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MpeacTaBneHbl cCMHTETUYECKMI 0630p M HOBblE pesynbTaThbl NO NPUMEHEHUSM anbTePHaHTHON CUMMET-
pvM B pamkax eguHOro MoAxoAa Ha ocHoBe J-cummeTpun. MocnegHss oTBevaeT He KOMMyTaummn, a aHTu-
KOMMyTaLMu raMuiibTOHWaHa Unu Apyro AMHaMUYEKON BENUYMHBI C onepauuen 4YeTHocTu (napHocTu). B
TepMuHax J-CUMMEeTpUM paccMaTpyvBaeTCs HEeCKOMbKO TUMOB 3aday, B OCHOBHOM CBSI3@HHbIX C
71-060104KaMmn COMPSPKEHHBIX MOMEeKyn. B yacTHOCTKH, usnaralTcs pasnuyHblie opbutanbHble Teopum ¢ cuc-
TemMaTU4eCKnM MCMonb3oBaHMeM G6NOYHbIX MaTpuLy, (MaTpuubl NAIOTHOCTKW, onepaTopHbie YHKUuKM 1 T.4.). B
KOHTEKCTE COBPEMEHHbIX Mpobnem Teopun 3NeKTPOnNpPOBOAHOCTM OAMHOYHBIX MOMEKYN M3y4aroTCs HOBble
T-MOAENU N NX J-CUMMETPUs B 3adadax ¢ PyHKUMAMU prHA, NPUMEHSEMBIMU B BbIYUCTIEHUAX 3NEKTPOHHON
TpaHcmuceun. MogyepkuBaeTcss MPUHUMNMANbHas BaKHOCTb ANEKTPOHHOW Koppensauuu Afs onvcaHust
n-cniekTpa TpaHcmuncun. Ob6eyxaanTcss 0COBEHHOCTN CTPYKTYPbl PaauKanbHbIX COCTOSIHUN anbTEePHaHTOB U
BbIMOMHUMOCTb ANS HWUX CMMHOBOro npasuna Jinba-OBYnHHMKOBA, TECHO CBA3AHHOIO C J-CMMMETpUeEn 1 ¢
y4eTOM 3MEeKTPOHHOW Koppensuun. NokasbiBaeTcs, Kak ynpolwleHHas CNuH-MoNapusauuoHHas Teopus Ha
ocHoBe Xxtokkenesckux MO gaeT B nonupagvKanouaHbIX anbTepHaHTax npasBwiibHOE 4ncno 3PdeKTUBHO
pacnapeHHbIX 3MeKTPOoHOB. [lpyron TMn 3agay cBA3aH ¢ MepaMmn MONEKyNsSPHOW XupanbHocTh (6onee obLuo,
CTPYKTYpPHOM acuMmeTpum). AHanv3 cnektpa onepatopa XMpanbHOCTU, B3ATOr0 M3 NpexHux paboT, no3so-
NN pevHTepnpeTvpoBaTb Npobnemy B TepMuHax J-CUMMeTpuuM M BBECTW 3[4eCb Onepatop XuparbHOCTM
HoBoro Tuna. o nocTpoeHuo BBeAEHHasA MaTpuvua XnpanbHOCTU HeoTpuuaTensHO onpegeneHa v 3aBefo-
MO ucuesaeT Ans axupanbHbIX MOMEKYN, a NPOCTENLNIA MHBAPUAHT — MaTPUYHbINA creg — CIYXUT Konuye-
CTBEHHOMY OMWUCaHWMI0 CTPYKTYPHOWM WK Xe 3NEKTPOHHON XupanbHocTen. NpeasapuTenbHble pacyeTbl HO-
BOrO MHAEKCa roBOPAT O €ro pasyMHOM MOBeAeHMU Aaxe Ans TPYyAHbIX CryYyaeB BbICOKOCUMMETPUYHBIX XU-
panbHbIX CTPYKTYP.

KnioyeBble cnoBa: J-CMMMETPUSl, MaTpuLbl NAOTHOCTU, SNEKTPOHHAS KOPPEensuus, anbTepHaHTHbIE yr-
nesogopoabl, PyHKUMKM [puHa, MoNeKynsipHast aNeKTPONpPOBOAHOCTb, XMParbHOCTb.

BBegeHue

OpHa U3 IPOCTEUIINX CUMMETPHIl, CHMMETPHS Y€THOCTH, H30MOp(HAs rpyITie HHBEPCUH, BCECTO-
pOHHE M3yuYeHa B Teopuu MOJIeKyJ. OHAKO CYIIECTBYIOT OCOOBIC HE CTOJIh IITUPOKO M3BECTHEIC MPO-
SIBJICHHUSI KBAHTOBOM YETHOCTU. DTO — T€ CIICHMAIBHBIC CUTYallMH, KOTOPhIE OTBEUAIOT HE KOMMYTa-
MY, & aHTUKOMMYTAIIMH OIIEPallid CUMMETPHUU C TOYHBIM WM MOJIENBHBIM TaMHJIBTOHHAHOM /1. DTO
3HAYHT, 9TO IS TAKOH OIepaIiiu, aajee o003HadaeMoi uepe3 J, CripaBeyInBO PaBEHCTBO

hJ +Jh=0, (1)
puYeM
J=1. (2)
(ycioBre MHBONIOTHBHOCTH). B KBaHTOBOW XMMHH paccMaTprBaeMasi CHMMETpPHS BIEpBBIE MPOSBU-
Jach B M-3JCKTPOHHOM NPUOJIMKCHUU K aJbTEPHAHTHBIM yriieBojmoponaM (AY) - Teopema mapHOCTH
[1] B xtokkeneBckoit Teopuun MO o Koyncony [2-4]. B koHTeKCTe OJOOHBIX TT-3JEKTPOHHBIX 33724
omieparop J BBomuiIcs siBHO emie Promenoeprom [5,6]. OgHako B MTepaType, MO-BUANMOMY, OTCYTCT-
BOBaJ 0000IIAOIINIA aHAIN3 CHMMETPUH JTAHHOTO THUIIA, X 3TO 00CTOSATEIHCTBO MOCIYKIIIO MOTHBOM
MIPOBECTH 3/1eCh OoJiee MIMPOKOE UCCIIEIOBAHUE.

Lenpro paboThl sBIIsIETCS 001Iee KBAHTOBOXUMHYECKOE PACCMOTPEHUE U KOHKPETHBIE MOJICKYJISP-
HbIC WUTIOCTpAIMKM yKa3aHHOW CHUMMETpPHH, KOTOPYIO OyJeM Ha3biBaTh OOOOIICHHOW CHMMETpHEH
MapHOCTH, WK J-cuMMeTpueld. B maHHOM 0030pe 3TOT TepMUH O3HAYaeT 3alMCaHHBIN BBIIIC CIICIU-
aNbHEIA cimydait (1), Korja SJIeMeHT CUMMETPUH aHTUKOMMYTHPYET ¢ 0a3MCHBIM OIepaTopoM, OTpa-
YKAFOIIMM, BO3MOXKHO, ¥ TIPHOIMKEHHO, HeKe pyHIaMeHTaIbHbIE CBOWCTBA MOJIEKYJbl. CTOUT OTMe-
TUTh, YTO XOTS PSAJ CHMMETPUHHBIX aCTIEKTOB OJIM3KUX 3a/1ad ObLT UCTOJIKOBAH €Ile B cTaThe MaKuH-
Tomia [7], KBAHTOBOXHUYECKUH KOHTEKCT TPeOyeT WHBIX aKIEHTOB M JalTbHEUIINX 0000IIeHHiA, B 4acT-
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HOCTH B CBETE COBPEMEHHBIX MPOOJIEM TEOPHH SJIEKTPUIECKONH MPOBOIUMOCTH OPraHUYECKUX MOJIIe-
Kkyn [8-12]. Hamre uznoxenue, 00beIUHSIONICE pa3InIHbIC 3a/1a4d, BKIIOUYAET U HOBBIC PE3yIbTaTHI,
HO OOJIBIIIC ONTUPAETCS Ha MPEKHUE U COBCEM HEJJaBHUE pa0OThI, U3TI0KEHHBIC TEIEePh B SAMHOM KIIHO-
ye. Pabora mocTpoena cienyromum odpazoMm. Pazmen 2 - J-cumMmeTpusi B MOAENSAX CUIBHOH CBSI3U
(meTon Xrokkens). Pazgen 3 — CuMMeTpus TapHOCTH TIPH yUETe T-3JICKTPOHHOTO B3aUMOICHCTBUS.
Paznen 4 - DddexTsl BO3MYIICHUS B aJIbTEPHAHTHBIX cUCTeMax. Pazmen 5 - DJeKTpomnpoBOIHOCTh
COTIPSDKCHHOUM Monekyinbl. Pazgen 6 - OCOOCHHOCTH COMpPSDKEHHBIX PaIUKaIOB M TOJTHPAIUKAIIOB.
Pazgen 7 - XupansHOCTh M 00001IIEHHAS CUMMETpPHS mapHOCTH. [lociemuuii pa3aen — 3aKII0IUTENhb-
HbIe 3aMeuanus. opMasbHbIE aCIIEKTHI ITOX0/a B PaCIIMPEHHOM BHJIE BhIHECEHBI B [IpuiioskeHue A,
a IpUJIokKeHUe B onuchiBaeT Mephl OTKIOHEHUS OT aJlbTePHAHTHOCTH.

J-cuMMeTpus B MoAeNsiX CUJIbHOM cBA3u (MeTop Xiokkens)

CHavana M3JI0XXKUM C HO3ULHUHA J-CHMETPHH W3BECTHBIE (PaKThl KIACCHYECKOH OIHOIICKTPOHHON
TEOpPHUH COTPSHKEHHBIX cUCTeM. Bcrony manee mbl He OyaeM 0e3 HeOOXOIMMOCTH pa3indaTh OmepaTo-
PBI 1 MaTpPHIIbI, HE OTJINYAst KX U B cUMBosMKe. Kpome Toro, Ham moHam00sTCs pa3indHbIe BAPHAHTHI
T-DNIEKTPOHHBIX TaMWJILTOHMAHOB, U JUIS HUX OyJeM NMPUMEHATh YTOYHEHHOE 0003HAYeHUe TUIa 7~ ,
rae X OoTBeYaeT HCI0JIb3yeMOMY MeToly. EnuHIuHbIA oneparop / OyIeT OImyCcKaThCsl B ONMEPATOPHBIX
BBIPOKEHHAX, COACPKALINX CKaJSIpHBIN omnepaTtop Buaa zI (z — uucino). Hakonen, Hapsaay ¢ Tepmu-
HOM MeToJ; XroKKens OyneM HpUMeHsSTh, KaK 3TO 4acTo Jenaercs, Ooiiee OOIMWMH TEPMHUH - METOJ
cuiIbHOM cBsi3H, win TB (tight-binding), 1 cooTBeTBeHHO 0003HAYaTh TAMIJILTOHHAH METO/Ia XIOKKe-
nsiuepes h'C.

CummeTpus mapHocTH ObUTa 00Hapyx)eHa KoyiconoMm u PamOpykom [1] mpu n3ydeHHH 10 METOIY
XIOKKeNsI Kjacca HeHACBIIEHHBIX YTJIEBOJOPOJOB, HE UMEIOIINUX B YIJIEPOJHOM CKelleTe HEYETHBIX
mukiIoB. C TOYKH 3peHHs TEOpHH IpadoB TaKMe CHCTEMBI €CTh HE YTO MHOE, KaK ABYIOJbHBIC, MU
IByXIIBETHBIE (OMXpomaTmueckue) rpadul, Brepssle n3ydennble Kénurom [13]. Koyncon HazBam ux
aNbTePHAHTHBIMU YTJIEBOIAOPOJAMH, U MBI OyZEeM IOJB30BATHCSI BCEMH YIOMSHYTHIMH TE€PMHHAMHU.
WHTepecHple MaTeMaTHYeCKHE CBA3M TEOpPEMBl MAapHOCTH, Hampumep, ¢ TeopeMoil Ileppona-
®pobennyca, 1 IEHHbIE UCTOPHUYECKUE JIETAIN TaHKI B [14].

JByx1uBeTHOCTs Tpada 03HAYAET, UTO Kak[as BEPIIMHA OJHOTO IIBETa COCEICTBYET JIUIIb C Bep-
IIMHOM APYroro IBeTa U HaoOopoT. biarogapst 3ToMy Bcerna BO3MOKHA [3] Takasl mepeHyMeparius
aTOMOB (T-LIEHTPOB), KOTOpasi MPUBOAUT MATPHUILy CMEKHOCTH K OJOYHOW KOCOTUAroHaNbHOW Gopme
Kak B (A21) u3 [lpunoxxenns A (aJIropuT™ AaH Mepes ero BTOPBIM MTOAPA3AEIIOM); CM. TakK)Ke MOHO-
rpaduro [15]. B meTome XroKKeNsi TaMUIBTOHMAH /' MPONOPLHMOHATEH yKA3aHHON MaTpPHIIE CMEX-
HOCTH, TaK uTo B ciiydae AY ana hA'™® umeeM B 6e3pazMepHoii popme

o [0 B 3)

BT 0
B nmanHoit 3amaue 6ok B umeet cmbicn (0,1)-marpuiis! asycmeskHocTH (biadjacency) — ¢ eIMHUYHBI-
MU 3JIEMEHTaMH TOJBKO IS ITap COCEIHMUX BEPINHH. 37eCh U Aaiee T B BepXHEM HHACKCE €CTh Omepa-
U TpaHCMOHKpoBaHuA. MuHyc B (3) 03Ha4yaeT, YTO UCMOJIB3yeTCsS OTPULIATENbHAs eIUHHIIA U3Mepe-
Hust SHeprud. Ha mpakTuke 310 3HaK pe30HaHCHOTO WHTErpaia 4, B eIMHHIIAX KOTOPOTO Yallle BCEro

BBIpaKAIOTCA opOHTanbHble dHEeprur. Kpome Toro, Hy:xHO He 3a0bIBath, 4To (3) AaeT MaTpuyHOe
NpeICTaBICHUE T-3JICKTPOHHOTO TAMUJIbTOHHAaHA B 0a3uce momxoasnmx n-AQO.

C OGmouHoO¥ KocoamaroHambHON Matpuiieii (3) B cormacuu ¢ popmynoit (A25) acconuupyercs B
TOM e 0azuce MaTtpuiia J-CHMMETPHH

s=[ 0 )

0 -1
aHaJIor KOTOpoi u ObUT BBeNeH /st AY ProgentGeprom [5]. Jlerko mpoBepuTh, uTO Korna h=h'", sta
MaTpHIla aBTOMATUYECKH yIOBJIETBOPSET BEAYyLIEMY COOTHOLIEHHIO aHTuKoMMyTamu (1). [Ipencras-
nenus (3) u (4) - ucxomHele B MaTpudHOH Teopun AY. OTMETHUM ellle, YTO B KBAHTOBOW XUMUU TPHU
paccMoTpeHnr AY 0OBIYHO CIEAYIOT HE TEPMHUHOJIOTHU TEOPHUHU T'padoB, a TOH, 4TO MepBOHAYAIEHO
npemnoxun Koysncon. B wacTHocTH, BMECTO pacKpallleHHBIX BEPUINH FOBOPST O MOMEUEHHBIX (starred)
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1 HerioMeueHHBIX (unstarred) yriepogHsix atoMax. COOTBETCTBEHHO, OT/IENBHEIE OJIOKH MAaTpPHIL Yac-
TO CHAOXKAIOTCS 3HAYKAMH * U O.

[Mocneayromee CTpyKTypHO-XHMHUYECKoe 0000IIeHne OBIJIO CBSI3aHO C BBeneHHeM bouBapoMm u
COTp. MOHATHUS 000OIIEHHBIX AY, UIN «peaabHO anbTepHaHTHBIX» AY [16]. B nanpHelimem oHH uc-
ciepoBauchk B [17,18]. O0oOmeHHbIM AY Kak pa3 OTBeyaeT MapaMeTPH30BAaHHBIM TraMHIbTOHHAH
(A3) u3 [punoxenus A, KOTOPbIii KOHKPETH3UPYETCS VIS /' CIIEAyIOIMM 00pa3oM:

=07 ®
B -5
31eck mapamMeTp ¢ UMEET CMBICI MOIYpasHOCTH O = (&, — «.)/2 , ¥ BBENEHBI 3JIEKTPOOTPULATEIBHO-
CTH o, ¢, ABYX THIIOB aTOMOB (BEPIINH) - OKPAIIEHHBIX (% ) 1 HEOKPAIICHHBIX (o ) BepmuH rpada. B
3TOM CIIy4ae MOXKHO TaKXKe TOBOPHTBH O BEPIIMHHO-B3BEIIEHHOM ABYXIIBETHOM Tpade.

CTpyKTypbl TOA0OHOTO THIA AABHO M3BECTHHI XUMHKaM - HE TOJILKO CUM-TPHUA3UH HJIH K€ Heopra-
HUYeckuii 6eH30: (0opa3oir), HO u Ooyiee CIOXKHBIE COSIUMHEHH, BIUIOTh 0 TeKCAarOHAIBHOTO HUTPH-
nma 6opa. Ilocinennmii sBIIsIETCS aHAIOTOM TpaduTa M TOCTPOCH HAa OCHOBE OOpPa30JBHBIX CKEIIETOB
(«Oenblit TpaduT?); B MeToe XIOKKels oH u3ydancs eme Koynconom [19]. MaTepnpeTanust JaHHBIX
cUCTEeM Kak 0000IIeHHBIX AY MOsSBUIIACh, OJHAKO, MO3Xke - B [16]. B cBere oOmelt Gpopmynsl (Al12),
MOXHO Cpa3y BBIMHCATH JJII HUX OPOUTANBHBIN criekTp. Hampumep, nist 0600meHHsx AY 60pa3ois-

HOI'0O TUIIa UMCEM
&% =™ ey +67 (6)

[JIe &, - XIOKKC/ICBCKHEC OPOMTalbHBIC SHEPrHM UCXOAHOrO AY. B (6) SBHO BKIIOYCH PE30HAHCHBIA

unrerpan B cs3u BN, a Hauano sHepruy MOMEIAeTCs B TOUKY (o, +ay)/2 -

PaccmoTpum amis TEX ke T-CUCTEM MOCTPOSHHE MATPHIIBI 3apsiI0B U MOPSAIKOB CBS3H, P, OCHOBHO-
r0 CHHTJIETHOTO COCTOsHUA. Kak M3BECTHO, B OJHOZJIEKTPOHHOM MPUONMKEHHH P — 3TO yIBOSHHBII
(u3-3a criHA) orepaTop MPOSKTUPOBaHUS, p, Ha 3aHiAThIe MO (cM., Hanpumep, [20,21]). Bocnons3y-
eMcsl O0IMM TpueMoM, YKa3zaHHbIM Juisi P B [21]. OH SKBUBAJICHTEH 3JIETAHTHOMY IMPEIACTABICHUIO
Hupaka [22] ans npoekTopa (Takue onepatopsl npumens u LlIBunrep):

p:%(l—h/|h|)- (7)

(7) ocyiecTBIISIET MPOSKTUPOBAHUE HA 000JIOUKY HEKUX aKTUBHBIX COCTOSHUU. [Ipn aTOM | h|= 1/(h2)

- MOJyJb OTlepaTopa M OTCYET (CHBHUT) DHEPTHH MPOBOJIUTCS TaK, YTOOBI BCE AKTUBHBLIC COCTOSIHFIS
TIONaJan B OTPULATENBHYIO 00MacTh SHeprui. Jns 3ajad, BKIIOYAIONINX /,°, BEIYHCICHHE |h| yII-

pouaercs 3a cueT (A5), TaK YTO B HTOre MOJIy4aeM MaTpHIYy HPOCKTOPA p, CHCAyIomei GI04HOi

CTPYKTYPBI:
1 1+8(8*+BBY)Y"*  B(S*+B'B)"”

Ps1 =5
6512 (52 +B+B)71/2B+ 1_5(52 +B+B)71/2

B nanHoit popme, HO B HECKOJIBKO HHOM TEXHUKE MPOCKTOP p, ObLI HonydeH MecredkunbiM B [18],

®)

W 3TO BBIpAKCHHE COTIIAcyeTcs ¢ pe3yibTaTtoM Pebane, HaiinenHsIM panee B [17]. HemaBHO momes-
HOCTh MaTpHIlbl (8) 0OHApyX IIACh pU peuieHun B [23,24] coBceM MHOM 3a7auu - OICHKU 3P PEKTUB-
HO pacrlapeHHBIX AJIEKTPOHOB B paMKax MPOCTO Mozaenu m-kKoppensiuii B AY (cMm. pa3aenst 3 u 6).
[Ipu § =0 u3 (8) nomyyaeMm u3BectTHyIO opmyiny Xora [25].

31eck MBI IPOWJLTIOCTPUPYEM TIpUMEHEHue (6) IUIsi HHTEPECHOTO Kilacca HAaHOCTPYKTYp — O0pa3oT-
HBIX HaHOTPYOOK (cokparerHo BNNT), nccineqoBaHHBIX BO MHOTHX SKCIIEPUMEHTABHBIX M TEOPETH-
Yyeckux paborax. Tema HaHOTPYOOK, ocoOeHHO yriepoaHbix (cokparieHHo CNT), mpomomkaer npu-
CYyTCTBOBATh Cpey aKTUBHO Pa3BUBAEMBIX (CM., Hampumep, [26-29]). C nomMoripio (6) MBI paccMOT-
pUM, KaK M3MEHSETCS XIOKKEICBCKHM 3JIEKTPOHHBINA crekTp mpu mepexonae or CNT k BNNT. Yame
BCET0 UCCIIENYIOT aXxupajbHble TPYOKH IBYX THIIOB — «3UI'3aroBbIC» U «KpecenbHbIe». B pamkax TB
cnektp st CNT KoHeuHOW AJIMHBI MOXKET OBITh MCCIIEAOBAaH aHAIMTUYECKH, KaK 3TO CIellaHo, B Ya-
ctHocTH, B [30,31], 1 3Ty TeMy ToXe HpOAOIDKaOT pa3BuBaTh [32]. COOCTBEHHO SBHBINM BUI OpOH-
TaNBHBIX SHEPTUil HAXOAWUTCS JIUIIG B CIIydae HAHOTYOKH THMa Kpecio. [ Takol TpyOKH HCITONB3Y-
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10T obo3Hauenue (M,M)CNT. 3mecy M 3amaer xommvecTBO aromMoB (4M) B mMOOOM TMOMEPEYHOM
Yuc-TIOIMEHOBOM IIMKJIe TPYOKH (BKIto4as Topibl). CooTBeTCTByIONIee ypaBHeHHE (28) U3 cTaThu
Mecrteuknna [31] MOXHO TpeacTaBUTh B (GoOpMe, XapaKTepHOH Ui KOHEYHBIX HaHOTPa)eHOBBIX
CTPYKTYp, PACCMOTPEHHBIX, Hal[pUMep, B cTaThe MaunpitieBoit 1 Onunko [32]):

j k Tk
£™ = +(1+4 Cos(ZL)Cos( T2 ) + 4[Cos(ZEy )2,
=1 (M) (L+1) [ (L+1)])

rie 0<j<M-1,u1<k<L,alL -4ucio NonepeuHsbIX cis-MOIUEHOBBIX LIUKIOB B TPyOKe (yCIIOBHAs

quHa (M,M)CNT). DTOT crieKTp HEMOCPEACTBEHHO MOXKET OBITh MCIIOJIB30BaH B pACCMAaTPUBACMBIX B
0030pe 3aavax, r7ie B TOH WK HHON (opMe MPUMEHSETCS XIOKKEICBCKHE OPOUTAITbHBIC SHEPTHH (CM.
HIDKE M paszen 6). B ciyyae TpyOoOK o THIy 3Wr3ar IJisi TeX ke T-3a7a4 TpeOyeTcs WK peniath Yuc-
JICHHO TPaHCIICHJCHTOS YPAaBHECHWE, WM BBIYUCIATH CIEKTP MO MaTpulle cMexHocTH. [locrmenHroro
Jier4e BCEro MOCTPOUTH MO TEOMETPHU MOJIEKYJIBI, JJISl Y€r0 B pacyeTax HHUXKE MCIOIb30BAIKUCh YIIPO-
MeHHBIC (QOPMYITBI IEKAPTOBBIX KOOPAUHAT HAHOTPYOOK [33].

JIisi KOHKPETHBIX BBIYMCICHHH HEOOXOAMMO BBIOpATh 3HAYEHHUSI PE30HAHCHBIX MHTErpaioB f3°,

SN 1 Ge3pasmepHOro mapamerpa J, BBIPAXKECHHOTO B eauHuIax £ . Kak 00bIvHO, IS aToMa yriie-
pozia IPUHUMAETCS CTaHAapTHas BenuunHa B° =-2.4 3B, a 1 aToMOB 6opa M a30Ta B COIVIACHHU C

1101060pOM TT-IapaMeTpoB B [34] B3sthl 3HaueHus S°N =-2.165B u § =—1.3889.

(5,0)3ur3ar (5,5)xpecno
gap gap

6l— 6

e . jength — length
34587898ng 345672829 -

Pucynok 1. [loBenenune opOutanbHOM menu (B 5B) HaHOTPYOKOK B 3aBUCHMOCTH OT WX JJIUHBI L B
pamkax cxembl TB (BHU3Y 3enmeHbIM BeTOM - CNT, BBepXy mypITypHBIM I1BeToM - BNNT).

Kpatko obcynuM mojlydeHHBIE AaHHbBIE, KOTOpPHIC AJSl OpOUTANBHON ILENU MPEeACTaBICHBI Ha Ipa-
¢duxax Puc. 1. Kak xopomo u3BectHO, B cxeme TB mis OeckoHeuHo mmuHHBIX TpyOok (M,0)CNT , T.e.
Mo THIy 3ur3ar, opoutanpHas mens, wim HOMO-LUMO gap (HLG), ucuesaer npu 3HaueHusx M,
kpaTHbIX 3. OJHAKO B KOHEUHBIX 3Ur3ar-rpyokax senuuumHa HLG Toxe 3aHyisieTcs, HO TOJBKO IpH
yeTHBIX M. C OTIENbHBIMH TaKHUMH (PaKTaMU BBIYMCIHTENH BeTpedanuch. [lo-Buaumomy, B [31] Bep-
Bble OBLIO JTOKa3aHO, 4TO paBeHCTBO HLG Hyst0 - yHUBepcalbHBIN 3aKOH IJIs 3Ur3ar-TpyOoK ¢ 4ert-
HBIM M. UTo ke KacaeTcsi KOHEYHBIX TPYOOK MO THIy Kpecio, TO coriacHo pabotam [30,31] B HEX
HLG ucye3aer Beskuil pas, koraa JuivHa L ynosiersopseT TpeOosanuto L=3j-1 (j=1.2,...), T.e.,

korma L=2, 5, 8 ... O1u ocobeHHOCTH X0poiio BuAHbI Ha Puc. 1 mist CNT (HrwkHue rpaduku pucyHka).

Curyanus, Kak TOHSATHO U3 TOTO )K€ PUCYHKA, PE3KO M3MEHSETCS B OOPa30THBIX TPyOKax u3-3a
3HAYMTENILHOTO TIepenaa 3JaeKTpooTpunaTenbHocteil atomoB B u N. KoHeuHo, 0COOCHHOCTH CIieKTpa
BNNT 051111 3a7105KeHBI yKe B hopmylie (6), ¥ pacdeThI JIUIITH TOITBEPKIAIOT OJIU30CTh OpOUTATBHON
IIEeTH K BeJnunHe 26 (B MPHUHATHIX SAMHMIIAX 3TO Kak pa3 6 3B). OTMernmM, uTo Oosiee COBEpIICHHBIC
CXEMBI pacyeTa aHAIOTUYHBIX CHCTEM, HapUMeED, B [35], MPUBOMAT K TIOX0XKUM 3HAYCHHUSIM JIJISI OTITH-
yeckoit menu B BNNT (B o6mactu 5.8 »B). [Ipu 3ToM He CTOUT BCe k€ 3a0bIBaTh 00 YCIIOBHOM Xapak-
Tepe TB-0IeHOK e s CHIIBHO KOPPEIUPOBAHHBIX T-CUCTEM, KakuMHu BISOTCS CNT-cTpyKTyphl
¢ MaJIol OpOUTANBHOH TIENBI0 (TToApOoOHEE CM. pa3ae 6).

CMMMeTpUA NapHOCTU NPYU yUeTe N-3JIEKTPOHHOIro0 B3auMoaencTBus

Xapmpu-ghoxoeckan m-mooeb
[epexons k XapTpu-POKOBCKUM CXeMaM, BEpHEMCS K MpoeKInoHHou Gopmyse (8). TpaauuonHo
B MeToie MO paboTaroT He C IPOEKTOPOM Ha 000JI0YKY 3aHATHIX OeccrmnHOBBIX MO, a ¢ yIBOCHHBIM
MIPOEKTOPOM, OTBEYAIOIIMM HOPMAIBHOMY CHHIJIETHOMY COCTOSHHIO C MapHBIM 3amoimHeHmeM MO.



CumMeTpus NapHOCTH B psAZe 3a7ayd KBAaHTOBOM U CTPYKTYPHOH XUMHU

3T0 1 OyAeT KaHOHUYECKash MaTpHIla MmIoTHOCTH P, kotopoit B 6a3uce AO oTBewaeT MaTpHIa 3apsi-
OB U mopsakoB cBs3u no Koymcony. Paccmorpum ee moapoOHee il citydass HEUTpalbHBIX AY
o0ObruHOrO THNA. Torma, nonaras B (8) 6 =0, 111 P=2 P HOMyHaeM

1 P.
P = s (9)
(R)" I
e, Kak ¥ B [25], P. = B(B*B)™"?. U3 noceHero BHIPaKEHHs BBITEKAET YHUTAPHOCTh
P.(R) =1, CY)
rapantupytomas npunuun [laynmu (nBykpaTHoe 3anonHenue 6ecciuHoBeix MO).
B (9) mo cyTd KOHKpETH3HpPYETCSA MNPUHIUMHANRHBIA pe3ynbTaT Koyincona — B AY Bce

T-ONICKTPOHHBIC TUIOTHOCTH (XMAroHaIbHBIC OIEMCHTBI FP) OINMHAKOBBL P, =1, a HCHYICBBIC

T-IIOPSIAKU CBA3U COJZlEpKATCA TOJIbKO B Onokax P. u (P.)", T.e. A Iap aTOMOB Pa3HOM PacKpacKH.

Taxum 06pasom, OcTaTo4HbIe T-3apsibl ¢, = 1— P,, HA BCEX M-LEHTPAX OTCYTCTBYIOT:

q,=0. (10)
Koneuno, s 0606mennbx AY (9) u (10) yxe He BEpHBI.

Kak mokazano pazsutre teopun MO, 6mouHas cTpykrypa (9) u coiictBo (10) coxpaHsroT cuiry
JUTSI BCEX KOPPEKTHO C(HOPMYITUPOBAHHEBIX T-MOAeIeH HEHTpaTbHEIX AY — OT XapTpHu-POKOBCKOM cxe-
MBI BILTIOTH JI0 TOJHOTO KoH(purypanuonHoro Bzaumosericteus (FCI) n-amexktpoHoB (cM. mpamee o0Cy-
xpaenue nocie Gopmyisl (24)). Io cytu (9) ecTh oTpakeHHE CUMMETPHH TAPHOCTH B TEPMUHAX MaT-
pHIIBEI TWIOTHOCTH. B camom nene, mepedopMyTupyeM STOT pe3yibTaT, BBens B corjacuu ¢ [21] mat-
PHILy OCTaTOYHBIX 3aps0B U MOPSAKOB CBSI3H

Y=I-P. (11)
Berimire P o3HauaeT MaTpHIly IIOTHOCTH, BOOOIIE TOBOPS, TFOOOT0 U3ydaeMoro npuommkeHus. Torna B
cuny (9) Y B 6asuce n-AO — 310 OI0YHAS KOCOTUATOHATBHAS MaTPHITA

0 Y.
Y= s (12)

x.)" 0

a cIIe0BaTeIbHO, OHA HajejleHa J-CHMMETPHUEH TOTo 5Ke TUIIa, YTO U /',

[Hanee cnexyet nepedTu K 0000IEHHBIM TT-MoiesiM TB-THIa, OTHOCUTENBHO HEJAaBHO Pa3BUTHIM
B pabotax [23,24]. [IpenmecTBeHHUK 3TUX MOAEIEH MOSBUIICS paHee B OAHOW (PaKTHUECKH 3a0BITON
cratee [36], KoTopas He cpa3y Obl1a oOHapyxeHa u Hamu. Ho cHayana Heo0X0IMMO HAllOMHUTDH U3-
BECTHBIE YEPThI T-TEOPUM, BBIXOJALIMX 3a MpeAebl CTaHapTHOW cxembl TB. Bee Takue teopuu Taxk
WM MHa4Ye OCHOBBIBAIOTCS HA MPUOIMKEHUH MTOJIHOTO T-3JIEKTPOHHOTO raMIIIbTOHHaHa B nyxe Ilapu-
3epa-Ilappa-Ilomna — cxemsr PPP. [locnennss 6asupyercs Ha ypaBHeHusx [lomna [37], rne cobcTBeH-
HO OJIHODJICKTPOHHAS MATpHIA /1 C DJIEMEHTaMH },, BBIYHCIACTCS, Kak 1 B TB, HO ¢ nobaBieHnem

3JIEKTPOCTATHIECKOTO B3aUMOJICHCTBHS T-IJICKTPOHA C OCTOBOM. A Tak Kak 1o cBoHcTBy (10) ocra-
TOYHBIX 3apsI0B B AY HET, TO AMAaroHaIbHBIC SJICMCHTHI /1, - IOCTOSHHAS BEIMYHMHA, 1 (hakTraeckn

h,, = hZVB. Taxum o6pazom, B obwieii n-Teopuu mnst AY umeem h=h'"".

JByxanexkrpoHHoe B3aumoneiictBue wu(12) B mpencraBieHur n-AO mpenmnosiaraeT 3HaHUE
4-UHAEKCHOW MaTpPULIbI Uy - B PPP oHa Oepercst kak «auaroHaiabHas», 3a/1aBaeMasi B hopme 00bIU-

HOM JIBYXHHJICKCHOIl MaTPHIIbI KYJOHOBCKUX HHTCIPANOB u,, =¥ ,, . YKa3aHHbIC MPUOIMKCHIS 10~

Hvuy
3BOJIAIOT 3amucath B paMkax PPP ¢ynmamenranbhyto Matpuily agdekruBHoro omeparopa ®oka f B
ToM ke O104HOM (opme, uTo U B (3):

0 fu
- (13)
/ (f)' 0
rac
fuo=pB"B~y.0PB./2, (14)

npuyeM B uMeeT NPEeXHUN CMBICI MAaTPULIBI CMEXKHOCTH, a Vs = ITO 010K U3 COOTBETCTBYIOIIUX dJIe-
MCHTOB B || Y || CumMBoi o MEXAy MaTpHUllaMU 31€Ch U Jajlee 03HAa4YaeT IMODJIEMEHTHOES (a,uaMapOBo)

10
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ymHOXKeHHe. OTcuer sHeprud B (14) U BO BCeX MOCIEAYIOMIUX OJHOIICKTPOHHBIX MAMUIBTOHHAHAX
BEJIETCSI OTHOCUTEIHHO XUMHYECKOTO MOTEHITHAIA aTOMa YTJIepoaa, T. €. BETUIHHBI [38]

E=W+y/2, (15)
JUIL KOTOPOH OOBIYHO MCHOJIB3YIOTCS MOJYIMIUPHYECKHE 3HAYCHUS MOTEHIMajla MOHH3AlMU aToMa
yriaepozna W, i OXHOLEHTPOBOrO KyJTOHOBCKOTO HHTErpama ..

W3naganeHo Teopust PPP paszsuBanace ITonnoM kak nomysmnuprudeckas TEOpHs «OTPAHUYEHHOTO»
Merona Xaptpu-Poka (RHF) nns cunrmerHoro cocrosuus. [Ipu atom Marpuma P,.. HaXxoAwiach He-
KHM CaMOCOTJIacOBaHHBIM criocoboM. Ho MHOTa mpuMEHNM M yIpPOIIEHHBIN BapHaHT, YKa3aHHBIA B
[38]. B Hem m3beraroT He Bcerzna CXOJSIICHCS MPOLeIyphl CaMOCOTTIACOBaHMs, U IS IEPBOTO MPH-
ommxennst 1" k pokmany fmarpuia P. B (9) Gepercs u3 cxemst TB:

=8B —y.oPY /2, (16)

rae P - craproBas (XIOKKEJIEBCKas) MAaTpHLa MOpsaAKos cs3u. Henasuo npubnmkenue (16) npose-

MOHCTPHPOBAJIO CBOIO SBHYIO TOJIb3y B BEIUMUCICHUAX T-3JICKTPOHHBIX (yHKIMY ['prna [39] (cM. pas-
nen S).

