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AHHOTanMA. /{14 yCTaHOBJICHHUS MEXaHU3Ma XUPAJILHOTO paclo3HaBaHUA MIOBEPXHOCTHIO C CYNIPaMOJIEKyJIsp-
HOM XHPaJbHOCTBIO TPOBENEHO MOJEKYJSIPHO-IMHAMUUECKOE MOZEIMPOBAHUE aJICOPOIIMU IHAHTHOMEPOB
nenuHa Ha (parMeHTe KpucTauia y-raunuHa. CHMYJISIINA TPOBEICHBI ¢ TIOMOIIBI0 TIPOTPaMMHOTO TTaKeTa
GROMACS ¢ ucnionp3oBanuem cuiioBoro moiast GROMOS96 54a7. MonenupoBanue coporuu D-, L-neiiaa
npoBo ik B NV T-ancam6ire ¢ MonnbuupoBaHHBIM TepMmocTaToM beperacena (V-rescale), mpeaBapuTenbHO
cucteMbl ojiBepraiu npoueaype muanmuzanuu sueprud u NVT, NPT ypaBnoemuBanuto B TeueHue 200 mc
npu 300 K. Insg paBHOMEpHOTO pacmpeneieHus] MOJIEKyI axcopbaTa Ha MOBEPXHOCTH MOHOCIOS KPUCTaIa
TTIUIIMHA TPUMEHHWIIN NpoTokod omkura npu 433 K ¢ mnaBHeM oxnaxaeHueMm 1o 230 K. JIng toro yTo65!
MOJICKYJIBI IVIMI[HA HE MEHSUIM F€OMETPHIO B MpoIecce CUMYJIIAIMU UX «3aMmopo3mim» 10 0 K, Bpems cumy-
ssian 20 He. 1 MCKITIOUEHUS B3aUMOACHCTBHI MOJICKYJI afcopbaTa ¢ 00paTHOM CTOPOHOM CJI0sT KPUCTAILIA,
HCIIOJIb30BaHbI IEPHOANYECKIE TPaHUYHBIC YCIOBUS TOJIBKO B HAIIPaBICHUAX X U y. IIpoBeieHO MoaennpoBa-
uue 20, 40, 60, 80 MoJIeKyJI SHAHTUMEPOB JICHIIMHA Ha (parMeHTe KpUCTa/UIa Y-TIUIMHA pasMepoM 147 mo-
JIEKYJ1 U TIoBepXHOCTH rpadena 12x6 um. Paccunransl Kynonosckue snepruu u snepruu Jlennapaa-Jxonca
MEKMOJICKYIISIPHBIX B3aUMOACHCTBUH TITUIMH-TCHINH, JICHITIH-TeHIH, Tpader-reinuH. [Ipu ancopOrwm 20
MOJICKYJI JICHIITHA HA TOBEPXHOCTH Y-TJIHMIKHA C HarpaBieHHBIME BBepX COQO™ rpymmamMu CTENCHb 3all0THe-
HUS ToBepxHOCTH riaunuHa 0~0.44. IIpu Takoil CTENCHM 3alONHCHHUS MEXIy dHAHTHOMEpaMH JICHIIMHA He
HaOJroTaeTCst 3aMETHBIX pa3nuunil mo KymoHoBckoi sHeprun 1 SHeprun JIeHHapaa-J[»oHca B3anMoqeiicTBIi
rmH-1eduH. OqHako npu agcopormm 40 monekyn seiinunaa (0~0.88) KymoHoBckas 3Heprus B3auMo/Ieii-
CTBHI SHAHTHOMEPOB JICHIIMHA C TIOBEPXHOCTHIO TIUIMHA pa3nndaercs Ha 168.0 x/x/Moinb, a sHeprus JleH-
Hapja-Jxonca Ha 15.1 k/[x/Mous. [Ipu agcopOiuun 60 mosneky: neinuHa (0~1.32) HaOmr0o1aeTCst 3HAUUTEITh-
Hoe orimuue B sHeprun KymoHa (A EcouGly-Leu=664.1 x/x/mons) u Jlennapaa-xonca (A Ep;Gly-
Leu=194.5 x/I»x/Moiib) B3aumMoaeicTBuil riunuH-newnud. [Tpu agcopouuu 80 moneky: neiiuna (0~1.76) o1-
JIMYUE B DHEPTUAX B3auMoaeiicTBuil eHimH-TaunuH (A EcouGly-Leu=116.7 x/[x/moinb, A Er;Gly-Leu=105.4
kJx/Mons). Ipu agcop6rmu neiitna (6~0.44) Ha MOBEPXHOCTH Y—TIIHIIMHA C HalpaBiIeHHbIMHU BBepX NH;3"
rpymnmamu, HabIro1aeTcst 3SHaYUTeNbHAS Pa3HUIA B SHEPTUAX B3aMMOACHCTBUAX IIIMIUH-JICHIINH yXKe TIPH ajl-
copbuuu 20 monekyn (0~0.44, A EcouGly-Leu=420.0 x/[x/moms). Ilpu agcopOrpm 40 Mosiekys JieifinHa
(6~0.88) A EcouGly-Leu=624.4 x/Ix/moib, A ErjGly-Leu=71.5 k/[x/mois. [Ipu agcopbuuu 60 MOJIEKyJI Jeii-
uHa (0~1.32) A EcouGly-Leu=304.4 xIx/Momnsb, A Er;Gly-Leu=59.1 x/I)x/mouns. [Ipu ancopouun 80 Monexy
nedinuHa (0~1.76) omymuue B SHEPTHAX B3aMMOJACUCTBHN TMHIMH-TEHINH A EcouGly-Leu=384.8 k/x/mons,
A EpiGly-Leu=122.2 k/>/Mob.

