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MbpuaHbin metoa QM/ MM

he i-th Group 1
Buffer Zone

Primary Atom (O)

Center of
Active Zone

Active Zone

Buffer Zone

Environmental Zone (MM)

N306parkeHne akTUBHOWN,

Mpynnbl B Mogenu nccneayemon cuctembl bytaHona bydepHOM 1 OKpyKatowen 30H.

B COMETAHUU C ABYMA MONEKYAaMMN BOAbI :

rpynna 1 — ¢parmeHt CH20H , rpynna 2 — ¢parmeHT Pa) = —6a’ + 15a* — 1003 + 1
CH2CH2, rpynna 3 — dparmeHT CH3, a rpynnbi 4 n 5 R _!Rmiﬂ ' '

— [1BE MO/IEKY/bl BOAbI COOTBETCTBEHHO. % TR R for Rinin < R < Rinax

Atom O B rpynne 1 — rnaBHbIM aTOM NOACUCTEMDI

QM, To ecTb OH ABNAETCA LEHTPOM aKTUBHOM 30HbI. Pi — crnaxusatowan GyHKLWA i-01 rpynnbl B

bydpepHOM 30HEe B  3aBUCMMOCTU  OT
6e3pasmepHOM NpuBEAEHHOW KOOPAMHATHI

oL
J. Chem. Theory Compdt. 2011, 7, 3625-3634
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dHeprum pparmeHToB rpynn

3

Ey(groupl) = E(CH,OH)

Eo(group2) = E(CH,CH,CH,0H) — E(CH,OH)!  ---oooeoeooooe 3

E,(group3) = E(CH;CH,CH,CH,0H)

Primary Atom (O)

— E(CH,CH,CH,OH)

Primary Atom

Ey(groupl) = E(CH;CH,CH,CH,OH)
— E(CH;CH,CH,)
Eo(group2) = E(CH;CH,CH,) — E(CH3;)

Eo(group3) = E(CH;)
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CooTBeTcTBYIOWME
PaCcCTOAHMA MeXay
LLEHTPOM aKTUBHOM
30HbI (O aTOM) U
rpynnamm 2,4 n 5.

Ob6nacTtb bydepHoi
30HbI MeXay
wTpuxoson (Rmin = 3.05
A) v nyrkTMpHOW (Rmax
= 3.55 A) avHuamu.

B xoge cumynmposaHua
rpynna 1 sceraga
3aTAHYTa BHYTPb
aKTUBHOM 30HbI, a
rpynna 3 pacnonaraercs
BHe b6ydepHOI 30HbI,
NOSTOMY OHU He
HaHeCceHbl Ha rpaduK.



NMonHaAa sHeprua cuctemol
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ONIOM (Own N-layer Integrated
molecular Orbital molecular Mechanics) metoa KombuHauum

KBAHTOBOIo  MONEKYNAPHO-MeXaHNU4YeCKoro metoaos
J. Chem. Theory Comput. 2006, 2, 815-826
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dHeprma rmbpuaHom cuctembl
EQM.MM — EI".-IM—mJl}',I'»ﬂ".-i 4 Enmdel-QI's-I 4 EMM—nul}f*nmdel—onl}f,l‘»ﬂﬂ

EI'-.-ﬂ'-.-i[— only MM MM-3Heprua 4yacTn cMcTembl, BKAtOUYaKoLWen Tonbko MM-aTombl
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Mepe OAMH LLeHTP B MoAeNbHOM 061acTu
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KapbokcunnposaHue nM3mnHa

pONIOM3 _ prealMM | pintermediate.QM—low _ pintermediate MM Reactant complex =

Eﬂ]ﬂd&'l,QM—high . Emﬂdel__QM—lﬂw

Transition state

Pa3bneHne ONIOM3: BeToukn npeactasasatot B3LYP moaenmpoBaHue, Tpyb6Ku — moaenb
XapTpu-®Poka, KapKac — cunosoe none Amber monekynsipHom MexaHUKW.