Paznuunsie opoumsl 01 paznuyHbIX CHUHOB

BosBpammasice k o6mieit reopun PPP, otMeTum, uto ycraHoBUB B [37] 10 cyTH OJOYHYIO CTPYKTYPY
(13), ITomur Tem caMbIM TTOKa3alr, 9To B AY camocoriacoBaHHBINA ¢okuan (Marpuiia Poka) Takxke 00-
nanaer J-cumMmerpuel. 3aTeM coBMecTHO ¢ bpukcrokom mm Obuti copmymnupoBansl aHanoru (9) u
(14) nns neorpanuuenHoro meroga Xaptpu ®oxa (UHF) [40]. B sroit Mogenu cuTyanusi yxe He-
CKOJIBKO YCIIOKHSIETCSl, ¥ Il COOTBETCTBYIOLIUX [IPOEKTOPOB p*, p” u pokuano f“, f7 mnst a- u
[-0007104eK (CITMH BBEPX U CIIUH BHU3) J-CUMMETpHUS UMeeT Oosiee TOHKUN XapakTep, SIBHO HE BBIpa-
JkaeMbIil ycrmoBueM (2). B wactHOoCTH, cTpyKTypa (9) MMeeT CHily TOJBKO IS TIOJTHOW TUIOTHOCTH
P=p“+ p”. Bornee touno, u3 ypasuenuii (2.9)-(2.14) u (2.19) u (2.21), nanubix B [40], BeITEKAET,

YTO HEAMAroHaJbHbIE OJIOKH BHYTPH Hapbl p° U p” COBMANAIOT, KaK M aHAIOTHYHBIE OJIOKH B Mape
f*u f?, 1 xpoMme TOro, B MOC/IEHE nape AMaroHaibHble OJIOKH OTIMYAIOTCS 3HAKOM.
KomnakrHast ¢popmynupoBka onmcanHbix (Gopmyn bpukcroka-Ilomna skBuBasieHTHa crienuduye-
CKOMY yCIIOBHIO aHTUKOMMYTAIUH (POKUAHOB:
Jfe+fPJ =0, (17)
WJIA SKBUBAJICHTHOMY TPeOOBaHUIO
fP==J f“J. (18)
Kak Bugno, B ciayyae AY, UHF-pokuanbl f“u f” HameneHbl IyajlbHON CHUMMETPHUE MapHOCTH,
noto0HOM TOH, uTo naHa B (A4). DTo oTpaxaeT U3BEeCTHBIN (akT, 4to /it HelTpanbHbIX AY B UHF

JIOCTATOYHO paboTaTh JHIIB C 0—000IOYKON, TOCKOIBKY ISl OPOUTAIBHBIX TPOEKTOPOB CIIPABEIITUBO
COOTHOIIEHHE

Jp“+pl =T, (19)
MO3BOJISIIOLIEE BBIPA3UTh OJIUH MPOEKTOP YEPE3 APYTOil:
pl=1-J p°J. (20)

B pesynberate B PPP-Bepcun merona UHF Bo3MOXHa MeHee TpyAoeMKas IpOLEAypa BBIUMCICHUMN
AY. Ilo 3ananHoil MaTpunie p* u gopmynam (2.8) u (2.11) u3 [40] crpoum Bcro maTpuny f“, rue

HEOOXO/IMMBIE STIEMEHTBI OT -0B0IOUKH - 3TO Ha CaMOM Jiefie THOTHOCTH p/ =1— pe . Toraa ¢ yue-

TOM caBHMTa ypoBHeW Ha sHepruto @epmu (15) momydaem auaroHajbHBIE SJIEMEHTH (poKMaHa A
CIHMHA BBEPX

a _ B _ A& a a 0
f/w__ IIH_A,U’ Aﬂ:(l/Z—pﬂﬂ)yC, 21
a HeAMaroHaJlbHbIE TI0 BUIY HAIIOMUHAIOT BRIYUCICHUS B (14).
Benmmaunasr A‘Z B (21) oTpaxkaroT KoppensainoHHbIe 3PGEKTH B opMe CITMHOBOH ITOJISIPHU3AITHIH.

Hx xapaktepHas 0COOCHHOCTB Ui AY COCTOMT B TOM, 4TO, KaK MPABHIIO, A7 MPOTHBOIOIOXKHBI 110

3HAKY U OKpAIICHHBIX W HECOKPAIICHHBIX aTOMOB. Heuto HO,I[O6H0€ HU3BCCTHO OJIA CIIMHOBBLIX IIJIOT-

11
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HOCTEH, YTO AEMOHCTPUPYET U MOTYIMIMPUYECKUN METOA BaJICHTHBIX CXeM B ()OpMaM3Me CIIMHOBO-
ro raMuJIbTOHHAHA (CM., Hapumep, 0030p Uepanosckoro [41]). B Takux cimyuasx roBopst o6 AY kax
00 aHTH(EeppPOMAarHUTHOHN CTPYKTYpe, COCTOALICH U3 ABYX MOAPEIIETOK C MPOTHUBOIMOJIOKHON CITUHO-
BOI OpUEHTaLuEH.

Pacuets opoutaneit UHF cTaHOBSTCS MOYTH 3JIeMEHTapHBIME (HO HETHMHEHWHOCTh OCTAeTCs) B ITO-
nyJisspHOH Monenu Xab0apia, rjie NMPUMEHSETCS TUaroHajJbHOE OrpyOJICHHE MAaTPHUIIbl KYJIOHOBCKUX
MHTErpanoB: y, = 2 é,,- Torna camocornacosanue 8 UHF peanusyercs kak MTepalMOHHBIH MPo-

Iecc I MaTpHI] TAMIUTBTOHHAHOB XIOKKEIEBCKOTO THITA. bojiee KOHKPETHO, I TIOydeHUs Xxaboap-
nosckoro UHF-dokmnana hf“bb K CTapTOBOMY TaMHIIbTOHMaHy A'° B Buie (3) mo0aBisercs auaro-

HaJbHAs MAaTPUIA BETHYMH A’ B AMHHMIAX B

g™ =hP || A5 S, 11 8° - (22)
Ho maxe B Takoii 00Jer4YeHHON cXeMe BBIYUCICHHN MOTYT OBITh MPOOJIEMBI CXOAUMOCTH CaMOCOTIa-
COBAHUA.

Bbosee mpUHITMIHAIBHBIM SIBISIETCS] APYTOW W3BECTHBIN Aedekt Beskoh cxembl UHF - mist cunr-
JIETHBIX cOCTOSTHUE BostHOBast pyHkiust UHF cymecTByeT TONBKO U JOCTaTOYHO CHUIIBHO KOpPpEJH-
poBaHHBIX cucTeM. bornee TouHO, HeTpuBHanbHbIE (He coBnagaromue ¢ RHF) pemenus ypaBHenuit
UHF BO3MOXHBI JIMIIb [IPH YCJIIOBHM TPHUIUIETHOH XapTpU-()OKOBCKOH HecTaOmibHOCTH (TOxpoOHee
cM. B [21,42]). Bce aTo MoTHBHUpYET emie Ooublie orpyOuTh 3a/1ady, HO COXPaHWUTh OCHOBHYIO (hu3u-
yeckyro uneto UHF kak meTtona paznuunbix opOurtaneil mis pasnuusbix cnuHoB (DODS). Brnepsbie
CWJIBHO YHNPOIICHHYIO 33a/lady TaKoro poga paccmaTpuBaiu 3BuUcoH U Amoc [36] mpu onucaHuu pa-
JVKaJIbHBIX U BBICOKOCIIMHOBBIX CUCTEM C MX (DM3MUYECKH €CTECTBEHHOW HEIKBHBAJCHTHOCTBIO JJIEK-
TPOHOB C pa3HbIMU ciUHAMU. CHHTJIETHBIE COCTOSIHUS MPH ATOM HE 00CYXAaIuCh, M paboTa MpakTu-
YeCKH He MOJTyYuia pa3BUTHA. B nanbHeiimem Omau3Kas mo xapakTepy Uzaes orpyOJeHHOTO ONMHCaHUs
CITHHOBOW TOJISIPU3AINH | IS CHHTJICTHBIX COCTOSHUN BCIUIBIIA B [43], a Oojlee CHCTEMaTHYHO pac-
cMoTpeHa B [23].

Ham nosxon, Ha3BaHHBIN B [23] KBa3UKOPPEIAIIMOHHBIM MeToAoM Onm3koit csizu (QCTB), ocHo-
BaH Ha TOM (hakTe, 4YTO B TOUHOM IOAXOJE WM xe B Oonee crporux, ueM UHF, nmpubmmkenusx Her
HUKaKOH 30HBI TpUIUIeTHOU cTabmnbHOCcTH (Korna UHF He ocymectBum). Haunnas ¢ momycrnpoekTu-
poBanHoro merona Xaptpu-®Poka (HPHF), Bapumaunonnsie pemenuss DODS-tuna cymecTByroT Bce-
raa. [Ipu sToMm mist pacmmpenHoro merona Xaptpu-®oka (EHF) kak Hawmmydineir Mogenu Toro xe
DODS-tuma aramornyHoe YTBepKACHHE ObUTO cTporo nokaszaHo B [44], a mist HPHF — B [45]. ®akTu-
yecku B TepMuHax DODS MOXHO NpUOTU3UTENBHO BBIPA3UTh JIAXKE€ TOYHOE PEUICHHE MHOTOJJICK-
TpoHHOU 3anaun [46]. [Tostomy B cxeme QCTB BMecTo (21) MBI MOCTYIHPYyEM HEKOE YHUBEPCAIBHOES
DODS-pemenue. B Hem ansa Bcex Ai MIPUHAMAETCS MMOCTOSTHHOE 3HAYCHUE J, OTIMYAIONIeeCs JIUITh

3HAKOM JUISl Pa3HBIX MOAPEIIETOK (M3 OKPAIIEHHBIX U HEOKPAIICHHBIX aToMOB). Takum 06pa3oM, Mo-
706HO [36], MBI IPUXOJMM K YIPOIIEHHBIM TAMUIBTORHAHAM, 4™ 1 47", BHENIHE TOYHO TOTO e

BHUJIa, KAKOM OIMCHIBAET XIOKKEJIEBCKHE 00001eHHbIE AY:
5 B -5 B
HCTB _ _ , HOCTB _ _ . (23)
o
B" -5 ’ BT 5
31€ech CyMIECTBEHHO HATMYHUE ABYX TaMUIBTOHHAHOB M0 TUITY /5, TOCKOJBKY IEPBBIH B (23) OTHO-

CUTCA K JJICKTpOHAM CO CIIMHOM BBEPX, a BTOpOﬁ — K DJICKTpOHaM CO CIIMHOM BHUS. COOTBGTCTBGHHO,
HaM HGO6XO)_'[I/IMLI " IMPOCKTOPLIL (8) C ABYM: 3HAYCHUAMM HHXKHCIO MHACKCA: JIsL p - MaTpula p[b,] .

am py - Py HelictBuTenpHo, P ecTb cyMMa BKJIaJOB OT BCEX CIMHOBBIX COCTOsIHUU. [loaToMy B
. QCTB __ —
QCTB cnenyer mnoiab30BaThCcsi CUMMETPU30BAHHBIM BBIPAKCHHEM: P =PutPs=Ps1t Prs
CrenoBaTenbHO, ¢ yaeToM (GopMydsl (8), 31ech 0COOSHHO YMECTHOM, JIETKO MMOJTydacM
I B(5*I+B'B)™"?
(6*I+B'B)"*B" I
Buano, uro (24) umeert To ke crpoenHue, 9To U (9). 310 roropur o oM, uro QCTB ymosnerBopsier
dbyagameHTaIBHON Teopeme, MokazanHoid Mak-JlaxiganoM [47] mias TOYHOM T-3JEKTPOHHON TEOPUU

PRCTB _

24)
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AY. Cornacao [47] B n-FCI obs3arenpHa 0104nHast ctpykrypa (9) (Ho 6e3 (9°)) nns P, a cnenoBaTens-
HO, M KOCOAMaroHanbHas cTpykrypa (12) mns marpunsl Y. O6paTUM BHUMaHHE Ha TO, YTO BO BCEX
M3BECTHBIX KBa3HOJHOAIECKTPOHHBIX MOJENSX C TM-Koppensuuei 3¢deKkTuBHbIC TaMUIBTOHUAHEl U Y
BeAyT ceOsl MpaBWIBHO, T.€. SBISAIOTCA J-cumMmerpuyHbiMU. D10 otHocuTea kK UHF, HPHF, k pacmmu-
peHHOMY IO crimHy Metony Xaptpu-®oka (EHF), metony xommmiekcHbix MO u np. COoOTBETCTBEHHO,
CIIEKTp HATypalIbHBIX YKCEN 3aIOJIHEHHS IOCJIe CIABHra Ha €MHUILY, T.e. B TEPMHHAX COOCTBEHHBIX
urcen Y, CHMMETPUYEH OTHOCHTENBHO HyIist. [TomyTHO otMeTuM, uto PY™ sBHO oTpaxkaet 3G deKTs

KOPpPEJILKY, ITOCKOJIBKY 34€Ch - B OTJIMYME OT 00bI4HOro Merona MO - HEeT MecTa JKeCTKOMY yCIIOo-
BUIO «JIyONOTEHTHOCTH» (CM. aajnee ypaBHeHue (42)). JlanHas Tema monpoOHee n3ydaercs B o030pe
[24] u B pa3znene 6.

B 3akmrouenue 3Toro myHKTa ynoMsHeM oAHO mpocrtoe ycoBepuieHcTBoBaHue QCTB. Cymectse-
HBIH JIe(eKT MOCIEeTHET0 — UTHOPUPOBAHUE NABHOACHCTBYIONHX d()(EKTOB AIIEKTPOHHOTO B3aUMO-
JercTBUS. DTH 3PPEKTHl XOPOLIO OMUCHIBAIOT OOBIYHBIE XapTPHU-(POKOBCKUE MOAEIH (eciu 3a0BITh 00
3JIEKTPOHHOM Koppessiunu). Meron XIOKKensl, Kak YHCTO TOINOJIOTHYECKUH MeToJ «OmmKaiiero co-
cencTBa», mono0HbIe 3((eKThl UTHOPUPYET M CBOH HM3bSH IEPENacT HOBOMY «POICTBEHHHUKY» -
QCTB, B KOTOPOM K XIOKKEJIEBCKOW OCHOBE JUIIE M00aBisgeTcsS CiuHOBas mossipu3amus. [loutn ode-
BUAHBIN crioco0 yiayumuts QCTB 6e3 6onpuinx ycmmii — 3To, ctapTys u3 TB, ucnoiap3oBaTh yrnoMs-
HyTOe paHee nepBoe mpudmmkenue (16) k meroqy RHF. OHo npeanonaraer 3ameny B (23) MaTpHIIbI
JIBYCMEXHOCTH B HOBOW MaTpuiiei, nporopionanshoii £, nannoit B (16). HazoBem 10T moaxon

pacmupeHHBIM KBazukoppeainoHHasM (EQC) mpubmmkeHneM u OyIeM eMy COIOCTaBJIATh TaMHITb-
TOHHAHBbI

e [0 Ba ) c_ ("0 Ba) 25)

’ G =6 ) 7 B 6
rne B, = f1'/B°. Moznens EQC npumensietcst nanee B paszuene 5. SIcHo, uro mogo6xo QCTB, ona

KOPPEKTHA B OTHOLICHUN ,E[yaJ'ILHOfI J—CI/IMMCTpI/II/I.

3¢ dekTbl BO3MYLLEHUS B a/IbTEPHAHTHbIX CUCTEMAX

PaccmarpuBas 3¢ dextsl Bo3MmylieHui, OyieM, Kak U B MPEABLAYIIEM pa3ieie, UMETh JeJ0 C ajlb-
TEpPHAHTHBIMU TI-cucTeMaMu. CHadana BO3bMEM J-CHMMETPUYHYIO CHCTEMY BO BHEIIHEM IIO0JE, CO-
XPaHAIOUIEM 3Ty CHMMETpHIO. B cirydae AY oHUM U3 TaKuX BO3MYIIEHHUH SBISETCS MAarHUTHOE TTOJIE,
€CJIM pacCMaTpUBaTh €ro B CTAaHAAPTHOM MpuOIMKeHuu JIoHmoHa nis m-3mekTpoHoB [48]. Torma ko-
conuaroHaibHasi Oo4Has cTpykTypa TB-ramMunbroHHaHa cOXpaHsIeTCs, MOCKOJIBLKY HCXOIHAsi MaTpH-
[[a JBYXCMEXKHOCTH IUIIb MOAYJIHpYyeTcs (Pa3oBBIMH MHOKHUTEISIMH, 3aBUCALIIMMH OT MAarHHTHOTO
moJIL. DTOT CIy4ail MHOTOKpPATHO M3ydaics — BILIOTh g0 Moaenu FCI, kak 310 cienmaHo B paboTax B
[49,50]. 3nech MHTEPECHBIM MOMEHTOM SIBJIIETCSI TOT (PAKT, YTO MATPHUIA MEKATOMHBIX TOKOB OKa3bI-
BAeTCs TOU K€ TOIOJIOTUIECKON CTPYKTYPBI, YTO M MAaTPHIIa CMEXKHOCTH, T.€ 00J1aaeT J-cuMMeTpureH.
Ho eme Oosee wuHTEpecHBIH (aKT - O3TO TO, YTO W XIOKKEICBCKHE, W XapTpH-POKOBCKHE
T-3JICKTPOHHBIC TOKH, UHAYIIUPOBAHHBIC MATHUTHBIM TI0JIEM, CTPOTO YJOBJICTBOPSIOT mpaBmiy Kupx-
ropa mis TokoB [51], mpuyem, kak mgokazano B [50], merox FCI, natommii momHbI ydeT
T-3JIEKTPOHHON KOPPEISINH, TakXKe cIeayeT 3ToMy mpaBumiry. CaMo 3TO MpPaBHIIO OTpakaeT 3aKOH
COXpPaHEHUs 3apsijia, a TOTOMY OHO CIIPABEJIUBO U IS HEAJIbTCPHAHTHBIX CUCTEM.

Hpyroii Tum 3ama4 ¢ J-CHMMETpHEW MpeyiaracT Teopusl peakinoHHou crocoOHoctu KoyrncoHna u
Jlonre-Xurruuca. J{ns OIeHKH BO3JEHCTBHA Ha MOPSAIOK XHMHUYECKOW CBSI3U p—0 HEKOTOPOTO BO3MY-
IIEHUS 32 CUET W3MEHEHUS] XMMHYECKOH CBs3M (—V B TeopuH KoyicoHa BBOIUTCS B3aMMHAas TIOJSPH-

3yemocTs 7, ,, - st ee Beraucienus, ckaxem, B RHF, crpources mMatpuua Bo3MyeHus, Vijwy» THC

HEHYJIEBBIMU SIBJISIFOTCSL TOJIBKO (4,V)-BIH U (V,4)-BIi IIEMEHTHI MaTPULBI CMEKHOCTH. Bee Takue mart-
PHIIBI, KOHEYHO K€, U3 Kilacca OJIOUHBIX KOCO-AnaroHanbHbIX THMa (3). Toraa momnpaBka mepBoro mo-
psiaka Y[S)V] K MaTpHle IUIOTHOCTU OyJeT o0aaaTh TOU ke J-cuMMeTpHel (CM. caMOCOTIacOBaHHYIO

TEOPHIO BO3MYIIEHUH 1T MAaTpHUILl TUIOTHOCTH B [21]). [loaToMy BTOpast mompaBka K dHEPTHH, T.©
CBEpPTKa Y[S)V] C MaTpHULEH V| TaKoi e CHMMETPHUH, OKA3bIBACTCS HEHYIJICBOH.
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WHTepecHbll cnyuail mpeacTaBiseT MOISIPU3YEeMOCTh aTOM-CBS3b 17

wpo - 110 ONPEICNICHUIO OHA

paBHa TPOM3BOJHON OT OCTATOYHOTO 3apsiia ¢, IO PE30OHAaHCHOMY MHTerpany f,,. Ho mmt AY B

CHUITy TOCTOSAAHCTBA qﬂ =0 YKa3aHHag NpOU3BOAHAA MCYEC3ACT U Tupo

=0, €CJIU p—0 OTHOCHUTCS K XU-
mudeckoit ¢Bsi3u CC. Ilpu 3TOM ambTepHAHTHOCTh BO3MYIIEHHOUM CHUCTeMBI coxpansercs, u (10) pado-

TaeT NMpu M0O0M 3HaueHun f3, . OueBnaHo, 910 77, ,, =0 U B 60JIEE TOUHBIX T-MOAENAX AY - BIUIOTh

1o n-FCI.

Paccmotpum Teneps Bo3MylleHHd, HE UMeromue J-cuMmMerpun. HykHbIN puMep naeT nencTBue
Ha AY 3JEKTPHUIECKOTO IT0JIsI, BOOOIIE TOBOpPs, He ciaadboro. [loaToMy mOMHUMO AUMOILHOTO MOMEHTA
U TIOJNISIPU3YEMOCTH HEO0OXOAMMO 3HATh U runeprnoisipuyeMocTd. COOTBETCTBYIOIIAS MaTpHUIa BO3-
MYILEHUS - IUaroHajlbHas MaTpulla KOOPAUHATHI B HampaBieHUH nossd. OHa KOMMYTUpYET ¢ J, T.e. 1o
cBOell J-CHMMETpUH «IPOTHBOMNOJIOXKHA» A'°. B pe3yibTaTe Bce MONMPABKH HEYETHOTO MOPSIKA
(amexTpUYeCcKHE TUIEPIIOTUPHU3YEMOCTH HEUETHOTO paHra) ucuesator [52]. U onsares n-FCI He paspy-
maet 3To npasmio. PopcTBeHHbIe 00IIHe MTpaBuiia 0TOOpA 10 AbTEPHAHTHOW CUMMETPUH H3BECTHBI U
JUTSI BO30Y KICHHBIX COCTOSTHUHN, OHU OMHCAaHbl B KHUTe MecTeukuna [21], cTp. 280.

CylecTBYIOT 1 MEHEE YHUBEpCaIIbHBIE, HO 00JIee TOHKUE MPaBHia, U OJHO U3 HUX - 3aKOH Yepe/io-
BaHus nossipHoctH Koyncona-Jlonre-Xurrunca [4,21,53] mist AY, TpakTyeMbIx mo cxeMe XIOKKes.
[Ipocroe nokazarenscTBO (cM. [54] u cTp. 326 B [21]) npeanoxun Beiconkuit. CyTs pesyibrara [4]
COCTOMT B TOM, YTO HEUArOHAIIbHBIC ATOM-aTOMHBIE MOJISPU3YEMOCTH 7, B 3a[aHHOU Mape aTOMOB

(4,v) OTAMYAIOTCS 3HAKOM JJIsi OJHOIIBETHO W PAa3HOIBETHO OKpAIICHHBIX Map. B sKBUBaNeHTHOM
Gopmynuposke (cM. [4]) TOBOPHUTCS, YTO HOJAPUIYEMOCTH 77, MOJOXKHUTEIbHbI UJIM OTPULIATENBHbI B

3aBUCHMOCTH OT TOTO, pa3JIeIeHbl JH 4 U V YETHBIM HJIM HEUETHBIM YUCIIOM cBs3eil. M3 aToro BeITe-
KalOT KOHKPETHbBIC YTBEPXKICHHSA O 3HaKe AOMOIHUTEIBHOTO 3apsAla, MHAYLHPOBAHOI'O XMMUYECKUM
3aMenIeHneM U Jpyrue cienctBus. Oka3pIBaeTcs, YTO 3aKOH YepeloBaHMs (aIbTEpHUPOBAHHSA) IIO-
JSIPHOCTH PacpOCTPAHIECTCS U HA XapTPU-(POKOBCKYIO T-MOJIENb, HO TOJILKO AJISI CHEUUAIBHOTO TPH-
IJICTHOTO aHaJlora HH/ICKCA 77, , KOTIa OH BBIYHCIISCTCS B CaMOCoriacoBaHHon MO-Teopry KOHCTaHT

v
KOCBEHHOT'O CIIMH-CIIMHOBOT'O B3aUMOJICUCTBUS [54].

Heb6e3paTepecHo, uro mo MakKoHHemTy Te ke KOHCTAHTHI CITHH-CITHHOBOTO B3aWMOJCHCTBUS
T-3JIEKTPOHOB MOTYT OBITh TPy0O OIIEHEHBI C TOMOIIBIO CIIMHOBBIX KOoppensaTopoB. /g Hux KieitHom
B METOJIE CIUH-TaMUJIbHOHHAHA T0Ka3aHO COBEPIICHHO aHAJIOTHYHOE MPABUJIO 3HAKOB ISl OCHOBHOTO
(CHMHTIIETHOTO B HAIIIEM clTydae) COCTOSHUS IBYIAOILHOM pemeTky (Teopema 5 B o630pe [41]). Pazyme-
eTCsl, ¥ DTa TeopeMa OCHOBAaHA Ha allbTepHAHTHOU cuMMeTpuu (padotsl JImba m Martuca, nuTupye-
MBIE Jlasiee B paszene 6).

MBI OrpaHUYMMCS 3THM OYeHb KPATKUM 0030pOM KITACCHYECKHX MHIEKCOB PEAKIIMOHHOW CIIOCO0-
Hoctd. OHM omMcaHbl Gojiee NETaJbHO U CO MHOTUMH XHMHUYECKHMH MPUIOKEHUMH, HalpUMep, B
naBHel kaure basunesckoro [53]. Ho cTout ykasars, yto Metoasl Koyncona-Jlonre-Xurrurca BMecTe
¢ Teopueil rpaHnuHbIX MO 1o @yKkyn KOCBEHHO OTPaXKAIOTCS U B COBPEMEHHBIX MOJECIbHBIX MOIXO0-
JaX K PEaKIHOHHON CIIOCOOHOCTH M K POACTBEHHBIM IpoOiieMaM. B wacTHOCTH, KOHIETIIINS TpaHWY-
HeIXx MO mo ®ykyn TpanchopmupoBanack B 0coOyto Temy QyHKimid Dykyu, HalleqIIuX MHPOKOE
npuMeHeHnue B Teopun pyHkiumonana miotHoctu (DFT). Oror moxon, pa3suteiii [lappom u Ha3BaH-
eI M Conceptual DFT, umeer MHOTO CTOPOHHMKOB B COBPEMEHHON KBAaHTOBOW XMIMHH, HO MBI Ha
HeM He OyJileM OocTaHaBJIMBaThCSA. HEeCKOIbKO MHBIE aKLIEHTHI, HAECHHO OOJIbIlIE CBA3AHHBIE CO CTATHIMHU
Koyncona, natorcsa B reopun DFT-gynkuuii nuneitHnoro otkiuka [55]. B nutupyemom o0630pe ['eep-
JUHTAa U COTP. B3aUMHBIE MOJISIPU3YEMOCTH, PACCMOTPEHHBIE BBILIE, C HEMAJION JOieH ympolueHui
MIEPETIETAI0TCA TakXKe ¢ OoJiee TPYAHON TEMOU MPOXOKACHUS HNEKTPUIECKOTO TOKA Yepe3 MOJIEKYITY.
Huxe MbI cocpeoTounMcest IMEHHO Ha 3TOH 3aziade.

SNeKTpoNnpoBOAHOCTb COMPSYKEHHOW MOJIEeKY /bl

@ynuxyua I'puna u nposooumocms
B nocnennue 20 et B TEOpUN MOJICKYJI HHTEHCUBHO YCOBEPILICHCTBYIOTCS CXEMbI IPUOJINKEHHOT'O
onucaHus 3PQPEKTOB NIEKTPHUUECKOTO TOKA, NMPOXOMIET0 depe3 OTIEIbHYI0 Mojekyiry. Korma-to
KazaBmasics panTacTuueckol uaes Asupama u PatHepa [56] 0 MONEKYJISIpPHOM BBIIPAMHUTEIS, TEIEPh
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cTaja MOYTU PeadbHOCThIO [57], XOTA A0 CEpbe3HBIX HAHOTEXHOJIOTUH B HBIHEIIHEH OJHOMOJIEKYIISIP-
HoH anektponuke, wim SME (single-molecule electronics), mpeno nmoka He gonuio. Mbl paccMOTpUM
CHauajia CHMMETpHIiHbIe cBoMicTBa QyHKuuil ['puna G i OTACIBHON conpshKeHHON MoJeKybl. Ho

nepes TeM OTMETHM psifi o0mux MoMeHTOB. llpexne Bcero HanmoMmHuM, uto ¢yHkuuu ['puna (GF) -
(hyHIaMeHTaTBPHBI W YHUBEPCATBHBIA HHCTPYMEHT B TEOPETHYECKON (DH3WKe; OHM JOCTAaTOYHO HC-
CJIeIOBAaHEI U B KBAHTOBOW XMMHUH KaK €CTECTBCHHBIN ammapaT NPy H3yYeHUU CHIIBHUX BO3MYIICHUH.
B BeruncnurensHbx cxemax SME o0braHO uMeroT neno ¢ oxHodnextpoHHod GF [58], u umeHHO Ta-
kumu GF MBI OyzmeM omniepupoBaTh B TaHHOH padoTe.

[Ipocreitmuit nogxon k GF ocHoBhIBaeTca Ha cxemax TB, KoTopbie HCTIOIB30BAUCH €1lle B Hauaje
3apoxaenus SME [59]. Ho nopasurensho, 9to Monenu TB u moHbIHEe MPOI0IKAIOT JOBOIBHO YacTo
npuMeHsAThcs B SME, u HeaBHO BhIIeNn HHTEpecHbIH 0030p Xoddmana [11] u coTp. 1Mo 4HCTO XIOK-
KEJIEBCKOW TEOPUH MOJICKYJISIPHOM MPOBOAMMOCTH. HO Kak OOBIYHO, DJIEKTPOHHAS KOPPEIISIHS TOI-
CTeperaeT BCIOAY, U 37eCh OKa3bIBAE€TCA, UTO CUMMETpHs, KoTopas HanudecTByeT u B GF, cmacaer, Ho
Jasieko He Bceraa. Jla u obmme cooOpakeHHst 3aCTaBISIOT OTHOCUTHCS K XIOKKEIEBCKUM pe3yiibTaTaM
OoJiee KPUTHIECKH, 9eM 3TO caemano B [11].

IIpuBenem 0a3McHOE COOTHOIIEHHE, OIEHMBAIOIIEE 3JIEKTPOMPOBOJHOCTh MOJEKYJIBl Yepe3 KOH-
TaKTUPYIOUIUE aTOMBI. JIJis ONMpeleNeHHOCTH PacCMaTpUBaEeM COMPSIKEHHYIO CHCTEMY B Pa3yMHOM
MPEANOIOKEHUH, YTO TOK IPEUMYLIECTBEHHO TE€YET IO M-JIEKTPOHHOU cucteme. Torna mox KOHTak-
TUPYIOIIMMH aTOMaMH MMOHUMAIOTCS T-IICHTPHI, Hampumep, ¢ 1 v. C HUMH acCOIMUPYIOT 3HAYCHUE
T-3JIEKTPOHHOT0 MaTPUYHOrO dJIeMeHTa G, s dexruBHOM GF, BEIUMCICHHOW B TOM MM UHOM TIpH-

ommxennu. B Tepmunax GF MonekynspHas MpoOBOJAMMOCTh KOHTaKTHOW Taphl (u,v) MPHU 3aTaHHOM
3HEpPruM E 3JEKTPOHA, «BIPBICHYTOT0» B MOJIEKYJy, OIICHHUBACTCS CTaHIApTHON (opmymnoii Jlanmay-
apa-byrruxepa [3]:
2
gn(E)=L,L |G T (26)

-1
B (26) g,, BbIpaKCHO B CIMHMI[AX KBAHTA IPOBOIMMOCTH g, (B aTOMHBIX eMHHLAX g, =7 ). Kpo-
Me TOTO, G”V EGW (E) SBHO BKJIIOYAIOT 3aBHCHUMOCTb OT E, a ()eHOMEHOIOrMYecKHe MapaMeTphl
ymupenus T’ u T, XapaKTepu3yioT SJICKTPOHHYIO CBSI3b MEKY KOHTAKTHPYIOIUIMMH T-LEHTPaMH U
MPUCOCAMHCHHBIMU dMEKTPOAaMU. JUisi OIMHAKOBBIX SIEKTPOofoB monarator I', =T, =T . Tepmun

«yILIUpEHUE» HE CIyyaeH, Tak Kak Te ke [-mapamerps! BkiarouatoTcs B GF mis onucanus 3gdexron
YIIUPEHHs] MOJIEKYJIIPHBIX JIEKTPOHHBIX YPOBHEH 3a CUET KOHTAKTa ¢ 3JeKTpogamu [58].

Cummempusa napuocmu 013 MPAHCMUCCUN TT-I1EKMPOHOE
Tenepr oOpatumcs coOcTBeHHO K BbumciaeHusM GF B AY u k mposBICHHAM Ui HUX
J-cummetpuu. B ciiyuae TB marpuna GF npocTto BEIBOANTCS M3 BRIpasKEHHS, OTpeNesionero GpyHk-
1o I'prHA Kak pe30JIbBEHTY:

GTB — (E _ hTB)71 , (27)
rae £ - BooOue roBopsi, KoMIuIekcHoOe uuciio. CTporo roBops, B (27) uMeeTcs B BULy 3alla3AbIBAroIIas
GF, u Torna K JelcTBUTENBHON 3HEPrun £ HYKHO N00aBUTh MHUUTE3NMAIBHYI0O MHUMYIO J00aBKY
i0". [locnenHss BechbMa BaykHa MPH pabOTe ¢ CHHTYJSIPHBIMU TT-cucteMami (¢ HysneBsiM HLG) [12].