Takum 00pazom, 10 pe3yJsibTaTaM MOJIEKYJISIPHO-THHAMUYECKOTO MOAEINPOBAHUS yCTaHOBIICHO, YTO BHIOpAH-
Has (opMa KpucTaia y-TJIMIMHA MPOSIBIISET SHAHTHUCEIEKTUBHOCTh aHAIOTUYHO M3YYEHHOMY paHee LHTO-
3uHy. [Ipu MonenupoBaHuM ajcopOIMU HA Pa3HBIX TPAHSIX Y-TJIMIMHA HAOIIOAETCsl XUpAIbHAsL CEJIeKTHB-
HOCTb 1O OTHOIIEHHIO K L-elitmny. OGHapykeHO, YTO IpaHy C Pa3IMYHBIMU (yHKIMOHAIBHBIMY IPYIIIIAMHU
MPOSIBIIAIOT YHAHTHOCEIEKTUBHOCTS B PAa3IMYHOM JMAra30He CTENEeHEH 3alloTHeHHs MOBEpXHOCTH. JaHHOE
SBJICHHE TTO3BOJIUT B OymymieM NOOMBATHCS OOJBINEH YHAHTHOCEIEKTHBHOCTH TOBEPXHOCTH Y-TJIMIIMHA 32
c4€T OJOKUPOBAHUS IPaHU ¢ KapOOKCHIILHBIMH TPYyTIIIaMHU.

KroueBrble ciioBa: Monexynsipras auHamuka, GROMACS, agcopOrmst, aMHHOKHUCIIOTA, CYyIPaMOJIEKyIIIp-
Hasi XUPAIBHOCT, TIIHIUH, JEUITNH, TpadeH.
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Molecular-dynamic modelling of the adsorption of optical isomers
of leucine on the chiral supramolecular surface of y-glycine
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Abstract. To establish the mechanism for the chiral recognition of a surface with supramolecular chirality, we
conducted molecular- dynamic simulation of the adsorption of leucine enantiomers on a fragment of a y-glycine
crystal. Simulations were conducted using the GROMACS software package with the GROMOS96 54a7 force
field. Simulation of D- and L-leucine sorption was performed in an NVT ensemble with a modified Berendsen
thermostat (V-rescale). Before that, the systems were subjected to energy minimisation and NVT and NPT
equilibration for 200 ps at 300 K. To uniformly distribute adsorbate molecules on the surface of a glycine
crystal monolayer, we used an annealing protocol at 433 K with gradual cooling to 230 K. To prevent glycine
molecules from changing their geometry during the simulation, they were “frozen” to 0 K, and the simulation
time was 20 ns. To exclude interactions of adsorbate molecules with the reverse side of the crystal layer, we
used periodic boundary conditions only in the x and y directions. Simulations of 20, 40, 60, and 80 molecules
of leucine enantimers were performed on a fragment of a y-glycine crystal with a size of 147 molecules and a
graphene surface of 12x6 nm. The Coulomb and Lennard-Jones energies of intermolecular interactions of gly-
cine-leucine, leucine-leucine, and graphene-leucine were calculated. When 20 leucine molecules were ad-
sorbed on the surface of y-glycine with upward-directed COO™ groups, the degree of covering the glycine
surface was 0~0.44. At this degree of covering, there were no distinctive differences in the Coulomb and Len-
nard-Jones energies of glycine-leucine interactions between the enantiomers of leucine. However, with the
adsorption of 40 leucine molecules (6~0.88), the Coulomb energy of interactions of leucine enantiomers with
the glycine surface differed by 168.0 kJ/mol and the Lennard-Jones energy differed by 15.1 kJ/mol. Over the
course of adsorption of 60 leucine molecules (8~1.32), a significant difference was observed in the Coulomb
energy (A EcouGly-Leu=664.1 kJ/mol) and the Lennard-Jones energy (A Ep;Gly-Leu=194.5 kJ/mol) of gly-
cine-leucine interactions. Over the course of adsorption of 80 leucine molecules (6~1.76), there was a differ-
ence in glycine-leucine interactions (A EcouGly-Leu=116.7 kJ/mol, A Er;Gly-Leu=105.4 kJ/mol). Over the
course of adsorption of leucine (6~0.44) on the surface of y-glycine with upward-directed NH3" groups, a
significant difference was observed in the energies of glycine-leucine interactions already with the adsorption

of 20 molecules (6~0.44, A EcouGly-Leu=420.0 kJ/mol). Over the course of adsorption of 40 leucine mole-
cules (0~0.88) A EcouGly-Leu=624.4 kJ/mol, A E;Gly-Leu=71.5 kJ/mol. Over the course of adsorption of 60
leucine molecules (0~1.32) A EcouGly-Leu=304.4 kJ/mol, A Er;Gly-Leu=59.1 kJ/mol. Over the course of

adsorption of 80 leucine molecules (0~1.76) there was a difference in glycine-leucine interactions A EcouGly-
Leu=384.8 kJ/mol., A Ep;Gly-Leu=122.2 kJ/mol.

Thus, based on the results of molecular-dynamic modelling, it was established that the selected form of the y-
glycine crystal demonstrated enantiselectivity similar to the previously studied cytosine. When modelling ad-
sorption on different sides of y-glycine, we observed chiral selectivity in relation to L-leucine. It was found
that the sides with different functional groups showed enantioselectivity in different ranges of surface covering.
This phenomenon will allow achieving greater enantioselectivity of the y-glycine surface in the future by block-
ing the side with carboxyl groups.

