa (cm™1)

CnekTp conen

LiDNA
NaDNA
KDNA

RbDNA
CsDNA

600

1

160

1000 1200

Puc. I'2: Tudpadepsoni crektpu moryimuanHs Bojgn (a) Ta pisHux coseit (6) B
cucremax JIHK mpencrasieni B Tabsmmi 4.1. Crnekrpu cucrem LIDNA, NaDNA,
KDNA, RbDNA Ta CsDNA noxaszani 6/iakuTHUM, YOPHUM, Y€PBOHUM, CHHIM Ta
3eJIeHUM KOJIbopaMu BinosiiHo. Pospaxosani criekTpu (mokasaHi HamiBIPO30pO)
BOJIN Ta coJieil 3r/ajizKeHi 3a JI0MOMOI0I0 MPOIeIypr KOHBOJIONIT 3 BikHOM [ayca

31 cTaHZAPTHNM BigxmieHHAM 0 = 2 cM ' i o = 1 em~ ! Bignosinno.



0.10
] — cuctema LiCI-SPC
,50_08_ —— cuctema LiCI-TIP3P
>
2 0.06-
L
I
S
S 0.044
I
Q
|_
L 0.021
0.00 —— 1
0 200 400 600 800 1000

YacToTa (cm~1)

Puc. I'3: IlopiBasiaHst iHppadepBoHux crekTpiB norimHanug cojii LiCl B cucremi
3 TIP3P ta SPC mosexkynamu Bojiu.
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Puc. I'4: PospaxoBani ¢dyukiiil pasianasaoro posnosiity (RDF) (Bepxust nanesn) ta
koopuHaniiini uncia (C'N) (muxkng nanens) (a) LiT, (6) Nat, (8) KT, (r) Rb™ i
(1) ioru Cs™ o BigHOMEHH O J10 atomis PO1 (uepsona Jinist) i PO2 (cuns Jiinis)
dbocharuux rpyn JTHK. RDF 6yinu pospaxosasi 3a jornomororo iiariaa |36, o
iMIuTeMenToBaHMit B porpamuomy makeri VMD [68].
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Puc. I'5: Pospaxosamni ciekrpn VDOS (pozkesa Jiinist) Ta HorinHAHHS (CHHST JTiHis )
T cojteit y cucteMax BojgHux posunHiB (auB. Tabsumo 4.1). Okpemi BHECKH
KaTIOHIB Ta aHIOHIB IIPeJICTaB/IeH] TOMapaHIeBOIO Ta 3eJIeHOIO JIIHISIMHU, BIJIITOBIIHO.
Pospaxosani VDOS i criekrpn normmHanHs (MOKa3aHi HAINBIPO30pO) Jist 10HIB,
3IrJ1a/KEeH1 3a, JIOIOMOI'0I0 IIPOLE Iy PU KOHBOJIIONIT 3 BiKHOM ['ayca 31 cTaHgapTHIM
Bixmiaennsm ¢ = 4 em™ ' i 0 = 1 em™ ! Bignosigno. a) Cnexktpu comi LiCl B
BojiHoMy po3unHi. 6) Crekrpu cosi NaCl B Bognomy posuuni. B) Crektpu costi
KCI B Bogromy posundi. 1) Crexkrpu coi RbCl B BomHOMY pozunni. 1) Crekrpn
cosii CsCl B BojiHOMY pO3UNHI.
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Puc. I'6: llopiBuannsg po3paxoBanux iHMPaYEPBOHUX CIEKTPIB MOTJIMHAHHA
st pisHux costeit y cucremax 3 JIHK (wepBona simist) Ta cmcremax BOJHIX
pozunHiB (cuns Jiinist). PospaxoBani criekTpu (mokasaHi HaIBIIPO30pO) Jist 10HIB,
3IJIaJIKEH] 38 JIOTIOMOTOIO ITPOIIE Iy PU KOHBOJIIONII 3 BikoHOM ['ayca 31 cTangapTHIM
pigxuwiennsam o = 1 em™ ! a) Cnekrpu cosi LiCl. 6) Cnextpu coni NaCl. B)
Cuektpu cosi KCI. r) Crekrpu cosi RbCl. 1) Crnexrpu cosi CsCL
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Puc. I'7: Pospaxosani ciekrpu VDOS Lit (a), Na™ (6), K* (8), Rb™ (r) i Cs™ (n)
ioniB, BifiOpanux y pizaux obsactsx mojsiitaol cripasi JIHK i B 06’emi. CriekTpu
(mokasaHi MPO30PUM) 3IIAJRKYBAJNCS 34 JIOMOMOTOK0 TIPOIEAYPU KOHBOJIOII 3
BikHOM [ayca. 3HaueHHsI CcTaHZAPTHOrO BijaxuiaeHHs HapejgenHo B Tabmmmi ['2.
3eJieHa, »KOBTa Ta IIOMapaHUueBa JIiHil BiIIOBIal0Th 10HAM, IO JIOKAJI30BaHi Oijis
docdaTHIX TPYH 1 y IOJOBHOMY Ta MIHOPHOMY »KoJiobaxX BijmoBijgHo. YopHa
IMyHKTUPHA JIiHig BIIOBIIa€ TpOTHUiOHAM, BiIIOpaHUM Yy CHUCTeMi BOJa-1OHU 3
BIJITIOBITHOIO CLILJTIO.
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Puc. I'S8: ®ynkuii pamiansaoro posnominy (RDF) (Bepxust mamesns) ta xoopu-
wariiiai qucsaa (C'N) (HIKHS aHeJb) aTOMIB OKCHTEHY MOJICKYJ BOJIHU BIHOCHO
MPOTHUIOHIB, pO3paxoBaHi 3a JOMOMOrown Iiarina [30],mo iMiiemeHTOBaHUT B
nporpamunii maker VMD [68]. RDF st aromiB okcureny Boji BiIHOCHO 10HIB
Lit, Na®™, KT, Rb", Cs' 1 Cl™ 306pazkeno 6;JaKUTHUM, YOPHUM, YePBOHUM, CUHIM,
3eJIEHUM Ta »KOBTUM KOJILOPOM BIIIIOBIIHO.
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Puc. 1T'9: Cuexktpu VDOS aromiB OKcHMIeHy BOJM IIEPIIOl TiJpaTHOI ODOJIOHKU
Lit (a), Nat (6), KT (8), Rb™ (r) ta Cs™ (1), mo JsokanizoBani B pi3Hux
obnactax nojsiitaol cripaJsi JIHK. PospaxoBani criekTpu, 1oka3aHi HalliBIIPO30po,
3IUIa/[PKEeHI 3a JIOIIOMOI0OI0 KOHBOJIIOIIT 3 BikHOM [ayca. 3HadeHHsi cTaHIapTHOTO
Bigxunennust (o) s iomiB mobsmsy mosepxui JIHK mokasani B Tabsuii
['2. 3HadeHHsl CTaHJIAPTHOTO BIJIXWJIEHHS JIJIsT BUIAJIKY CIEKTPIB 10HIB, IO
posTamosani Ha Bigcrami 6impme 10 A sin JIHK noxnageno pisnmm 0,4 cm L.
CrexkTpn, pospaxoBaHi s 10HIB jokasizoBani Oiabmie 10 A Big mosepxui JTHK,
docdaTHi rpynu, roJoBHUIl Ta MIHOPHHUI »KOJIOOM IIO3HAYEHI CHHIM, 3€JIEHUM,
JKOBTHM Ta OPaH2KeBUM KoJibopaMu, BijmnosigHo. Cruektpun VDOS aToMiB oKcureny