Ypasuenue (27) c yaerom (A7) ana & =0 cBogutcs k 6mo4Hoit marpuue [12]:
E(E*-BB"Y' —(E*-BB")'B
-B"(E*-BB")"' E(E*-BB")"
PaccmoTpum BaxkHbIl ciydait E = 0. [Ipu 3ToM He 3a0p1BaeM, YTO B M3yUEHHBIX BBIIIE TaMHJIbTOHHA-
HaX TPOM3BOMMIICS CIOBUT oSHeprun Ha oHeprumo @epmu E; (15). B mo6oM KOppEeKTHOM

G™ = G™ (E) = (28)

n-Bbruuciienuy BenuuuHa GF npu £ =0 o3Hauaer GF Ha ypoBHe ®epmu. CoOTBETCTBEHHO, MBI CO-
KpalieHHo o6o3HavaeM G,° =G ™(Ey)=G™(0), 1 aHAJIOrHYHas CUMBOJIMKA Oy/eT NPUMEHATHCSA K

OCTalnbHBIM MozensaM. Eciii MeTo He KOHKpeTu3upyerTcs, OyeM mucarh IpocTo G, . Benuuunel
0 2
[gyv] :| (GO)W 1—‘0 | (29)
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OIIPEIENSIOT IPOBOAUMOCTE IIPU HYJIEBOM IpeAeiie HANPSIKCHUS Ha 3JIEKTPOJax U HYJEBOH TeMIiepa-
type. B Teopun senennit SME onu siBsifoTcst pyHAaMEHTANBHBIMU XapaKTEPUCTUKAMHU MOJICKYJTBI.
B cBs3u ¢ 5THIM paccMoTpuM G, ° , ucxons u3 (27) mim (28):
0 BB')"'B
G)=(-h"™)"= (BB') . (30)
B'(BB")' 0
Mp5bI TpuX0oaNM K KOCOAMArOHAIBHON OJIOYHOH CTPYKTYpe, KaKyI0 HMEIOT CTapTOBBIN TaMIJIETOHH-
aH (3) 1 KOyJICOHOBCKasi MaTpulla MOpsAAKOB cBsa3H B ¢popme (12). U3 aToro creayer BaskHOE MPaBUIIO
otbopa mns AY: HeHyneBble anemenTsl GF, a ciemoBarenbHO, M MOJIEKYIISIPHON TPOBOJUMOCTH (29) —
TE K€, YTO y MAaTPUIIBl IOPSIIKOB CBA3eH. IHBIMU clOBaMHM, 3HAUYMMBI TONBKO KOHTaKTHBIE Mapbl U3
Pa3HOOKpAIIEHHBIX aTOMOB yriepoja. SICHO, YTO JaHHOE yCJIOBHE, KaKk W B CIydae aTOM-aTOMHBIX
nosnsipusyemocteil Koyncona-Jlonre Xurruica, 3KBUBaJ€HTHO MPOCTOMY TpeOOBaHUIO, YTOOBI L U V
OBUTH pa3/ie]IeHbl HEeYeTHBIM YHCIIOM CBs3el (3T0 akieHTupyetcs B o63ope [11]). KommakTHO TOT *e
(dakt popmynupyercsi B TepMHHAX OJIOKOB MAaTPHIlbl BeTHUnH (29) 11 0OTMHAKOBO OKPAIICHHBIX aTo-
MOB (pa3Je/ICHHBIX YSTHBIM YHCIIOM CBS3CH):
g-(0)=g..(0)=0. €2))
Y IuBHATETHHO, YTO TOJIBKO OTHOCHTETHHO HemaBHO [9,60] mpapmio 3ampeta (31) ObII0 0co3HAHO
kak nposisienue 111 GF teopemsr mapHoctu Koyncona-Pambpyka ans AY, T.e. J-CHMMeTpHUH B Ha-
mIMX TepMHuHaxX. Bo3aMoxkHO, 4To B mepBbIX padoTax [59,61] u ap. nmpaBuio (31) ocTaBagoch CKPHITHIM,
0
nockonbKy B TB wacro ciywaerest, uro [g,,]'=0 xaxe 11t GopManbHO PAa3pELICHHBIX KOHTAKTHBIX

map aTOMOB, Kak, HallpuMep, B MoJieKysie OyTanueHa qmsg napsl (2,3). B [11,62] u B apyrux paborax
takue Hynu GF Obimn HazBaHbl xecTkuMHE (“hard zeros”), XoTa Ha caMoM Jiesie OoJiee TOUHbIE MOJETH
(maxe QCTB) cpazy ke u30aBISIOT OT MOAOOHOH «kecTkocTm» [12]. B TO ke BpeMs ocHOBHOE Tipa-
w0 (31) Teopun TB mist GF okazanock crpaBeTuBEIM B 000 KOPpEeKTHOU T-Teopuu. bomiee Tod-
HO, (31) crporo Bemonuserca B FCI Ha ocHoBe ramuisToHnana PPP kak HesBHOe ciieicTBUE TEOPEMBI
MaxJlaxmnana [47]. DTOoT BechbMa Ba)kKHBIM pe3yibTaT ObLT yCTaHOBIEH B rpymme [laacke [63] u ero
CTOHUT IIPOKOMMEHTUPOBATb.
Bo-nepBhix, Omaronaps J-CHMMETpUH 00si3aTelibHa 0J10YHAS CTPYKTypa

0 G.
G = . (32)
0 G. 0

Ona coBmagaet 1o cytu ¢ TakoBoi B (30), xoTs B o0mieM ciryuyae 3a matpuueit (32) He CKpbIBaeTcs
OJTHODJICKTPOHHAS pe30jbBeHTa. BO-BTOPHIX, 0MMHAKOBOCTE CTPYKTYp (30) 1 (12) He cimywaitHO Hamo-
MUHAeT 00 OmpeAeNeHHON OIM30CTH G, ¥ MaTpuupl nopsaakos Y. B camom gaene, B reopun MO s
CONPSKEHHBIX CHCTEM JaBHO IpeIJIOKeHa CIielrajibHas Bepcus MOPSIKOB CBiI3U 1o ProgenGepry
[64]. Kak moka3aHo B [65], oHa (hakTHYeCKH MPUBOAUT K T-Tiopsiakam cBsizu (mo [lonmHry) n3 merona
BAJICHTHBIX CXEM. JTa BEPCHsl U OTOXKAECTBICT 0OPAaTHYIO TONOJIOTMYECKYIO MaTpully, T.e., G, B
(30), ¢ mopsiakaMu cBs3H. I IPOCTHIX CHCTEM 00a MOAXO0da MPUBOMAT K OJM3KUM pe3yiibTaTaM, HO
BO3MOJKHBI U 3HAYUTEIbHBIE OTIMYHUS MEXKIY HUMH (CM., HarlpuMep, [66,67] u ccpuiku TaM). Hakoner,
OTMETHUM, YTO, KaK MMOKA3bIBAIOT HAIIM NPEABAPUTEILHBIC OLICHKH, IS PSAAa NPOTSHKEHHBIX OCH30U/I-
HBIX CHCTEM, TAaKMX Kak rpad)eHOBBIC MOJEKYIbI, 3IeMEHThl (G,), I JaIbHUX KOHTAKTOB MOXKHO

rpy0o0 OLIEHMBATh MO MOPAIKaM CBA3H P, O0OBIYHOro (KOYJICOHOBCKOTO) Thma. Ecinu m3BecTHa mpu-

v

MepHasi OLCHKa (yHIaMEHTAILHOMU (3apsAI0BOMN) SHEPIETUYECKOH IENH A, TO
appr
Gﬂv =2P, /A, (33)
Hanomuum, uto 1o onpenenenuto A =7 — A, rae I u A paBHBI, COOTBETCTBEHHO, NOTEHIHAIY HOHH-

3alliU U CPOJICTBY K 3JIEKTPOHY M3ydaeMoil Mosekyibl. OteHku 1o (33) mpu Bcel MX BO3MOXKHOU Tpy-
0oCTH Ccpa3sy NMpeCKa3bIBalOT MPaBAonoo0Hoe nagenue (G, ),, IO Mepe y/laJleHHOCTH aTOMOB B Mape

(u,v), TOCKOTIbKY JJa’kKe Ha XIOKKEIEBCKOM YPOBHE PacueToB (u,V)-TIOPSAKH CBA3EH OBICTPO yOBIBAIOT C
TB
PACCTOSTHUEM MEKJy aTOMaMM i U V. B TO ke BpeMs IpsAMbIE PacyeThl JJIEMEHTOB G, 10 (Gopmyie

(30) cumkoM YacTo MPUBOAAT K (PH3UUECKH HEKOPPEKTHOMY BO3PACTAHHIO MTPOBOANMOCTH C yBEIH-
YEHUEM PACCTOSIHUS MEXTy KOHTAKTaMU WK e C POCTOM JJIMHEI COMPSHKEHHOM MoeKynsl [12]. D10
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A.B. JIy3aHoB

BO3paCTaHHE TPOBOJAMMOCTH HE B JaJaX M C XOpOIIO H3BECTHOH MOTTOBCKOW JIOKamu3aruein
T-2JIEKTPOHOB B TT-CUCTEMax OONBIIMX pa3MepoB. [103TOMy 4yTh HIKE KpPaTKO 0OCyKIaroTcsi Oonee
TOYHBIC MOJICIIH TT-3JICKTPOHHBIX (hyHKIWi ['prHa.

B 3axiroueHue nojpasnena oIMETUM, uTo it G = G(E) obuero Buga ( E # () yxe HET MecTa Ko-

connaroHabHON cTpykType (32) (cM. (28)), HO 3aTO MOSBIAIOTCS 3aKOHBI YETHOCTH TSI OTIACTBHBIX
6nokoB GF. 3anmmem st GF o0miyto 01ouHyro CTpyKTypy BUAa
G(E) = G.(E) G.(E) ‘ (34)
G.(E) G _(E)

Torma B AY mmaronpHanbHE ONOKM — HEYeTHbIE (DYHKIIMHM, a HEeIUaroJbHaJIbHBIE OJOKA — YETHHIC
(dhynakun sHeprun. Hanpumep,

Gu(E)=-Gu.(-E), G.(E)=G.(-E). (35)
OueBunHo, uto U3 (35) BEITeKaeT u mpaBuio 3anpera (32). CootHomenus (35) B SBHOM BHUJE, I1O-
BUINMOMY, He 3amuchiBaNCh. OHU TMPOSIBIAIOTCA HE TONBKO B TB, HO 1 B MpUOIMKEHHBIX MOAETISIX
AY, npencrasnsgemsix 1 GF B cnenyromem noapasaene. OnHako 10Ka3aTeIbCTBO UX CIPABETHBO-
ctu B cinyyae FCI - 3a npenenamu qanHoi paOboTHL.

Jpyroit HHTEpEeCHBII MOMEHT — 3TO TaK Ha3bIBaeMbIE CIIMHOBBIE TOKH B PAJHKalle WIIH B BBICOKO-
CIIMHOBOM BO30YKIICHHOM COCTOSIHUM CHHIJIETHON MOJIEKYJIbI (0€3 MarHHUTHOTO 3JIEKTPOJa WU CIIU-
HOBOH nHXekuun). [lonoOHbIe 3a1a41 MOJIEKYJISIPHOM CTUHTPOHHUKH €Ille He BHIIUIA HA YeTKO HMHTEp-
MpEeTUPOBaHHbIE SKcIIepuMeHThl. Ho Teopus pa3BuBaeTcs U B 3ToM HamnpasieHuu. Hampumep, B [63] B
pamkax n-FCI mpoBoamics ananu3 cnmHOBBIX KommoHeHT GF, XoTs siBHOTO mpaBmiia 3ampera st
CITHHOBOTO TOKa B [63] HeT. OMHAKO €ro HeTPYAHO MpeayragaTh U3 00MUX COOOpaKCHHM, €CIIH TIPO-
IoJKUTh napaiuiens Mexay GF u omHsnexkTpoHHOM MaTpuuel MmiIoTHOCTH. BemomuuMm, uto B [47]
MaxJlaxyian fokas3aj, 4To B HEUTpalbHBIX AY ciMHOBasg MaTpulia MJIOTHOCTH, B OTJIMYHE OT 3apsJio-
Boil (12), nMeeT GIOYHO-TUATOHATBHYIO CTPYKTYpYy. Takylo ke CTPYKTYpY CJEAyeT OXHAaThb U OT
cnuHoBoil GF. IloaToMy m-ciMHOBBIA TOK B AY NpPEeMMYIIECTBEHHO JTOJKEH TeUb Yepe3 KOHTAKTHI C
OJIMHAKOBO OKPAIICHHBIMH YTIIEPOJHBIMHA aTOMaMH (depe3 YETHOE YUCIIO CBS3EH ).

Bnusanue na GF xoppenayuu u oanvnooeiicmeus

OO0cynuM cHadaja caMyr TMPOCTYI MOJENb MO BKItoUeHHI0 m-Koppessnuii — metoq QCTB us.
pasnmena 4. HeTpymHO MOHATH, YTO KKIOMY M3 ABYX XIOKKEICTOMOOHBIX TaMHJIHTOHHAHOB B (23)
OTBEYAET CBOS pe30JibBeHTa. VX momycymMa naet monHyoo 6eccnmHoBY0 GF, Mist BEIYHCIEHUS KOTO-
POl MPUMEHUMO 3aIUCAaHHOE COOTHOIIEHUE (A7) WM K€ MAaTPUUHBIE COOTHOLIEHUS U3 MOCIEIHEro
noapasnena [Ipunoxenus A. IIpoBojas He3aMmbICTOBaTHIC BRIUUCICHHS ¢ OokaMu B (A7), HaxoauMm
[12], aTo

GX™ =FE(E*-6*-BB")", G¥™ =E(E*-6>-B'B)", (36)

GX™(E)=—(E*-5>-BB")'B. (37)

Orcronma BugHO, uTo B QCTB J-cuMmMeTpus ymoBiIeTBOpseTcs kak B Buae (32), Tak U popMme ypaBHe-

Huii (35), xornma E # 0. Kak mokaszsBator pacuets! [12,39], QCTB maet siBHO nyumryto, gem TB,

orieHKy (opmanpHO TodHOTrO 3HaueHUs GF, momywaemoro ¢ momompio ©-FCI — 3toro «3omororo

CTaHJapTa» m-3JeKTpoHHOH Teopuu. U Bce xe, QCTB nmomyac oka3piBaeTCs CIUIIKOM T'PYOBbIM, XOTsI
Yale BCero /Ui CUIbHOKOPPETUPOBAHHBIX TT-33/1a4 OCTAETCSA KaYECTBEHHO NMPUEMIIEMBIM.

He manoBaxxno, uto xonmdectBeHHOe cornacue ¢ FCI HeTpyaHO ynydmnTh, yIuThBas 3¢ (HeKThl
JAIbHOCHCTBHS (Yepe3 KyJTOHOBCKHE HHTEIPallbl ) U IPH STOM CYIIECTBEHHO HE BBIXOJI 3 paM-
ku QCTB. /lng atoro mpuMeHHM yka3aHHBIN B pasgene 4.1 mpexxuuil npuem [38] mcmoiap3oBaHUS
nepBoil urepanun MaTpunsl Poka ¢ xtokkeneBckuM craprom. Mexomns u3 (16) s £, meperopmu-
pyeM 3Ty MaTpHIly ¢ TOMOIIBIO 3PEKTUBHOTO PE30HAHCHOTO HHTETpaa

B =Bo= 712125
rae y,, -ABYXLEHTPOBBIA KYJIOHOBCKMH MHTErpail HJs COCEAHMX T-LEHTPOB (IOAPOOHEE O JaHHOM

MePEHOPMHUPOBKE TT-31eKTpOoHHBIX GF cMm. aprymerntammio B [12,39], ocHOBaHHYIO Ha COOOPaKEHUAX
u3 [53,68]). DTo MpUBOAUT K HOBOH YIPOILICHHOW BepCcHH, KOTopast Oblia HazBaHa MmetojoM EQC [69],
OTIpe/IeTICHHBIM B pazfiene 3 ypaBHeHusMH B (25). s GF peuent Beraucnennit B EQC cnerka uHOI.

Broaum Mo (UIMPOBaHHY O MATPHILY IBYCMEKHOCTH By (ananor B, B(25)) B hopme
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Bioc :(ﬂOB_}/*"OP*EO]/Z)/ﬂCff. (38)
C HOBOW MaTpuIle# BeraucisieM aHanoru 0J10koB B (36) u (37), Hanpumep,
G (E)=—[E* =6 —Byoc Bioe ) T Broc - (39)

[Ipu 3TOM mMapameTp CHHMHOBOTO pacIIeIUIeHHus o ocTaercs TeM ke, uto U B QCTB (Bo Bcex Hammx
pacuerax 3zech U paHee O =7/24). Kak BUAHO, BBIYMCIUTENbHBIE YCIOKHEHUS 1O CPAaBHEHUIO C
QCTB coBceM He BEJIMKH.

ITponmTIoCTpUpyeM BO3MOXXHOCTH HCCICAYeMbIX Mozeleil s ouenku siaementoB G, (GF mpu
sueprun @epmu). Bo3sMeM JBe 6-IIEHTPOBBIC T-CHCTEMBI - B TekcartpueHe C¢Hg m B OyTtanene CgHy
([2.2.0]ounmknorexcarpuene). s HUX B CTaHAAPTHOH TT-TapaMeTpu3anun ( Y O OHO) TIOITy9YEHBI
TaKUE PE3yJIbTaThI:

G,[C,H,]=1-0.334,-0.412,-0.646,-1.}, G,[C,H,]=1{0.634,0.645,0.762, 1.}, (40)
rae B KaXI0M Habope uncen G, (BCe BRIPaXEHBI B eaMHUNAx 1/4,. ) nanbl 3HaueHus B FCI u B mpu-

ommxennsx EQC, QCTB u TB, cootBerctBenHO. [lannpie (40) HEIBYCMBICICHHO TOBOPSAT B IOJB3Y
npubmmkenus EQC.
Haree npuBeneM pe3ylIbTaThl pacyeTa CIEKTPOB POBOANMOCTH, T.¢ BEIUYHH g, (E) TPU pasHbIX

3HAYCHUSIX SHEPrUM £ BIPBICHYTOrO AJIEKTPOHA. B BRIYMCICHUSIX OOBIYHO UCTIONB3YIOT 3P PEeKTHBHBIC
GF ¢ ydeToM ymmmpeHUs ypOBHEH MOIEKYINBI B Tepexoae (junction) 3JMeKTPOA-MOJIEKYIa-3JIeKTPO/I.
Yacto 3TOT y4er ocymiecTBiseTcsl (PeHOMEHOJIOTHIECKH B paMKax «IIMPOKOIIOIIOCHOTO» MPUOIIKE-
uus WBA (wide-band approximation) [58] - ¢ MOMOIIBIO MHHUMOW OJHOAJICKTPOHHOU J0OaBKH
il (‘ ,u><,u‘+‘v><v‘)/ 2. B OJIHOAJIEKTPOHHYIO YacTh FaMUJIbTOHHAHA MOJIEKYJbl. B Hammx pacuerax

HUCIIOJIB30BaNoCh 3Hadenue [, =0.1eV . I'paduxn g,, (E) Ui TeX e CUCTEM, 4TO U B (40), nanbl Ha
Puc. 2.

Hexartiene Butalene

=3

1
H
i
1]
1
1
i
i
]

]
]
I
1
’
i
]

-5 -3 -1 1 3 5 -5 =3 -1 1 3 5
Pucynok 2. n-CrieKTpbl JIEKTPOHHON TPaHCMHCCHHU g (E) M TekcaTpueHa u OyTaneHa (CaMbli

TATBHUH «IHaroHaIbHEI» KOHTakT) B MeTonax FCI (kpacHsrit niBet), EQC (cuamii Bet), QCTB (3¢-
nenblit nBet) u TB (uepHblil myHKTHP). Be3pa3zmepHas opauHaTa gaHa B TorapuMUUECKOM MacIlTa-
0¢; abcuicca E - B 9B. (11BETHON PUCYHOK B DJICKTPOHHOM BapUaHTE; OTKPBITHIA JOCTYI).

Kak u B (40) mnsa Gy, meton EQC cnenyer mocratouno touno teopuu FCI (pu ncmonp3oBaHHOM
rpaduecKoM pa3pelIeHUuN KpacHas W CHHsS KpPHUBBIE MecTaMH Aaxke ciuBaroTcs). Konewno, mms
Ooxpmmx 3amad pe3ynbTatel B EQC MOTyT yXyAmaThes, HO MO-TIPEKHEMY OMNEPeXarh MO KauecTBY
metox QCTB, a Tem 6onee TB. IloapoOHee BaXXHOCTh ydeTa T-3JIEKTPOHHON KOPPEISLUU Ha KOH-
KPETHBIX NPUMEpax (XMHOUIHBIE CTPYKTYPHI, rpad)eHbl, HEHEKYJIEBCKHE YIIEBOAOPOIBI U JIP.) 00CYK-
nmatorcs B [12,39,63,69]). BaxHo eme pa3 momdepKHYThb, YTO BCIEACTBHE OCOOOH TOMOJIOTHYECKOMH
CTPYKTYpHI AY, obecnieunBaroreit J-cummeTpuro, Beraucienus B QCTB cunbpHO ympomatores 6aro-
Japs eIMHOMY CIIMHOBOMY INapaMeTpy paclieruieHus A Kaxaoi u3 moaperrerok. [lpu mepexozae k
EQC kaprtuHa ymydmaeTcsi najee 3a CUeT OTKas3a OT XIOKKeJecKod mepBoocHOBbl MeToga QCTB u
BKJTIOUCHUS 3P (HEKTOB TATHHOICHCTBUS, BBOJUMBIX OIICHOYHBIM (okuaHOM (36). DTO M MPUBOIUT K
MPOCTOH U T0BOJIbHO A dexTrBHON Moaenu it GF u 111 cCOOTBETCTBYIOMIMX 3IEKTPONPOBOAHOCTEH
M30JIMPOBAHHOM CONpsKEHHON MOJIEKyJbl. B 3aBepiieHue 3aMeTHM, YTO TEHeph BCE Yallle 0CO3HAETCS
BaKHOCTH yUeTa dJIEKTPOHHOI KOppemsaluu B cOOCTBEHHO HeaMmmpuprdeckux moensx ast GF. Ctoib
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JKE€ 3aMETHBIM CTAHOBUTCS M OXJXKJCHHE K TICEBIO-HeOMMUpHYeckuM cxemam Mmetona DFT, He 6e3
OCHOBAaHHM KPUTHKyeMoro B KoHTekcTe SME (cM. Hanpumep, [70]).

0OCco6eHHOCTH CONpPsXKEHHbIX PaAUKa/IOB U NOIMPAANKAJIOB

DJIIeKTpOHHAS CTPYKTypa M CBOWCTBA PaIUKAIBHBIX U TOJUPAIUKAIBHBIX T-COCTOSHUN AY, Hauw-
Hasl C UX CIIMHOBOTO COCTOSIHMSA, B 3HAYHUTENEIBHOW Mepe YIPaBISIOTCS J-CUMMETPHEH, U 3TOT (GakT
m-Teopuu npumedateneH. OIHAKO OKa3alloch, YTO UCIOJIb30BaHHUE J-CHMMETPUU Ha OIHOAIIEKTPOH-
HOM ypoBHE (B ayxe cxembl TB) He maeT mpaBHIbHOTO ONMKCAHU, KOTOPOE HAAEsIICs MomydnTh JIoH-
re-XurruHc [71] B Ty HavanbHyI0 TIOpy pa3BUTHs Teopun Koyicona, korga o6 31eKTpOHHOM Koppe-
JSIIMW TIPAKTUYECKU He muia peds. [IpocTo mpeamonaraioch, 9To Kak U B aTOMaX, 0ObIYHOE MPaBUIIO
I'yana B ciayyae opOUTANBFHOTO BEIPOXKIAEHHS rpaHnIHUX MO TrapaHTHpPYeT BHICOKOCITHHOBOE OCHOB-
HO€ COCTOSIHHE MOJIEKYJIBl. XapaKTepHBIH NpUMeEp - T-CTPYKTypa HUKIOOyTaJueHa C KBaJIpaTHOM
koH(purypanueii, rae TB mpencka3piBaeT HempaBUIIbHOE (TPUILIETHOE) OCHOBHOE COCTOSIHHE, a HE
cHHTJIETHOE, Kakoe maeT n-FCI.

MmHoro net cmycts nmoaxon Jlonre-XurruHca ObIT MOABEPTHYT KPUTHIECKOMY TIEPECMOTPY HOUTH
OJTHOBPEMEHHO B JIBYX cTaThix — bopaena u /pBuncona [72] u OBunaanKOBa [73]. [locnenuuii mpu-
MeHII K AY 0Oojee oOmuii, X0Ts 10 CBOEMY YIPOIICHHBIH, MIOTO3JIEKTPOHHBIA TOIX0 ] (METO] Ba-
JIEHTHBIX CXeM B (hopmanm3Me CUH-TaMHILTOHHAHA) U OpUTHHAIBHBIE padoThl JImba m MartTrca 1Mo
MarHeTU3My JBYIOJIBHBIX pemeTok [74]. BaxHo, uyTo B craThe [73] A XUMHUKOB OBIJIO MPEIIOKEHO
YETKOE H, TI0-BUAUMOMY, HaJIEKHOE NPABUIIO CIIMHA S, OCHOBHOTO COCTOSHUA B AY:

S,=(m.—n))/2, (41)
Ie n, - YUCIO OKPALICHHBIX M-IIEHTPOB, 71, - HEOKPAIICHHBIX, U n, > n, . Brnocaenctsun JInb 0606-

T B [75] pesynbrar u3 [74] Ha cirydail cTpOrodl MHOTORJICKTPOHHOH Mozjenmn Xabbapna (TodHOE
_ .0
pemenue FCI mst yripomeHus Y =7c 5#‘/) U TEM TI0 CYTH OKOHYATEIIHFHO 000OCHOBAMT U JIJISl T-TCOPHUH

npaBwio criuHa (41). JlaHHOE IpaBUIIO Teneph Ha3bIBAIOT npaBuiioM JInba-OBUMHHKUKOBA, XOTS C yue-
TOM aBTOPOB B [74] mydnre Ha3pIBaTh €ro npaBmwioM JInba-Martruca-OBUnHHUKOBA (CM. Takxke [76]).
JlokazaTensCTBO NpaBUiia YUYUTHIBAET J-CHMMETPHUIO B (hOpMe HHBAPUAHTHOCTH (C TOYHOCTBIO JI0 KOH-
CTaHTBl) MHOTO3JIEKTPOHOTO TaMUJIBTOHHAHA NPU CIEUU(PHUECKOM YaCTHYHO-ABIPOYHOM Mpeodpaszo-
BaHMU, JaHHOM B [75] Ha cTp. 1203.

INomyepkueM, uyto mpasuiio JInba-MatTruca-OBUMHHUKOBA BIIOJHE HA/IEKHO JEHCTBYET U Ha MpPaK-
TUKe. BBINOTHEHHBIE O CHX TOP BBICOKOTOYHBIE TT-pacyeThl JIMIIb NoATBepxkAaoT ero. DFT noBoss-
HO 4YacTO HapylIaeT AaHHOE MPaBUIIO, HO 3TO CKOpee roBOpUT He B monb3y Metoma DFT, xoropsrit
HEOJHOKPAaTHO KPUTHKOBAJICA U 3a IUIOXOE OIMCAHUE SHEPreTUUECKON 1IN,

YkaxkeMm, HallpuMep, Ha HelaBHUE T-BBIYUCIEHUS [77] A MalbIX KBAaHTOBBIX M. OHM TMOKa3aiy,
4TO B 3Ur3aroo0pasHoii rpadenoBoii sme Ci30Hsy, T.€. B (9,6)-niepuarnieHe, momydaeTcst pa3yMHO Maasi,
HO BCE-TaKd IIOJIOXKHTENbHAS BEJIMYMHA SHEPrUM CHHIVICT-TPUIUIETHOTO  7777*— BO30OYXKIOCHUS
A.,. =0.055B. B pacuerax [77] ucnons3opanachk cxema tuna CAS B 6asuce nekux DODS kak npu-

S
ONKEHHBIX HATYpaJbHBIX T-opOuTanedl. Ho st Toi ke rpad)eHOBOM SIMBI CTAaHIAPTHBIA METO/ KOH-
¢urypanmonnoro B3aumoneiictsusi CIS Ha orpannueHHbIXx MO ¢ XapTpu-(OKOBCKUM CHHIJIETHBIM
OCHOBHBIM COCTOSIHUEM [a€T COBEPUIEHHO HEAJCKBATHOE OTpPHMLATENLHOE 3HaYeHue A =-2.09B.

S—>
J1s psima oTMTOMEPOB M KOHEYHBIX HAHOKJIACTEPOB MOJHMPAANKATBHOTO THIIA, U3YICHHBIX B [78,79],
BCE HIDKAHNTIIHE T-BO30YKIESHHUS COTIACYIOTCS C paBuiioM (41).

Bonee TpyaHbI# cnyyait peACTaBISIFOT 3UT3aroBble HAHOTPYOKH, SISt KOTOPBIX OMyOJIMKOBAHHBIC B
ocHoBHOM DFT-nanusie ([80-82] u nmp.) wame He cienyror npaBuiny (41). Tem He MeHee pacdeTs
CAS-Tumna Ha HaCTOSIEM HEIMIUPUYECKOM YPOBHE IMOJACPKUBAIOT CHHIJIETHYIO HWHTEPIPETAIHIO
ocHoBHOro coctostHus KopoTkux CNT [83]. JomonHuTeNnbHbIE UCCIEIOBAHUS MarHETU3Ma HaHOTPY-
00K MOTJIH OBI MPOSCHUTHh MPUYNHBI IPOTUBOPEYHIA M COMYyTCTBYIOMINX 3(pPEeKTOB, B TOM YUCIE TPH-
POy SJCKTPOHHOH JIOKanm3aruu Ha Kpasx TpyOkm (edge localization ). Jlokamm3arust Takoro poja
00CyXIaeTcs B JINTEPATYPE C Pa3HBIX MO3UIMKA (TAMMOBCKHE COCTOSHUSA [83], 3 PeKTh TOMONIOTHH U
np). Ho B KBAHTOBOXUMHYECKUX TEPMUHAX ATa JIOKATU3AIM CKOpee BCEro CBs3aHa ¢ 00Iel mpooiie-
MO omrcaHus (B TOM YHCJIE U KOJIWIECTBEHHOTO0) 3G (HEKTOB CIIMHOBOTO PAaCIIapUBaHUS, a TTOCIEIHES
BO3MOXKHO Ja)X€ B TUAMarHUTHBIX MOJIeKyJaX. B HeamnupudeckoM moaxoze [83] ans 3ursar-tpyOoku
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Kak pa3 u ObUIO HAalZICHO CHHTJIETHOE COCTOSIHUE C OTKPBITOM 00onoukoit («open-shell singlety). Hu-
K€ MBI KOCHEMCSI 3TON TE€MBI; JIeTajl MO>KHO HaWTH B 0030pe [24], MOCBSIIEHHOM TEOPHH TaK Ha3bl-
BaeMbIX 3QPEKTUBHO pacnapeHHbIX 3JeKTpoHoB (effectively unpaired electrons, coxpamenHo EUE).
CHayana paccCMOTpPHM OECCITMHOBYIO MATPHILY 3apsiiOB W MOPSAKOB CBs3H P it AY B OCHOBHOM
COCTOSIHMH, KOTOPOE, Ha BpPEeMs CUHTAaeM CHHIJIETHBIM. Kak y)ke TOBOPMIOCH, B OZHOAIIEKTPOHHOM
npubikeHnH P - yABOSHHBIN TIPOEKTOp Ha 3amonHeHHbie MO, u ciiegoBaTeiabHO, P yIOBIETBOPSET
TOKJECTBY «yOIOTEHTHOCTH:
2P—P*=0. (42)
OTKJIOHEHHE OT ATOTO YCIIOBUS 03HAYaeT MHOTOKOH(UTYPAIlMOHHBIA XapaKTep BOJHOBOW (DyHKIWH,
JOITyCKAIOMIMKA pacnapeHHOCTh CITIMHOB, KaK 3TO MPOUCXOAWT, HApPUMEp, Nake B HIDKAWIINX CHHT-
JIETHBIX BO30YykIeHUsx. OUeBUIHO, YTO CJEH JEBOUM JacTu (42) maeT KOJUYECTBEHHYIO MEPY MHOTO-
KOH(UTYypaMOHHOCTH, ¥ OHa BHoiHEe xapaktepusyeT EUE. Takas mepa (mepBast B psigy Mep Homo0-
HOTO pojia) OblIa MpeIokeHa B padore Smaryun u cotp. [84], a B HECKOJIBKO JIyUIIEeM BapHUaHTE -
Xaa-T'opmorom B [85]. B mHammx paborax MpUMEHSIICS YaCTUYHO-ABIPOUYHBIH aHanmmu3 [23,24,86,87],
JArOIINi OTU3KKE Pe3yIbTATHI.
Paccmotpum B moaxone [23] ocobennoctn EUE-3amaun mnsg AY. Jlns mocneaHUX B COTIIACHH C
teopemoit MakJlaxana [47] marpuria P umeet 6iouHoe ctpoerue (9), Ho, BooOIIe roBopsi, 63 ycio-
Bus yHuTapHocTH (97). Criektp {4} MaTpHubl P (HaTypalbHbIC YHCIIA 3AMOTHCHHS B TCPMUHOJIOTUN

.HeB)II/IHa) BBIYUCIACTCA 3JIEMCHTAPHO - JJIS1 MAaTPUIL] TAKOI'0 TUIIA OH JaBHO M3BECTCH. CHCKTp CBOOUT-
CA K CUHI'YJIAPHBIM YHUCJIaM HEIWAaroHaJbHOI'O OJI0Ka P.,T.e. K KBaJApaTHBIM KOPHAM U3 COOCTBEHHBIX

4UCeN, u ; , MATPUIIBI P*D(P*O)T. Bonee Touno, Habop BeaMUMH {/1; =1+, ) OTBEYAECT 3aCEJICH-

}Iijén
HOCTSAM TIEPBBIX # HATYypalbHUX opbOutanei (BMecto nByKpatHoro B TB 3amomnenus MO), a Habop
{4 =1- 1} ;., - BACCNCHHOCTAM «BAKAHTHBIX» HATYpPAIbHHX opOuraneif; N = 2n - 4ucio

T-3JIEKTPOHOB.
B cormacuu ¢ [24,87] {1} ={4;,4;} ompenensier 4aCTUIHO-ABIPOYHYIO MAaTPHILy IUIOTHOCTH CJie-

nyrormM obpasom. O603HaunM ee yepes DU (wm D", kak B [24], ypaBuenue (6.41)). B uckomyro
MaTpHILy € BECOM 2— A, =2~ 1, BKIIIOYAIOTCS «3AMOJHCHHBIC) HATypallbHbIC opOuTant (2- 4, - o1-
KJIOHEHHE OT JBYKPaTHOTO 3allOJTHEHNUS), & «BUPTyalbHBIE» HATypalbHble OPOUTAIN BXOIAT C X COO-
CTBEHHBIM BecoM /. B urore obee, cipasenusoe u B n-FCI, BbpaxeHue Ui D" B TepMuHax 7

TaKOBO:
b= Z(l_\/;f)(‘ Qf><¢j‘+‘¢j'><¢j")' (43)

3necs ‘(oj> - HaTypaibHas OpOUTAIb, OTBEYAOIIAS YHCITY 3aIlOJTHEHUS 1+ ./ u; A ‘gpj.,> - aHaJIOTHMYHAs
(mapHas eit) HaTypanbHasE OpOUTANb IS YKCTIa 3alOTHEHUS | — | U (c TeM ke 3HauCHUEM U, ). Tem

CaMBIM B CHIy J-CHMMETPUH CIEKTp MaTpuibl D' OKa3bIBaeTCs JBAXKIBI BBHIPOKICHHBIM, a CaMH
HaTypaibHbele opOutanu B caydae QCTB He ornmuarores oT xrokkeneBckux MO. B3sB cnen ot (43),
HoJTydaeM

TrDY = NV (44)
- BakHYI0 Xapakrepuctuky teopun EUE, a nmenno, uucno 3¢ekTuBHO pacnapeHHbIX 3JIEKTPOHOB B
3a1aHHOM 3J‘ICKTpOHHOM COCTOSITHUN MOJ‘IeKyJ'ILI. B SABHOM BHUC

NY=2%"(1-u,)- (45)

1<j<n
Bripaxkenune (45) CTaHOBHUTCS BIIOJIHE MPO3PAYHBIM M 0€3 YMCIEHHBIX AEMOHCTPALMH, €CIU MPH-
JOXKUATh €ro K JJIeMeHTapHOH m-koppemsmuonnoit mozenmn QCTB. Jlms mee B cmry (24)
P.=B(6*1+B"B)™"?, TaKk 4TO CHHIYJSIPHbBIE YKCIIA ONPEIENAIOTCS XIOKKEIEBCKHMM YHEPreTHIECKIUM

T 1/2
CIIEKTPOM {gj}lstH (HeoTpUIIATENNFHBIMA ~ COOCTBEHHBIMH  YHCIIAMHU (B'B)’"), Torna

JH; =¢,1,/8* + &}, u B pamkax QCTB Haxomnm
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NU=N—228]./1/§2+&‘]2. . (16)

1<j<n
OtnenbHBIE citydau (46) HarIsAHO ONMHUCHIBAIOT YACTUYHOE MJIH K€ TIOJTHOe pacnapuBanue. [1ycTs B
4eTHOM AY ¢ n, =n, = n Xiokkeneckas rpanudnas MO (HOMO) — necpsasbiBarommas, T.€. ¢, =0 (ce-

JOBAaTENbHO, U ¢, =0), a HapaMeTp J HEHyJIEBOH, HO NOCTaTOYHO Manbli. Torma, N Y~2, uro co-

TJIacyeTcs ¢ HaXOXKICHUEM ABYX pachapeHHBIX 3j1ekTpoHoB Ha HOMO n LUMO (ue 3a0biBacM TIpo
(43)). Ecnu umciio HecBA3BIBAIOIMX 3an0dHeHHBIX MO paBHo 7, To NV = 2r. 3amMeTuM, 4TO 111 5TOrO
JKe TIpuMepa B «XIoKKkeneBckoM» mpenene metoga QCTB (6 — 0) momydnM menoe 9nucio pacnapeH-
HbIX 371ekTpoHoB N =27 Kak BHAHO, (46) ONUCHIBAET U MOJNUPATUKAILHBIE COCTOSHHS CUHTIIETHOTO
THIIA, €CIIM, KOHEYHO, n,=n,=n W padotaer mpaBuno (41). TlomoOHBIE COCTOSHUA peannu3yrOTCS

CHHIJICTHBIMH HEKEKYJIEBCKUMH YIJICBOJAOPOAAMH, aCCOUMMPOBAHHBIMU C TaK Ha3bIBAEMBIMU CHHTY-
nsipabIME Tpadamu (koraa det |72 |= 0 ). Buepssie otu rpadsr BBen Komnari [88], u oHu cranm vac-

THIMH O0BEKTAMH M3yUYeHHS B COBpPEeMEHHOI Teopuu rpados [89]. OmqHako 0cOOEHHOCTH J-CHMMETPUHT
JUISL CHHTYJIIpHBIX AY ( B wactHOCTH, B KOHTeKcTe GF, manHoM B [12]) — Bce 3TO cTOUT 00CYKIaTh HE
CTOJIb OErJI0, KaK 3TO TOJBKO M MOXKET IMO3BOJIMTh HACTOAIIMN U 0€3 TOTO pa3pacTaroniuiics 0030p.