Keywords: molecular dynamics, GROMACS, adsorption, amino acid, supramolecular chirality, glycine, leu-
cine, graphene.
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Beenenune

XUpaIBLHOCTD SIBIISICTCS HEOTHEMIIEMbBIM
npu3HaKkoM Bcero jkuBoro [1]. Buomosm-
Mepbl 00pedeHbl Ha TO, YTOOBI OBITH XUPAJb-
HBIMH, B UHOM CIlyyae YpOBEHb JOCTHTac-
MOH MMM HMEpapXUH HE IMO3BOJMI OBbI JI0-
CTUYb YCIIOBHH CO3JIaHUs XKHUBO KI1eTKH [2].
Byayun reomerpuueckuM CBOWCTBOM 00B-
€KTa HE COBMEIIAThCS B N-MEPHOM TIpPO-
CTPAHCTBE CO CBOMM 3€PKAIbHBIM OTpake-
HUEM TYyTEM JIIOOBIX JBIDKCHHH B TaKOM
npoctpancTBe[3], XHUPaTBHOCTH  MOXKET
HaOJIFO1aThCS HE TOJIBKO Ha MOJICKYJISIPHOM,
HO U Ha JII000M ypoBHe matepuu [4]. Korma
Jlym Ilactep OTKpBLIT SIBICHUE XUPATBLHOCTH
[5], oH yBHIET aCHMMETPHIO HE MOJICKYJIBI,
a Kpucrauia — o0beKTa 0oJiee BBICOKOTO
YPOBHSI HE€PAPXUU, HEXKEITH OJHA MOJEKyJa
BUHHOU KucaoTel. B ciyuae Jlyu Ilactepa,
XHPAITBHOCTh KPUCTaJUIa ObLIa CIEICTBHEM
XUPAIBHOCTH MOJICKYJIbI MOHOMepa. Og-
HAKO CYIIECTBYET Psiji CIIy4aeB, KOT/Ia WC-
XOJIHOE COCIMHEHHE HE MMEET LIEHTPA, OCH
WIN TUIOCKOCTH XHPAIBHOCTH, OJHAKO pe-
3yJIBTaT CaMOCOOPKH MOJIEKYJT — IByMEpHast
CYNpaMOJIEKyJISIpHAsT CTPYKTypa HIH TPEX-
MEpHBII KpHucTaul — XupanbHbl [6-8]. Ilo-
3TOMy s Oojee TiIyOOKOro MOHHWMaHHE
NPUYMH aCUMMETPHH BCErO YKUBOTO HEOO-
XOAMMO M3y4aTh, KAK UMEHHO B3aUMOCBSI-
3aHbl MOJICKYJISIPHASE U MHBIC BUIbI XUPAJb-
HOCTH, U KaK MOJKHO OCYIIECTBUTH XUPaJb-
HBIN TpaHchep Mexay 00bEKTaMHU C pa3iny-
HBIM YPOBHEM HEPaAPXHH.

Ha panHBIH MOMEHT H3BECTHO, YTO CH-
CTeMBI C CYNpPaMOJICKYJISIPHOW XHUpPaIbHO-
CTBIO MOTYT MHAYIIMPOBATH MOJICKYJISIPHYIO,
BBICTyIasi B KAY€CTBE MCXOIHOTO BELIECTBA
JUIs opranuueckoro cuaresa [9-10], kaTamu-
3aropa [11-12] wimu ancopOenta [13-15].
Tak, emé B 1969 roay Ilen3eiinom u [lImu-
TOM OBUIO YCT@HOBJEHO, YTO XHUPAIbHBIN
kpuctam 4,4’-TAMETWIXAIKOHA, pearupyst
¢ OpomoM, oOpa3yeT HE paleMHUYECKYIO
CMECh, & XUPAITbHBINA JTUOPOMHUJ] C FHAHTHO-
MepHbIM H30bITKOM 6-25% [16]. Ha cero-
THSTITHAN JeHb cymrectByeT 6onee 200 mpu-
MEpOB OPraHUYECKUX CUHTE30B, B KOTOPBIX

UCIIOJIb30BaHUE SHAHTUOMOP(PHOTO KpH-
CTajula axUpalbHOTO HMCXOJHOTO BELIECTBA
IPUBOJUT K YACTUYHOMY, U B PEIKHUX CIIy-
Yasgx Jaxe IOJHOMY CMEIIEHHIO XHUpallb-
HOTO PaBHOBECHSI B CTOPOHY 0Opa3oBaHUs
Toro wiu uHoro 3HanTromepa [10]. Takxe,
rpynmoi K. Coan oOHapykeHO, YTO XUpaib-
HBIE KPHCTAJJIbl CIIOCOOHBI HAIIPABIATh pe-
aKLMI0 MUPUMUIUH-5-KapOaibaeruaa ¢ au-
u3onponuinuakom [17] B ctopony o6paszo-
BaHUs OaHOro sHaHthomepa [18]. Haruei
HAy4YyHOM Tpynmnou oOHapy>KEHO, YTO pa3-
JMYHBIE CHUCTEMBI C CYIpPaMOJIEKYJISpPHON
XHPAIBHOCTBIO, TAKHE KaK JIBYMEpHBIE CY-
npamoJieKysipusie  cTpykTypsl [19-20] u
sHaHTHOMOpP(dHBIE KpucTawibl [21-22], cro-
COOHBI CENEKTUBHO aAcopOUpoBaTh Mpe-
UMYIIECTBEHHO TOJBKO OJMH SHAHTHOMED,
KaK U3 ra3oBoii (a3el, Tak U U3 pacTBopa. B
9TOM CBSI3M MHTEPECHO TOHATH MEXaHH3M,
0 KOTOPOMY MPOUCXOTUT MHAYIIUPOBAHUE
XHpAIBHOCTU. {11 3TOrO MONe3HO ocyie-
CTBUTh MOJICIMPOBAHUE aICOPOIMH JHaH-
THOMEPOB Ha MOBEPXHOCTH C CYIIPAMOJIEKY-
JSIPHOM XUPAbHOCTBIO.