BOJM B 00’€Mi TIpejicTaB/IeHi YOPHOIO MYHKTUPHOIO JIHIEIO.
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Tab6u. I'l: Yucosi 3navennst napamerpis anpokcumaiiil (Puc. 4.3). A — ammiitya,
o — IUpHHA TIiKa, a U, B cM . Moxu 1, 2, 3 Ta 4 nokaszani Ha Puc. 4.3 Bignosinno
CUHIM, 3eJIEHUM, ITOMapaHYeBUM 1 POZKEBUM KOJIHOPAMU.

Moa U, A o FWHM
LiDNA
Mona 1 1044.5 528.8 28.6 67.3
Mona 2 1080.1 193.6 9.5 67.3
Moa 3 1102.9 297.3 13.3 31.3
Mona 4 1138.1 362.8 26.1 61.5
NaDNA
Mona 1 1046.6 565.4 28.6 67.3
Mona 2 1077.8 272.5 9.5 22.3
Mona 3 1104.7 215.2 13.3 31.3
Moga 4 1140.5 344.5 26.1 61.5
KDNA
Mona 1 1047.1 571.3 28.6 67.3
Mona 2 1077.9 281.0 9.5 22.3
Mona 3 1105.9 224.3 13.3 31.3
Mona 4 1142.4 324.8 26.1 61.5
RbDNA
Mona 1 1047.1 568.5 28.6 67.3
Moa 2 1077.5 272.1 9.5 22.3
Mona 3 1105.7 222.4 13.3 31.3
Moja 4 1141.7 319.6 26.1 61.5
CsDNA
Mona 1 1046.3 563.3 28.6 67.3
Mona 2 1077.5 279.6 9.5 22.3
Moja 3 1105.4 224.9 13.3 31.3
Mona 4 1142.2 315.4 26.1 61.5
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