3arpoHeM eie Ipyryro He MeHee BaxHy0 st MetogoB QCTB u EQC npobiemy BriOOpa 3HAUE-
HUSI IOATOHOYHOT'O IapaMeTpa J, KOTOPBIH B HAIIMX pacyeTax BCErAa MPUHUMAJICS OJHUM M TEM JKe.
OpHaKo 3TO - He Jy4Ylllee pelleHHe, eClI yUecTh CYIIeCTBYIOIIee pa3HO00pa3ue CTPYKTyp U UX TOTIO-
JIOTHH, BIMSIOIIEH Ha TUN T-CUCTEMBL. [locnmenHsisi MOXKET OTHOCHUTBCS K CIaOOKOPPETHPOBAHHOMY
tuny (Hanpumep, CNT mo tumy xpecio), win kK cuibHOKoppenupoBaHnHOMYy (CNT mo Tummy 3ursar),
WIN K€ K IPOMEKYTOUHOMY MEXIy HUMH. Y HUBEPCAJIbHOM MpoLeayphl Ul HaAJIeKalero Bpioopa o,
MO-BUIMMOMY, HET, HO B JaJbHEUIIEM CIIEAYET pa3BUTh XOTS Obl OrpaHUYEHHO PabOoTaIOIINe HECITOXK-
HbIE MOAXOABI K PEIICHUIO 3TOU 3a1aul, akTyansHoi st QCTB u EQC.

B 3aBepmienue pazgena 6ermo ommimeM pacnpeneiacHiue EUE mo atomaM conpsskeHHON MOJICKYITBI.
O6o03Ha4YNM ero yepes {DﬂU}, OTOXKJECTBIISIA 31€Ch DﬂU C U-BIM MarOHAJIBHBIM 3JIEMEHTOM MaTpUIbI

(43). Heckonbko unoe onpenenenne N u DY nano B [85], ux pasmuuus obcysxknaiorcsa B [24,90].
Juis AY BBIYHCIIEHUS COBCEM MPOCTHI M OCHOBBIBAIOTCS HA XIOKKEIEBCKOM CIIEKTPE M COOTBETCTBYIO-
mux ko3 Punmentax JIKAO C [24,67]:

U 2 2 2 2
D} =23 (1=¢/\6" +&]) [e, |- (43°)
1<j<n
EctecTBenHO, cCymMmMma Bcex Df nepexoauT B (46). lns obmero ciyyas aHamus DY B TepMHHAX Teo-

pembl mapHocTH (T. €. J-cummerpun) AaH B [Ipunoxenunn C k cratbe [90]. M3 Hero BHITEKaeT, YToO

BeneacTBHe obmeit popmynsl (9), cnpasennupoit u mis n-FCI, marpunia DY nns AY okaseiBaetcs
0JIOYHO-TMArOHATILHOM, a 00Jiee TOYHO, MPEICTABUMA SIBHOH (OopMyIIon

pY_ [18 BJ

tne D, =I—[I-P.(P.)']"> u D_=I-[I-(P.)"P.]"*. Orcroma sBctBYeT, ut0 D" HMeeT Ty ke
OJIOUHYIO CTPYKTYpy, YTO M MaTpHvlla CIIMHOBOH IIJIOTHOCTH B YMOMSHYTOH paHee Teopeme Maxk-
Jlaxnana [47]). DTOT akT u aaBan ocHoBanus B [12] npunats DU B kauecTBe aHanora (HO GopMab-
HOTO!) OHORJIEKTPOHHOW MATPHUIBl CIMHOBOH MJIOTHOCTH JUJISl CHHTJIETHOTO COCTOSIHUA. B TakoM xe
YCIIOBHOM CMBICJIE MOKHO TOBOPHUTH 3/1€Ch 00 aHTU(eppoMarHeTu3Me 1 1axe JaBaTh aHTH(eppoMar-
HUTHBIN 00pa3 CHHIJIETHOW MOJIEKYIIbI, Kak 3TO caenano B [24] Ha Puc. 6.3. [lomyTHO oTMeTHM enBa
JU HE KOJIMYECTBEHHYI0 Oym30cTh XapakTepuctuk EUE B cpaBHUTEIRHBIX pacdeTax ab initio m QCTB,
Kakue ObUIH mpoBeaeHs! it AY B [24,90].

B kauecTBe KOHKPETHOTO MpHMEpa CIOXKHBIX 337a4 BO3bMEM YK€ paccMaTpUBaBIINeECS B paseie
3 yraeponasie HAHOTPYOKkH. M3 prc. 3 MBI BHIWUM, 9TO B ClTydae 3ur3ar-tpyoxu (5,0) Ha OCTPHIX KOH-
1ax (OCTpHSIX) TPaHULIBI COCPEOTOUEHA JIbBUHAS JOJISI pacapeHHBIX 3JEKTPOHOB - Ha KaXKJ0€ OCTpHE
npuxoautcst okono 0.265 snekTpoHa, TOTAa Kak B CPeOJHEM Ha aTOM HAHOTPYOKHM MPHUXOIHUTCS
EyU =0.068. s (5,5)-tpyOku Tuma Kpecno ¢ teM xe ooumm unciioMm atomoB (100) saddexrtsr pacma-

puBaHUsA SBHO ciabee: EﬂU =0.043, u ycunenHas nokanuzauus EUE Ha rpaHMuYHBIX aTromMax OTCYTCT-
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ByeT. Panee monoOHbIe 0COOEHHOCTH HAHOTPYOOK MHTEPIPETHPOBAIM B TEPMUHAX CIMHOBBIX ILIOT-
HocTed. B Takmx ciywasx, xak (5,0)TpyOka, OCHOBHOMY COCTOSHMIO NPHIHMCHIBAIM CHOHH S, =2

(KBUHTET) - M3-3a ABaKbl BEIPOXkKIEHHON noutu HecBsazanHod HOMO (8 TB ¢, =0.005). Cosepmien-

HO MOHATHO, YTO 3TO OTHECEHUE pacxoauTcs ¢ npaBuiioM Jlnba-Martuca-OBunHHHKOBA. OYEeBHIHO U
TO, YTO HUKAKUX COOCTBEHHO CITMHOBBIX IJIOTHOCTEH B CHHIJIETHBIX HAaHOTPYOKax HeT (Teopema Mak-
Bunu o cnimHOBBIX MIOTHOCTAX). HO MX yciOBHBIN aHajior B BHUAE paclpeneieHHs {D;} BMECTE C

ungexkcom N' roBopuT 0 TpyOke THIa Kpecio Kak o Ooyiee ycTONUMBOM (ieBast manens Puc. 3). Pa-
3ymeercs, 1 poctas Teopusi MO npecka3biBaeT CHHIJIETHOE COCTOSIHUE B TpyOKe THIa Kpecio Kak B
c1a00KOppENUPOBaHHOM T-cucTeme. Jl00aBUM elie HeMYIpPEHYI0 XUMUYECKYI0 MHTEPIPETALHIO TeX
xe ¢pakToB - CNT Tuma Kpecio eCTeCTBEHHO pacCMaTpUBATh KaK CTPYKTYPY, CIIUTYIO U3 MONU(EHH-
noB, Torna kak CNT Tuma 3ursar cuimBaeTcsd U3 CYIIECTBEHHO MEHEE YCTOMUYMBBIX JIMHHBIX JIMHEH-
HBIX NTOJHaneHoB. HeycTounBoCTh 3Ur3ar-rpy0oK yIpOoLeHHO OOBSICHACTCS U CPAaBHUTEIbHBIM aHAJIH-
30M gmucia cTpykTyp Kekyne B HaHOTpyOKax (cwm., Hampumep, [33]).

(5,0)

(NV=6.83) (NY=4.29)
Pucynok 3. Pacripenenenne 3(h(peKTHBHO pacmapeHHBIX JJICKTPOHOB B OCHOBHOM CHHIJIETHOM CO-
crostanr CNT (5,0) u CNT (5,5).

XupanbHoCTb U 0606LeHHas CUMMEeTPUA NapHOCTH

XupanbHOCTh (IUCCUMMETpUs) — oHA U3 (QyHIAMEHTAIIbHBIX TPOOJIEM €CTECTBO3HAHUS — COXpa-
HSIET CBOIO MPUTATATENBHOCTD IUIA HccnenoBatenei [91], HaunHas ¢ ee oTkpbiTus [lacrepom Gonee
170 nmet Ha3an. B HamreM KOHTEKCTE BaKHO, YTO JUCCUMMETPHS MOJICKYJI TaAKXKE MOXKET OBITh MHTEP-
MPETUPOBaHA B TEPMHUHAX J-CHMMETPHH, XOTS, IO-BUAUMOMY, 3Ta BOBMOXKHOCTh paHee HE 0CO3HAaBa-
Jack, Mo KpaliHell Mepe, B TEOPETHUECKOH XUMHU (3[ech MBI HE KacaeMcsl MPoOIeMbl XUPaTbHOCTH B
pEeNATUBUCTCKOM Teopun). B wacTHOCTH, B pabore [92] M0 KOMMYECTBEHHBIM MepaM MOIEKYJISIPHOU
CIIO)KHOCTH BBOJIWJICSI «OTEPATOP XUPATBHOCTHY, K, JUISI KOTOPOTO 3aMUCHIBAIOCH CUMMETPUHHOE
cooTHouienue (ypaBuenue (44) B [92]), sxkeuBasientHoe (1) B HacTosiiel padote. B [92] obparianoch
BHUMaHUE Ha CUMMETPHYHBIA CIIEKTP MATPHUIBl K [UISI aXHPAITBHBIX CHCTEM, HO 0e3 ySICHEHUs aBTO-
paMu HECTaHAAPTHOU J-CUMMETPHUH, NPUCYILEH TaKUM chucTeMaM. J{aHHBIN pa3jien UMeeT LEeIbi0 BOC-
MOJIHUTE 3TO YMYIICHHE W PACHIMPHUTH CTPYKTYPHO-XUMHYECKYIO TEOPHIO IMOCTPOCHHEM OIleparopa
MOJIEKYJISIPHOH XUPaTbHOCTH HOBOTO TUIIA.

[Ipexae yeM IpUCTYIIUTH K TpodIeMe, KPaTKO PacCMOTPUM OCOOEHHOCTH, opMallbHbIe U (U3H-
KO-XUMHYECKHE, B KOJIMYECTBCHHBIX MOJIX0/IaX K XUPAIBHOCTH (AHCCUMMETpuH). [lepBble reoMeTpH-
YecKue ocTpoeHus Aanbl ObutH eme ['yu (moxpobHee cm. B [ 93]). B 0030pax [91,94,95] u cnpaBou-
HUKe [96] maHO MHOXECTBO IPYTHX CIHOCOOOB MEPOOIpeNeiIeHus XUPaabHOCTH. Bece mono0HbIe HH-
JIEKCHI MOKHO pa30OMTh Ha JBE TPYIIBI - HEOTPUIATEFHBIE MEPHI U MICEBJOCKAISIPHBIE MEPHI. 371ECh
CTOUT yNOMSHYTh Ba)KHYIO UM HETpUBHANbHYIO paboTy Mucnoy u BaitaOepra [97], cTporo moxa3zas-
[INX, YTO B TICEBJOCKAIISIPHOM IIOAXOJIe HEN30€KHO IOSBICHUE «XHPAIBHBIX HyJel» (3aHylleHHe
MICEBIOCKANAPa) XOTS OBl B HEKOTOPHIX KOH(UTYPAIIMOHHBIX TOYKaX XHPAITBHON MOIeKymbl. JlercTBu-
TEJBHO, TaKUE CIIy4au (PUKCHUPOBAIMCH U paHblie, Hampumep, B [92]. OnHako B [97] He oOpaiieHo
ObUIO BHUMaHHE HA TO, YTO HEOTPULATEIBHO OMpEeICHHbIE MEPhl XUPaJIbHOCTH, CTPOTO TOBOPS, HE
MOTYT CIIYXHTb sl (PU3UKO-XUMHUECKON XapakTepuzanuu BemiecTB. [locmemnsist xe mpeamnoiaraet
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UCIIOIb30BaHNE JIMIIb Pa3MEPHO-COTJIACOBAHHBIX BEIMYHMH - YKCTEHCHUBHBIX HJIHM K€ MHTCHCHBHBIX.
Mexay TeM HeoTpHIATeNbHbIE MEPBl XMPAILHOCTH HE YAOBIECTBOPSIIOT TPEOOBAHUIO aJITATHBHOCTH B
ero obmier opme, uTo ObLIO TokazaHo B [98]. Tem He MeHee M3 NanbHEWIIEro OyIeT BHIHO, KaK C
HOMOIIBIO J-CHMMETPHU MOYKHO YCOBEPILCHCTBOBATH MEPOOIPEICICHHE XUPATbHOCTH U MOCTPOUTH
KBa3UaIUTHBHYIO MEpy IHCCUMMETPHUH.

Jamum cHavana TEOpHUIO MCEBAOCKAISPHOTO U3MEPEHHUSI XHUPALHOCTH Ha OCHOBE OIeparopa K W3
pabort [92,98,99]. [1o 3amaHHOMY OAHO3JEKTPOHHOMY FaMHJILTOHHAHY /1, HAIPUMED, B MOAU(DHUKAINN
TB 1 mpoCTpaHCTBEHHBIX (HECONPSKEHHBIX) MOJICKYI [98], BEIUMCIsIEM MaTPUIIBI KHHEMAaTHYECKUX

OIIEPAaTOPOB - UMIyNIbCa p = (p,,p,, p.), CHIbI f = p (YCKOpeHHMs) U BTOPOro ycKopeHus a = p . Kon-

KpETHEEC, NACKAPTOBBI KOMIIOHCHTBI MAaTPUIIbI P HAXOAATCA KOMMyTaL[I/Ieﬁ hc AnaroHaJIbHbBIMU MaTpu-

aMH JeKapTOBBIX KOOPIUHAT aTOMOB, a MOCIEAYIOINE OHOKpPAaTHAS U ABYKpaTHasi KOMMYTAIUHU /i C
p nopoxxaatot Marpuisl f u a. Jlanee hopmMupyercst MaTpuIa CMEIIAHHOTO (TPOHHOTO CKAISPHOTO)
npousBesieHus p, f U a, U NONyUYCHHBIN pe3yabTaT SPMUTU3UPYETCs. TakuM cnocoOOM MPUXOJUM K
NICEBIOCKAISIPHON MaTpHUlle K , MepBOHAYAIbHO NpeasioxkeHHoi B [99]. B3sB marpuusblii cien &,
HAXOJUM UHBapUaHT

" =Trk 47
KaK MHJEKC XUPAIbHOCTU B PAMKaX MOJIEKYJIIpHOW KBaHTOBOH kuHeMmatuku [92]. TepMuH KkuHeMartu-
Ka 3]IeCh CBS3aH C TE€M, YTO OINEPaTOp XHPAIBHOCTH IMOCTPOCH 10 00pasmy umciautens u3 nuddepen-
IIUAJIEHO-T€OMETPHUYECKOTO ONPEAETICHHS KPyUEHHUS POCTPAaHCTBEHHON TPAEKTOPHUU.

HocronnctBa u u3bsHBL (47) obOcyxmamuck B 4actHoctH B [98-102]. byayum ammutuBHO-
cemnapabenbHBIM, TICEBIOCKANIAP K BIIOJHE OTBEYACT (PHU3HKO-XUMHICCKOMY TPEOOBAHHIO OBITH DKC-
TEHCHUBHON XMPAJIbHOM XapaKTEPUCTUKOU. TakoBOM peanbHBIX 3KCIEPUMEHTAX SIBISETCS ONTHYECKOE
BpalICHUE WJIM K€ CHHpaTbHOE 3aKpydMBaHHE HEMaTHUECKOH (a3bl 3a cueT XupaibHOl mpumecu. U
BCE K€ YIIOMUHABIIASCS JANeKo He (popmaabHas BO3MOXKHOCTH ITOTAIaHMUs B XUPAJIHHBIN HYJb JIHIIA-
€T y* yHHUBEpCalbHOI'O XapaKTepa, B HEMasoll cTelneHu 00eclieHuBas U 3TOT IICEBIOCKAILIP.

Ha HOBOe uwacTHyHOE pelleHre 3a1a4d (a Ipyroro, BUAUMO, HE CYIIECTBYET) B HallleM MOJIXOe
HABOAMT yKa3aHHasl BbILIE crienu(uuecKas J-cUMMETpHsl, HeSBHO 3adukcupoBanHas B [92] mpu Teo-
PETHKO-TPYIIIIOBOM aHajmn3e CBOMCTB Mephl (47). B 3Toil 3amade mokazaTenbHBIMH SIBISIOTCS cam
CIIEKTp K W mpeOpa3zoBaHUE KBAHTOBOMEXaHWYECKOTO TICEBAOCKAIIApA IMOJ IEHCTBHEM HECOOCTBEH-
HBIX BPAIICHHH g, - OMEPALHii BPAIICHHS COBMECTHO C OTPOKCHHEM B TIOCKOCTH WITH e COBMECTHO

¢ nHBepcuel. HecoOcTBeHHBIE BpallleHHs BO3MOXHBI TOJIBKO ISl aXMpalbHBIX CTPYKTYyp. B omepa-
TOPHBIX TEPMHHAX JICHCTBHE g, Ha ICEBJOCKAIAPHBIA ONEpaTop NPUBOAUT K IEPEMCHE 3HAKA

(cMm., Hapumep, TabuIBI XapakTepoB). O003HaUas OTpaKEHUE WIIM UHBEPCUIO Uepe3 .J, U yUUThIBAs

WHBOJIIOTUBHEIN XapakTep olepariy, moxydaeM, Kak 1 B [92], paBeHCTBO

J,kJ, =—K, (48)
YTO SKBUBAJICHTHO aHTUKOMMYTanuu (1). Tem cambIM s axupanbHBIX (aMQUXUPATBHBIX) MOJICKYII,
" TOJIBKO IJIA HUX, YCTAaHAaBJIMBACTCA J—CI/IMMeTpI/IH B TCpMUHAX JJ u 12' (aHaJIOI‘I/I‘-IHOG CIIpaBCaJINBO
U1 JII000TO TIceBmOCKiapa). U3 (48) ciemyer, 4To B axXHpabHBIX CHCTEMax CIEKTP COOCTBEHHBIX
3HA4YECHUI MaTpUILIBl K CUMMETPUYEH OTHOCUTENIBHO HyJsI (mogo6Ho (A13)), a motomy y* =0 [92].

YkazanHble 0COOEHHOCTH HATAKHWBAIOT HA WHOU CIOCOO MOCTPOEHHUS OmepaTopa XUPaTbHOCTH U
cootBeTcTBYIOmEN Mepbl THa (47). Unes 3aeck mpocta. Kok acuMMmeTpus CriekTpa X BO3MOXKHA
TOJILKO Y XHPAIbHBIX MOJICKYJ, TO CTCIICHh aCHMMETPUYHOCTH CIIEKTPA K ECTECTBEHHO IOJIOXKUTH B
OCHOBY HOBOTO MEpPOOMpEAEICHHUs, 0a3upysCh Ha COOCTBEHHBIX UHCIAX x; . C 9TOH 1eIIBbI0 ynopsIo-

4HM, CICKTP {K}, ..\ » Kak OOBIYHO, B BO3pACTAIOLIEM MOpsiaKke (N — pa3sMepHOCTh MaTpHubl). Jls
BCEX k; BBIYHMCIIICM MOJYJIH CHMMCTPU30BAHHBIX KOMONHALIHIA

K=K Ky 0l /2, (49)
KOTOPBIE 3aBEIOMO HyJIH [l aXUPAIbHBIX MOJIEKYJI. /laHHbIE BEJTMYMHEI IPMHUMAEM 34 COOCTBEHHBIE
3HAYEHHs HOBOTO OIEPATOpa ¢ COXPAaHEHHEM MPEKHUX COOCTBEHHBIX BEKTOPOB ‘K‘j> UCXOJHOIO OIe-
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A

patopa K . McKOMBI JTMHEHHBIH OnepaTop XUPaNbHOCTH 0003HAYMM Yepe3 K U ompeenum ero cie-
AYIOIIUM CIICKTPAJIbHBIM Pa3JIOKCHUCM!
% = . 50
K= K[,-]‘Kj><l€j‘ (50)
1<j<N
[MpunnunuansHoe oTimyrie K OT K HE TOJABKO B TOM, 4YTO K yke HEOTPHIIATEIBHO OINpPEe/Ie/ICH-
HBIA Omeparop, HO M B TOM, YTO OH aBTOMATHYECKU HMCYE3aCT I aXUpadbHBIX MoJeKys. 1o sToi
npuurae K OymeM To)ke Ha3bIBaTh OIEpaTOPOM XHPATBHOCTH, HO Teleph 0ojiee o0ocHOBaHHO. HoBas
HEOTpHLATENIbHAs Mepa XUPAIbHOCTU ' BBIUYUCIAETCS MOA00HO (47):

75 =TrK, (51)
a Ha MIPAKTHKe KaKk cCyMMa BeJINYMH B (49):
2= 2 Ky (52)
1<j<N

[IponmmrocTpupyeM MeToJ HECKOJIBKUMHU MPUMEpPaMH BBICOKOCHMMETPUYHBIX, HO TEM HE MEHee XH-
panpHBIX (TIpH 3alaHHOM KOoH(opManuu) opranndeckux Moiekyin (Puc. 4). CpaBHeHue ¢ Apyrumu
MOJX0IaMH IIPEIIoIaraeTcs 1aTh B OTAEIBHON padoTe.

biphenyl twistane propellicene vespirene
1.4 3.8 7.6 14.0

Pucynok 4. XupaibHble CTPYKTYPbI CHMMETPHH D, W MX WHACKC XHPAIBHOCTH y* (B «IMKJIOTEKCa-

HOBBIX)» €IHHHUIIAX )(K[CGle] ¢ C¢H iz B TBUCT-KOH(DOPMaLuy cumMmeTpuu D, ).

N3-3a kpaTkoCTH paszjena Mbl HE KacaeMCs TeX CTPYKTYPHO-XMMHYECKHUX BO3MOXKHOCTEH, KaKue
aeT KII0YeBOe MAaTPHYHOE CBOMCTBO - JUIS axMpadbHBIX Mosekyn K =0. M3 Hero ciemyer, 4to 1o
matprite K BO3MOKEH HEIOCPEICTBEHHBII aHAIIN3 aTOMHbIX, CBSI3EBBIX, TPYIIIOBBIX M T.JI. BKIAIO0B B
OO0IIIYI0 MOJIEKYJIIPHYIO XHUPAIbHOCTh. B Ipyrux cxemax Takue BBIYMCICHHS 4acTO 3aTPyIHUTEIIbHBI
i HeopHo3HawHb! [100]. JIpyras BO3MOXHOCTh — BBIYMCICHHE MHJEKCA XMPAITBHOCTH B 3aJaHHOM
JICKTPOHHOM COCTOSIHHH B BHJC CBEPTKM Matpuubl K (B momxomsmem Gasuce AO) ¢ Marpueii
IUIOTHOCTH THUIa P.

B 3aknmroueHue pasjiena BepHEMCS K OOIIMM HEIOCTaTKaM HEOTPHIIATEIBHBIX MEP XHPAILHOCTUA U
BBLSICHEHHIO TOTO, B KaKOW Mepe ATH HEJOCTAaTKH YMEHBIIAIOTCS B HAIleM HOBOM MOJXOJ€. 31eCh
YMECTHO BOCIIPOM3BECTH aHAIMU3 MPOOJEMbl aIUTUBHOCTh - HEAQJAUTUBHOCTh M3 cTaTthu [98]. IlycTh
7(A) - 3HaueHME 3a4aHHON (YHKIMM XHpaJbHOCTU A MoneKyisl A. Hamaras obmiee ycioBue an-

JMTUBHOM cenapabeqbHOCTH Ha (YHKIHMIO ), BHIYHCIUM €€ JUIs MOJIEKYJISIpHOro «pamemaray AA”
(IPOCTPAHCTBEHHO Pa3/eeHHOr0 KOMIUIeKkca A M 3epKalnbHOro obpasa - antunoga A"). OueBuaHo,
YTO JIOJDKHO OBITH

Z(AA")=0, (53)
M aJIMTUBHOCTb TOrAa o3HadaeT y(A)+ y(A")=0, r.e. y(A")=-y(A). DToMy TpeGOBaHHIO 3aBe-
JIOMO Y/IOBJIETBOPSIET MICEBIOCKAJISIP, TOTJa KaK HEOTPHUIIATEIbHAS Mepa, BOOOILE TOBOPSI, MOKET MPH-
HHCaTh HEHYJIEBYIO XMPATbHOCTh PALlEMaTy ¢ HECUMMETPUYHOI B3auMHOI opueHTanueit A u A . Dto
HMMeEET MECTO, B YACTHOCTH, U [ MOJ0KUTEIBHON Mephl XxupanbHOCTH B [101]. B To e Bpems HOBBII
uHICKC y* Benmer cebs KOPPEKTHO — OH MPABHIIBHO, B cornacuu ¢ (53), OMUCBHIBACT «OIHOPOIHBICY

panemarsr:
25(AA") =0, (54)
Z75(AAA'AT)=0 (55)

u T.1. bonee Toro,
2 (AA)=27"(A), (56)
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ZX(AAA") = 75 (A) (57)

HUT. 1.
PaBenctBa (56) u (57) u ux oueBHAHOE 0000IICHNE MOXKHO OTOXKIECTBHTH C OJHOPOIHOMN aiu-
TUBHOCTBIO. IIpK TOM 71 CMecH pa3iIHYaloNuXcs XMPadbHBIX MONEKyI, HanpuMep a1 AB, AB'u
T.J1., y* He Clelyer TOUHO 3aKOHY aIMTHBHOTO CIOKEHUs XUPAIBHOCTEM, U 9TO MOATBEPIKAAETCS

YHCICHHO. AJTUTUBHOCTH OOINEro XapakTepa TapaHTHPYETCs, KOHEUHO, TONBKO TCEBIOCKATSPHOMN
Mepoii. OHako HAITOMUHAEM, UYTO B CHUTY TeopeMbl BaltHOepra-Mucioy [97] mceBmockamsip MOXKET He
UICHTHQUIPOBATH HATHYNE PEATbHON XUPAJIbHOCTH.

Kak Ham mpe/cTaBiseTcs, BBEICHHAs BbILIC Mepa y* MPHONIKACTCSA K «XOPOIICH» mouTH (Gusm-

KO-XMMHUYECKON XapaKTepu3ald MOJEKYJSPHOW XHPabHOCTH OJiarojaps CBOMCTBY OIHOPOIHOMN
aamutuBHOCTH (54) - (57). K coxaneHuto, MOAYepKHYTHIA 3/1eCh (PU3UKO-XUMHUYECKHI acleKT UTHO-
pHUpyeTcs B OOJIBIIMHCTBE CYLIECTBYIOLIMX B JIUTEPATYPE CXEM MEPOOINPENCIICHHUS XUPATIbHOCTH.

B 3aBepmienne pasnena ykakeM Ha OJHO CJEJICTBHE MPOBEJNCHHOro aHanu3a. OHO CBs3aHO C TO-
CTPOCHUEM MEp OTKJIOHEHHS OT J-CHMMeTpHH J1000i MHOI mpuponsl. JlefcTBUTENHHO MOCTPOCHUE
(49)-(52) moxet OBITH pacIIpPOCTPAHEHO Ha HEAllbTEPHAHTHBIE CUCTEMBI, M TaKas 3ajada 00CyKIaeTcs
B [Ipunoxenun B.

3aknounTesibHble 3aMeyaHus

W3yuyeHHas BbllllE CUMMETPHs MAPHOCTH B KBAHTOBOM XMMHM Ha HAlll B3IV MOKA3bIBAET, YTO
T-3JIEKTPOHHAs Teopusi, nHunuupoBanHHas B [1] Koynconom u ero rpymmoit 80 sner Hasaxm, mo-
MIPEeXHEMY JEMOHCTPUPYET CBOIO HEMPEXOAIIyI0 eHHOCTh. Kazanock Obl, IepBOHAYANBHBIN METON
Xrokkens Bmecte ¢ unesimu Koyncona-JIonre-Xurruuca v nocieaytouient moaensio [lapuzepa-Ilappa-
[Torma — Bcs aTa M3sIIHAS TW-3JEKTPOHHAS MapagurMa MOYTH COLIa B TEHb B COBPEMEHHYIO MOpY
HEOMIUPUIECKON KBAHTOBOW U KOMITBIOTEpPHON XUMHUH. TeM He MeHee rTyOOKHi CHHTE3 KBAaHTOBBIX U
CTPYKTYpPHO-XHMHUYECKIX TEPBOOCHOB B KJIACCHYECKOM T-TEOPHH COXpaHSIEeT cBoe (pyHAaMeHTaIbHOE
3HAYEHHE ISl TEOPETHYECKON XUMHHU, T/Ie, KaK ¥ JJOJDKHO OBITh, HE IPOCTO YKCIa, a OOLIHe TOHITHS U
00BbEeIUHAIONINE AU COCTABISIIOT cymiecTBO Hayku. Kak mpussiBan Koyncon, «Give us insight, not
numbers» (XOTs, BO3MOXXHO, TEMIEPh aKIEHTHI HECKOJBKO cMeraroTes [103]).

[To To¥i ke MpUYMHE CHMMETPHUS HMApHOCTH (J-CHMMETPHS) OCTAeTCS HEMAJIOBAXXHOW COCTaBHOM
4acThIO TEOPUH. B 4aCTHOCTH, pa3NuyYHbIe T-3JIEKTPOHHBIE MpaBuiIa 3ampera 11 AY, Kak U MpaBUIIo
CIIMHAa OCHOBHOTO cocTosiHUS (mpaBmiio Jlnba-Martuca-OBunHHEKOBA [73,75]) mydine MHOTHX Jpy-
rUX OTBedaroT noxenanuio KoyncoHa. 31ech ciemyeT YHOMSHYTh 0CO00€ 3HAYSHHE pPaJHKaIbHBIX
COCTOSIHMH B COBPEMEHHO MPAKTUKE U TEOPUH CIOKHBIX MOJIEKYJ (COBPEMEHHBII CTaTyC TEOPUHU CM.
B 0030pe Kpbutoroii [104]). U To, uto ansa AY m-35ieKTpoHHBIC TpaBuia 3GGEeKTUBHO paboTaroT, Je-
MOHCTPHPYET CHITy MOJIEIBHBIX MTOIX0JI0B, NEHCTBYIOIUX BOIPEKU IPyOOCTH MX MCXOIHBIX JOMYIIe-
auii. [lo-BuauMoMy, Halnn4ue J-CHMMETPUU (ANbTEPHAHTHOW CHMMETPHH) U €CTh (aKTOp, CMST4aro-
MMA HECOBEPILEHCTBA MOIYIMIIMPUYECKUX CXEM JJIS M-COMPSDKEHHBIX cUcTeM. Ho mo0onbITHO, YTO
camMa anbTepHAHTHas CUMMETPHUS BBIABISIET HEKOTOPYHO OOIIYH0 TMPHUPOAY, U B JaHHOW 0030pHO-
CHHTETUIECKOW paboTe MBI CTapajucCh CIEAOBATh OoJiee IMUPOKOW TOUYKE 3pEHUS Ha J-CHMMETPHIO,
OTKpPHBITYIO B [1], Ka3amock ObI, TOIBKO IJISl COTPSDKEHHBIX MOJIeKyJ. Hampumep, ananus B pasaene 7
MOJIEKYJIAPHON XUPAIbHOCTH C MO3ULIMH J-CHMMETPUH MOKa3bIBAET MJIOJOTBOPHOCTH OTKpBITUS Ko-
yJICOHa B IMpOOJIeME COBEPIIEHHO WHOTO CTPYKTYPHO-XMMHUYECKOTO XapakTtepa. Ham, B wacTHOCTH,
yaJI0Ch UCIIONB30BaTh OCOOCHHOCTH CIIEKTpa J-CUMMETPUYHOW 3a/1a4d MPH TOCTPOSHUH KBA3UaIIH-
TUBHOT'O MHJEKCa XUPAJTBHOCTH U, MO-BUJUMOMY, BIIEPBBIE, BBECTH B TEOPETHUYECKYIO CTEPEOXUMHIO
COOCTBEHHO OIEPaTOp XUPAILHOCTH, aBTOMATHUECKU MCUE3aONINil Ha aXUpalbHBIX CTPyKTypax. Jo-
MOJTHUTENBHBIE CTPYKTYPHO-XUMHUYECKHe 00001IeHns J-cuMMeTprn HamedeHsI B [Ipunoxxennn B.

3nech MpeacTaBiIsieTcsl YMECTHBIM (He 0e3 BIMSAHUS OJHOTO 3aMEYaHUs PeleH3EHTa) JaTh KPUTH-
YECKOE COMOCTaBIIEHHE COOCTBEHHO TeopeMbl nmapHocTH Koyrcona-Pambpyka ¢ 6onee y3koii 3amgauei,
JTaBHO BO3HHKIIEH B cTaHAapTHOUW Teopun DODS u3 pa3nena 3. B mocienHel n3BeCTHH TaK Ha3bIBae-
MBbIe cooTBeTCcTBYomME (“corresponding”) opbutanu mo Amocy-Xoiry [105] 1 uX HHTEpHIpeTaIus 1Mo
Jlesnuny [106] xak «mapHbIX» opOuTaneil. [loquepkHeM, yTO B COOCTBEHHO TeOpeMe MapHOCTH Map-

HBIC Op6I/ITaJ'II/I ‘Q)j> )41 ‘¢N—.j+1> OTHOCATCA K OpTOTOHAJIBHBIM, T.€. (1)I/IBI/I‘-IGCKI/I pa3In4YuMBbIM OQHOJJICK-

TPOHHBIM cocTosiHUSM. «llapHbIe» sxe opbuTanu no JIeBInHy TakOBBIMM HE SBISAIOTCS. B camoMm nerne,
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OHHM 00pa3yroTcs Kak Habop MakchMaibHO TepekpbiBaromuxcs MO anbda-obomoukn 1 MO Oera-
o0osnouku. B mpenensHOM ciydae OorpaHMYCHHBIX (HE CHHH-TOISIpr30BaHHBIX) MO 3T nBa Habopa
MPOCTO COBIMAAAIOT, U BCSAKAsl MAPHOCTh BOOOIIE YTPAauWBAEeT CMBICI, HE TOBOPSI 00 OTCYTCTBUH B 00-
meM ciydae Kakoh-nmubo J-cummerpuu. [103TOMy caM TepMHH «IapHOCTB» Ui COOTBETCTBYIOLIMX
opOuTaNei KaKeTcs HaM He COBCEM yIadHBIM, XOTs OH 9acTo mpuMeHsercs B nmureparype ([107,108]
U 1ip.). MBI BUAMM, YTO B KBaHTOBOW XUMHH €CTh HACTOSIINE, He(OPMaTbHbIE COCTOSHHS TTaPHOCTH,
OTpaXKarole COACPKATEIbHYIO J-CHMMETPHUIO U JOMYCKaIOLINe BayKHbIe 0000IIeHns. DT0, B YaCTHO-
CTH, OTHOCHUTCSI K MHOTO3JICKTPOHHOH TeopeMe mapHocTH Mak-Jlaximana [47] ¥ K yIOMSIHYTOMY BBITIIE
MIpaBIJIy CIIMHA OCHOBHOTO COCTOSIHUSA [73-75] ¢ ero nanpHeHIMM 000OIIeHNEM Ha Cly4ail MoJieKy-
asipHorO (eppumarnetusma [109, 110]. A ectb ckopee GopManbHbIe, XOTS U yJOOHBIE TIPH CIICIHAb-
HBIX MCCIIECAOBAaHMAX, Kak y JIeBauHa miu B KHUTrE [44], «KBa3uIapHbIE» COCTOSHHS, IPUTOM TOJIBKO B
BUZIe COOTBETCTBYIOMMX MO, KOTOpBIE MOSIBISAIOTCS 110 IPOCTOH CAMIIKOM OOIIell IPUYNHE - HEHYJIe-
BOH cnekTp omepatopa AB coBmazaer ¢ TakoBbIM ISl onepaTopa BA (3TO KOHCTaTHpOBaJIOCh U Ca-
MUM aBTOpOM TepMuHa B [111]).

JpyruM BaXKHbIM HalpaBJICHUEM B COBPEMEHHOW KBAaHTOBOW XUMHHU SIBJISETCS TEOPHUS DJICKTPO-
IIPOBOJIHOCTH HU30JIMPOBAHHOM MOJICKYJIBI. J{ist Oymyiedt MoKy IIpHOH 3JIEKTPOHUKH OCOOCHHO Iep-
CIIEKTUBHBIMU CUHTAIOTCA CONPSKEHHBIE T-CTPYKTYPHI. J[7I1 HUX OLIEHKU 3JEKTPONPOBOJHOCTH JIETYE
BCErO JAr0TCsl, KOHEYHO K€, MPOCThIM MeTomoM Xrokkens [11, 112], u yucmo momgoOHBIX padot (6e3
KPUTHYECKOW OIEHKH PEaTHCTUYHOCTH Pe3yNbTaTOB) U3 rojia B rOJ PaCTET, HO KaK MOJAYEPKUBAETCS B
pazzene 5, MHOTO JIydllle CIe0BaTh MOJEIAM C yUYE€TOM T-KOppemsuu. [Ipu BEIUMCIEHUN COOTBETCT-
Byroux GyHkiuil ['prHa J-cuMMeTpus cpabaThIBaeT M IS ATHX 3a11a4 [63], ¥ CTAHOBATCS JOBOJIEHO
3¢ GEKTUBHBIMU AK€ COBCEM IIPOCTHIE Pa3BUTHIE HEJABHO BApPUAHTHI T-TEOPUU IEKTPOIPOBOAHOCTH
C Y4eTOM KOpPEIIIHOHHBIX d3pdexToB [12,39,69].