[Monnmepunsauma pyniepeHoB B HAHOTPYOKe

CumynnpoBaHMe npouecca nonmmepusaumm udetbipex ¢ynnepeHos C,, B
NOJOCTN OQHOCTEHHOWM 3aKPbITON yriepoaHon HaHOTPYbKn C,,, OCyLwecTBAAN0CH
C MOMOLLIbIO Pa3paboTaHHON MOAENN YCTPOMCTBA HAaHOABTOK/1aBa.

Mopgenb HaHOABTOK/1aBa



noa AemncTBMem AaBaeHMA, OKa3biBaeMoro

Mpouecc obpasosaHua anmepa us eynnepeHos C,g

Ha HuX ¢ynnepeHom Cgq
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Mpouecc obpasoBaHmA Tpumepa us pyniepeHos
C,s NOA AeNCTBMEM OaBNEHMUA, OKa3biBaemoro

Ha HUX ¢pynnepeHom C,,

d=2.31A d=2.16A

d=1.95A

[laBneHune, oKkasbiBaemoe Ha Tpu ¢ynnepeHa bynnepeHa

TpUMepa,

obpa3oBaHuA

nns

Heobxoanmoe

P oumep=13.7Ma

C28'



[Mpouecc ob6pa3oBaHMA oMromepa m3
dynnepeHos C,g nog AencTBUEM AaBNAEHUSA,

OKa3blBaemoro Ha Hux ¢ynnepeHom C,,

4=9.7A

d=2.03A

d=1.98A

[laBneHne Heobxoamumoe Ansa obpa3oBaHMA O/IMTOMepa

Posmromen=37-73Ma



Llenouka ¢ynnepeHos C,,, chopmmpoBaBLLAACA
B pe3y/ibTaTe npouecca Noanmepusauum.




MeToa CMNbHOW CBA3U

MeToa CUIILHON CBSI3M IMPUMEHSETCS A/ pacyeTa SHEPruu
B3aMMOJICHCTBHSL  MEXKJY  CBS3aHHBIMH  arOMaMHd B
HAaHOTPYOKE U (yIIepeHax.

E: = Epong + Erep + Evgw - IOJIHASI SHEPTHSI CUCTEMBI
Ejong - PHEPIUSI XUMHYECKOU CBS3H
E. - {peMeHomornueckas 3Heprus

E.w -23Heprus Ban-nep-BaaibCoBOro B3aMuMOAECHCTBUA



E, g - 2HEprus 3aHATHIX DJICKTPOHHBIX COCTOSHHM
HAaXOOUTCI B  pE3ylbrare pEmEeHUus  YpaBHECHUS
[HIpeaunrepa

H|wn)=¢enlwn)
H - OZHODJIEKTPOHHBIN raMUILTOHHAH, &, - DHEPIHS
OI[HO3.HCKTPOHHOFO COCTOsHUA.

‘l//n> = ZC12‘¢105> - BOJIHOBA4 (byHKuH;I
lo




Erep = OHCPI'U OTTAJIKUBAHUNA, YYUTbhIBAIOII A

MCZKOJICKTPOHHOC H  MCXKBAICPHOC BBaHMOHCﬁCTBHH,
IMpCaACTABIISICTCA CYMMOﬁ IIAPHBIX OTTAJIKHUBATCIIbHBIX

ITIOTCHIINAJIOB
Erep — Zvrep(raﬂ)
a,p>a
1.54 “1 ( _ r * 1.54 22_\
vrep:vi?y — exps 2,796 —| 22 +(—j -
ra,B 2.32 2.32