B nacroseit pabore B kadecTBe 00BHEKTa
WCCIIeIOBaHMsI BEIOpaHa cHCTEMa «9HAHTHO-
Mep JIeHIHA — TOBEPXHOCTh KpHUCTaJlia -
rmmnuHay. [locnequuit npeacrasiser co0oit
SHAHTHOMOP(HBINA KpHUCTAII C MPOCTPaH-
CTBEHHOM rpynnoi cummerpuu P31 nmu P32
JUISI TIPaBO- U JIEBOBPAIAIOIINX KPUCTAIIIOB
coorBeTcTBeHHO [23]. IlockombKy W KpH-
CTalljl, U ajcopoar sSBISAIOTCS aMUHOKHUCIIO-
TaMH, U3yYEHUE UX B3AUMOJACHCTBUI MOXKET
MPOJHUTH CBET Ha MPUYMUHBI TOMOXHPAIBHO-
CTH OMOTIOTMMEPOB.

BKCHepI/IMeHTaJIBHaﬂ 4acTb

CuUMyJISAIUE  TIPOBEICHBI C TMOMOIIBIO
nporpammuoro makera GROMACS [24-26]
C  WCIOJb30BAaHHMEM  CHJIOBOTO  IOJIS
GROMOS96 54a7 [27]. Tononoruum s
BCEX CTPYKTYp T€HEPHPOBAIU C TOMOIIBIO
cepBuca ATB [28-29]. Ilapametpsl cuio-
BOTO TMOJSI PAcCUYUTaHbl B MPUOIIKCHUU
TEOpUn (byHKIIMOHAA TUIOTHOCTH
B3LYP/6-31G*. B kauecTBe MOBEPXHOCTH

355



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 3. C. 353-363.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 3. pp. 353-363.

-
~

e’ &' &t ot

. - e’ &' ot

Puc. 1. CtpykrypHBIe (hOpMYITHI CIOEB TIUIIMHA U UX MOJIEKYIISIPHBIE TIOBEPXHOCTH:

a — CJIOW KpUCTaJIa y - TIIMIMHA C MOJISIPHON TTOBEPXHOCTHI0, BBepX HanpasieHsl COO™ rpymnmsr,
0 — MoJIeKyJIsIpHAs MOBEPXHOCTH CJI0s1 KPUCTAJIa Y — TIIUIMHA ¢ HanpaBieHHbIMH BBepXx COO™
rpyIIaMy; B - CJIOM KpUCTAIIA Y - [NIMLHWHA ¢ HEMOJIIPHOU MOBEPXHOCTHIO, BBEPX HANPABIICHBI
NHs*rpymmsl ; r - MOJIEKyJIsipHast IOBEPXHOCTD CJI0sI KpUCTAILIA Y — [JIMIHHA C HAIIPABICHHBIMU
BBepx NH3* rpynmamu. I'ne kpacHBIM IBETOM 0003HAYEHBI aTOMBI KUCIOPOa, CHHUM — aTOMBI

a30Ta, CEPBIM — aTOMBI yTIIepo/a, OEIbIM — aTOMBI BOJIOPO/IA.

Fig. 1. Structural formulas of glycine layers and their molecular surfaces: a — layer of
y-glycine crystal with a polar surface, COO~ groups directed upward; b — molecular surface of a
v-glycine crystal layer with COO~ groups directed upward; ¢ — layer of y-glycine crystal with a
non-polar surface, NHs* groups directed upward; d — molecular surface of y-glycine crystal layer
with NHs*" groups directed upward. Oxygen atoms are shown in red, nitrogen atoms in blue, car-

bon atoms in grey, and hydrogen atoms in white.

UCIIOJIb30BAJIM CIIOM KpHCTallia TIUIMHA CO-
crosuui u3 147 monexyin. I'nmuuux B popme
Y- KpUCTaJUIa CYIIECTBYET B BHUJE LIBUTTEP-
nona [30]. Kpucramn rimiuHa mocTpoeH B
nporpamme Avogadro [31] u3z cif-daiina,
ckayaHHoro u3 KemMOpuxckoil kpucTamiio-
rpaduueckoit 6a3pl manubix [30, 32]. Bouia
IIOCTPOEHA Cylepsyeiika B IMPOrpaMMe
Avogadro u Beipe3ansbl nuHue ciaou. anee
MOJIy4YeH CJIOW MOJIKYJ riuiuHa (puc la,
puc 1B). lI3mMeHeHne nMeH aTOMOB B (aiine
KOOPJWHAT COTJIACHO MHIECKCAM B CHIIOBOM
nogse GROMOS mnpoBenn B mporpamme
VEGA ZZ. [lony4eHHYIO CTPYKTYpy TTOME-
CTUJIM B TPUKIMHHBIA OOKC C mepuoauye-
CKUMHU TPAHUYHBIMH YCIOBUSMH, UTHHBI
BEKTOpOB Ookca 5.4 HM 5.4 HM 8 HM, yIJIBI
BekTopoB Ookca 90° 90° 120°. Crenens 3a-
MIOJTHEHHUSI TTIOBEPXHOCTHU aJCcOpOeHTa MoJie-
KyJlaMu ajcopOaTa pacCUMTHIBAIA KaK OT-
HOLIEHWE IUIOIIAJeld TOBEpXHOCTH 0e3
ydeTa pacTBOPHUTENS pAcCUYUTaHHBIE B
MGLtool/PMV [33]. PacueTsl mpoBeieHbI

Ha KommbloTepe ¢ 16 smepHBIM TpOIEcco-
pom AMD Ryzen 9 3950X ¢ wacroroii 3.50
GHz, oneparusnoii mamsareio 32,0 I'b, Bu-
neoyckopurenem NVIDIA GeForce RTX
2070 (8 I'b).