B 3aBepmienne oOpatuM BHUMaHHE Ha 0030pHYIO padoty Mamnnona u Pyspa [14], mocBsimeHHYO
3omotomy (50-nmetHeMy) roOmiero TeopeMbl napHocTH. llocie BbIXOZa MX CTaTbU MPOIIIO ITOYTH
30 ner. B 370 cBs3M HacTosIIy0 pabOTy MOXHO paccMaTpHBaTh KaK HaIll BKJIAJ B MPEACTOSIIMHA
YKEMUY>KHBIM 100nIel 3Toi 3aMedaTenbHON TEOpEMBI.

bnarogapHocTu

ABTOp BecbMa mpusHaTeneH npod. M. M. MecteuknHy, HeJJaBHUE JUCKYCCHHM C KOTOPBIM M €ro
COBETHI OOYIMIIM K HacTosmeMy 0030py. Eile B MeHbIIIel cTeneHn MOXKeT OBITh OTpa)KeHa CIIOBaMH
HeM3MEHHas MopajabHas noanepkka Hunoit P. CyMmckotii.

MpunoxxeHune A. CBoOMCTBa J-CMMMeETpPUMn

O6uwue coomuoutenun
dopmanbHas CTOPOHA PacCMaTPUBAEMBIX MPOOJIEM OCHOBaHAa Ha Oa3MCHBIX cooTHoueHusx (1) u
(2). Ilyctp 3amaHa KBaHTOBas CHCTEMa C PMUTOBBIM OINEPATOPOM (YCIOBHO I'OBOpSI, raMHJIbTOHHA-
HOM) & ¥ HEKOTOPHIM MHBOJIOTHBHBIM ONEPATOPOM CUMMETPHHU MAPHOCTH J. ITO 3HAYUT, YTO
Ji=1, (A1)
a clenoBaTeNbHO, J nMeeT coOCTBeHHBIMU unciaaMu =+ 1. Berony manee mpeanonaraercs, uro J aHTH-
KOMMYTHPYET ¢ /:
hJ +Jh=0. (A2)
HanoMHuM Takxe, 4TO B TEOPHUHU JIEMEHTapHBIX YaCTHUI] CYLIECTBYET ONEPATOP 3apsAOBOTO COMpsIKe-
HUSl, aHTUKOMMYTHPYIOIIUI ¢ Oneparop 3apsaa. Y HOMSHEM TaKKe aHAJOTHYHOE CBOMCTBO aHTUKOM-
MyTalliy oTiepaTopa oOpalleHusl BpEMEHU C «HEYETHBIMU» OIepaTOpaMH - UMITYJIbCOM, CIUpPAIbHO-
cThio U Ap. (rnasa 15 B [113]). Beipaskenus, nogoOnsie (A2), UMEIOT yke HECKOJIbKO Ooree popmalib-
HOE 3HAa4YeHHE B U3BECTHON Teopuu boromo0oBa mo KBaapaTHUHBIM (OpMaM ONEepaTopoB BTOPHYHOIO
kBanToBaHusA. Hampumep, B [114], wacts 111, mocne dopmyisr (2.67) ciiemyeT COOTHOIMIEHNE aHTHKOM-
MYTaIlH TOTO K€ XapakTepa, 4To U (A2), 0THAKO B 3TOW TEOPHU COOTBETCTBYIOLIME anreOpanvyeckue
CJIeACTBUS (CUMMETPUYHBIA XapakKTep CIEKTpa U Ap.) HE OTpaKaroTcs Ha (GU3MUECKOM CYILECTBE pe-
LIaeMBbIX 3ajad.
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Jns Hammx nenel 1enecoo0pasHo pacCMOTPETh NMapaMeTPU30BAHHbBIM TaMUIILTOHUAH /iy ((bop-
MAaJIBHO ITy9YOK OIIepaTopOB) BUA
hy;=h+dJ, (A3)
rze J - IPOU3BOJIBHBIN YMCIIOBOM MapaMeTp. B peanbHBIX MOJEKYIAPHBIX 3aAadax OH ONpeaessieTcs
KOHKPETHKOH. 3aadya COCTOMT B BBISICHEHHH XapakTepa CHEeKTpa J-CHMMETPUYHBIX (WM ITyallbHO
J-CHMMETPUYHBIX, CM. HUKE) TaMUIBTOHHAHOB U B BBIYMCICHUH 3JEKTPOHHBIX CBOMCTB, ompenerse-
MBIX, B 4aCTHOCTH, pyHKuusamu [ puna.
VYkaxeMm cHadana HECKOJIBKO MPOCTBIX COOTHOIIEHWH. O4YeBHIHO, YTO CHMMETPH30BaHHAS KOMOU-
Halus BUJa
(hs+h 3)/2=h
HE 3aBHCHT OT 0. [Ins /; aHanor anTukoMmyTtanuu (A2) uMeer Gosee cnenuduyuecKkuii Xxapakrep:
hsJ +Jh ;=0. (A4)
IIpu 6#0 3TO COOTHOIIEHHE OTpaXKaeT, KaKk Mbl OyZEeM TOBOPUTH, TyalbHYI0O CUMMETPHUIO — CBSI3aH-
HYH0 CHMMETPUIO JUIsl IIaphl ONIEPaTOPOB, B JAHHOM Clly4ae h; U h_ ;. OTMETHM elle MpoCToe TOXKIe-
CTBO I KBajpara /i :
2 2 2
(hg) " =h"+0". (AS)
Ono obneryaer mpoBeaeHre (HOPMAITBHBIX TOCTPOSHHA, TOCKOIBKY (AS) yxKe He COIepkuT J.
Ha »T0i#1 cTanuu yMecTHO pacCMOTpPETh Pe30bBEHTY, KOTOpas u3ydaercs B pasaene 5. Onpenennm
IUIsL hg CTaHIAPTHBIN ONIEPATOP PE30JbBEHTHI, G; = G4(E), KaKk

1
E—hy
Yro6bl ynpocTuTh mpeoOpasoBanus B (A6), cBeneM (G K DKBHBAICHTHOMY BBIDAXKEHHUIO, KaK pa3

G, (A6)

BKJIIOUAtomeMy (h,)’:

e (AT
E" - (hs)
B nanpueiimem (B paszzesne 5) norpeGyercsi CHMMETPU30BaHHAs! KOMOWHAIHSA
Gy=(G;+G 5)/2. (A8)
Omna npescTaBisieTcsa MPOCTON pallMoHaIbHOH (110 /1) pyHKUINeH
__E+ h __ E+ h (A9)

o1 Ez_(h§)2 E2—52— 12
He cozaepxkarieit J. 3ameTnm erie, 9To B (A7) AyaimbHas CAHMMETPpHUS 10 THITY (A4) UMEET MECTO TOJb-
komnpu E=0.
Teneps yTOUHUM CHEKTPATBHYIO 3a1auy U mydka (A3) B TepMUHAX aHAJIOTHIHOW 3a1a4u s /
(tr.e. g hy; mpu 5=0). B 0OBMHBIX 0003HAYEHHUAX UMEEM CIEAYIOILYIO IPOOIEMY COOCTBEHHBIX

3HAYCHUM:

He,)=¢e;): (A10)
ITono0HOE %€ ypaBHEHHUE 3AMUCHIBACTCA JUIS /i;, Ul KOTOPOrO COOCTBEHHBIE YMC/Ia 0003HAYUM Yepes3
55.‘5 I TIpu 5TOM ym00HO NpHUBIEYb TOXAECTBO (AS5), U TOrIa CTAHOBUTCS OYEBUIHBIM, YTO OIIEPATOPHI
hn (hg)2 KOMMYTHPYIOT, a TIOTOMY JIOIYCKAIOT OOIIYI0 CHCTEMY COOCTBEHHBIX BeKTOpoB. CiemoBa-
TEIBHO,

2 _I81N\2

(h)|e,) =&Y ;) (AL1)

Orcroza ¢ momombio (AS) moy4aercs SBHOE BHIPAXKEHHUE JUIs CIIEKTPA OIEPaTopa /i; Yepe3 CIEKTp A.

3anuiem €To, pas3jmyas TCepb COOCTBEHHBIC YHUCJIA C Ppa3HbIMH 3HAKaAMMU:

g =t (e, +8%, 1< j<[(N+1)/2], (A12)

27
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rae N - pasMepHOCTh Marpull. Takum 06pa3oM, HaJIMYUe CUMMETPUM NapHOCTH (A2) IPUBOJHT K Xa-
PaKTepHOMY CHEKTPY, CUMMETPUYHOMY OTHOCHTEIBHO HyJA. JleHCTBHTENHHO, MEpEHyMepyeM BCIO
COBOKYMHOCTB 4Hcen B (A12) B Bo3pacTaromeM nopsjke 1 obosnauum ee uepes {1} . Torna

eyl =&l (A13)
(cm. Taxoke aHanor (A13) st &, B [4]).

Hanee Haiinem crenuduyeckylo OJOYHYIO CTPYKTYpY, KOTOPYIO IOMyCKaeT TaMHIIBTOHHAaH MpU
Ha4nu J-cuMMeTpun. Kak 0ObIYHO, U3 MHBOJIOTUBHOIO ONEPATOpa CTPOSITCS OIEPaTOPHI IPOCKTH-
pOBaHUS

0,=(I%J)/2 (Al14)
TaKue, 4To
©0.)=0., 00 =0, 9, +0 =1. (A15)
Kpowme Toro, (A14) o3nagaer, 9410
J=0.-0 . (A16)
PaccmoTpum uist /' 0JJHOCTOPOHHIOIO IIPOEKIHIO BH/IA
b=Q.h. (A17)
OnnoBpemenHO B cuity (A2) b= h(Q_, 9T0 S5KBUBAICHTHO IBYXCTOPOHHEH MMPOCKIIUH:
b=0.h0 . (A18)
OueBUAHO TaKke, YTO IPMHUTOBO CONPSIKEHHBIN onepaTop b* MMEeT aHaJOTHYHBIE CBOMCTBA!
b"=0QhQ . =0h. (A19)
Cymmupys (A17) u (A19), Haxogum
h=b+b". (A20)

Ilpu sToM Q.hQ, =Q hQ =0, b*=0, Ho bb* +b'b=h*, u aKTHYECKH CyMMa 3]eCh — ITO MpsMas
CyMMa OIepaTopoB.

B coBokymHOCTH BCe 3TO 03Ha4aeT, 4To (A20) maet pa3inokeHue Ha OPTOTOHAIBHBIE KOMIIOHEHTHI
«IEePEKPECTHOTOY» THUIA, MPOIIEC TOBOPs, HeIUAroHalbHbIe ONIOKU. [Ipyu 3TOM HYXXHO TepeiTH B enu-
HbBIA 0a3uC COOCTBEHHBIX BEKTOPOB JIByX OPTOTOHAILHBIX MPOEKTOPOB . ¥ O , MU, YTO DKBHMBa-

JICHTHO, CIIeAyeT TIepeiTH B TIOIHBII 0a3uc {‘ X >} onepatopa J. Toraa (A20) mpuBOAUT HAC K MATPH-

Lle TaMIJIBTOHHAHA /1 ¢ KOCOAMAaroHaIbHON OJOYHON CTPYKTYpO

0 B
h= : (A21)

BT 0
rac ajas HpOCTOTBI 31€Ch U AaJice apI/I(bMCTI/IKa — ,[[eﬁCTBPITeJ'ILHaSI. B TOM XKEC 6a3I/ICC onepaTop b Hn30-

0 B

OpakaeTcs MaTpuuen [0 . j, Tak Kak u3-3a (A18) < Z; ‘b‘ Z:)# 0 TOIBKO JUIS TIEPEKPECTHBIX MaTpPHH-

HBIX 3JIEMEHTOB.

CyMMupysi, MOKHO YTBEP)KIaTh, YTO TaMIJIBTOHUAH ¢ J-cuMMmeTpuen (A2) UMeeT CHMMETPUYHBINA
OTHOCHUTEJILHO HYJISI CIIEKTP, U /I BCETAa MOXKET OBITh CBEACH K KOCOIMAroHaIbHOMY OJIOYHOMY BUY.
OTUM CHMMETPUS MAPHOCTH OTIUYAETCS OT CTAHIAPTHON CHMMETPHH, PUBOAAIIEH TaMHIbTOHUAH K
OsouHO-aMaroHanbHoN (hopme. CripaBeIMBO U 0OpaTHOE YTBEP)KICHHUE, TOKA3aHHOE B CIICAYIOIIEM
MYHKTE: HAJIMYUE CIIEKTPa, CHAMMETPHYHOTO OTHOCHTENBHO HYJIS, TApaHTUPYET CYIIECTBOBAHUE HEKOM
J-cummeTpuu.

B xoHKpeTHBIX HamuX m-pacdetax AY mo meroxy TB wmmm ke QCTB rammibronuan s (MaTpuia
CMEKHOCTH) CTPOMJICSI HEMOCPEICTBEHHO MO TeoMeTpuu pacctosHuil. Ho, kak 00b4HO, 4 momyyancs
HE B TOTOBOU OJIOUHOH KocoanaroHanbHOU dopme (A21), a B TOMH, KaKyl0 TUKTYEeT COOTBETCTBYIOIIUI
rpad mpu yxe UMeroIelics HyMmeparuu BepuuH. KonedHo, mepeHyMepanuei mocieaHux (packpackoi
rpada) ucxoaHas MaTpuiia £ coBceM mpocTo mnepectpanBaercs B (A21). OgHako mporpamMMmHOE BO-
IUTOIEHHE CaMOi pacKpacKH Jake IBYXIBETHOro rpada — IOBOJNBHO cnenuduveckas 3agada. Yame
BCET0 UCIOJB3YIOT CTaHIApTHBIC ATOPUTMBI Ha rpadax (Touck B riryouny u np.). s AY Ham mipen-
cTaBJsieTcsi 6oJiee MPOCTHIM HE MPUMEHSTh alTOPUTMBI C 00X0JIOM BEPIINH, a C CaMOT'0 Hadalla y4ecTh
IOByJoJibpHOCTE Tpada. IlosTomy B maHHO# paboTe mpeanaraecs Mo CyTH dJEMEHTapHas METOAUKA.
Bocnonbs3yemcst cBOHCTBOM KBajjpaTa MaTPHIIBI CMEKHOCTH A st AY - HeJlnaroHaabHble MaTPUIHBIE
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OJICMCHTHI (h2)ﬂv OTJIMYHBI OT HYJIA TOJBKO AJId OAHOLBCTHBIX BCPUIMH U U V, Pa3ACJICHHBIX JABYMSI

peGpamu. Tor/a, cTapTys ¢ M000ii BEPIINHEI, HETPYIHO CHCTEMATHIECKH H3BJICYb U3 /I° HOMEpa BCeX
BepUIMH (UKCUpOBaHHOTO (TepBoro) nsera. OcTaBUIMecs BEPLIMHBI COCTaBST MHOXKECTBO BEpIIMH
npyroro nserta. [Ipu ucrons3oBanuu makera «KMATEMATHUKA» (Wolfram Research) anroputm He-
TPYIHO pean3yercst P MUHUMAJIBHBIX TPEOOBAaHHUAX K MCKYCCTBY IPOTPAMMHPOBAHUSL.

Pexoncmpyxuyus J-cummempuu
OnumieM nopoOHEe CBOWCTBA J-CHMMETPHYHOTO OMEpaTopa C OMPEACISIONMM COOTHOICHUEM

(A2). [eiicTBys 1€BOM 9acThIO ATOTO YPABHEHHS Ha COOCTBEHHBIN BEKTOP ‘¢j> CO 3HAYCHHEM g, Kak
B (A10), momyuyaem, uro J ‘ ¢>j> - 9TO TOXe COOCTBEHHBII BEKTOP raMHJIbTOHHAHA, HO C IIPOTHBOIO-
JIO)KHBIM COOCTBEHHBIM 3HAUEHUEM, PABHBIM — £ =€y - (cM. (A13)). D10 3HAYHT, YTO
J‘¢j>:77j‘¢N—j+l>’ (A22)
rae 77, - GasoBbIi MHOKHUTEIb (U ACHCTBUTEIEHOMN apudMeTuKu n, = *1). [leiictBue J Ha 3T0 ypaB-
HCHHE NIPUBOJHT K TPEOOBAHHIO 77, =77, ., -
JlaHHOE ypaBHEHHE MO3BOJIET BBIPA3UTh J B COOCTBEHHOM 0Oa3uce raMMUIIBTOHHAHA. Y MHOXKEHHE
(A22) cnpaBa Ha <(p/. ‘ ¥ CYMMHPOBaHHE TI0 BCEM j BEJIET K OTIepaTopy
Z 77j‘¢)N—j+l><¢)j‘ : (A23)
<j<N

TpeboBanus (Al) u (A2) 31ech He HApYIIAIOTCS P MPOHU3BOJIBHOM BHIOOpPE MHOMKHTEIEH 17, HO €

J=
1

ycinosueM |7, |=1 u 5, =1, _,,. lIpu sToM nr000i oneparop Buaa (A23) mopokaaeT MOCPeICTBOM

(A14)-(A20) 6109YHYI0 KOCOAMArOHANBHYIO CTPYKTYpY (A21), crieKTpallbHO 3KBUBAJICHTHYIO TMEPBO-
Ha4yaJbHOMY oriepatopy /. B pesynbraTte BBICHACTCS, YTO €CIIM CHEKTP F'aMIJIbTOHHAHA CHMMETPHUYCH

OTHOCHUTENIBHO HYJIs, TO Jro0asi komOuHarmsa (A23) ¢ n,=%1 m n,=n, ,, Pealu3yeT MaTpuIHOE
npezacrasieHne J-cummerpun. Ecnu ske Matpuna oneparopa J n3HauanbHO HE M3BECTHA, TO B Oasuce

{‘(p}.>} oHa, Oynyuu monydyeHHOH u3 (A23), MakCUManbHO MPOCTa, T. €., JUaroHaJbHA, TOJIBKO MPH
4aCTHOM BEIOOpE 3HAKOB 77, .

[Ipumep mIKe 1 (A21) U3 T-TEOPUH MOSICHAET 3Ty 0COOCHHOCTh. OTMETHM, YTO Ha S3BIKE 0JIOU-
HBIX MaTpHIl pelieHre 3aJaud Ha coOcTBeHHbIe 3HaueHus (A21) maBHO omucano B [115] B KoHTeKcTe
XIOKKEJIeBCKOM Mojeny. HamoMHUM 3TO pelieHne, OCKOIBKY OHO MPHUMEHUMO JUTsl BCEX TaMHIIbTO-
HHAHOB, C CaMOI'0 Hayaia 3aJaHHBIX B OJOYHO#N KocomuaroHambHOUW (opme (A21). s mpocToThl
MpearnoaraéM OTCYTCTBHE HYJIEBBIX COOCTBEHHBIX uncen. PaciieruisieM HCKOMBIA COOCTBEHHBIN BEK-

TOp ‘¢,> C OTPULATEIBHBIM &; HA JBE KOMIIOHCHTBI, COIIacOBaHHbIC ¢ (A21): ‘¢j> = ‘ u].> + ‘ v].>. 3amnu-

ChIBas B OTHX KoMITOHeHTaX ypaBHeHue (A10) mis /# Buma (A21), moiryqaeM cucTeMy
B‘vj>=gf‘uj>, BT‘uj>=g.‘vj>. (A24)

J
JeiicTBysl Ha BTOpOE ypaBHEHHE MaTpulleil B, CBOAMM IEepBOE yYpaBHEHHE K 3ajade Ha COOCTBEHHBIE
3HAYCHUS gf, s BB'. Pewas o1y 3amady, BeIOEpEM HYXKHbBIA (HOPMHUPOBAaHHBIH JUIs yI00CTBA HA

1/\/5) BEKTOP ‘”j> C COOCTBCHHBIM YHCIIOM gf. Torma, kak cienyer u3 (A24), BTopas KOMIIOHEHTa

JaeTcsl B SIBHOHM (opme ‘vj> = BT‘uf>/ g, . Ilpu sToM 1nst COOCTBEHHOT'O JHCIIa En =

—&, TOIy4YaeM
OTCIO/IA, YTO ‘MN—j+l> = ‘vj>, ‘VN—A/‘+1>:_‘V/>’ W CIIeJIOBATENHHO, ‘¢N7j+l>=‘uj>—‘vj>. Tenepr BBI-
aucIsist J ¢ HOMOMIBIO (A23) pu IpocTeriieM BeIbope Beex 77, = 1, HAXOXUM

I 0

1= ol - 2 bl ) ) 29

1<j<n I<j<n
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Tak Kak, Hanpumep, ‘Uj><uj - eMHHUYHBIA OTEPaTop JUTA MEPBBIX KOMIIOHEHT ‘u/.> B Habope cob-

1<j<n

CTBEHHBIX BEKTOPOB ‘¢j> . [lomygyenHOE COOTHOIIEHNE U 3amHCcaHo B (4).

Taxum obpazom, 1yt Matpul siBHOTO Buaa (3) wnu (A21) cooTBeTcTBYIOLIas MaTpuua J B UCXO.-
HoM Gasuce (B ciyuae TB 310 6asuc n-AQO) oka3pIBaeTcsi AMArOHAJIBHOM C €CTECTBEHHBIMH COOCTBEH-
HEIMH yuciamMu +1. Jlerko mpoBeputh, 4to (A25) ymomieTBopseT TpeOyeMbM cBoicTBaMm (Al) u
(A2).

Jo6aBuM Takke HEOONBIION KOMMEHTApHiA, I0YEMY MBI CKPYITyJIe3HO ONHMCAIN HOCTPOCHHE Mat-
pUIEl cuMMeTpur TapHOCTH J B hopme (A25), x0T B Tol ke popme (4) oHA (PaKTHIECKN M3BECTHA B
teopun AY, HaumHas ¢ padoTsl [5]. CyTh, OJJHAKO, B TOM, YTO 3/I€Ch paccMaTpuBaeTcs Oojiee oOIas
cUTyauusi. A IMEHHO, 1aH TaMUIBTOHWHA CO CIIEKTPOM, CHMMETPHUYHBIM OTHOCHUTENBHO HYJIS, HO Ta-
MWJIBTOHHAH HE MIPUBEACH ABHO K OJOYHOI KOCOAMAroHanbHOW (opMe, 1 COOTBETCTBEHHO MaTpuua J
He 3a1aHa. [loaToMy B 001ieM citydae Henb3s OJHO3HAYHO MOCTPOUTH J 10 MaTpulle raMUJIbTOHHAHA,
Kak 3T0 U cienyeT u3 (A23). UncneHHBIX OMBIT MOATBEPKAAET 3TOT GakT Aaxe i 4-opOuTanbHOR
T-3aJa4d MOJIeKyibl OyTagueHa. Cam ke Takoi (akT He yIMBHUTEJCH, OCKOJBKY B OOIIEM ciydae
raMUJIBTOHHAH MOXET 00JIafiaTh Ha0OpOM DPAa3IUUYHBIX J-CUMMETPHH. DTO COINACyeTcsl U C CHJIBHO
BBIPOKJICHHBIM XapaKTepOM CIIEKTpa caMoro oreparopa J.

Mampuunan pynkyus J-cummempuunozo 2amuibmoRuana
3nech B SIBHOM BHUJIE JIaeTcs MOOIIOYHOE MPEJICTABICHNE TPOU3BOJILHON MaTpUYHON (QyHKIMHU Ta-

MHJIbTOHMaHA f; . B cormacum ¢ (5) u (A21) oH q0mmycKaeT claemyromee npeCcTaBIeHHE:
o B

= . (A26)
B' -6

DYHKIMIO CHMMETPHYHOTO MATPUYHOTO apryMeHTa Z =Z' OyaeM 3amucheiBath Kak ¢(Z). B koH-

5

TEKCTe J-CUMMETpPUH YJOOHO Pa3IoXKHUTh ¢(Z) Ha 4ETHYIO (B OOBIYHOM CMBICIIE) U HEUCTHYIO (QyHK-
uu. Torja yeTHas 4acTh OKa)KeTCsl BBIPAXKEHHON uepe3 (QyHKIHUIO OT |Z |, a HeueTHast — 4epes3 APYryro
noA00HY0 (DYHKIHIO, yMHOXKEHHYIO Ha 3HAKOBYIO (QyHKuuto Z/|Z|. bonee TOuHO, MBI MCXOIUM U3

CIICAYIOIIETO PA3NIOKEHUS, BCTPEUAIOIIETOCS U B IUTEpatype (cM. npuMevanue Kupikuuiia Ha cTp. 38
pycckoro niepeBoja kauru [113]):

P(2)={o(Z]) + p(-IZ]) +Z[e(Z]) - (-IZDV/|Z]}/2. (A27)
s popManbHBIX IpeoOpa3oBaHKUil BaXHO TO, YTO B Cllydae Z = hy; MaTpuua |Z| B cuiy (AS) cpasy

m3o0pakaercs B OJ09HO-TUAroHamsHON (hopme. OKOHYATETBLHBIN PE3yNbTAT BHITISIUT CIICTYIONTAM
o0Opazom. B uckomoit GyHkuu ¢ (/) BBEAEM pasieiecHUe Ha OJIOKH:

oth)=| 777 (A28)

,Z[OHOJ]HI/ITGJII)HO onpenenHM B KOpOTKI/IX O6OSH3‘ICHI/I$IX JABE€ BCIIOMOT'aTCIIbHBIC ManI/H_H)Il
B} =(5*+BB")"*, BL=(5*+B"B)". (A29)

DaKTHYECKHA OHH YXKE BCTPEUATHCH B (8).
[ocne craHmapTHBIX MATPUYHBIX MAHMITYJISIIMHA B JaHHON CHMBOJIMKE MoiydaeM paboune Gpopmy-
JIBI U BEPXHUX OJIOKOB B (A28):

P = S LU+8] B (BY)+( - 51 BB, (A30)

0.3 Blp(BY- B/ B (A31)

Huxuue Onoku @, u @., Bocrupoussoasatces u3 (A29) u (A30) 3amenoit B «»>B', a takke J Ha —I.
Ilpp >TOM CTOMT HWMETh B BH/IY COBIAQJCHHWE BHEIIHE pA3JIMYHBIX BBIPAKCHUH, HAIPUMED,
@(BB")B =B ¢(B"B), uto npome Bcero J0OKa3bBaeTCs pasloxkeHneM (GYHKIHH ¢ B paa. B crpa-

Be/uuBOCTH opmyit (28)-(31) HeTpymHO yOEIUTHCS HAa YUCIICHHBIX U aHAJTIUTHUECKUX MpuMepax. B
YaCTHOCTH, W3 HHUX INpH BBIOOpPE ¢(Z) =Z HENOCPEACTBEHHO CJIEAyeT OUYEBUAHBIH pe3yJbTaT
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@(hy) = hy. Ilomydennsie (GOpMyIIbl NPAKTUYECKU IIPUTOHBI I PA3JIMYHbBIX YMCICHHBIX PEaIu3alui

B Mogersix kmacca QCTB u EQC. [lns takux Mozpeneit, Habop (28)-(31) mo3BosisieT SKOHOMU3HPOBATh
BBIYHCJICHUSA, HAIIPUMEDP, OII€paTopa BpeMeHHOﬁ 9BOJIIOIIMHU, KOrJda I CUMYJIAIIUA KBaHTOBOM JUHa-
MHUKH TpeOyeTcsi 3HaTh COOTBETCTBYIOIIUI 3KCIOHEHIMATIBHBIA ONEepaTop WM €ro YHUTapHBIC MpPU-
OmmkeHus Ha TTogo0ue nmpeodbpazoBanus Kanm.

MpunoxeHue B. Mepbl OTKIOHEHUS OT afIbTEPHaAHTHOCTHU

3meck paccMaTpUBaeTCs PaclpoCTpaHeHNE Ha COTPSIKEHHBIE TT-CTPYKTYPHI aJrOpHUTMa TIOCTPOCHHS
MepbI OTKJIOHEHHS OT J-CUMMeTpuH u3 paszzaena 7. [IpoGneMa OTKIOHEHHS 3aJaHHOMN T-CUCTEMBI OT
ATBTEPHAHTHOW UMEET OUYCBUIHBIN aHAIOT B TeOpHUU TpadoB, TIe 00CyKIACTCSI, OCOOCHHO B TOCIE/I-
Hee rozbl [116-118], 3amaya 0 KOJMYECTBEHHBIX KPUTEPHSIX ABYXIBETHOCTH Tpada. Jns sTol menm
HCITIOJIB3YIOT, B YaCTHOCTH, HAWHU3IIIEEe COOCTBEHHOE YHCIIO MAaTPHIIHI «Oe33HaKOBOTOY (signless) nar-
nacuana rpada. JlammacuaHn cTpoOUTCs U3 AUArOHANBHON MAaTPUIILI CTETICHEH BepIIUH (Yucia coceneit
KaXXI0TO IIEHTpa) ILTI0C MaTpuila cMexkHOCTH. OTHAKO, HA HAIl B3TJISA, IS MOAO0HOH 3a1adl HeoO-
XoIuMast HHPOPMAITHS JIETKO U3BJICKACTCS U3 CIICKTPa OJHOM TOBKO MaTpHIlBl cMekHOCTH (13). Jlei-
CTBHUTEJIFHO, CIIPABEUIMBO BaXKHOE yTBepkIaeHue (TeopeMa 2.3.4 u3 [15]): criektp rpada cummerpu-
YeH OTHOCHTEIBHO HYJSI TOTJAa W TOJIBKO TOT/a, KOoraa rpad JBYXIBETEH. DTa TeopeMa IMO3BOJSCT
MPEIIIOKUTD 3/IECh MPOCTYI0 MEPY HEABYXI[BETHOCTH, WU UHACKC HEATBTCPHAHTHOCTH [ B IIpH-

nonal

MeHeHHH K m-3amayam. Craenys mo cytu (49) u (51), onpenenum [ KaK CpEIHIO a0CONIOTHYIO

nonal

«oummbKy» B CHMMETPHH CIIEKTpa rpada {g },. .

I a = Z le,+éy /N - (B1)
1<j<N
OquI/I,Z[HO, UTO AJId ABYXIBCTHBIX Fpaq)OB 1 OTBCHAKOIHUX UM aJIbTCPHAHTHBIX YIJICBOAOPOA0OB
]nonal = 0 : (BZ)

BBeneHHbBIN WHACKC SBISETCS MHTEHCUBHON MEPOM HEaIbTEPHAHTHOCTH.
JIOTIOTHUTENNEHO BBEJEM BIIOJIHE IMOHATYIO COOCTBEHHO KBAaHTOBOXMMHYECKYIO Mepy HealbTep-
HAHTHOCTH ( KaK CPEJHHI OCTAaTOYHbI 3apsi 1— P, Ha T-IEHTPE:
q= Y |1-P,|/N- (B3)
1SusN
B cormacun ¢ teopemoii napaoctu Koyncona-Pambpyka (10) ms AY q=0. Uanexc (B3) moxer

OBITH IPUHAT B KauyeCTBE MEPhl HEAIbTEPHAHTHOCTH, aCCOLMUPYEMON C KOHKPETHBIM 3JICKTPOHHBIM
COCTOSIHUE TT-CHCTEMBIL.
UYucnennsle pacyeTs ([

on M q U3 MeTOJA XFIOKKEJA) MOKA3bIBAIOT, YTO JUIS TUIMYHBIX HEAIbTEP-
HAaHTHOB JIaHHBIE [IBa WHJEKCA IUIOXO KOppeaupyroT. Bo3smeMm, Hampumep, 5 THUIOHYHBIX HeEalbTep-

HAaHTHBIX CTPYKTYpP B HOPAIKE Y6BIBaHI/I$I uHaekca [ . ICHTAJICH, UHAAIICH, KAaJIHUICH I'CIITAJICH U

nonal *

asyneH. Huxe Ui HMX B 5TOM HOPSAIKE MIPUBOJATCSA BENUYMHBL [ U q:
I {0.407, 0.332, 0.288. 0.240, 0.177}

q = {0.371,0.213,0.412. 0.246, 0.179}.

Ho B03MOXHO, 4TO miIoxas KOppessiuys MHICKCOB HE €CTh NE(EKT KaKOro-Iu00 M3 HHUX, TOCKOIBKY
I B OTJIMYHE OT (, XapakTepU3yeT CTPYKTYpy (rpad) B LEIOM BHE CBSA3H C ONPEACICHHBIM 3JIEK-

nonal ?

nonal

TpoHHBIM TepMoM. [IpaBna, [ HETPYIOHO NpeoOpa3oBaTh B CICLUAIM3UPOBAHHBIN MHICKC, OTHO-

nonal
CUMBIN yX€ K KOHKPETHOMY COCTOSIHHIO, €CIIH MOCTPOUTH MOAXOJSIIYI0 MaTPULy T-3JIEKTPOHHOU
HeaJIbTEPHAHTHOCTU B CTUJIE ONEpaTopa XMpaJlbHOCTH U3 pasznena 7. Ho 3ta 3amava TpebyeT JOnoaHHU-
TENBHOTO U3yUYCHMUSI.

VYkaxeM Takke Ha BO3MO>KHOCTH aHAJIOTMYHBIX BBIUMCIEHUH B 33/ayax ¢ HAPYLICHUSIMH IeOMeT-
PHYECKOH M DIIEKTPOHHOM CTPYKTYPBI U KOHEYHBIX JBYIOJBHBIX PEHIETKOK C J-CHMMETPHEN COBCEM
MHOT'O IIPOMCXOXKICHUS — AaXKe AJISI TPEXMEPHBIX PELIETKOK, HallpUMep, HAaHOKJIACTepOB KapOopyHa.
JIByXIIBETHOCTh MOJOOHBIX CTPYKTYp YXe HCHojb3oBayiack B [119] ang onTUMH3anMK BBIYUCIECHUIN
creun(pUUECKUX TOMOJIOr0-TeOMETPUUECKUX HHBApHAHTOB B HaHOKmacTepax SiC (¢ AecaTKaMH ThICSY
aTOMOB M C Y4ETOM IOJIUTUNUHU KapOopyHaa). OTKIOHEHHS OT TOIIOJIOTHH JIBYIOJIBHOCTH 3a CUET Je-
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(eKTOB 3aMeIIeHUs U APYTHX CTPYKTYPHBIX BapHauui, HO-BUIAUMOMY, TAK)KE€ MOTYT OBITh U3yUYEHBHI C
MIOMOIIIBI0O HEKOTOPOTO OIepaTopa aCHMMETPHHM M COOTBETCTBYIOIIEH TEXHHKH, PACIPOCTPaHSAIONICH
Ha 3TH 3aJ]auu TIOCTPOECHUs U3 paszaena 7.
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A.B. JlyzaHoB. CMeTpisi napHOCTi B psgi Npo6nem KBaHTOBOT Ta CTPYKTYPHOI XiMmil.