rae Ve, - OTTaNKUBaTEIbHBINA IOTEHINAT

Voo =—4.344 Vo =3969 V, =5457 V & =-1.938



E,, - 2Heprus B3aumoneiicteus Ban-nep-Baannca

B A E 6 1 B 1
S _a;a o° [2 Yo (raﬁ/cf)L2 (raﬁla)esj

o =142 A - nmuna C-C cBsi3u

Yo =2.7, A=24.3-10"J -m° - oMIOMPHYECKUE TAPAMETPEI



deHOMeHONOrMYeCKas IHEPTUSA CUCTEMbI HA PAa3/IMYHbIX CTaAUAX
nonnmepusaumm pynnepeHos C,,

hA |U,%L3B | U223 |U,353B|U,* B
o o6pa3dBaHMﬂ ,u,wviepa |

5,5 0 0 0 0

6 0 0 0 0
0,5 0 0,09 0,09 0

I 0 0,33 0,40 0,07
7,5 0,05 2,31 2,56 0,58

8 0,48 3,42 3,63 2,32
8,5 2,79 7,02 9,94 7,86

Mocne obpasoBaHuA Aumepa

8,8 3,27 3,41 0,30 — o2 R ceom heasa

9 3,88 4,40 0,86 '
9,2 6,21 7,06 1,78

Nocne o6pasoBaHusa Tpumepa 4/
95 8,52 10,85 -
97 | 1211 | 16,39 i

O.E. Glukhova, A.S. Kolesnikova, M.M. Slepchenkov Polymerization of miniature fullerenes in the cavity of nanotubes
// Journal of Molecular Modeling 2012. DOI 10.1007/s00894-012-1641-7.



MporHo3snpoBaHue agedeKToB: meToa cuabHou cBAa3n n metog REBO.
JIoKanbHble HanpAXXeHUA aTOMHOMU CEeTKU

W, = Z(\/R (rij)_ BijVA(rij))+Z Z thors(a)ljkl) + ZVVdW(rij) i

i (i) j=i \ k=i, j\ 1=, j,k J(#i)

rae Vi (r)u V,(r;) — napHble MOTEHUMATbl OTTAJIKMBAHUS U TPUTSKEHUS XMMUYECKU CBS3aHHBIX aTOMOB,
OMNPEJIENISIEMBIE THIIOM aTOMOB M PACCTOSHUEM MEXYy HUMH; I; — PacCTOSHME MEXIy atoMamu | v j; i u | —
HOMEpPa B3aUMOJCHCTBYIOIIUX AaTOMOB; B, - MHOro4acTHYHbIi TEpPM, KOPPEKTUPYIOIIMH SHEPIHIO
B3aUMOJICHCTBHS Tapbl AaTOMOB | — |, YYUTHIBas CrelU(DUKY B3aUMOICHCTBUS G- U T- 3JICKTPOHHBIX 00JIAKOB;

Vtors(a}ljkl) — TIOTEHIIMAJ TOPCHOHHOTO B3aWMOJCHCTBHS, SBISAIOIINNICS (DYHKIHMEH JIMHEHHOTO IBYrpaHHOTO
yraa @jj , nocrpoenHoro Ha Oase atomos i, j,K,I ¢ pe6pom Ha cBssu i — j ( k,| — atomsl, o6pasyromme
XMMHYECKHE CBA3M € atoMamu |, j); Vig, (;)— moTeniman BsammopelictBus Ban-nep-Baanbca mexmy

3 . . .
XUMHYECKH HECBA3aHHBIMM aToMamu; V| = g”ro — o0beM, 3aHUMaeMblii aToMoM | ; I, — BaH-nep-BaanbCcoBblit

pajuyc aToma yriaepoja, paBHslii 1.7 A.

Hamnpsiokenue aTOMHOTO Kapkaca BOJIM3HM aTOMa C HOMEPOM 1 pacCYUTBHIBATIOCH 110 (hopMmyIie:
0
o, =W —wf|

rac WiO— 00beMHAasT IIJIOTHOCTD OHCPruu aroma rpati)eHa, HaxoasAmerocsas B paBHOBECHOM COCTOAHHH, Wi -

o0beMHas IJIOTHOCTh OJHEPrMH aroma rpadeHa, MOABEPrHYTOr0 BHENIHEMY Bo3aelcTBUIO (medopmanuw,
nosiBiieHue 1e(heKToB U T.11.).