MopenupoBanue copbuun D-, L-nmeii-
nuHa npoBoaunu B NV T-ancambiie ¢ Mmoau-
(¢bunupoBaHHBIM TepMocTaToM bepeHceHa
(V-rescale), mpenBapuTeIbHO CHCTEMBI MO~
BEpraJiv MPoLeaype MUHIMH3AINN SHEPTHH
u NVT, NPT ypaBHOBeNIMBaHUIO B TEUECHHUE
200 nic mpum 300 K. [l paBHOMEpHOTO pac-
npeJesieH s MOJIeKy ajicopbaTta Ha MOBEpX-
HOCTH MOHOCIIOSI KPHCTaJUIa TIIMIUHA TIPH-
MeHWIM TpoTokon ormxkura npu 433 K ¢
maBHBIM oxnaxkaeHueM a0 230 K. Jlns Toro
YTOOBI MOJIEKYJIBI TJIMIIMHA HE MEHSJIH I'eo-
METPHIO B MPOIECCE CUMYIISIIUN UX «3aMO-
posunu» a0 0 K, Bpems cumyinsinuu 20 He.
Jis ucKkIrodYeHusT B3aMMOJICUCTBHI MoJie-
KyJ azcopbara ¢ 0OpaTHONH CTOPOHOM CIOS
KpHUCTaJIa HCIIOJIE30BaHbI TEPHOAMYECKHE
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Puc. 2. Ancopbuus 60 mosekyn eliiHa Ha TOBEPXHOCTH TpadeHa, BUj CBEpxy (a) v BUJ
cooky (0). Usmenenue sueprun KyiaoHa MeKMOIEKYISIPHBIX B3aNMOIEHCTBHI JICHITUH-TICHITIH
nipu agcopOmu D- u L- nefinmHa Ha moBepxHOCTH TpadeHa (B). M3menenne anepruu JleH-
Hapaa-J[>KoHca MEKMOJIEKYIISIPHBIX B3aUMOICHCTBUI rpadeH-nedun npu aacopouuu D- u L-
JIeHIIMHA Ha TOBepXHOCTH rpadena (T). M3menenue snepruu Jlennapaa-/>koHca MeKMOJIEKY-
JISIPHBIX B3aWMOICUCTBUH NEHIIMH-TeWINH Tpu aacopowu D- n L-neiinuaa Ha MOBEPXHOCTH
rpadena (1).

Fig. 2. Adsorption of 60 leucine molecules on a graphene surface, top view (a) and side view
(b). Change in the Coulomb energy of intermolecular leucine-leucine interactions during the
adsorption of D- and L-leucine on the graphene surface (c). Change in the Lennard-Jones en-

ergy of intermolecular graphene-leucine interactions during the adsorption of D- and L-leucine
on the graphene surface (d). Change in the Lennard-Jones energy of intermolecular leucine-leu-
cine interactions during the adsorption of D- and L-leucine on the graphene surface (e).

TPaHUYHbBIE YCIOBHS TOJILKO B HallpabJie-
HUAX X U Y. CUMyJSU0 aacopOuuu OnTH-
YECKUX H30MEpOB JIEMIIMHA TMPOBOJIMIM Ha
MOBEPXHOCTU TJHWIIMHA, cocTosieit u3 147
MOJIEKYJI, MOKa3aHHON Ha puc la, puc 1B,
MOJIydYeHHBIE JaHHBIE CPABHUBAIU C JaH-
HBIMU, MOJYYEHHBIMU MPU CUMYJISLIUU aJl-
copbuuu D-, L-neiiiiuHa Ha MOBEPXHOCTH
rpagena pasmepom 12x6 HM.

Oo0cyxaenue pe3yJbTaToOB

Jlist yCTaHOBJICHHSI MEXaHW3Ma XUpallb-
HOTO pacrio3HaBaHUS TOBEPXHOCTHIO C CY-
MPAMOJIEKYJIIPHON XUPATLHOCTBIO ObLIa MO-
CTpOeHa MOJIEIh TOBEPXHOCTH KpHCTaJIa
[JIMIMHA, TPOBEIEHO MOJEKYISIpHO-IANHA-
MHYECKOEe  MOJICTHUPOBAHUE  aJICOPOITUHU
HYHAHTHOMEPOB JICHIIMHA HA CJI0€ KpUCTaIa
TJIMIMHA ¥ TIOBEPXHOCTH TpadeHa pazmMepom
12x6 HM.

B kauecTBe 00beKkTa cpaBHEHHUS H3y4a-
Jach acopOIHsi SHAHTHOMEPOB JICHITMHA Ha
rpadene. Ha puc. 2 B kauecTBe npumepa mo-
kazaHa ajcopOius 60 Momnekyr TeduHa Ha
rpadeHe (3mech M Janee aacopOIUs Kak-
JIOTO JHAHTHOMEpPA MOJCIUPOBAIach OT-
JENbHO OT Jpyroro sHaHTHOMepa). Kax
BHJTHO W3 TIOJyYEHHBIX JAHHBIX, N3MCHCHUE
KynonoBckoit sHepruu (puc. 2B) U SHEPTUU
Jlennapaa-/Ixonca (LJ) (puc. 2B, puc. 2r)
B3aMMO/ICHCTBUSI SHAHTUOMEPOB C MOBEPX-
HOCTBIO Tpad)eHa, a TakKe B3aUMOJICHCTBUS
MexXay co0oil B pesynbrate agcopOuuu D-
JeiHa He oTiudaetcs oT L-neinuaa. ['pa-
(deH oxumaeMo Mmokasan cedsl Kak axupaib-
Hasl TOBEPXHOCTb.