HTK «IHcTuTyT MoHokpucTanie» HAH Ykpainn, npocnekt Hayku, 60, Xapkis, 61000, YkpaiHa

[aeTbcs CMHTETUYHUI Ornsag | HOBI pe3ynbTaTu 3 Teopil Ta 3acTocyBaHb anbTePHaHTHOI CUMETPIl Ha 3acagax
€AvHoro nigxoay, Wo 6a3yeTbcs Ha BUKOPUCTaHHI onepatopiB J-cumeTpii (cumeTpii napHocTi). OcTaHHi, Ha BigMmi-
Hy Bif TMNOBOI KOMyTaLi, aHTUKOMYTYIOTb 3 raminbToHiaHamMK abo iHWKWMK NpuaaTHUMK onepaTopamun. Mu Tpak-
TYeEMO B BMpasax J-CMMeTpii pisHOMaHITHI Temu Ta Npobnemu, KOTpi 3aebinblua nos’a3aHo 3 n-0600HKaMM Cyn-
PSPKEHMX MOIeKyn. 30KkpeMa OKpecneHO Pi3HOMaHITHI opbuTanbHi Teopii i3 cucTeMaTyHUM BUKOPUCTYBAHHAM
OnOK-MaTPUYHOI TEXHIKM (MaTpuLi N'YyCTUHK, onepaTopHi OyHKUIi TOWwOo). B KOHTEKCTI Npobnem eneKkTpu4Hoi NpoB.i-
OHOCTi MOOAVHOKUX MOMEKYI BMBYEHO m-Mogeni Ta ixHa J—cuMmeTpis nopyd i3 cnocobamu pospaxyHky yHKUin
[piHa Ta enekTpPOHHOI TpaHCcMicii. My nigKkpecnteMo NPUHLMNOBY BaXXIUBICTb BPpaxyBaHHS T-€NEKTPOHHOI Kope-
nAyii Ans NpaBUIIBHOrO OMUCYBAHHS T-CMEKTPY TpaHcMmicii. Po3rnsHyTo ocobnvMBOCTI €NeKTPOHHOI CTPYKTypu
pagvKanbHUX CTaHiB anbTepHaHTIB Ta NpuaaTHICTb cniHoBoro npaswvna Jliba-OBYMHHKKOBA, KOTPE € pesynbTaTtoM
aii J—cumeTpii y 3rogi 3 edpektammn enekTpoHHOI Kopensuii. MokasaHo, Sk cnpolleHa (3acHOBaHa Ha XHOKKEIiBCb-
kmx MO) cniH-nonsipusauinHa mogens 3abe3neyvye KOPEKTHI OLiHKM Yncna eeKTMBHO po3napeHnx enekTpoHiB B
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nonipagukanoigH1x ansTepHaHTax. IHWWN TUN 3agay CTOCyeTbCs A0 NpobnemMu MONeKynspHOi XipanbHOCTi (B3a-
rani CTPYKTypHOi acumeTpii). AHani3 cnekTpy paHile BNpoBagKeHOro onepatopa XipanbHOCTi JaB MOXIUBICTb
peiHTepnpeTyBaTn npobnemy y Bupasax J—cumeTpii. Lie 4O3BONMNO 3KOHCTpYOBaTV HOBUI OnepaTop XipanbHOC-
Ti, IKUN € HEeBI’EMHO BM3HAYEHVUM Ta SKUIA 3HWKAE Ha axipanbHWUX CTPYKTypax. Moro HainpocTiwwmii iHBapiaHT,
MaTPUYHWUIA Crig, CNyrye 3a KinbKicHY Mipy CTPYKTYpHOi abo enekTpoHHOI xipanbHOCTi. MNonepenHi po3paxyHku
cBigyaTb, L0 HOBUWN iHOEKC XipanbHOCTI NOBOAUTLCA PO3YMHO, HaBiTb AN BUCOKO CUMETPUYHUX XipanbHUX CUC-
TEM.

KnroyoBi cnoBa: J-cumeTpisi, MaTpuLi ryCTUHU, eNeKTPOHHa Kopensiuis, anbTepHaHTi ByrneBoaHi, dyHkuii pi-
Ha, MoneKynsapHa enekTpPonpoBIgHICTb, XipanbHICTb.

A.V. Luzanov. Parity symmetry in a number of problems of quantum and structural chemistry.

SSI “Institute for Single Crystals”, National Academy of Sciences of Ukraine, 60 Nauky Ave., 61000 Kharkiv,
Ukraine

A synthetic review and new results are given of the alternant symmetry theory and its applications within a uni-
fied approach. It is based on J—symmetry (parity) operators. Unlike usual commutation rules, these symmetry
operators anticommute with Hamiltonians or other relevant quantities. In the J—symmetry terms we treat a variety
of problems and topics, mainly related to wn-shells of conjugated molecules. In particular, various orbital theories
are outlined with a systematic use of block-matrix technique (density matrices, operator functions etc.). Noval
n-models and their J~symmetry are studied within the current context of single-molecule conductance and the
relevant problems concerning Green'’s function and electron transmission evaluation. We stress on the key impor-
tance of account for n-electron correlation for describing correctly transmission n-spectra. We discuss electron-
structure peculiarities of alternant radical states and the validity of the Lieb-Ovchinnikov spin rule resulting from
the J-symmetry and electron correlation effects. It is shown how the simplified (based on Hickel's MOs) spin-
polarized theory provides a correct number of effectively unpaired electrons in polyradicaloid alternant molecules.
Another type of problems is concerned with chirality (generllly, structural asymmetry) problems. By spectral ana-
lysys of the previously defined chirality operator we could reinterpret the problem in terms of J—~symmetry. It al-
lowed us to construct here the noval chirality operator which is nonnegative definite and vanishes on achiral struc-
tures. Its simplest invariant, the matrix trace, surves us as a quantitative measure of the structural (electronic)
chirality. Preliminary calculations tell us that the new chirality index behaves reasonably even for the difficult
(high-symmetry) chiral systems.

Keywords: J-symmetry, density matrices, electron correlation, alternant hydrocarbons, Green’s functions,
molecular conductance, chirality.
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A new look on the problem of the molecular systems index description is presented. The capabilities of it-
erated line (edge) graphs in characterization of saturated hydrocarbons properties were investigated. It was
demonstrated that single selected molecular (graph-theoretical (topological) or informational) descriptor cal-
culated for the sequence of nested line graphs provides quite reliable progressive set of regression equa-
tions. Hence, the problem of descriptor set reduction is solved in the presented approach at list partially.
Corresponding program complex (QUASAR) has been implemented with Python 3 program language. As
the test example physico-chemical properties of octane isomers have been chosen. Among the properties
under investigation there are boiling point, critical temperature, critical pressure, enthalpy of vaporization,
enthalpy of formation, surface tension and viscosity. The corresponding rather simple linear regression
equations which include one, two or three parameters correspondingly have been obtained. The predictive
ability of the equations has been investigated using internal validation tests. The test by leave-one-out
(LOO) validation and Y-scrambling evaluate the obtained equations as adequate. For instance, for the re-
gression model for boiling point the best equation characterizes by determination coefficients R? = 0.943,
with LOO procedure — Q2 = 0.918, while for the Y-scrambling test 0; .. <03 basically.

It is shown that all the abovementioned molecular properties in iterated line graph approach can be effec-
tively described by commonly used topological indices. Namely almost every randomly selected topological
index can give adequate equation. Effectiveness is demonstrated on the example of Zagreb group indices.
Also essential effectiveness and rather universal applicability  of  the so-called
“forgotten” index (ZM3) was demonstrated.

Keywords: topological descriptors, line (edge) graph, regression analysis, determination coefficient,
leave-one-out cross-validation, Y-scrambling, “forgotten” index.

Introduction

Development and investigation of new materials are strongly connected with building of corre-
sponding mathematical models for target properties. Such a model can be based on either rigorous
physical conception (e.g. quantum theory, statistical physics) or statistical (chemoinformatics) inter-
pretation of available experimental data. The latter is usually based on the formal description of the
molecular structure with large numbers of molecular parameters — descriptors. Such parameters de-
scribe different aspects of molecular system. Among them the physico-chemical data (lipophilicity,
refractivity, efc) or pure mathematical values which are not connected directly with observed molecu-
lar properties. The subsequent usage of wide arsenal of statistical and mathematical methods provides
possibility to obtain corresponding equations for prediction of desired properties or make a classifica-
tion of molecular system according to certain criterion. In general, such tasks designated by widely
known acronym QSAR — quantity structure-activity relationships (QSPR — quantity structure-property
relationships) [1,2].

The central QSAR problem is the selection of minimal set of descriptors which guarantee reliable
(adequate) description of desired properties. Nowadays for such selection it is worth mentioning factor
analysis and different methods based on regularization technique: LASSO — Least Absolute Selection
and Shrinkage Operator, LARS — Least Angle Regression and Shrinkage, etc. [3]. However, today the
problem of suitable descriptors selection is still the one of the biggest problems in QSAR. The prob-
lem is essentially connected with the large number of available descriptors. For instance, in the popu-
lar computational QSAR software DRAGON [4] there are more then five thousand descriptors.

© Zakharov A.B., Ivanov V.V., 2019
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During the long history of QSAR investigations, the large set of so-called topological descriptors
(TDs) based at chemical graph theory and information theory has been developed. Since the first Wie-
ner index [5] (1947 !) thousands of indices were proposed for description of different molecular prop-
erties for various classes of chemical compounds. Among them popular Randi¢ index [6] and corre-
sponding set of generalizations [7], large number of theoretically-informational indices [8,9], so-called
Zagreb group indices [10,11] etc. For general description of TDs see reviews [8,9,12].

It should be emphasized that development of brand new TDs is connected not only with pure
mathematical fancy but also with necessity to investigate the properties which cannot be described by
using compact (small enough) set of known descriptors. For instance, important hydrocarbon property
— octane numbers (ON) still cannot be described with rather simple, low parametric equation based on
TDs.

Recently we proposed a new graph-theoretical approach based on nested chains of line graphs [13].
Namely we build regular molecular (vertex) graph (G), then we build line (edge) graph” (G™), and
then a sequence of graphs where each next graph is line graph for the previous one (G*, G, ...,

G™). Subsequent calculation of chosen descriptor for vertex and all line graphs of molecule forming
a predictor set for regression analysis. Effectiveness of our approach was demonstrated in description
of ON for saturated hydrocarbons. In the presented article we continue the investigation of line graph
concept in QSAR/QSPR modeling. As the example we use the series of different physico-chemical
properties of octane isomers [14].

Line graphs in regression model building

According to our approach, for the molecular system with vertex graph G the iterative construc-
tion of a line graph sequence can be described symbolically in the following way:

G’ =V (mol), (D)
G" =E(G")=E(V (mol)), )
G? =E(G")=E(E(V(mol))), 3)
GV =E(G")=E(..V (mol)). (4)

Here by V(mol) we designate procedure of molecular vertex graph building, while G**" = E(G("))

corresponds to building of line graph from previous one.
Adjacency matrix for such a sequence can be easily calculated using well-known matrix expres-
sion:
A, =B'B, -2I, (5)

where 4, is adjacency matrix for graph G**V, B, — is the incidence matrix of current G’ graph,

k+1
and / is the identity matrix.

As an example the graph sequence for methyl derivatives of cyclopropane is presented in Figure 1.
From the picture one can notice that while first line graph (G") describes the connections between
edges through the vertexes, the next line graph (G'?) describes participation of vertices in connection
between edges, efc. For the first employment of the line graphs in chemometrics see [15-17].

In the present article we use the sequence of graphs for building QSAR models namely regression
equations. In particular the regression model of target property (Y) according to our approach is repre-
sented with the equation of the following form:

Y=a+a0X(0)+a1X(l)+a2X(2)+...=a+ZaiX(i), (6)
i=0
where X7, X x® .. are values of the selected descriptor for graphs G, GV, G?, ... corre-
spondently, z is the number of parameters.

) In contemporary mathematical literature for the edge graph there are several terms. Among them the covering
graph, the edge-to-vertex dual, the interchange graph, the adjoint graph, etc. In the present article we are using
probably most popular among them — the line graph.
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G0 G G
CH,

A

<>

—l
H,C——CH,

Figure 1. Methylcyclopropane (A), 1,2—dimethylcyclopropane (B), 1,2,3—trimethylcyclopropane (C),
their vertex graphs (G) and line graphs (G, G*?).

To evaluate the prognostic ability of obtained equations we use standard coefficients of determina-
tion R* and corresponding values obtained via well known leave-one-out (LOO) cross-validation pro-
cedure Q*:

Z(y,. —)3;)2 Z(yi _}’}i/i)z
R=l-———, Q*=l-i——. (7)

> (v-7) > (5 -7)

1 1

where y. is experimental, §, calculated and . predicted values via LOO procedure for i" molecule.

y is mean value for the training sample.

In the present article we describe regression models of different properties for the set of octane
isomers as a test example. The rather small set of isomer molecules (18 molecules, see appendix
Table A1) is difficult problem for regression model building. We choose to study seven properties of
the isomers (Table 1).

As the descriptor set we use more than 30 indices from different types of topological and informa-
tional descriptors. From the large set of obtained successful equations here we will describe the results
given by several selected indices (Table 2). Especially the group of Zagreb indices attracted our atten-
tion since the latter systematically use vertex degree graph concept. Among them the so-called
“forgotten” index, ZM 3, which is of great interest in contemporary literature [11].

Table 1. Physico-chemical properties of octane isomers under QSAR investigation

property designation dimension

1 boiling point BP K

2 critical pressure CPr Pa

3 critical temperature CT K

4 enthalpy of vaporization HV KJ/Mol
5 enthalpy of formation HF KJ/Mol
6  surface tension ST N/m

7  viscosity Vs Pa‘s

For all indices the set of equations (6) has been obtained for n = 0, 1, 2 (due to small training set
the value n is restricted to two). Information about predictive ability of regression equations based on
ZM1, ZM2, and ZM3 indices is collected in the Table 3.
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Table 2. Most important molecular descriptors in the present investigation.
In this table d; is i" vertex degree, t; is graph distance between i andj vertices,
N is total number of vertices in corresponding graph.

descriptor designation

2

1 First Zagreb Index ZM1= de
2 Second Zagreb Index ZM2 = Z dd,

()]

3
3 “Forgotten” Index ZM3= Z 4,

4 S}lm of logarl.thms of row for LPRS = Zlngtij
distance matrix i J

5  Normalized quadratic index Qind =3-2N+7ZM1/2

It is worth noting that the equations based on “forgotten” index (ZM3) demonstrate good prognostic
ability for all presented cases. The equations for best models where R* and (7 are maximal and

R* ~ Q% enumerated below.

BP=436.14-0.971-ZM 3" +0.197 - ZMm 3" ®)
CPr-107 =2856-13.6-ZM3"" +7.58- ZM3" —0.431- ZM 3? 9)
CT =627.2-1.532-ZM3"") +0.396- ZM 3" (10
HV =48.86—0.514-ZM1" —0.048- ZM1" +0.017 - ZM1?) (11
HF =-180.37-0.757- ZM 3" +0.195- zM 3" —0.007 - ZMm 3? (12)
ST-10°=2.733-1.737-102 - ZM 3" +5.526-10 - ZM 3" -1.916-10™* - ZM 3"?) (13)
Vs-10° =4.739+3.794-107 - ZM 2" (14)

As an alternative to Eqs (9-12, 14) we demonstrate below several additional equations which are
the best, based on LPRS and Qind (see Table 2) along with corresponding determination coefficients.

CPr-10° =-9.681+1.415-LPRS” —1.133- LPRS" +0.01552- LPRS”, R* =0.980, 0* =0.973  (15)

CT =-1657+227.7-LPRS"” —168.3- LPRS"” —2.605- LPRS"”, R>=0.930, 0*=0.885 (16)
HV =34.73-0.9631-Qind'” —0.09515- Qind " +0.03312-Qind?, R*=0.950, 0*=0913  (17)
HF =-770.0+59.13- LPRS'” —43.96- LPRS"” —1.554- LPRS?, R*=0.926, 0> =0.877 (18)
Vs-10° =226.5-13.92- LPRS” +8.502- LPRS"” +0.1045- LPRS"”, R*=0.987, 0*=0.951  (19)

It should be stressed that in most cases only complete chain of descriptors shows satisfactory equa-
tion, i.e. if n = 2 and for example G is eliminated, the given solution will result in worse prognostic
ability. Corresponding determination coefficients for the model based at ZM3 index are given in the
Table 4.

As soon as the training set is quite small we can not select a set for testing. Another way to evaluate
effectiveness of obtained equations (except LOO procedure) is internal Y-scrambling test. This test is
based on the random permutations of Y-column (target property) without corresponding transposition
of predictors. Comparison of determination coefficients from Table 3 (and Table 4) with those ob-
tained via Y-scrambling test gives information about causality effects in the regression models. For the
above mentioned models (7-13) we obtained pretty close results for Y-scrambling test [18]. Thus we
will not describe it completely but only for single general case. Namely for the Eq. (7) (see also corre-
sponding row in Table 3) thousand times Y-scrambling procedure was performed. In case when n =1,
98.8 % of random samples have LOO value Qfﬂu, < 0.3 while for the case when n=2, — 98.7 %.
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These values significantly less then corresponding data from Table3 (ie. ZM3, n=2,
0*=0.799 > Q; ). Hence the chosen model can be treated as statistically adequate.

Table 3. Determination coefficients (first value is R*, second value is Q*) for different regression

models based on Zagreb indices with n parameters in equation (6).
The best validation parameters are given in bold.

M1 M2 ZM3

n 0 1 2 0 1 2 0 1 2
BP 0.519 0.889 0.901 0.251 0.368 0.728 0.497 0.943 0.945
0.373 0.838 0.833 0.087 0.032 -0.167 0.341 0.918 0.799
CPr 0.524 0.839 0.862 0.817 0.885 0.934 0.510 0.894 0.976
0.429 0.791 0.738 0.780 0.831 0.803 0411 0.815 0.922
cT 0.000 0.795 0.795 0.083 0.233 0.653 0.0 0.938 0.953
-0.256 0.727 0.714 -0.120 | -0.171 -0.425 -0.258 0.885 0.871
oy 0.810 0.924 0.950 0.587 0.637 0.859 0.782 0.925 0.947
0.727 0.865 0.913 0.498 0.434 0.478 0.686 0.888 0.872
HF 0.631 0.846 0.851 0.340 0.559 0.723 0.629 0.904 0.916
0.565 0.791 0.774 0.208 0.356 0.211 0.557 0.774 0.793
ST 0.081 0.797 0.800 0.001 0.265 0.650 0.078 0.946 0.980
-0.137 0.730 0.685 -0.195 -0.099 | -0.304 | -0.146 | 0.893 0.962
Vs 0.848 0.849 0.925 0.874 0.882 0.945 0.805 0.807 0.919
0.776 0.757 0.658 0.811 0.796 0.768 0.724 0.697 0.609

Table 4. Demonstration of determination coefficients decay when incomplete
sequence of graphs is employed for ZM3 index example.

G(O) G(l) G(z) G(O) G(Z) G(l) G(ZJ

R? 0’ R? 0’ R? 0’
BP 0.945 0.799 0.895 0.707 0.450 -0.466
CPr 0.976 0.922 0.719 0416 0.717 0.578
CT 0.953 0.871 0.712 0.235 0.176 -0.893
HV 0.947 0.872 0.946 0.913 0.747 0.357
HF 0.916 0.793 0.821 0.605 0.463 -0.061
ST 0.980 0.962 0.693 0.219 0.091 -0.883
Vs 0.919 0.609 0.814 0.691 0.919 0.686

Conclusion

In the present article we demonstrated ability of iterated line graphs approach in building of QSAR
regression equations. In contrary to standard approach, where the combination of descriptors has to be
generated by different statistical approaches (like factor analysis, etc), we use simple stepwise ap-
proach for single selected descriptor. Subsequently we calculate the nested line graphs, the chosen
descriptor for it, and then corresponding regression equation. The simple comparison of determination
coefficients allows to identify the best equation, and evaluate its prognostic ability.

Another aspect of the article concerned to so-called “forgotten” index, ZM 3. It was observed be-
fore that usually ZM 3, can not give good predictive ability itself however in combination with other
indices it can give quite adequate equation [11,19]. We argued with this issue and demonstrated that
ZM 3 calculated for a sequence vertex and line graphs gives regression equation with good yet rather
universal predictivity.
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Appendix

Table Al. Physico-chemical properties of octane isomers
(acronyms according to the Table 1)

name BP Cfr CcT HV HF 6S T 5Vs

K 10” Pa K KJ/mol KJ/mol 10° N/m 10° Pa-s
2,2-dimethylhexane 379.99 2.53 549.8 32.37 -224.6 1.92 591
2,3-dimethylhexane 388.76 2.63 563.4 33.18 -213.8 2.05 5.89
2,4-dimethylhexane 382.58 2.56 553.5 32.48 -219.2 1.96 591
2,5-dimethylhexane 382.26 2.49 550.0 32.73 -222.5 1.93 5.84
3,3-dimethylhexane 385.12 2.65 562.0 32.64 -220.0 2.02 5.94
3,4-dimethylhexane 390.88 2.69 568.8 33.31 -212.7 2.12 591
3-ethyl-2-methylpentane 388.81 2.71 567.0 32.97 -212.8 2.11 5.96
3-ethylhexane 391.69 2.61 565.4 33.69 -210.7 2.11 5.83
3-ethyl-3-methylpentane 391.42 2.81 576.5 32.81 -214.9 2.15 6.00
2-methylheptane 390.80 2.49 559.6 33.44 -215.4 2.02 5.71
3-methylheptane 392.08 2.55 563.7 34.04 -212.5 2.08 5.76
4-methylheptane 390.86 2.54 561.7 33.88 -212.0 2.05 5.77
octane 398.83 2.49 568.8 34.77 -208.8 2.11 548
2,2,3,3-tetramethylbutane | 379.60 2.87 567.8 31.42 -225.9 2.02 6.20
2,2, 3-trimethylpentane 383.00 2.73 563.5 32.16 -220.0 2.02 6.05
2,2 4-trimethylpentane 372.39 2.57 544.0 31.02 -224.0 1.83 6.05
2,3,3-trimethylpentane 387.92 2.82 573.5 32.40 -218.5 2.11 6.05
2,3,4-trimethylpentane 386.62 2.73 566.3 32.62 -217.3 2.07 6.01
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Haoicnarno oo peoaxyii 17 keimus 2019 p.

A.B. 3axapos, B.B. ViBaHOB. HoBbI MOAx04 B MCMNONb30BaHMU TOMOMOMMYECKNX OECKPUMNTOPOB. MTepupoBaH-
HbI pebepHbIn rpad B npobrneme hrnsnKO-XMMNYECKNX CBOWCTB HACbILLEHHbIX YTNeBOAOPOAOB.

XapbKOBCKWI HaLMOHanbHbIN YHUBEpPCUTET uMeHn B.H. KapasuHa, xumuueckun cakyneteT, nn. Ceoboakl, 4,
XapbkoB, 61022, YkpauvHa

B paHHOM cTatbe npeacTaBneH HOBbIN B3rMaA Ha NpobneMy onucaHus MOMEKYNAPHbIX cucTeM. M3yyeHsl BO3-
MOXXHOCTW UTEepMpPOBaHHbIX pebepHbiX rpadoB NPV ONUCaHWM CBOWCTB HaCbILWEHHbIX yrnesodopofos. lNpoae-
MOHCTPUPOBAHO, YTO €AUHCTBEHHbIA BbIOPaHHbLIA MONEKYNAPHbIN (rpadMKo-TEOPETUYECKUIN (TOMOMOTNYECKMNIA)
WM MHOPMALMOHHBIN) AECKPUNTOP paccyMTaHHbIN AN MOCe4oBaTeNbHOCTU BMOXEHHbIX pebepHbIx rpados
NO3BOMSET NONy4YnTb JOCTATOYHO HafEXHbIE PEerpeccuoHHble ypaBHeHus. TakuMm obpasom, npobrnema cokpatle-
HWS OeckpunTopHOro Habopa pelueHa B JaHHOM MoAaxofde Mo KpawnHew mepe vacTuuHo. PaspaboTtaH n peanuso-
BaH cooTBeTCcTBYOLWMIA nporpammHbiv nakeT (QUASAR) ¢ ncnonb3oBaHneM si3bika nporpammuposaHuns Python 3.
B kayectBe TectoBoro npumepa usbpaHHbl PU3MKO-XMMMYECKME CBONCTBA M30OMepOB OKTaHa. Cpean u3yvyeHHbIX
CBOWCTB - TemrnepaTtypa KUMeHusl, KpUuTndeckas TemnepaTypa, KpUtuyeckoe AaBreHne, SHTanbnvs ucrnapeHus,
3HTanbnua obpasoBaHuUsi, Cua MOBEPXHOCTHOTO HATSXEHWS, a TakkKe BA3KOCTb. [MofnyyeHbl COOTBETCTBYHOLLME
[OCTaTO4HO MPOCTbIe NIUHEVHbIE PErPECCUOHHBbIE YPaBHEHUSI BKIIOYaloOWMe OAWMH, ABa M TpU napameTpa CcooT-
BeTCTBEHHO. lNpeAcka3aTenbHas CNnocobHOCTb YpaBHEHUI M3ydYeHa C MCMoNb30BaHWEM Npoleayp BHYTPEHHeN
Banvaaumu. Mo npouenypam leave-one-out (LOO) n Y-scrambling gokazaHa ageKkBaTHOCTb NOMyYeHHbIX ypaBHe-
HWA. Hanpumep, ONsi perpeccMoHHOn Moaenu, MonyvyeHHOW ANsi TemnepaTtypbl KUMEHWs, nydlive ypaBHEHWUs
XapakTepuayrTcsa koaddpuumeHTammu getepMmmHanmm R?=0.943 1 Q2 = 0.918 (npouenypa LOO), B To BpemMsi kak
no npoueaype Y-scrambling 0} .. <03.

Takke nokasaHo, YTO Bbllleyka3aHHble MOMEKYNSpHbIE CBOWCTBA B MOAXOAE BMOXEHHbIX pebepHbIx rpados
MOryT BbITb OMMCaHbl C UCMOMb30BAHUEM OBLLENPUHATBLIX TOMOMOMMYECKMX AECKPUNTOpoB. B obliem noyuTtu nio-
6ol M3GpaHHbIA TOMONOrMYECKUIA AECKPUMNTOP MOXET AaBaTb afekBaTHble ypaBHEHUS. DPHEKTUBHOCTL Npoae-
MOHCTPMpOBaHa Ha npumepe uHaekcoB 3arpebcekon rpynnbl. «3abbiThii MHAEKC» (ZM3) 3apekomeHgoBan cebs
KaK [OCTaTOYHO YHMBEpCcasibHbIA MHOEKC NPY ONUCaHWK BbilLeyKasaHHbIX CBOWCTB.

KnroyeBble cnoBa: Tononornyecknii Aeckpuntop, pebepHblii rpad, perpecCcuMoHHbIi aHanms, KoadduuneHT
netepMuHaumn, leave-one-out Banugaums, Y-scrambling, «3a0bIThIny MHAEKC.

A.B. 3axapos, B.B. IeaHoB. HoBWIA nigxig y BUKOpPUCTaHHI TONOMOMYHUX AeCKpUNTOpIB. ITepoBannii pebepHui
rpad y npobnemi ianko-ximiyHMX BTACTUBOCTEN HACUYEHNX BYTTIEBOAHIB.

XapkiBCbkui HauioHanbHWI yHiBepcuTeT iMeHi B.H. KapasiHa, ximiuHni dakynbteT, mangaH Csoboam, 4, Xap-
kiB, 61022, YkpaiHa

B paHin ctatTi npeacTaBneHo HOBWUIA NOrNs4 Ha NpoGrnemMy Onucy MOMEKYNSPHUMX cucTeM. BMBYeHO 3gaTHOCTI
iTepoBaHnx pebepHux rpadis Npyu onNuci BNacTMBOCTEN HAaCUYEHMX BYrNeBOAHIB. [1poaeMOHCTPOBaHO, L0 €ANHUIA
obpaHuii MoneKkynsipHuin (rpad-TeopeTuyHui (TononoriyHuin) abo iHdopmauiiHuin) 0eCKpUNTop po3paxoBaHuUi
Ans NocnifoBHOCTI BkNageHux pebepHux rpadis A403BONSAE A4OCTaTHBO OTPMMATU AOCTaTHLO HagilHi perpecinHi
PiBHSAHHSA. TakuM YMHOM, Npobrema CKOPOYEHHST 4ECKPUNTOPHOrO HAbopy BUpilleHa B AaHOMY MiAXOAi NpUHAKMHI
yactkoBo. Po3spobrneHo Ta peanizoBaHo BignosigHui nporpamHuin naket (QUASAR) i3 BUMKOPUCTaHHAM MOBMU
nporpamyBaHHs Python 3. Y skocTi TectoBoro npuknagy obpaHi i3vko-XiMiYHi BMacTMBOCTI i30MepiB OKTaHy.
Cepen BUBYEHWX BNacTMBOCTEW - TemnepaTtypa KUMiHHA, KpUTUYHa TemnepaTypa, KPUTUYHUIA TUCK, eHTanbnis
NapoyTBOPEHHS, eHTanbnMis YTBOPEHHS, MOBEPXHEBUI HATAr @ TakoX B'A3KicTb. OTpumaHi BigNoBigHI 4OCTaTHLO

44



A.B. Zakharov and V.V. Ivanov

NPOCTi NiHiViHI perpeciviHi PIBHAHHS WO BKMOYaloTb OAWH, ABa Ta Tpu napameTpu BignosigHo. NepenbadysanbHa
30aTHICTb PiBHAHb BUBYEHA i3 BUKOPUCTaHHSAM Mpoueayp BHYTPILWHBOI Banigauii. 3a npoueaypoto leave-one-out
(LOO) Ta Y-scrambling noBeneHa agekBaTHICTb OTPMMaHUX piBHSAHbL. Hanpuknag, ans perpecinHoi mogeni, Wwo
OTPMMaHO AN TemnepaTypyu KUMiHHSA, HalKpalwl PIiBHSHHSA XapakTepuayloTbeca koediuieHTamu petepMiHadii
R?=0.943 Ta Q° = 0.918 (Npouepypa LOO), B Toit Hac sik 3a npoueaypoto Y-scrambling ¢?  <0.3.

TakoX nokasaHo, L0 BULLEBKa3aHi MOMEKynsipHi BNacTMBOCTI Y Nigxoai BknageHux pebepHux rpadiB MOXyTb
OyTU onucaHi i3 BUKOPUCTaHHAM 3aranbHO BXXMBaHUX TOMOMOTMYHUX AecKpMnTopiB. Baarani maimxe koxeH obpaHui
TOMONOFYHUIA AECKPUMNTOP MOXe [aBaTu afekBaTHi piBHAHHSA. EdekTnBHICTL NpoaeMOHCTpOBaHO Ha npuknagi
iHgekciB 3arpebebkoi rpynu. «3abytui» iHgekc (ZM3) 3apekomeHayBaB cebe sik 4OCTaTHLO YHiBepCcanbHWUM iH-
[OEKC Npu ONUcaHHi BMLLIEBKa3aHNX BNACTUBOCTEN.

»

KnroyoBi cnoBa: TononoriyHuin geckpunTop, pebepHuii rpad, perpecinHni aHanis, koedildieHT getepMiHadii,
leave-one-out Banigauisi, Y-scrambling, «3abyTtuii» iHaekc.
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Contact of silver metal surfaces with water, ions and organic ligands experiences induced charges, lead-
ing to attractive polarization. These forces play an important role at inorganic/organic interfaces and com-
plement other non-bonded surface interactions. Despite the importance of these interactions, it, however,
remains difficult to implement polarization effects to classical molecular dynamics (MD) simulations. In this
contribution, we first present an overview of two popular polarizable models, such as Drude oscillator and
the rigid rod model, which are utilized to mimic the polarizability of bulk metals. Second, we implemented the
rigid rod model to the polarizable force field (FF) for a silver atom, which was further adapted for atomistic
MD simulations of silver nanoparticles (AgNPs) composed of 1397 atoms. In our model, induced charge po-
larization is represented by the displacement of a charge-carrying virtual site attached rigidly to an original
Ag atom. To explore the role of polarization, we compared the performance of the classical nonpolarizable
FF and the new polarizable model in the MD simulations of adsorption of water and ions onto quasi-
spherical AQNP and the flat crystalline silver surface. The analysis of the radial distribution function of Ag-Ag
atoms demonstrated that the introduction of the polarization effect had minor effects on face-centered cubic
(fcc) packing of silver atoms of bare and water-solvated AgNPs. We found that the polarizable FF causes
some increase in attractive interactions between the silver surface and water molecules and Na* ions. As a
crucial test of the developed polarizable model, the structure of adsorbed interfacial water molecules was
analyzed. Our data suggest that the environment-induced polarization of the silver surface contributes sig-
nificantly to the structure of adsorbed interfacial water layers and it also plays an important role in the ad-
sorption of positive ions. However, it was also found out that the polarization effect has a rather short-range
effect, so that a minor contribution of silver polarization was seen for adsorption of water molecules and ions
from distant solvation shells.

Keywords: silver, nanoparticle, face-centered cubic cell, fcc, polarizable model, Drude oscillator, rigid rod
model, molecular dynamics simulations.

Introduction

Applications of metallic nanoparticles in various chemical, engineering, and medical applications
represent one of the most extensively investigated areas of the current materials science [1-4]. Pro-
gress in this field requires the development of novel experimental techniques and theoretical ap-
proaches. Molecular dynamics (MD) simulation, in partnership with an experiment, has become an
essential tool for studying metal nanoparticles at the atomic level [5]. Atomic-scale theoretical meth-
ods can provide important insight to the solution-phase synthesis of silver nanostructures that involves
the seeded growth [6-7] and the morphological stability [8-9], as well as adsorption of stabilizing
agents and solvent molecules onto inorganic metal nanocrystals [10-12]. Numerous MD simulation
studies of silver and gold nanoparticles protected by organic ligand monolayers [13-18], synthetic
polymers [19-26], and peptides [27-30] have been conducted in the last decade.

Silver metal surfaces in contact with the aqueous environment experience attractive polarization
owing to metal-induced charges [31]. This fundamental physical interaction complements Van der
Waals surface interactions; however, despite recent progress in this field, it remains difficult to im-
plement polarization effects to classical MD simulations [32]. A much less considered contribution to
the binding strength is a polarization of the metal surface through the typically polar and often ionic
environment created by solvents, surfactants, peptides or DNA. Therefore, the development of ad-
vanced computational models for complex hybrid organic/inorganic nanomaterials is required [33-36].

© Blazhynska M.M., Kyrychenko A.V., Kalugin O.N., 2019
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The main goal of our study is the implementation of the polarizable Ag model to the existing non-
polarizable FF, which were recently used for MD simulations of silver nanoparticles and interfaces
[8,19,24,37-38]. Besides, the influence of polarization effects on the adsorption of water molecules
and ions at the silver/water interface is considered.

Review of Polarizable Force Fields

Metal surfaces acquire a charge in aqueous systems and these attracted surface ions form a layer
balancing the oppositely charged counter ions. This structure is known as the electrochemical double
layer (EDL). EDLs profoundly affect the physical and chemical behavior of such heterogeneous sys-
tems [39]. Unless there are a lot of common techniques, which involve the measurement of electroki-
netic phenomena caused by the tangential movement of an electrolyte fluid relative to the charged
surface, the molecular dynamics methods of charged NPs surfaces simulations are only arising. The
investigations, which have already found their use in studying these systems, are summarized below.

Iori and Corni have recently introduced novel polarizable MD models for a bulk gold and gold sur-
face (001) and (111) [40]. Their approach is based on the Drude oscillator model [32] in which a vir-
tual interaction site is added to the real metal atom being connected by a harmonic bond with a force
constant £ and the null rest length /=0 (Fig. 1 lef). To keep the system neutral, the authors offered to
assign negative charge —q on the real metal atom and positive charge +¢ placed on the virtual site. The
electrostatic interaction between these two charges on the same polarizable metal atom is not included
in the energy and force calculations during the simulations. Additionally, a virtual site has no Van der
Waals interactions with other atoms. Thus, the Drude oscillator model for metal requires three parame-
ters: a force constant &, point charge ¢ and a mass m, which help to mimic the behavior of the polariz-
able metal atom. Their combinations define the quantities that determine the behavior of the polariz-
able metal atom: the polarizability a (1) and the harmonic oscillator frequency w (2) [40], respectively.

4. (M)
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However, some disadvantage of this model is that the fictitious moving charge can collapse on other
charges, which can lead to the system’s crash.

Attractive polarization occurs in response to exterior charges in the vicinity of a metal surface and
it scales with the magnitude of atomic charges and with the length of multipoles, such as the distance
between a real metal atom and a virtual site.

Drude Oscillator Model Rigid Rod Model

-q *q -q *q

Me O”“”O Virtual Me O_O Virtual
Site Site

Figure 1. Scheme of the two polarizable FF models for bulk metal (Me). A Me atom is shown as a
cyan ball and the virtual site is represented by an orange sphere. Both of them have their charges: Me
is charged negatively (-¢g) and the virtual site is charged positively (+g). On the left side the Drude
oscillator model is shown. Metal atom and its virtual site are bonded by a harmonic bond (shown as a
staggered line). On the right side the rigid rod model is presented. The Me atoms and its virtual sites
have a fixed bond (shown as an arrow).
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Further improvement of the Drude oscillator model was given by the rigid rod model (Fig. 1 right)
[32,40]. In the rod model, the rod always has a finite dipole moment and there is a fixed distance /,
between the real gold atom and a virtual interaction site. Thus, the virtual site is forced to be at a given
distance /, from the original metal atom, however, its orientation is still free. Similarly to the Drude
oscillator model, the virtual site has no Van der Waals interactions, while it bears a positive charge ¢
(—q 1is assigned to the original metal atom) and it has an atomic mass m. The rod model also requires
three parameters: distance /, partial charge ¢, a mass m. Unlike the Drude oscillator model, the rod
model always has a finite dipole moment u (3). To reproduce the physically meaningful polarizability
of bulk metals, this model requires an orientational averaging (i.e., 7 > 0), so that the relation among
the parameters and the characterizing physical quantities involve the temperature: the polarizability is
also given by a as defined by (1) [32,40]. The typical values of these parameters for gold are 7=300 K,
g=0.3, 1,=0.7 A and m=0.5 a.m.u. [40]. This choice was confirmed by the necessity of making stable
MD simulations and the fact that the dipole moment of every single rod should average to zero. It was
found that q=0.3 gave the sufficient polarizability while not causing the system to freeze [40]. The MD
simulations based on the Lennard-Jones 6-12 potential for gold and performed in an NV'T ensemble,
[40] demonstrated that the rod model is capable to reproduce the interaction energy between a charge
and neutral metal slab.