O.E. Glukhova, M.M. Slepchenkov. Influence of the curvature for the deformed graphene nanoribbon on the electronic

and adsorptive properties: theoretical investigation based on the analysis of the local stress field for atomic grid //

Nanoscale, 2012.
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Prediction of the defects appearance

GPa

X coordinate



The influence of a curvature on the properties of nanostuctures

0 The absorption of H-
¢ atom on the atomic

network

O.E. Glukhova, I.V. Kirillova, M.M. Slepchenkov The curvature influence of the graphene nanoribbon on its sensory properties // Proc. of SPIE.
2012. Vol. 8233. P. 82331B-1-82331B-6.

Olga E. Glukhova, Michael M. Slepchenkov Influence of the curvature of deformed graphene nanoribbons on their electronic and adsorptive
properties: theoretical investigation based on the analysis of the local stress field for an atomic grid // Nanoscale 2012. Issue 11. Pages 3335-
3344. DOI:10.1039/C2NR30477E.

Saratov State University, Russia 24
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The total energy of the structure depends on the distance between the

hydrogen atom and the carbon atom.
(The dashed line is the interaction of the hydrogen atom with planer
graphene nanoribbon; the solid line is the interaction of the hydrogen

compressad graphena
----- planar graphene
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The dependence of the chemical C-H interaction energy on the
length of the C—H bond for the planar and compressed graphene nano-
ribbon: (a) with curvature of 6.9%: (b) with curvature of 8.6%.

Saratov State University, Russia 25




Geometrical characteristics of the curved armchair graphene nanoribbons compressed up to 98% of initial length

Number of
Number of atoms in Length of Length of _ Amplitude of Number of hexagons Width of
half-waves structure nanoribbon/A half-wave/A half-wave/A in half-wave nanoribbon/A
2 646 71.0 355 2.2 9 22.4
3 1634 181.7 60.5 5.3 14
4 2318 2584 04.6 5.65 15
5 3002 335.12 66.2 5.4 15
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Geometrical characteristics of the curved zigzag graphene nanoribbons compressed up to 98% of the initial length

Number of Number of Length of Length of Amplitude of Number of hexagons Width of
half-waves atoms in structure nanoribbon/A half-wave/A half-wave/A in half-wave nanoribbon/A
2 550 65 325 2.8 12 19.88

3 1390 165.18 55.06 5.4 20

4 1670 198.7 49 6 5.6 20
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Some parameters of the electronic structure of nanoribbons

Number of half-waves Length of half-wave/A IP/eV E eV
Armchair ribbon of width 22.4 A
2 71.0 6.63 (6.65) 0.4 (0.03
3 181.7 6.50 (6.53) 0.4 (003
4 258.4 6.44 (6.47)  0.02(0.01
5 i 335.12 6,41 (6.4)  0.04 (002
Zigzag ribbon of width 1988 4
2 65 6.82 (6.84)  0.04 (0.02
3 165.18 6.79 (6.81)  0.01 (0.01
4 198.7 6.80 (6.81)  0.01 (001
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The compression process of bi-layer graphene

X coordinate

X coordinate

Y coordinate
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X coordinate

Geometrical characteristics of the curved zigzag bi-layer
graphene nanoribbons compressed up to 98% of the initial length

Num Num- Length Leng Ampli- Num-  Width
berof berof of thof tudeof ber of of
half- atoms nanorib  half- half- hex- nanorib
wave 1in bon. A wav  wave. agons  bon. A
S struc- ee A A in

ture half-

wave

2 1100 65 323 3.1 13
3 2780 165.18 554 548 20 19.88
4 3340 198.7 498 555 20