B kauecTBe Mojenu cios KpucTaiia y-
IIMIAHA WCTOJB30BAIM (PparMeHT cympa-
MOJIEKYJISIPHON CTPYKTYpPBhI COCTOSIIUN U3
147 monexyn (puc 1), mOTy4EHHBIH U3 KpH-
crama u3 KemOpumkckoit Kpucramiorpa-
(uueckorr 6a3pl gaHHBIX. MHTEpecHO, 4ToO
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20 monekyn nevumHa [40 Monekyn nenumuHa

60 monekyn neiuuHa | 80 Monekyn neiumHa

Puc. 3. Bua Ha Mopenupyemblii 00Kc cOOKY, TOBEPXHOCTh KPUCTAJUIA Y-TJIUIMHA C HApaBIIeH-
HeIMU BBepX COO™ rpynmnaMu u pa3iuaHoe KOJTHYECTBO aJICOPOMPOBAHHBIX MOJIEKYT
D- u L-netitnHa (a). Bun cBepxy, HOBEpXHOCTh KPUCTAJUIA Y-TIIMIIMHA C HAITPABIEHHBIMU BBEPX
COO rpynnamu 1 pa3IndHOE KOJUYECTBO aCOPOUPOBaHHBIX MOJIeKya D- u L-netinuna (0).
Fig. 3. Side view of the simulated box, the surface of y-glycine crystal with upward-facing COO~
groups and different amounts of adsorbed D- and L-leucine molecules (a). Top view, surface of a
v-glycine crystal with COO™ groups directed upward and different amounts of adsorbed
D- and L-leucine molecules (b).

BEPXHSS M HUKHSS TIOBEPXHOCTH IOJTy4YeH-
HOTO CJIOSI UMEET PazHyIo MOJISIpHOCTE. [lep-
Bas CTOPOHA, IOKa3aHHAsl Ha PUCYHKaX la n
16, obnmasaeT HECKOMIICHCUPOBAHHBIM H3-
OBITKOM 3JIEKTPOHHOW IUIOTHOCTH, 32 CYET
HanpasiieHHbIX BBepx COO™ rpymnm. Bropas
CTOPOHA XapaKTEePU3yeTCsl HalpPaBJICHHBIMU
sBepx NH3" rpynmam (puc 18, puc 1r). Us-
BECTHO, YTO Y-TJIMIIMH 00pa3yeT cynpamorie-
KyJIsIpHBIC XUpasibHble ciou [34-35]. Ha pu-
CyHKax 10 u 1r BUIHO TOIOJIOTHIO MOBEPX-
HOCTH TJIMIIMHA, TP WHBEPCUHU XHPAITBHO-
CTH BCEro CIIOs, BO3MOXHO IOJIyYUTh 3€p-
KaJbHBIN CYNPaMOJICKYJSIPHBINA aHcamOIb.
B nacrosmiei pabote npoBeaeHO MOJEIUPO-
BaHHE PA3JIMYHOTO KOJMYECTBA MOJIEKYII
JIEHMHA Ha IIOJSPHOW M HEINOJSAPHOU I10-
BEPXHOCTH TJIMIIMHA.

Pe3ynbraThl MOI€IMPOBAHUS aCOPOLIUH
Pa3IMYHOTO KOJIMYECTBA MOJIEKYI JIeHIInHA
NoKa3aHbl Ha pucyHkax 3-5. Ha pucynke 3
MoKa3aHa BU3yalu3anus (QUHAIBHOW Teo-
METPUHM TPU MOIETUPOBAHUU AACOPOIMU
pa3MYHOTO  KoJNM4ecTBa Mosiekyn D-
JelliHa Ha TOBEPXHOCTH TIJIMIMHA C
HanpaBieHHbIMU BBepx COO™ rpymmamu.
Ha pucynke 4 moka3aHbl U3MEHEHUST MEX-
MOJIEKYJISIPHBIX 3HEpruil npu agcopbuuu D-
u L-neiiniaa Ha TOBEPXHOCTH Y-TJIMIIMHA C
HanpaBieHHeIMH BBepx COO™ rpynmamu.
[Tpu apcopbumu 20 Moneky JelnHa cTe-
IEHb 3alO0JHEHUSl TOBEPXHOCTU IJIMIIMHA