#=ql, )
7= M _ql
3k.T  3ksT (4)

The polarizable model for gold, suitable for biomolecular MD simulations, has recently been intro-
duced in the GolP [41] and GolP-CHARMM [42-43] force fields, respectively. Recently, this ap-
proach has further been extended and implemented in new FF, AgP-CHARMM [44-46], suitable for
simulations of the aqueous Ag(111) and Ag(100) interfaces, where abbreviations (111) and (100) refer
to the Miller indices form a notation system in crystallography for planes in crystal lattices. AgP-
CHARMM utilizes the rigid rod model to mimic the polarizability of the Ag atoms, where the total
average dipole moment p, is determined by (4), where 7=300 K, g=0.308, /,=0.7 A. Moreover, to en-
sure atop-site adsorption, both GolP-CHARMM and AgP-CHARMM introduce additional virtual
interaction sites, rigidly placed between real metal atoms in crystal slabs, which allow overcoming
some problems with the artificial orientation of hydrogen atoms of water molecules. Most recent ex-
tension of polarizable FF has been for the aqueous Pd(111) interface, referred to as PAP-CHARMM
[47]. Unfortunately, the applicability of all these force fields is limited to specific (111) and (100)
surfaces. Therefore, the tedious re-parametrization procedure is required before introducing new pa-
rameters for other crystal facets [48]. Therefore, MD simulations of spherical nanoparticles are not
straightforward with this force field.

Molecular dynamics simulation setup

The preformed silver nanoparticles (AgNPs) were approximated by the perfect face-centered cubic
(fcc) crystalline structure (Fig. 2). Two force-field (FF) models for AgNP were considered: (i) a non-
polarizable model for Ag, consisting of neutral atoms with the zero charge, (ii) a polarizable model for
Ag, in which metal polarization was implemented by using the rigid rod approach. In both models, the
repulsion and dispersion terms of nonbonded interactions between silver atoms were computed by
using the Lennard-Jones 12—6 potential energy function (5), which describes the dependence of the
potential interaction energy V. (r;) of two silver atoms as a function of the interatomic distance. The
nonbonded interaction parameters Ag-Ag were based on non-polarizable INTERFACE-FF [31,36,49]
and were validated in our recent works [8,19,24,37]. For MD simulations in vacuum, no of any rigid
bonds and restraints were applied between silver atoms, so that the silver core crystalline structure was
maintained by the Ag-Ag nonbonded LJ interactions.

12 6
Ojj Oij
VL./ (ri/') = 481‘, - r < rcumﬂ
rij rij (5)
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Electrostatic interactions between two charged particles were calculated by the Coulomb potential
(6). Therefore, during MD simulations the electrostatic interactions among the polarizable Ag atom
dipoles were treated by Coulomb term allowing collective and cooperative motions of dipoles in re-
sponse to external charges.
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The description of the polarizable model for AgNP is represented as follows: Ag atom has
g=-0.308, whereas the virtual site has g=+0.308 to make the model neutral. An alternative model with
positive and negative charges altered between each other was also considered. In the original rigid rod
model, the mass of the virtual site has been assigned to zero [40]. In our polarizable model, we as-
signed the minimal nonzero mass of 1.0, as required in the GROMACS package. The rigid rod was
approximated with the rigid chemical bond of /;=0.07 nm and k,=1x10"* kJ/mol-nm?, respectively.
The initial values of q and /, were taken from the original study [44]. The nonbonded interaction pa-
rameters Ag-Ag 6=0.2964 nm and £=19.05865 kJ/mol were taken from our recent works [9,24]. How-
ever, both parameters ¢ and € were assigned to zero for the virtual site. For MD simulations of polariz-
able AgNPs in water, the model was adjusted by adding the LJ interactions between Ag atoms and
hydrogen atoms (HW) of SPC waters. The correction LJ interaction parameters Ag-HW were taken
[50] as following: 6=0.30584 nm and &=0.74323 klJ/mol, respectively.

AgNP was simulated according to the following procedure: (i) Steepest descent energy minimiza-
tion was performed for 500 steps. (ii) Initial orientation of dipoles and atomic velocities were gener-
ated with the Maxwellian distribution at 7=250 K. Productive MD sampling was carried out at the
reference temperature of 7=303 K. The water molecules are described by the simple point charge
(SPC) model [51]. The parameters for Na" and CI ions were used as implemented in the GROMOS
45a3 FF [52]. The reference temperature of 7=303 K, which was kept constant using the Berendsen
weak coupling scheme with the temperature coupling constant of t;=0.1 ps [53]. The cutoff distance
of 0.8 nm was used for Lennard-Jones interactions. The MD simulation time step was 2 fs with the
neighbor list updates every 10 fs. The MD simulations were carried out using the GROMACS set of
programs, version 4.6.5 [54]. Molecular graphics and visualization were performed using VMD 1.9.2
[55].

V<V oy 6)

Results and discussion

Isolated Silver Nanoparticles

MD simulations of silver nanoparticles of 1397 atoms were carried out by the using of polarizable
and nonpolarizable FFs in vacuum. To investigate the accuracy of the nanoparticles’ structure
(Fig. 2a) and to compare their behavior, we used the dependences shown below.

Radial Distribution Function. To characterize the structure, atom packing and the long-range or-
der of Ag atoms in AgNPs, the pair radial distribution function (RDF) g(») was calculated between all
silver atoms. As can be seen in Fig. 2b, the RDF plots of Ag-Ag interactions of both models are char-
acterized by narrow and sharp peaks and have the same peak positions. The sharp RDF peaks are in-
dicative of small-amplitude vibrations of Ag atoms about the lattice site position and very low diffu-
sive movements over the local region of the crystal. These results demonstrate that the polarizable
model represents well quasi-spherical AgNPs with face-centred cubic fcc crystalline structure [56-57].

Root Mean Square Displacements. For further characterization of the dynamic stability of
AgNPs, their structures were analyzed by calculating the root mean square displacement (RMSD) of
Ag atoms as a function of time. The RMSD of all Ag atoms was calculated with respect to their posi-
tion in a perfect fcc structure by using the GROMACS utility g _rms, which carries out least-square
fitting the AgNP structure (1) to its initial perfect structure (t; = 0) (7).

1 N :
RMSD@,TZ)=[N2||r,-(ﬁ)—r,-(n)||2} ™
i=1

where N and r,(7) are the number of Ag atoms, and the position Ag atom i and its reference position at
time 7 [54,58].
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Fig. 2c shows the comparison of the RMSD behavior of AgNP,;9; calculated by the using of the
nonpolarizable (/) and polarizable (2) models, respectively. It can be noted that the introduction of the
polarization effect resulted in only the small increase in RMSD values from 0.01824+0.0006 nm up to
0.018940.0007 nm, respectively.
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Figure 2. (a) Comparison of the structure of quasi-spherical AgNP,39; simulated in vacuum at 303 K
by using the nonpolarizable (fop) and polarizable (bottom) MD models. (b) A radial distribution func-
tion g(») calculated over pairs of Ag—Ag atoms in AgNPs. The RDF plots of AgNP,39; simulated with
both nonpolarizable (/, solid) and polarizable (2, dotted) MD models reveal the very similar pattern,
which is characteristic for the fcc ordering of bulk crystalline silver. For clarity, the RDF plot derived
from the polarizable model 2 was shifted up by 0.1 nm. (¢) The time traces of the root mean squares
displacements (RMSD) of the current position of silver atoms with respect to their position in the per-
fect fcc crystalline lattice are shown in AgNPi39; calculated with the nonpolarizable (1)
(0.0182+0.0006 nm) and polarizable (0.0189+0.0007 nm) (2) force fields.

Silver Nanoparticles in Aqueous Solution

On the next step, the performance of the polarizable FF was tested on AgNPs in the aqueous envi-
ronment. For this purpose, AgNP,39; was placed in the cubic box of 6.5 nm size and solvated by
7880 SPC water molecules. Moreover, to study the effect of the polarization on adsorption of positive
and negative ions on AgNP the additional MD simulations were carried out in the presence of 2 M of
NaCl. Fig. 3a shows the MD snapshot of the solvated AgNP39;in the presence of NaCl.

Adsorption of water molecules onto AgNP The adsorption of water molecules on AgNP was ana-
lyzed by calculating of the RDF between Ag and water oxygen atom OW, respectively. The compari-
son of the RDF plots of g(r)ag.ow calculated for AgNP;39; modelled with the nonpolarizable and po-
larizable MD models shows very similar results (Fig. 3b). These findings suggest that the metal po-
larization does not perturb significantly the strength of the water adsorption.

Adsorption of ions onto AgNP. The further comparison of the nonpolarizable and polarizable FFs
was performed by the analyzing of adsorption of ions onto the silver surface. Fig. 3¢ shows the time
evolution of the number of contacts between AgNP and Na" and CI” ions, respectively. As can be seen,
the striking difference was observed for the adsorption of positive Na' ions as compared to that of the
negative CI” ones. The use of the polarizable FF significantly favors the adsorptions of the Na" ions
onto AgNP. Such influence of the salt is consistent with by the formation of the electrochemical dou-
ble layer (EDL) between polarizable surface of silver atoms and counter ions.
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Structure of AgNP in solution. Finally, the performance of the new polarizable FF model for re-
producing of the fcc structure of AgNP,39; was summarized by a series of MD simulations in vacuum
and in the aqueous solution in the absence and in the presence of NaCl as compared in Fig. 3d by the
corresponding RMSD time traces. It is seen that, upon MD simulations of AgNP;39; by the using the
polarizable FF model, the RMSD values of silver atom positions were increased from
0.0189+0.0007 nm in vacuum up to 0.0215+0.0009 (curve 3) nm in bulk water. However, only a small
additional increase of up to 0.0218+0.0009 (curve 4) was observed in the presence of 2 M NaCl.
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Figure 3. (2) A MD snapshot of the polarizable AgNP,39; solvated in the aqueous solution of 2 M
NaCl (red and blue balls). (b) Comparison of the RDF plots of g(r)ag.ow calculated between the silver
atom and water oxygen atoms (OW) in the solvated AgNP;39; modelled with the nonpolarizable (1)
and polarizable (2) MD models. (C) The time traces of the number of contacts Na" and CI ions with
AgNP simulated with the nonpolarizable FF (/ and 2) and the polarizable FFs (3 and 4), respectively.
(d) The RMSD time traces of the position of silver atoms in AgNP,;97 calculated by using various ap-
proaches: (/) the nonpolarizable FF in vacuum, (2) the nonpolarizable FF in aqueous solution, (3) the
polarizable FF in water, (4) the polarizable FF in water with added 2 M NaCl.

Adsorption Configurations of Water Molecules on Silver Surface

The structure and properties of water molecules, adsorbed on well-defined metal surfaces, have
been the subject of numerous experimental and theoretical investigations [59-63]. It these studies, the
most favorable adsorption configurations of the water molecule on the silver surface were identified as
shown in Fig. 4. The most stable structures were found to be atop configurations A and B, in which
water is coordinated through the oxygen atom to the silver atom. The coordination through the hydro-
gen atom in configuration C was found to be unfavorable, so that this structure tends to rearrange to
the above mentioned configurations A and B, respectively.

The adsorption configuration of water molecules on the silver surface can therefore be considered
as a crucial test and validation of the polarizable Ag model for reproducing of the well-known interac-
tion characteristics of water molecules onto the silver surface. For simplicity, the silver surface was
approximated with the three fixed (111) layers, for which the two sets, nonpolarizable and polarizable
Ag models were applied. The adsorption dynamics and preferred structures of water molecules onto
the silver slab were simulated at the NVT ensemble as shown in Fig. 5a.
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Figure 4. Schematic side view of the stable structures found for the water molecule on the silver sur-
face adapted from [61].

Surprisingly, the analysis of the preferred adsorption configurations of water molecules on the sil-
ver surface modelled with the polarizable silver model revealed the large fraction of water molecules
bound to the surface through atop configuration C (Insert in Fig. 5a). In contrast, such binding mode of
water molecules was rarely observed for MD simulation with the nonpolarizable silver model. These
findings were further confirmed by the RDF analysis of g(r)agnw calculated between silver atoms and
hydrogen atoms of water molecules (Fig. 5b), which revealed a small peak at 0.18 nm on the RDF
curve (2) derived from the polarizable FF simulations.
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Figure 5. (a) Side-view snapshots of MD simulations of water molecules adsorbed on the silver sur-
face as estimated with different FFs. Inset shows that the polarizable FF revealed that some fraction of
adsorbed water molecules were found to be misoriented with one of its HW atoms pointing toward the
silver surface. (b-c) Comparison of the RDF plots of g(7)ae.nw (0) and g(r)ag.ow (C) calculated between
the silver atom and either hydrogen atoms (HW) or oxygen atoms (OW) of water molecules calculated
with the nonpolarizable FF (7), polarizable FF (2), and polarizable FF with LJ-corrections on HW
atoms.

Artificial orientation of hydrogen atoms of water molecules adsorbed onto the silver could be
emerged as due to some overestimation of Coulomb attractions. This question was already discussed
in literature and the following solution was suggested [42, 44]. To shift water hydrogens from the sur-
face and make the computational model more physical, there is a necessity to compensate the Cou-
lomb attraction by the Lennard-Jones nonbonded repulsion interaction between HW and silver atoms
[50]. Therefore, the polarizable silver model was further modified by adding the LJ interactions be-
tween Ag atoms and hydrogen atoms (HW) of SPC waters. This modified polarizable model is re-
ferred to as Polarizable Ag+LJ-for-H. The LJ interaction parameters Ag-HW were as following:
6=0.30584 nm and £=0.74323 kJ/mol, respectively. As shown on the Fig. 5a-c the water adsorption
modelled with the modified polarizable silver model becomes very similar to physical expectations.
The RDF curve (3) of g(r)ag-uw shows no artificial peaks at 0.18 nm observed before.
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The comparison of the performance of the three different Ag models (Fig. 5) revealed that the im-
plementation of the Ag polarization resulted in the limited influence on the adsorption behavior of
water molecules near the Ag interface. The small changes in RDF peaks of g(r)aq.ow in Fig. 5¢ dem-
onstrated that the polarization effect of Ag has rather short-range effects, so that a minor contribution
of the silver atom polarization was seen for adsorption of water molecules and ions form distant solva-
tion shells. Recently, Menziani and coauthors [64] used MD simulations to study the adsorption of
cytochrome ¢ on various solvated silver surfaces by using the nonpolarizable and polarizable AgP-
CHARMM model [44] and they have also reported small effects of the implemented Ag polarization
on binding modes of cytochrome c.

a) Alternative Rigid Rod Model b)

E: Alternative Polarizable Ag
M ( ) O Virtual
¢ Site = a ; ony

1 N ——

g(r) (a.u.)

0.0 |—= 3 - alternative polarizable
1 1 1 1 aalssaaleaaalsy 1

01 02 03 04 05 06 07 08 09 1.0
r (nm)

Figure 6. (2) Scheme of the alternative polarizable FF model. A Me atom is shown as a cyan ball and
the virtual site is represented by an orange sphere. Both of them have their charges: Me is charged
positively (+¢) and the virtual site is charged negatively (-g). (b) Side-view snapshots of MD simula-
tions of water molecules adsorbed on the silver surface as estimated with the alternative polarizable
FFs. Inset shows that some fraction of adsorbed water molecules were still found to be misoriented
with one of its HW atoms pointing toward the silver surface. () Comparison of the RDF plots of
g(r)ag-nw calculated between the silver atom and hydrogen atoms (HW) of water molecules calculated
with the nonpolarizable FF (1), polarizable FF (2), and alternative polarizable FF (3), respectively.

Taking into account the importance of the proper characterization of water molecule orientation
and dynamics at the aqueous/metal interfaces, more sophisticated approaches have also been sug-
gested to mimic polarizability of bulk metal and surfaces [50, 65]. Towards the proper treatment of the
polarizability of metallic gold, Li and Agren have developed the capacitance-polarizability force field
for noble metal surfaces and nanoparticles by employing of different interacting potential functions for
the metallic and nonmetallic components [66]. In their force field, the water—gold interaction was di-
vided into three categories, each of which is described by different potential functions: the TIP3P
model for water, the quantum Sutton—Chen potential for inner gold atoms, and the capaci-
tance—polarizability interaction model for outermost gold atoms, represented by a modified Lennard-
Jones potential [66]. While this FF introduces extra complexity and hampers the practical flexibility
and transferability for applications in different biomolecular systems, it provides some evidence that
the surface of the aqueous gold nanoparticle may carry a negative charge, which is balanced by the
positive charge in the second outermost gold layer.

Following the above arguments, we also verified the performance of the rigid rod polarizable
model for AgNP by altering its positive and negative charges. The original rigid rod model was pa-
rameterized with a negative charge —g assigned at metal atom Me, whereas a positive charge +¢ fixed
at a virtual site (Fig. 1). However, physical meaning of atomic polarizability is due to the displacement
of electronic density under the influence of the external field, so that an alternative charging scheme of
the rod model can also be valid, in which negative charge —¢ is placed at a virtual site and positive
charge +q is fixed at metal atom Me, as shown in Fig. 6a. We carried out control MD simulations by
using such alternative polarizable scheme. We found, however, that the charge reversing in the rigid
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rod model has a little effect on water adsorption at the silver surface. In particular, the structure of the
first water layer and artificial water ordering were observed with MD simulations by using the original
and reversed charging scheme of the rigid rod model, as seen in a snapshot and RDF plots of g(r)ag-nw
in Fig. 6b-c. Moreover, we also found that the charge reversing in the rigid rod model did not affect
the adsorption of Na” and CI” ions (not shown), which suggests that due to the short-range polarizabil-
ity effects of the silver surface these ions prefer residing in bulk solution.

Conclusions and Future Perspectives

The polarization forces at inorganic/organic interface play an important role in the adsorption of
water molecules, ions and organic ligands [31]. While the most of structural and thermodynamic prop-
erties of adsorbed species at silver surfaces are well accounted with the existing empirical force field,
however, the accuracy of the simulations still depends on the suitability of the force field utilizing the
pair-wise Lennard-Jones interaction models. Therefore, it has been shown that some certain aspects of
the structure and dynamics of the first adsorbed water layer require the use of the softer Morse and
Buckingham potentials [50]. Alternatively, it has been suggested that the existing force field may be
upgraded by implementing various approaches, mimicking metal polarization effects [32].

In this work, we implemented and validated the polarizable FF parameters for Ag suitable for at-
omistic MD simulations of silver nanoparticles (AgNPs) and bulk-Ag/water interfaces. Our model is
derived from the rigid rod model [40], in which induced charge polarization is represented by the dis-
placement of a charge-carrying virtual site, attached rigidly to a polarizable Ag atom. We compared
the performance of the classical nonpolarizable FF and the new polarizable model of Ag by the model-
ing of adsorption of water molecules and NaCl ions onto quasi-spherical AgNP and the flat crystalline
(111) silver surface. The analysis of the radial distribution function of Ag-Ag atoms demonstrated that
the introduction of the polarization effect had minor effects on the fcc packing of silver atoms in both
isolated and water solvated AgNPs, respectively. The implementation of the polarization effect led to
some increase in attractive interactions between the silver surface and water molecules and Na" ions.
As a crucial test of the developed polarizable model, the structure of adsorbed interfacial water mole-
cules was analyzed. We found that the environment-induced polarization of the silver surface contrib-
utes significantly to the structure of the adsorbed interfacial water layer and plays an important role in
the adsorption of positive ions. However, it was also demonstrated that the polarization effect of Ag is
rather short-range, so that a minor contribution of the silver atom polarization was seen for adsorption
of water molecules and ions from distant solvation shells [64]. Despite the short-range polarization
effects, the proposed polarizable FF model for Ag can, however, have an important contribution for
MD simulations of adsorption of charged organic ligands and polyelectrolytes due to Coulomb attrac-
tions. Moreover, the use of the polarizable Ag model might be promising for accurate estimation of the
electrostatic potential at the silver surface. These studies are currently in progress in our team.
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M.M. BnaxuHckas, A.B. KupuueHnko, O.H. KanyruH. MonspusaumMoHHOe cunoBoe none Ansg MOMeKynsipHo-
AMHaMNYecKoro MogenvpoBaHusa HaHodYacTul, cepebpa.

XapbKOBCKWI HaLMOHanNbHbIN YHUBEpPCUMTET uMeHn B.H. KapasuHa, xumuuyeckun cakyneteT, nn. Ceoboasl, 4,
XapbkoB, 61022, YkpanHa

lMpu KOHTaKTe MeTannMYeckMx NOBEPXHOCTEN cepebpa ¢ BOAOW, MOHAMU U OPraHUYeCKUMUN NUraHaaMn BO3HUKAIOT UH-
OyLMpoBaHHble 3apsiabl, KOTOpblE MPUBOAST K nonsipusaumn. Monsipu3aumnoHHbIe CUMbl UTpatkoT BaXKHYHO ponb B Heopra-
HUYECKMX N OpraHMyecknx MexdasHbIX rpaHuLax v BMUSIIOT Ha OPYre HEKOBANEHTHbIE MOBEPXHOCTHbIE B3aMMOLENCT-
BMSA. HecMOTps Ha BaXKHOCTb 3TUX B3aUMOAENCTBUIA, [0 CUX NMOP ObINO CMOXHO peanun3oBatb Takue MonspusaunoHHbIe
3hheKkTbl B KNACCMYECKOM MOJEKYNSPHO-AMHamMmnYeckoMm MogenvposaHum (ML). B nepsyto ovepenpb, B AaHHOW CTaTbe
npeacTaBneH 063op ABYX NOMNYMAPHbLIX MNOMAPU3aLMOHHBIX MOZENEN, TakuX Kak MoAernb ocumnnaTopa [dpyae u Moaenb
JKECTKOrO CTEPXHS, KOTOPbIE UCTIONbL3YIOTCS AN ONMCaHUsA nonspusaummn obbemMHbIX MeTannos. Bo-BTopbix, HamMu pas-
paboTtaHo nonsipusaumoHHoe curosoe none (Cl) ans atoma cepebpa Ha OCHOBE MOLENM XXECTKOTO CTEPXKHS, KOTOPOe
BMOCNEeACTBUM ObINO aaanTMpOBaHO K aTOMUCTUHECKOMY MOAENMPOBaHMIO HaHo4acTul, cepebpa (AgNP), cocTosilumx 13
1397 atomoB. B npennoxeHHoM Moaenu 3apsiioBO-MHAYLIMPOBaHHas Monsipu3aumns npeacraeneHa CMeLLEHEM BUPTY-
anbHOro camTta C 3apsiAoM, XECTKO MPUKPENNEHHOro K 06biuHOMY aTtomMy Ag. [ns uccnenoBaHns pony nonspusaumm mbl
CPaBHWIMU AaHHbIE, MOIMYyYEHHbIE C MCMOMb30BaHMEM KIMACCUYECKOro HenonsipuaoaHHoro CI1 1 HOBOWM NonsipusaunoHHON
mogenv B MLl mogenvnpoBaHum agcopbuum Boapl M MOHOB Ha KBaaucdepuyeckon HaHodacTuHUe AgNP 1 nnockon Kpu-
CTannM4eckor NoOBEPXHOCTM cepebpa. AHanm3 yHKUMM paauanbHOro pacnpegeneHns atomoB Ag-Ag NPOAEMOHCTPUPO-
Ban, YTO BHEAPEHWE MOMnspU3aLMOHHOrO adhdekTa HE3HAUUTENBHO BIUSIET HA YMAKOBKY aTOMOB cepebpa B rpaHeLeH-
TPUPOBaHHYO Kybudeckyto pewetky AgNP, nsonuposaHHyto B Bakyyme, 1 AgNP, conbBaTupoBaHHyto B Boge. [MokasaHo,
YTO MONSPU3aLIMOHHOE CUMOBOE MOJS1E BbI3bIBAET HEKOTOPOE YCUIEHUE B3aMMOOENCTBUS MEXY NMOBEPXHOCTLIO cepebpa
1 Morekynamu Bogpl, 1 voHamm Na®. B kauecTBe peLuatoLLero TecTa pa3paboTaHHOi Nonspu3aLMoHHOM MO, Hamu
Oblna NnpoaHanMavpoBaHa CTPYKTypa Crosi ancopburpoBaHHbIX MEXdasHbIX MOMeKyrn Boabl. Halwm gaHHble cBuaeTensCT-
BYHOT O TOM, UTO ODYCIOBMEHa OKpYXatoLlen Cpedoi nonsipusaums NoBepXHOCTU cepebpa B 3HAUUTENBbHOW CTEneHU
BMUSIET Ha CTPYKTYPY aAcopOMpPOBaHHbIX MeXdasHbIX CIOEB BOAbl, @ TakKe OHA WUrpaeT BakHyk porb B agcopoumm
NONOXUTENBHO 3apsPKEHHbIX MOHOB. OAHAaKO ObINO Takke YCTAHOBMEHO, YTO 3¢hdheKT Nonspu3aLmm sSBrseTca 4oCTaTou-
HO KOPOTKOAENCTBYHOLLMM, NOSTOMY HabMoJaeTca He3Ha4YUTENbHbLIN BKNag nonspusauum cepebpa B agcopbumio More-
Kyn BOZbl, U MIOHOB 13 OTAANEHHBIX COMNbBAaTHBLIX 060OYEK.

KnioueBble cnoBa: cepebpo, HaHoYacTuLa, rpaHeLeHTpMpoBaHHas kybudeckasi peleTka, LK, nonspusauu-
OHHas Moaens, ocumunnaTop Opyae, MonekynsapHo-AMHaMUYecKoe MOAENUPOBaHNE.

M.M. BnaxuHceka, O.B. Kupuuenko, O.M. KanyriH. [lMongpisauiiHe cunoBe none Ans MOMeKynsipHo-
AVHaMIYHOro MoJentoBaHHS HAHOYACTMHOK cpibna.

XapkiBCbkui HauioHanbHWI yHiBepcuTeT imeHi B.H. KapasiHa, ximiyHni dpakynbteT, mangaH Ceoboawn, 4, Xap-
kiB, 61022, YkpaiHa

Mpw KOHTaKTi MeTaneBnx NOBEPXOHb Cpibnia 3 BOAOH, iOHaMK Ta OpraHiyHMMKM niraHgamMmmM BUHUKAKOTL iHAYKOBaHI
3apsiam, Wo NpusBoAATb A0 nonspusadii. MNonsapusauinHi cunu BigirpaloTb BaXMBy porlb HA HEOPraHivYHWX Ta opra-
HIYHMX MiK(pasHUX rpaHnLSX | BNAMBalOTh Ha iHLWI HeBaneHTHI MOBEpPXHEBI B3aeMogii. He3paxkatoum Ha BaXXMBICTb
uMX B3aeMogin, 4o cux Mip 6yno cknagHo peanisyBaTu Taki Nnonsipusadiivi edeKkT Anst Knacu4yHOro MoneKynsipHo-
AnHamiyHoro mogentoBaHHs (MI). B nepuly 4epry, y AaHi cTaTTi HaBeAeHo ornsg ABOX NOMynspHUX Nonsipuaauin-
HUX Moaenen, Taki Sk mofenb ocuunsaTopa [pyae i Moaenb >KOPCTKOro CTPWDKHS, siKi BUKOPUCTOBYIOTLCA ANs Bif-
TBOPEHHSA nonspu3auii 06’emHux metanis. [No-gpyre, Mn 3actocyBanv Moferb XXOPCTKOrO CTPUXHA A0 nonapusa-
uinHoro cunosoro nong (CI) ana atoma cpibna, sike 6yno 3rogoM aganToBaHO At aTOMICTUYHOTO MOLEMOBaHHA
HaHo4yacTMHoK cpibna (AgNP), wo cknagatTeea 3 1397 atomi. Y Hawi Mogeni iHaQyKoBaHa nonspuaadis 3apsgy
npegcrasneHa 3MilleHHsIM BipTyanbHOro canTy 3 3apsiioM, XXOPCTKO MPUKPINeHoro 4o 3sBuyanHoro atoma Ag. [inga
OOCTiAKEHH poni nonapuaadii MM MOPIBHANW AaHi, OTPMMaHHI 3 BUKOPUCTAHHSIM KIacMYHOro HenonsipusauinHoro
CI1 Ta HoBoi Nonsipu3avinHoi mogeni, B M mogentoBaHHi agcopbuii Boau Ta ioHiB Ha kBasichepuyHii HaHOYaCTUH-
ui AgNP Ta nnockii kpucTanivHin nosepxHi cpibna. AHanis dyHkuii pagiansHoro po3noginy atomis Ag-Ag npogemo-
HCTpYBaB, LLO BMNPOBaXXEHHS MONSpU3auinHoro eekTy He3HayHO BMfMBAE Ha rpaHELLeHTPOBaHy KybidHy rpaTtky
aTomiB cpibna HaHO4YaCTMHKW, L0 i3onboBaHa B Bakyymi, Ta AgNP, conbBaToBaHoi y Bogi. My BusBunu, Wo nonspu-
3auifiHe cunoBe Mose BUKIMKAE OesKe MOCUITEHHS B3AEMOZIN Mixk MOBEPXHELD cpibna i monekynaMmu Boau, Ta ioHa-
mu Na*. B sikocTi BUpiLLianbHOro TecTy po3pobrieHol nonsipuaaLiiiHoi Moaeni, Hamu 6yna npoaHanizoBaHa CTPyKTypa
wapy agcopboBaHux mixxdpasHux mMonekyn soau. Hawi gaHi ceigyatb npo Te, Lo 06ymMOBrneHa HaBKONULLHIM cepe-
[JoBMLLEM Nonsipu3alis cpibHOi MOBEPXHi 3HAYHOK MipOHD BMMMBAE Ha CTPYKTYpy aacopboBaHMX MixkdasHux Liapis
BOAM, @ TAKOX BOHA Bidirpae BaxnvBy ponb B agcopbuii No3uTnBHO 3apsigkeHux ioHiB. OgHak Byno TakoX BCTaHOB-
neHo, Wo edekT nonapusauii € JOCUTb KOPOTKOAII0UYMM, TOMY CrOCTEpIraeTbCA HE3HaYHUA BHECOK nonspusawii
cpibna B agcopbuiio Monekyn Boaw, i ioHIB i3 BigganeHux conbBaTHMX 060MOHOK.

KntouoBi cnoBa: cpibno, HaHOYaCTWHKKM, rpaHeLeHTpoBaHa KybiyHa rpaTtka, UK, nonapusauinia mogens, oc-
umnaTop OpyAae, MoneKynsapHO-AMHaMiYHe MOAENOBaHHS.
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MokasaHo, Lo HU3bKOTEMMNEPATYPHUA eBTEKTUYHMIA po3dnHHUK Ethaline € ekonoriyHo6e3neyHnm Ta nepc-
NeKTUBHUM cepefoBULLEM ANS eNnekTpononipyBaHHst Hepxas.itovoi ctani AlSI 304, sika LuMpoko 3acTocoBy-
€TbCH NS BUIOTOBIIEHHS PiI3HOMaHITHMX BUPOGIB MeauyHoro npusHaveHHs. OTpumaHi BonbTammneporpamm
3paskie crani AISI 304 y Ethaline gossonunu obpaTtu onTMansHi yMOBM ANs aHO4HOI 0Opo6KM 3a pi3HUX
TemnepaTypHux pexumis (Big 20 go 50°C) Ta 3 nobaskamu 4o enexkTponity Boau (ao 10 %). BuseneHo, wo
edekTuBHicTb Ethaline, sk enektponity ana aHogHoi 06pobku, noB’sa3aHa, Hacamnepen, 3 Noro YHikanbHUMU
i3NKO-XiIMIYHMMW BNACTUBOCTSAMM: 3HAYHOIO B'A3KICTIO | NPM LbOMY MOPIBHAHO BUCOKOM, SK AN IOHHKX pi-
OVH, eneKkTponpoBiaHicTio. Bucoka ryctuHa po3umHHmka Ethaline o6ymoBntoe noBinbHiCTb Andysii npoaykTiB
a@HOZHOr0 PO3YMHEHHS CTarli, 3a paxyHOK Yoro BigbyBaeTbCs (hOPMYBaHHS B’A3KOro NpuenekTpogHoro Lwapy
i jocsiraeTbcs BUCOKa ePEKTUBHICTL NpoLecy nonipyBaHHs. BctaHOBNEHO, WO 3i 36inbleHHAM TeMmnepaTy-
pu Ta nosisoto y enektponiti Ethaline fo6aBok Boau WBMAKICTE @aHOAHOrO PO3YMHEHHS cTarni 36inbLyeTbCS i
Lie JO3BONSiE BUKOPUCTOBYBATU BinblLui ryCTUHU aHOAHOrO CTPYMy Afsi eNeKTpononipyBaHHsl B ranibBaHoCTa-
TUYHOMY peXMMi abo MeHLUi NoTeHUiany Npu NOTEHLIOCTaTUHHOMY PEXMMI.

Knio4yoBi cnoBa: BonbTamneporpama, aHo4HUA CTPYM, ENeKTPONonipyBaHHs, «CONboBay» NacuBaLis, HU-
3bKOTEMMNEepPaTyPHUIA €BTEKTUYHWUIA PO3YMHHUIK.

Bctyn

CydacHa MeIWIIHa BUKOPHCTOBYE IMHUPOKHN CIIEKTP METAJIB Ta CIUIABIB JJIsl PI3HOMAaHITHUX BU-
poOiB: mpoTe3iB, IMIUIAHTIB, OPTOJOHTHYHUX BHPOOIB, MEITUYHOTO IHCTPYMEHTApilo Ta OOJaJHaHHS
[1]. dyst BUTOTOBIICHHST MEIUYHHUX TOBAPiB BUKOPHUCTOBYIOTH MaTepiaid HAaWBUIIOTO TaTYHKY, TOMY i
JI0 METAJIB Ta CIUIaBiB MEIUYHOTO PU3HAUYEHHS BUCYBAIOTHCSI BUCOKI BUMOTH SIKOCTI.

Jobpe BimoMo, 1m0 OAHUM 3 HAaHE(EKTHUBHINIMX MUISXIB MOKPAIICHHS 30BHINIHBOTO BUTISAY Ta
BJIACTUBOCTEW METaNiB i CIUIaBiB € iX enekTpoximiuHa aHomHa oOpoOka [2]. Ilix gac Takoi 0OpoOkm
BiIOyBAETHCS BUPIBHIOBAHHS MiKPOIIPOQEITI0 METAICBOI TOBEPXHI 32 paxXyHOK PO3UMHEHHS HEOTHOPI-
qHocTeld Ta AedekTiB. 3a3BUuail micns aHOAHOT 0OPOOKM MOBEPXHS METAJIB Ta CIUIABIB XapaKTepH3y-
€THCSI PIBHOMIPHOIO OJMCKYYO0 TIOBEPXHEIO OLIBII CTiIKOI0 10 KOpo3ii. TpaauiifiHi TeXHOIOoTii aHo-
ITHOT 00pOOKHM 0a3yIOThCS Ha BUKOPUCTAHHI Y SIKOCTI €JICKTPOJIITIB BUCOKOKOHIICHTPOBAHUX PO3UNHIB
KUCIOT (Cynb(aTHOI, HITpaTHOI, XJIOPUIHOI, (IIyOopHIHOI, OPTOPOCPOPHOT) 3 HONABAHHSIM TIIKOJIIB,
iHOI1 — XpoMmoBoro anriapuny [3-5]. [IpoTe BUKOpHCTaHHS TaKMX XiMIYHO arpeCMBHHX CyMillIeHd pea-
TeHTiB MOKe OyTH HEIOCTaTHRO €(EeKTUBHUM, a 1HOAI i HeOe3MeYHNM, OCOOIMBO KOJH MOBa Hie mpo
METaJH 1 CIUIaBH METUYHOTO MPHU3HAYCHHS. TOMY aKTyalbHUM € MUTAaHHS MOIIYKY eKOJOoriyHoOe3me-
YHUX 1 €EeKTUBHUX aJbTEPHATHB BUKOPUCTAHHIO TPAIUIIMHUX €IEKTPOIITIB aHOAHOI 0OpOOKH MeTa-
JIB 1 CIIIaBiB MEAMYHOTO IPU3HAYECHHS.