0~0.44. Ilpu TakoW CTENECHW 3arOJHEHUS
MEX/Ty YHAaHTHOMEPaMH JICHIIMHA HE HA0IT0-
JaeTcs 3aMeTHBIX pasznuuuil mo KynoHos-
CKOM »SHepruu W dHeprun JleHHapna-
J>xoHCa B3aMMOACHUCTBUM TIIHMIIUH-JICHIIUH.
AHanu3 pacnpeesieHuss MOJIEKYJI TI0 O0KCy
(puc. 3) mokasbpIBaeT, YTO MPH TAKOW CTe-
TIEHU 3aMOJTHEHUSI MOJIEKYJIbI JICHIIMHA MO-
TYT B3aUMO/JICHCTBOBATH JIPYT C APYTrOM Ha
MoBepxHOCTU. Takue maTepanbHbIE B3aUMO-
NENCTBHUS BOHUKAIOT, KOTJIa MOJICKYJIBI aJi-
COpOUPYIOTCSL HACTOJNBKO OJIM3KO JpYyr K
JpYyTry, 4TO MOTYT B3aMMOJEHCTBOBATh 3a
cu€T BaH-/ep-BaanbcoBbIX cuit uiam oopaszo-
BbIBaTh H-cBsizu. Ilpu stom Qukcupyercs
paznuuue B JATEPATbHBIX  B3aUMOJIEH-
CcTBUsX, ominuhe dHepruit Kymonma (A
Ecouleu-Leu=112.1 x/x/mone) u Jlen-
Hapja-JI)xoHca (A ELLeu-Leu=
55.5 x/[»/M011b) B3aMMOJICHCTBUM JEHITHH-
nevnuH. Takum oOpazom, afgcopOuus YHaH-
THOMEPOB JICHITMHA HA TJIUIMHE HE OTJIMYa-
€TCsl, ¥ TIOBEPXHOCTh HE MPOSBISET CIIOCO0-
HOCTh K XHpPaJIbHOMY pacro3HaBaHuio. Of-
Hako npu axcop6umu 40 Monekyn JediHa
(6~0.88) KynonoBckas sHEpTHs B3aUMO/IEH-
CTBU SHAHTHUOMEPOB JICUIIMHA C TTOBEPXHO-
CTBIO TJIUIIHA pasznuyaeTcs Ha
168.0 x/lx/monb, a sHeprus Jlemnapna-
Jlxonca Ha 15.1 x/[x/Monb. TloBepxHOCTH
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Puc. 4. Ismenenue sneprun Kynona MexMoIeKyJISIPHBIX B3aUMOACHCTBUI MIUIMH-JICHIIMH TpU
agcop6mu D- u L-jeiinnHa Ha MOBEpXHOCTH Y-TIUIMHA ¢ HanpaBiieHHbIMU BBepx COO™ rpymmamu
(a). U3menenue sneprun Kynona MexxMonexyIsipHBIX B3aUMOACHCTBUI JSHITMH-TEHIMH ITpU aJ1copo-
uuu D- u L- neiiiimHa Ha moBepXHOCTH y — ruinHa (0). Ismenenue snepruu Jlennapaa-/xoHca Mex-
MOJICKYJIAPHBIX B3aMMOICHCTBUI MIHITUH-TICHIIMH TipH agcopOumu D- u L- eliinHa Ha TOBEPXHOCTH
vy — rnunuHa (B). U3menenue suepruu Jlennapaa-J/»oHca MeXMOIIEKYJISIPHBIX B3aUMOICHCTBUN JICH-
UWH-NEHIH npu ancop6umu D- u L- nefinuaa Ha moBepxHOCTH Y — TunmHa (T). [ae |AE| momyns
Pa3HOCTH 3HEPrui M300paKeHHbIX Ha rpaduke B MoMeHT Bpemeru 20000 ric.

Fig. 4. Change in the Coulomb energy of intermolecular glycine-leucine interactions during the
adsorption of D- and L-leucine on the surface of y-glycine with COO- groups directed upward (a).
Change in the Coulomb energy of intermolecular leucine-leucine interactions during the adsorption

of D- and L-leucine on the surface of y-glycine (b). Change in the Lennard-Jones energy of intermo-
lecular glycine-leucine interactions during the adsorption of D- and L-leucine on the surface of y-
glycine (c). Change in the Lennard-Jones energy of intermolecular leucine-leucine interactions dur-
ing the adsorption of D- and L-leucine on the surface of y-glycine (d). Where |AE| is the modulus of
the energy difference shown on the graph at 20000 ps.

MIPOSIBIISIET CIOCOOHOCTH K XUPATLHOMY pac-
no3HaBanuto. Ilpu agcop6rmm 60 monexkyn
newnnHa (0=~1.32) Habmro1aeTcs 3HAaUUTEITb-
Hoe omiauune B OdHeprum Kymona (A
EcouGly-Leu=664.1 x/[x/monb) u Jlen-
Hapna-/xonca (A ELiGly-Leu=194.5
kJ>K/MOJIb) B3aMMOJICHCTBHM TJIWIIUH-JICH-
1uH. [ToBepXHOCTH MPOSIBIISIET CITOCOOHOCTH
K XUpaJbHOMY pacrnosHaBanuio. Ilpu an-
copbuuu 80 moneky:n neitnmaa (0~1.76) oT-

JUYME B JHEPrUAX B3aUMOJCUCTBUM JIEH-
muH-raiH - (A EcouGly-Leu=116.7
k/Ix/moib, A ELyGly-Leu=105.4 kIx/mMoi1b)
3HAYUTENIBHO HIKE, 9YeM mpu aacopouuu 60
MoJIeKysl. Bo BceX ONMCaHHBIX BBINIE CITy-
Yasix moBepxHocTh y-rimiuHa ¢ COO™ rpyn-
NamMy TPOSIBIISICT HAHOOJBIIYIO CENEKTHB-
HOCTh 10 OTHOMICHWIO K L-neiinumny.
HaGmroraembie pe3ysibTaThl aHAIOTHYHBI Ta-
KOBBIM, HAOJTFOTABITUMCS TIPH MOJICIIUPOBA-
HUM aJCOpOIMKM SHAHTUOMEPOB JIMMOHEHA
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Puc. 5. smenenue 3uepruu KynoHna MeXMOIEKYISPHBIX B3aUMOJAEHCTBUN IMTUIIMH-IEHIIUH IPU
agcopounu D- u L- nefiniiHa Ha MOBEPXHOCTH Y — TIIMIMHA ¢ HanpaBieHHbIMU BBepX NH3* rpynmamu
(a). Usmenenune suepruu KysioHa MeXMOJIEKYISPHBIX B3aUMOJICHCTBUH JICHITUH-TICHIIMH TIPH a1~
copOruu D- u L- nelinuna Ha moBepxHOCTH y — raunuHa (0). M3menenue sneprun Jlennapaa-
JI>xoHCa MEKMOJEKYIISIPHBIX B3aMMOACHCTBUHN MHIMH-TICHIIMH Tipy aacopbumu D- u L- nelinuHa Ha
MMOBEPXHOCTH Y — TIMIHMHA (B). MI3MeHeHne sHepruu JleHHapaa-Jl)koHca MEKMOJIEKYIIPHBIX B3aUMO-
JIeHCTBHIA TeUITMH-TIEHIIMH Tipy aacopOimu D- u L- nelinimHa Ha TOBEPXHOCTH Y — rniuHa (T). e
|AE| Momynp pa3HOCTH 3HEpTHil H300paXeHHBIX Ha rpaduke B MoMeHT Bpemenu 20000 mc.

Fig. 5. Change in the Coulomb energy of intermolecular glycine-leucine interactions during the ad-
sorption of D- and L-leucine on the surface of y-glycine with NHs* groups directed upward (a).
Change in the Coulomb energy of intermolecular leucine-leucine interactions during the adsorption
of D- and L-leucine on the surface of y-glycine (b). Change in the Lennard-Jones energy of intermo-
lecular glycine-leucine interactions during the adsorption of D- and L-leucine on the surface of y-
glycine (c). Change in the Lennard-Jones energy of intermolecular leucine-leucine interactions dur-
ing the adsorption of D- and L-leucine on the surface of y-glycine (d). Where |AE]| is the modulus of
the energy difference shown on the graph at 20000 ps.

Ha CYNpPaMOJIEKYJISIPHO XHUPAIbHOM MOBEpX-
HOCTH KPUCTAJUTOB IIuTo3MHa [22]. Hannune
XUPATBHOTO PACMO3HABAHUS JHUIIb BOIU3U
OT MOHOCJIOSI O0YCIIOBJIEHO CITOCOOHOCTBIO
MOBEPXHOCTH C DJIIEMEHTOM aCHUMMETPUHU
HAIMOJICKYJIIPHOTO YPOBHS HEPapXHH pac-
MO3HABaTh TOJIBKO XHUPAIBHBIM  OOBEKT
TOJIEKO TAaKOTO e pa3Mmepa. B kauecTBe 1mo-
CJIETHETO BHICTYMAET aJICOPOIIMOHHBIN CIIOM
JIEUIIHA.

Ha pucynke 5 mnoka3zaHbl H3MEHEHUS
MEXMOJICKYJIIPHBIX SHEPTUU TIpU aJIcopO-
muu D- u L-neiiimHa Ha TOBEPXHOCTH -

[JIMIMHA C HampasieHHbIMH BBepxX NH3*
rpynnamu. Ilpu  agcopbuum  nednuHa
(0=0.44) Ha Takoil MOBEPXHOCTH Y-TJIMLIMHA,
HAOMIOIACTCSl 3HAYMTENIbHAS pa3HUIA B
SHEPrUsX B3AMMOJCHCTBHSX TIIUIIMH-JICH-
nuH yxe mpu axcopoumn 20 MOJeKyn:
(60=0.44, A EcouGly-Leu=420.0 x/Ix/Moi15),
B OTJIMYME OT JAHHBIX MOJYYEHHBIX Ha IO-
BepxHocTH Y-riuimHa ¢ COO-rpymmamu.
BriepBbie TOBEPXHOCTH TIIUIMHA TPOSIBIISIET
HanOOJBIIYIO CEIEKTUBHOCTh IO OTHOIIE-
Huto K D-neitnmny. [Ipu ancopounn 40 mo-
aekyn newnmua (0=0.88) A EcouGly-

360



ISSN 1680-0613

Copbyuonnvle u xpomamozpaguueckue npoyeccel. 2024. T. 24, Ne 3. C. 353-363.
Sorbtsionnye i khromatograficheskie protsessy. 2024. Vol. 24, No 3. pp. 353-363.

Leu=624.4 xJx/moms, A ELGly-Leu=
71.5 xJlx/momnb. [Tpu ancop6uu 60 moe-
kyn Jeiuaa (0=1.32) A EcouGly-Leu=
304.4 kJlx/moms, A EpGly-Leu=59.1
k/x/mMone. Tlpu anmcop6rum 80 Mmosekyn
neinuHa (0=1.76) oTnMune B YHEPTUAX B3a-
uMojeicTBui rMuuH-neinua A EcouGly-
Leu=384.8 «x/Ix/moms, A EpGly-Leu=
122.2 xJI>x/monb. Takum 0Opa3om, B CUCTE-
max ¢ 40, 60 u 80 monekynamu JelInHA T0-
BepxHOCTh Y-ruimHa ¢ NH3* rpynnamu
MPOSIBIISICT XUPATBHYIO CEIEKTUBHOCTH I10
OTHOIIIEHHIO K L-yeiinuny.

3akjaueHue

[To pe3ynbrataM MOJIEKYJISIPHO-AUHAMU-
YECKOr0 MOJICIMPOBAHUS YCTAHOBJIEHO, YTO
BbIOpaHHas ¢opma KpHUCTauia y-TIUIUHA
MIPOSIBIISIET IHAHTUCEJICKTUBHOCTh aHAJIO-
TUYHO U3YYEHHOMY paHee HuTo3uny. llpu
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