OcraHHI POKH 3HAYHHWHA IHTEPEC Y HAYKOBIIIB BUKJIMKAIOTH 10HHI PITUHU HOBOT'O MTOKOJIHHS — HH-
3pkoTemnepatypHi eBTekTHuHi pozunHHMKH (HEP). HEP € He Tinbku mpencTaBHUKaMHU «3EIEHHX»
cHCTeM, ajie i XapaKTepU3YIOThCS LIJIOI0 HU3KOIO MyXKe NpUBaOIMBHUX BIACTHBOCTEH: XIMIUHOIO, Tep-
MIYHOTO, €JIEKTPOXIMITHOI CTIHKICTIO; JIETKICTIO CHHTE3Y; MOCTYITHICTIO KOMIIOHEHTIB; HU3BKUM THC-
KOM HAaCHYCHOI Mapu; MMOPIBHSIHO BHUCOKOIO, K JUIS 10HHMX PIIMH, €JIEKTPONpoBiAHicTIO. Bee e po-
oute HEP nepcniekTHBHUM cepeqoBUILEM sl peattizalii pi3HOMaHITHUX XIMIYHHX 1 €JIeKTPOXIMIYHHX
nporeciB [6-8]. Ilponec enexTpononipyBanHs abo aHOJHOI OOpOOKHM METaNiB i CIIaBiB HE € BHHSAT-
KOM. Y psni poOiT BiTOMHX CBITOBHX HAYKOBHX IIKUJT IPOJASMOHCTPOBAHO BHCOKY €(hEKTHBHICTH BU-
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KOPUCTAaHHSI HU3bKOTEMIEPaTypPHUX €BTEKTHYHUX PO3YMHHMKIB, 30KpeMa EeBTEKTHYHOI cyMmimi
Ethaline, s npotecy enekTpononipyBaHHs METANIB 1 cruiaBiB [9-12].

Bepyun no yBaru ycnimnunii nocBin Bukopucransas Ethaline, sik enextpomniTy ans aHoxHOT 00poOKK
METaJIiB i CIIaBiB, Oylo chopMyITLOBAaHO METY JUISA AaHOI pOOOTH: BCTAHOBUTH MPHUHIIUIIOBY MOXKITH-
BICTh BHKOpPHCTaHHS po3unHHWKa Ethaline mist mporiecy enekTporoipyBaHHS OJHOTO 3 HaHOUIBII
PO3MOBCIOJIKCHUX Ta JEHICBUX Pi3HOBUIIB OioMenuunoi craimi AISI 304; npoBecTu AeTajibHE BOJBT-
aMIepoMeTpHYHE TOCTIIKCHHS €IeKTPOAHUX MPOLECiB, 10 BinOyBatoThca B cucteMi ctaib AISI 304
/ Ethaline, Ta Ha OCHOBI OTPUMAaHHX JAaHUX 3alPOIIOHYBATH ONTHMAJIbHI YMOBH JJIS peai3altii mporie-
cy enekrpononipyBanHst AISI 304 y Ethaline 3a pisHuX po6o4mx TemriepaTyp Ta 3a HEOOXiTHOCTI J0-
0aBOK /10 €JIEKTPOIITY BOJU.

MeTtoanka ekcnepMMeHTy

Huspkoremneparypuuii eBTekTnyanil po3urHHUK Ethaline (cymim XomiH XJIOpUAY 3 €TUIICHTIIIKO-
JieM y MOJISIPHOMY CITiBBiIHOIIEHHI KOMITOHEHTIB 1 /10 2 BiAMOBIJHO) TOTYBAJU IUITXOM 3MIIIyBaHHS
KOMITOHEHTIB 3a TeMneparypu 70°C 10 yTBOPEHHS TOMOTEHHOI 6€30apBHOI PiIUHH.

OpnepkaHy €BTEKTHYHY CYyMIll Y IMOAATBIIOMY BHKOPHUCTOBYBAJIH JJISl €KCIICPUMEHTIB Ta AJIsl MIPHU-
TOTYBaHHs cepii pPO34MHIB 3 TOJATKOBO BBeAeHOIO Bomoio (1, 2, 5 ta 10 06’emuux % Boam 3 ypaxy-
BaHHSAM TOTO, IO 00’ eMHMIA % po3unHHuKa Ethaline mpu mpomy 99, 98, 95 ta 90 BimnmosimHO). Yci
PO3YMHH TOTyBaiy Oe3MoCepeHbO Tepel MPOBEACHHIM BOJBTAMIIEPHUX BHUMIipIOBaHb, BPaXOBYIOUH
FIrpoCKOIiYHICTh eBTeKTHYHOI cyMimi Ethaline.

Hukiiyai BoIbTaMIIEpOrpaMu OTPUMYBAIH y TEPMOCTATOBaHIH CKIISIHIM TPHETEKTPOAHIH KOMIpIIi 3
BUKOPHUCTaHHSIM ToTeHIioctaTy Potentiostat/Galvanostat Reference 3000 (BupoOuuursa CIHIA). VY
AKOCTi pOGOUOro eIeKTPOy BUKOPHCTOBYBAIM ILIIACTUHH Hepxkagitouoi crani AISI 304 miourero 4 e
(cxmam AISI 304 maBenmeHo y Tabmn. 1), rpadiToBUil eNeKTPO]] 3 BHCOKOPO3BUHEHOI MOBEPXHEIO CITy-
TyBaB JIOMOMIKHHM 1 y SIKOCTi €JIeKTPOJIa ITOPIBHAHHS BUKOPHCTOBYBAIN CPIOHUI IpiT, Ky 3a3BHUAi
0epyTh Y SIKOCTI KBa3i-eleKTpoaa MOPIBHSHHS Y HEBOIHUX PO3UNHHHUKAX TAKOTO THITY.

11t KOXKHOTO €KCIIEpUMEHTY BUKOPUCTOBYBaU HOBUH 3pa3ok AISI 304 momepenHbo mpoTpasie-
Huid y po3uuni HCI (1:1) Ta 3HSKUpEHUNH MarHe31€BOI0 CYMITIIIIIIO.

Tabémmus 1. Enementruii ckian 3paskis AISI 304.
Enement Fe Cr Ni Mn Si N C P
Mac. % 66.0=71.0 18.0+20.0 8.0+11.0 <2.0 | <0.75 | <0.11 | <0.08 | <0.04

Omip po3uunnmka Ethaline 0e3 101aTKOBO BBEIECHOI BOAM Ta 3 MPH OTPUMAaHHI BOJbTaMIIEpOrpaM
KOMIICHCYBAJM aBTOMATHYHO 3a JOMOMOTrol po0Oouoi mporpamu moTeHiioctary. Temmneparypy cTa-
JIOI0 MATpUMYBaH 3a jgomomororo tepmoctary Fliissigkeits thermostate Baureihe U/UH8 (BupoOHm-
irBa HiMeuunna).

Pe3ynbTaTi Ta iXx 06roBoOpeHHs

3 MeTor OOpaHHsI ONTHMAaJIbHUX YMOB pealizallii Mmpolecy eJEeKTPONONipyBaHHS HEPiKaBilowol
crani AISI 304 menuuHOro MpHU3HAUYEHHs OyJI0 MPOBEACHO BOJIBTAMIIEPOMETPUYHE JOCHTIKEHHS IPO-
mecy aHogHOi 00poOkwm 3pa3kiB AISI 304 y HU3BKOTEMIIEpATypHii eBTekTHuHIN cymimri Ethaline. [{u-
kiiuHi BonmsTamneporpamu (LIBA) AISI 304 B Ethaline, orpuMaHi 3a pi3HUX HIBUIKOCTEH CKaHYBaHHS
MOTEHIIiaTy, HaBEJICHO Ha puc. 1.

PosropTky norenmiany npu orpumansi LIBA npoBoawmu 3 pisanMu mBuakoctsMu (20100 mB/c)
Bix cramioHapHoro 3HadeHHA (-0.5 B) B aHOMHY AUIAHKY 10 MOTeHIiany 4 B, a moTiM y KaToIHY IO
noteHuiany -2.2 B.

Sk BumHO 3 puc. 1, mpu moTeHIiaNax eneKTporno3uTuBHImuX 3a (.75 B moynHaeThCs akTUBHE PO3-
YUHEHHS CTAJIEBUX 3pPa3KiB, PO IO CBIIYUTH CTPIMKE 3pOCTaHHS aHOIHOTO cTpyMmy. IIpm morenitia-
nax 1.5+2 B na anomnux nimsakax [IBA crmoctepiraetbcsi IOMITHHIA MakCUMyM cTpymy. [Ipu morten-
uianax E > 2 B anoaHuii cTpym 3MEHIIY€ThCSL.

Jo6pe BiomMo, 110 MPU aHOAHOMY PO3UMHEHHI HEP KaBiFOUOl CTalli y MepIry 4epry BiOyBaeThCs
enextpoximiuna peakuis Fe’-2¢=Fe’" [13]. TakuM unMHOM, NpHENEKTPOIHUI map 36aradyeThCs IIpo-
OYKTaMH pO3UYMHEHHS, a Oepy4n 1O yBaru BUCOKY B’s3KicTh po3unHHMKa Ethaline, MojxHa npumycTu-
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TH, [0 3HIDKCHHS CTPyMy Ha aHOAHiW aumsHOi [[BA BUKIIMKaHO MPOSBOM, TaK 3BaHOi, «COJIBOBOI»
nacHBallii 3a paxyHok (OpMyBaHHS HaJ3BHYAlHO B’S3KOTO APy 3 Jy)Ke MOBUILHOI AU(Y3i€r0 Mpo-
IOYKTIB €JIeKTPOXiMiYHOI peakuii B 00’eM pozunHHUKa. [Ipo «audy3iliHy» Npupoay rpaHUYHOTO CTPY-
MY CBITYHTE i CaM XapakTep 3aJIe)KHOCT] CTPyMY ITIKY BiJl IIBUAKOCTI CKAHYBaHHS MOTEHITIATY.

0.0
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r:'z) -0.4 50 mB/e
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10 1 = .
NE -1.0
5 2.0 -18 -1.6 -1.4 -1.2 -1.0 -0.8
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=
0 _
fﬂ
-5 =200C
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E, B
Pucynox 1. [IBA AISI 304 B Ethaline, oTpumani 3a pi3HUX IIBHIKOCTEW CKaHYBaHHS MOTEHINATY
(v=20+100 mMB/c, t=20°C)

3a3HaunMo, 1m0 noBepxHeBuid map cruiaBy AISI 304 y Hachimok po3urHEHHS 3alliza 30arauyeTbes
XPOMOM Ta HiKeJIeM, SKi TIPH B3aEMOJIT 3 KHCHEM 37aTHI YTBOPIOBATH Ha moBepxHi ciuiaBy AISI 304
3aXHMCHI OKCHJHI IUTIBKH, II0 MOXYTh 3a0e3ledyBaTH y MaiOyTHbOMY 3HaYHYy KOpO3iiiHy BHTpHBa-
JICTh €JEeKTPOMNOIIpOBaHOI CTaneBoi MOBEpxHi. 3ayBaxkuMo 1 Tol (akt, mo npaMuii Ta 3BOPOTHIN Xia
LIBA Ha aHOAHIN AiNISHIN ITOMITHO BiPi3HSAIOTHCS, IO TaKOXK CBIAYUTH MPO CYTTEBY 3MIHY MPHPOIU
NOBepxHi enekTpoy. JIoriyHuM € pi3HUIs cTpyMiB po3unHenHs cruiaBy AISI 304 (mpsmuii xix [IBA)
1 IOBEpXHi CIUIaBy 30aradyeHoi OKpEMHMH KOMIIOHEHTaMH (XpOM, HiKeJlb) Ta MOMIIMBO iX OKCHAaMHU
(3BOpOTHI XiJ KPUBOI).

BigmiTeiMo, 10 3a TPUBAIOTO Yacy BUKOPHUCTAHHS IS eleKTpoXiMmiuHoi 00poOku AISI 304 pos-
upnnnk Ethaline HaGyBae 3e1€HOT0 KONBbOPY, IO NMPUTAMAHHO KOMILIEKCHHM CHolykaM came Fe’'.
[IBuAKOTO MEpexoay 3eJIeHOro 3a0apBICHH Y )KOBTE HE BiAOYBa€ThCs, 110 CBITUYUTH MPO BiACYTHICTH
a6o ymoBimbHeHicTh peakuii mepexomy Fe’'-le=Fe’". Haramaemo, o OCHOBHHMH KOMIIOHEHTAMH
PO3YMHHHUKA € ETHJICHIJIIKOJIb Ta XJIOPH]] XOJNiHYy, 0OMIBa KOMIOHEHTH MOXKYTh 3a0e31euyBaT cTadi-
nericts Fe?*3a paxyHok dopmysanns komrmiekcis tuny [FeEtgl,]* ta [FeCl,]* Bixnosinuo. OnHak, sk
noBizomseThes y [14] posunun kommnexcis Fe®™ 3 eTmieHrnikoneM MaroTh CBITIIO KOBTE 3a0apBIIeH-
Hsl, @ HE HACHYEHO 3€JICHE, 5K Y PO3IJIIIa€EMOMY BHIIAAKY. TOMY IJIKOM OOIPYHTOBaHO MO>KHA IpU-
MYCTHUTH, II0 B YMOBax BHCOKOi koHueHTpauii Cl* aHioHiB, sika Mae micue y Ethaline, BinOyBaeTbcs
BCe-TakK (DOPMYBAHHs XJIOpH BMicHHX KoMmiuiekcis tumy [FeCly]”. He citin Takox HeXTyBaTH MOX-
nuBicTIO hopMyBaHHSA Timpokco-komiuiekciB (pH Ethaline micist enextpomomipyBanus ~ 8+9), akBa-
KOMILIEKCIB 3a paXxyHOK abcopOiiii BOAM 3 MOBITPS IiJ] 4ac eJIeKTpoi3y (po3unHHuka Ethaline € rirpo-
ckomiyHuM [ 14]), abo 3MiIaHUX TiIPOKCO-XJIOPUIHHX, aKBariAPOKCO-XJIOPUAHUX KOMIUIEKCIB. Binbmn
JIETAFHUHM Ta OOTPYHTOBAHUM aHAJI3 CKIIJy KOMIUIEKCIB, II[0 MICTATHCS y €IEKTPOIITI MiCIs MOipy-
BaHHS OyJie MPEACTaBICHO HAMU Y pPaMKaX HacTYIHOI POOOTH.

[Tpu posropTui noTeHwiady y KaToAHYy AUSHKY (10 -2.2 B) Ha LIBA cnoctepiraetbcsi XBHIIS CTPY-
My nipu E = -1.6 B (Bpizka puc. 1), oo BiAMOBigae eIeKTPOBITHOBICHHIO Fe" 1o meraniunoro 3amisa.
[Homansme 30inpmeHHs cTpymy Tipu E > -1.6 B 0B’ s13aHO 3 €1€KTPOBIAHOBICHHSM JJOHOPIB MPOTOHY,
K1 y BEJIMKIH KiJTbKOCT] HAsIBHI B €IEKTPOJIITI.
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[Migxpecmumo, 1m0 31 301MBIIEHHSM IIBUAKOCTI CKAaHYBaHHS IMOTEHINANY MKW CTPYMY PO3YMHEHHS
3aj1i3a Ta XBWJII CTPyMY HOTO €JIEKTPOBITHOBIICHHS HE TIIbKU 3MIHIOIOTHCS 32 BUCOTOIO, aje i 3cyBa-
IOTBCS 38 IOTEHIIIATIOM, IO IPUTAMAHHO HE3BOPOTHIM EIEKTPOXIMIYHUM MPOLECaM.

Ouinnt BruuB Temmneparypu Ha 1[BA 3paskiB AISI 304 y Ethaline MoxHa 3 BUKOpHUCTaHHSIM
puc. 2.

80
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E,B
Pucynoxk 2. Bruis temnepatypu Ha xix IIBA AISI 304 B Ethaline (v=100 mB/c, t=20+50°C)

3 puc. 2 BUAHO, 110 MiABUINECHHS TEMIICPATYPH BUKIUKAE 3HAYHI 3MiHU y Xoai [IBA. AHomHI miku
CTPYyMY PO3YMHEHHS 3CyBaIOThCS Y AUISHKY OiJIbII €JIEKTPOHETaTHBHUX MOTEHITIANIB Ta 301IBITYOThCS
3a BUCOTOI0. TaKuM YMHOM, TIpoItec po3unHeHHs [ 13] mounHaeThes paHimie Ta nepedirae 3HaYHO iHTe-
HcuBHime. [ToMiTHe TakoX i 36iNbIIEHHS CTPYMY BiJZHOBIIGHHS €NEKTPOAKTHBHMX uacTouok Fe’™ 3i
301IBLICHHSM TEMIIEpaTypH.

Crig 3ayBakuTH, IO 31 30UTHIICHHSM TEMIIEPAaTypH «ITACHBHAY» JAUISHKA CTPYMY, IO e 3a MiKOM
CTPYMy PO3UMHEHHS, CKOPOUYYEThCA i 3a BUCOKOI TemmepaTypu (50°C) npaktuuno BincyTHs. Taki 3Mi-
U B LIBA 3i 30inbIIeHHSIM TeMIepaTypu J00pe y3roUKYIOThCS 3 TIMOTE3010 MI0A0 «COIBOBOI» MacH-
Bamii. Sk moOpe Bigmomo, 30iMbIIEHHST TEMIIEpaTypH 3aBKAN 3MEHIIIYE «COJIbOBY» MACHBAIIiIO 32 paxy-
HOK 3MCHINICHHS B’SI3KOCTI PO3YMHHHUKA Ta BiMITOBITHO MPHCKOPEHHS MPOIECiB audy3ii, a Takox 3a
pPaxyHOK 30UIbIICHHS PO3YMHHOCTI MaJOPO3YMHHHX 32 HU3BKOI TEMIIEPAaTypH MPOJYKTIB €IeKTPOXi-
MIYHOI peakiiii.

AHaJ3yI0un OTpUMaHy TEMIIEPaTypHY 3aJIeKHICTh, MOXKHA 3pOOWTH HACTYITHHA BUCHOBOK: 30171h-
HIYIOYM TeMIepaTypy eJIeKTPONiTy mpu aHoaHid oOpoomi AISI 304, milicHO, BIAEThCS TOCATTH 3HAU-
HOTO MPUCKOPEHHS MPOLECy eNEKTPOIOipyBaHHsA, IO A€ 3MOTY pealli3oBYBaTH MpPOLEC eIEKTPOIO-
JipyBaHHS 3 BUKOPUCTAHHSAM OUIBIINX I'YCTHH aHOAHOTO CTPYMY.

Takum urnOM, 3a Temmneparyp 20+30°C enexrpononipysanns AISI 304 y Ethaline pexkomenmzoBano
pearizoByBaTH y MOTEHIIOCTATHYHOMY PEXKHMi 32 TOTeHLianiB >1 B Ta y rajgpBaHOCTaTUYHOMY pe-
MMi 32 TYCTHH cTpyMy 5+20 MA/cM?; 3a Ginbln BHCOKHX TemrmepaTyp — 40-+50°C MOKHA BUKOPHCTO-
ByBaTH noteruiamm > 0.5 B, a ryctunn aHomHOTo cTpyMy — 3065 MA/cM’.

Posrnsnaroun Ethaline, six enexrpomit mist anogHoi 06pooku AISI 304, He ciin 3a0yBatu mpo Horo
rirpockomiunicTs [15]. Sk Oyno mokazaHo panime, eBrektiuHa cymim Ethaline 3a TpuBanoro koHrak-
Ty 3 TIOBITpsIM abcopOye 3 HBOTO TOMITHY KiNBKICTh BOAM. TOMY 3HAa4HMIA iHTEPEC BUKIWKAE BIUIUB
mqomitrok Bogu Ha xig LIBA AISI 304 B Ethaline.

LBA AISI 304 B pozunnnuky Ethaline, mo MicTuB pi3Hy KUIBKICTH J0JaHOI BOJH, HABEJCHO HA
puc. 3.

IlosiBa Boam Ta 30inbIIeHHS ii KimbkocTi B Ethaline momitHO BIuBae Ha xig LIBA. fx BuaHO 3
puc. 3, 31 30UIBLIICHHSM BMICTY BOJH Y PO3UHHHHKY MK CTPYMY PO3UMHEHHS 3CYyBa€ThCs 3a MOTEHIa-
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JIOM BIIIBO Ta 301TBIIYETHCS 32 BUCOTOK. TakuM YWHOM, IOSIBA BOAM Ta 30UTBIICHHS ii KiTBKOCTI Y
PO3YMHHUKY BHKIHKAIOTh PUCKOPEHHS MPOLIECY PO3UNHEHHSI.

80
10% H20
60 - sl
5 40 - -‘
EE % A6 ; -0 5% H»>0 2% H20
20 A
0 A /;f— 0% H>0
) -1 0 1 2 3
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Pucynok 3. Bruius no6aBok Boau Ha xix IIBA AISI 304 B Ethaline (v=100 mMB/c, t=20°C)

Bigmitumo, 110 3a Bmicty Boau 10 % «nacuBHa» ainisHka Ha [IBA moBHicTiO BifcyTHs. Takum 4u-
HOM «COJIbOBa» TacHBAllisl 32 TaKOi KOHLEHTPALil BOJH B €NEKTPOJITI HE BiIOyBaeThCs. 3ayBaskuMO,
mo npouec exekrpornonipyBanas AISI 304 y cymimi Ethaline 3 nonaBanHsM BoIM MOXKHA pealti3oBY-
BaTH, BUKOPUCTOBYIOUN OUIBINI TYCTHHU aHOJHOTO CTPYMY Y TIOPIBHSIHHI 3 HEBOJHUM PO3UYHHHHUKOM,
SKIO MPOIEC HJIe Y TaNbBaHOCTATUYHOMY PEXHMi, a00 MEHII MOTEHIaIH, SKIIO PEKUM MOTEHIIIOC-
TaTU9HUN. PexomeHnmoBani yMoBH enektpornonipyBanHs AISI 304 mis enekTpomiTy, 1O MIiCTHUTH 10
5 % Boau — noTeHuiamm > 0.5 B, ryctunm ctpyMy — Bix 5 10 30 MA/cM®; JUIA €IEKTPOIITY 3 BMiCTOM
Bom 10 % — E > 0 B, ryctunu ctpymy Bix 20 MA/cM’,

Crin BpaxoByBaTH, IO MOsBa Boau y enektponiti Ethaline 3HayHo BrumBae Ha #oro Qi3uKo-
xiMiuHi BractuBocTi [16]. 3 mosBOIO BOAM Ta 30iMbIIEHHSM il KUTBKOCTI BinOyBa€ThCs 301TbIICHHS
€JIEKTPOTIPOBITHOCTI, 3MEHIIICHHS B’SI3KOCTI PO3UYMHHMKA, 1[0 O3HAYNUTHCS Ha KoedinieHTax audysii
€JIEKTPOAKTHBHUX (OpM; BifOyBaeThCs 3MiHA MEPEHANPYTH BUIIICHHS BOJHIO B KATOJHOMY HpoLeci
Ta BUJICHHS KHCHIO B aHOJHOMY; TaKOX BiTOYBa€ThCsI 301IIBIIICHHS KOPO31iHOI aKTUBHOCTI €JIEKTPO-
miTy. JIo TOro X TOsiBa 3HAYHOI KUTBKOCTI BOIM CIIPHSE MITIHTOYTBOPEHHIO HA TOBEPXHI CTAICBHX
3pasKiB, IO € 3BUYAHAM y BOJHHUX PO3UMHAX 3 BUCOKMM BMicToM aHioHIB Cl. ToMy 3ayBaxkumo, 1o
3 METOIO 3anmo0iraHHs 301IbIIEHHS] KOPO31HHOI aKTUBHOCTI €NIEKTPOJITY Ta yTBOPEHHS MITIHTY Ha IO-
BEpPXHI METaJIEBUX 3pa3KiB s enekTpoximigroro momipyBanHs AISI 304 y pozunnnuky Ethaline me
PEKOMEH/IOBAaHO BHKOPHCTOBYBATH J00aBKH BOJM, sIKi TmepeBHIIyloTh 10 % Ta TYCTHHH aHOIHOTO
cTpymy Bumi 3a 100 MA/cM.

BUCHOBKM

BonpTaMiepomeTpuyHe AOCHIIKEHHS OCOOIMBOCTEN ENeKTPOXiMiYHOT 0OpOOKH HEprKaBilovoi cTa-
mi AISI 304 y HuspkoTemmepaTypHiii eBTekTuuHid cymimni Ethaline mokasano, mo 1eil po3YuHHHUK
MOKe OYTH TIEPCIIEKTUBHOIO abTEPHATHBOIO BUKOPUCTAHHIO TPATUIIIHHAX XIMITHO arpeCUBHHX CJICK-
TPOJIITIB MONIPYBaHHSI CTAJI.

[Toxazano, mo nporec anomHoi 00podku AISI 304 y enextpomiti Ethaline moxHa peanizoByBaTH
K 3a KiMHaTHOI TeMneparypu (t=20°C), Tak i BukopucToByroun Harpis (t=30+50°C). 3a Temneparyp
20+30°C enexrpononipysannst AISI 304 y Ethaline pekoMeHIOBaHO peai3oByBaTH y MOTEHIIIOCTATH-
YHOMY pEeXUMi 3a moTeHuianiB >1 B Ta y ranpBaHOCTaTHYHOMY PEXHMi 32 TYCTHH aHOJHOTO CTPYyMY
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5+20 MA/cM?; 3a Ginbin BHCOKHX Temmepatyp — 40+50°C MOXHA BHKOPHCTOBYBATH IOTEHINiATH
> 0.5 B, a rycrunu ctpymy — 3065 MA/cM”.

BcranoBneno, mo enekrponit Ethaline Mo)XHa BHKOPHUCTOBYBaTH Uil €IEKTPOIOJipyBaHHS
AISI 304 Takox i3 mobaBkamu Boau. [losiBa y ckitajii HU3bKOTEMIIEpaTYPHOTO €BTEKTUYHOTO PO3YHH-
Huka Ethaline Bomu mo3Bossie peaizoByBaTH mporiec aHOIHOT 00pOoOKHM HEPKaBirO4oi cTajli, BAKOPHC-
TOBYIOUX OLIBIII T'YCTHHU aHOJHOTO CTPYMY Ta MEHIII MOTEHIiaii. PeKkoMeHI0BaHI YMOBH €IEKTPO-
nomipyBanHst AISI 304 nns enextponity, mo MicTuTh 10 5 % Boxu — moTteHuianu > 0.5 B, ryctunu
cTpyMy — Bix 5 1o 30 MA/cM?; st enektponity 3 BMictom Boxu 10 % — E > 0 B, rycTuHE cTpyMy Bix
20 MA/cM’. BuxopucroByBatn no6asku 1o Ethaline Bomu, siki mepepuinytots 10 %, He peKoMeHy-
€THCS, TOMY 10 32 TAKUX KOHIIEHTPALii BOIU BiIOYBAE€THCS MITIHTOyTBOPEeHHS Ha oBepxHs AISI 304,
a TaKOX MOMiTHE 301IbIIIEHHS] KOPO3iiHOI aKTUBHOCTI PO3ZYMHHHKA.
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A.A. Kutbik, H.I'. BanHuk, E.B. KyH. BonbTamnepomeTpunyeckoe nccnenoBaHue ocobeHHOCTel aHogHou obpa-
60Tkn BromeanumHckon Hepxkasetowwer ctanu AlSI 304 B ethaline: BnusiHMe Temnepatypbl M 406aBOK BOAbI.

MBY3 «YKkpanHCKMI rocygapCTBEHHBIN XMMUKO-TEXHONOMMYECKUA yHmBepcuteT», Henp, npocn. arapuHa, 8,

49005

Moka3aHo, 4YTO HU3KOTEMMepaTypHbIN 3BTEKTUYeCkun pactBoputenb Ethaline siBnsietcs skonornyeckn 6eso-
nacHom n BblCOKO3h(PEeKTUBHOW cCpeaovt Ansi aneKkTpornonmMpoBaHus Hepxaeetowen crtanu AlSI 304, koTopas
LLUMPOKO MCMONb3YeTCA AN U3rOTOBNEHUS Pa3NNYHbIX TOBApPOB MEAULIMHCKOrO Ha3HavyeHus. MonyyYeHHble BOMbT-
amneporpamMmMbl obpasuos ctanu AlSI 304 B Ethaline nossonunu onpegennTb onTUMarnbHbIe YCNOBKSA ANst aHOA-
HOM 06PaBoTKM NPY PasnUYHLIX TeMMepaTypHbIX pexumax (o1 20 go 50°C) 1 ¢ gobaBkamm K aMeKTPONUTy BoAbl
(8o 10 %). YcraHoBneHo, 4to achdektmBHocTb Ethaline, kak anektponuta ana aHogHowm obpaboTku, cBA3aHa B
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NepBYI0 oYepedb C ero YHUKanbHbIMU PU3NKO-XMMUYECKMIN CBOMCTBAMM: 3HAYMTENBHON BA3KOCTLIO U NPW 3TOM
CPaBHUTENBHO BbICOKOW, KaK Osl MOHHBIX WOKOCTEN, 3MeKTPONpPOBOAHOCTLIO. BbiCoKas BA3KOCTb pacTBopuTens
Ethaline oGycnaenueaeT 3ameAneHHOCTb ANddY3UM NPOOYKTOB aHOLHOTO PacTBOPEHUsI CTanu, 3a CYeT Yero
JOCTUraeTcst (QOpPMUPOBaHME BA3KOTO MPUINIEKTPOAHOIO CIosi U JOCTUraeTcs Bbicokas adhheKTUBHOCTb NpoLecca
NONMPOBKU. YCTaAHOBMEHO, YTO C yBeNnMyeHneM TemnepaTypbl U MnosiBrieHMeM B anekTponute Ethaline no6asok
BOAbl CKOPOCTb aHOOHOrO PacTBOPEHUS! CTanu yBeNnMUMBaeTCs U 3TO MO3BONSAET MCMoNb3oBaTb Gonblune NioT-
HOCTW aHOAHOro TOKa AN 3MEKTPOrNoNMPOBKM B ranbBaHOCTATUYECKOM PEXUME UMW MeHbLUME MoTeHUManbl npu
NOTEHLMOCTAaTNYECKOM pexume.

KnioueBble cnoBa: BonbTaMneporpaMma, aHOAHbIA TOK, 3MeKTPONONMpOBaHne, «Conesas» naccvuBauus, HU3-
KOTeMnepaTypHbIA 3BTEKTUYECKMUIA PaCTBOPUTESb.

A.A. Kityk, N.G. Bannyk, O.V.Kun. Voltampermetric investigation of peculiarities of anodic processing of
biomedical stainless steel AISI 304 in ethaline: temperature and additional water influence.

Ukrainian State University of Chemical Technology, Dnipro, Gagarina ave., 8, 49005

It is shown that deep eutectic solvent Ethaline is an environmentally friendly and highly efficient medium for
electropolishing of AISI 304 stainless steel that is widely used for medical products. The obtained voltammograms
allow choosing optimal conditions for anodic treatment of AISI 304 steel samples in Ethaline at different tempera-
ture conditions (from 20 to 50°C) and with water additives (up to 10 %). It is established that high efficiency of
Ethaline as an electrolyte for anodic treatment is primarily associated with its unique physicochemical properties:
significant viscosity and, at the same time, relatively high, as for ionic liquids, electrical conductivity. The high
viscosity of the Ethaline solvent causes slow diffusion of the products of anodic dissolution of steel, which achieve
the formation of a viscous electrode layer and provide a high efficiency of the polishing process. It has been
shown that with an increase in electrolyte temperature and water content in Ethaline the anodic dissolution rate of
steel increases and this allows the use of high anode current densities for electropolishing in galvanostatic mode
or lower potentials in the potentiostatic mode.

Keywords: voltammogram, anodic current, electropolishing, «salt» passivation, deep eutectic solvent.
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Po3pobrneHo pocTynHi i edekTMBHi  MeToaM CcuHTe3y 3amilleHnx nipono[2,3-dlnipumiguHiB i
5,8-gurigponipnao[2,3-d]nipuMianHiB 3acHOBaHi Ha TPUKOMMOHEHTHIN KOHAeHcauii 6-aMiHo-2-Tioypauuny 3
apunrniokcansamu i N,N-gumeTnn6apbitTypoBoto KMCNoToK abo auukniyHUMK B-AuKapbOoHINbHUMK crnonyka-
MW: aueTunaueToHOM Ta aueToouToBUM ecTepoM. lNokasaHo, Wo onTUMarnbHi BUXoAW MpOAyKTiB BAANoOCs
OfepXaTu NPy KUMATIHHI peareHTiB B OLTOBIW KMCMOTI. Tak, cMHTe3 nipono[2,3-d]nipumianHis npoxoame 3a
15-20 xB., TOAiI Ak ocagn 5,8-gurigponipnao[2,3-dlnipumianHiB yTBOpoBanucs Yepes 2 rog. 3anponoHoBaHO
BiporigHi MexaHiaMyn hopMyBaHHS aHeNbOBaHMX MIPONbHOro Ta NipuauHOBOro uuknie. B obox Bunagkax
aHentoBaHHA NiPUMIGUHTIOHHOTO )parMeHTy MOJEKynM BKITIOYaE YTBOPEHHSI NPOMKHOMO a,B-HeHacu4yeHoro
KETOHy 3a y4yacTio apunrniokcanto Ta CH-kucnotm (N,N-gumetun6apbitypoBoi abo aueTunaueToHy (aueTto-
OLTOBOro ecTepy), HykneodinsHe NnpueaHaHHS 6-aMmiHoTioypauuny 3a akTMBOBaHWM MOABIMHUM 3B’A3KOM Ta
KOHAeHcaUjito kapboHinbHOT i amiHorpyn. OfgHak, YTBOPEHHS NipUMIOUHOBOIO LIMKIY NPOXOANUTb BUKIHOYHO 3a
yyacTio aueTunbHoro dparmeHTa, TOAI SK MiPONbHOTO — MPW  KOHAEHcauii apoinNbHOro 3anuiiky i
6-amiHorpynu Tioypauuny. byna npoBegeHa moaudikauis psgy cuHTesoBaHux nipono[2,3-dlnipymignHis
LUISIXOM arnkiflyBaHHS, WO A03BOMMIO 3HAYHO MIABMLLMTM PO3YMHHICTL OAEPXaHNX NPOAYKTiB. Peakuito npo-
soaunu B JM®A: nepemillyBaHHS BUXiOHWX peareHTiB npu 60°C (ankinyBaHHs MeTunitognaom) abo ix
KMM'ATIHHA  (ankinyBaHHA deHaumMnbpoMigoM), B pe3ynbrtati 4oro Oynu ogepxaHi S-metun- Ta
S-cbeHaumnnoxigHi  nipono[2,3-dnipumiguHis.  OdaHi  AMP H CMeKkTpiB  3as3sigunnu, LWo MpoayKTn
S-meTunoBaHHA yTBOPIOTL conbBaTtu 3 M®A cknagy 1:1. CuHTe30BaHi CNONykM MOXYTb CTaTM OCHOBOIO
ONsi CTBOPEHHSI HeBeNuKKX GibnioTek aHenboBaHWX NipUMIOUHIB 3 noninweHum npodinem npoTMBIpYCHOT
aKTMBHOCTI.

KntouoBi cnosa: nipono[2,3-dnipumiguHu, nipuao[2,3-dnipumignHun, 6-amiHo-2-Tioypauun, apunriiokca-
ni, N,N-anmeTnn6apbitypoBa Kncnota, aueTunaueToH, aLeToOLUTOBUIA ecTep, AOMIHO-peakKLii.

Bctyn

OpnepkaHHS HOBUX TETEPOLMKIIYHUX CIOJYK Ha OCHOBI MPOCTHUX 1 €KOHOMIYHO OOTPYHTOBaHHMX
METOAUK CHHTE3Y 3 NOCTYIMHHUX BUXIJHUX PEUOBHH MOCTIHHO MPUBEPTAIOTH YBary AOCIHiAHUKIB 3aBs-
KU MOXXJIMBOMY BHKOPHCTaHHIO TaKMX CHOJYK B MeauuuHi [1-3]. OcTaHHIM 9acoM BeJIUKY MOIYJISIp-
HICTh cepell XiMiKiB-OpTaHiKiB HaOyJIM OHOPEaKTOPHI MyJIBTHKOMIIOHEHTHI peakiii, sSIki MaroTh 3Ha4-
Hi IepeBard y MOPIBHSAHHI 3 TPaJAWIIIMHUMU CHHTE3aMH B IUIaHI BUIUICHHS Ta OYMIICHHS I[LIbOBUX
CHOJIYK, BUKOPUCTAHHS ‘“‘3€JCHMX PO3YMHHMKIB®, XapaKTEpU3yIOTbCs OiNbII BHCOKMMHU BHXOIAMH,
XEMO- Ta CTepeo-CcelleKTUBHICTIO [4-10].

BapOitypoBi 1 Tio0apOITypOBi KHCIOTH, 6-aMiHOypaluia Ta 6-aMiHO-2-TiOypaIlil pO3IIAAar0ThCs
SIK IPUBLIEHOBaHI CTPYKTYPH Y BIIKPHUTTI JIKapChKUX 3ac00iB 3 MIMPOKUM CHEKTPOM Oi0JIOT1YHOI aK-
TUBHOCTI Ta CHHTETHYHOI AOCTYMHOCTI. [IpoTHBipycHa Ta MPOTUMYXJIMHHA [Iii € JBOMAa HAWOLIbII Bi-
JIOMHUMH BHIIaMHU 010JIOTIYHOI aKTUBHOCTI aHAJIOTIB ypaIlviIy, MPOTe BOHK BUSABIIAIOTH TAaKOX T'epOiIn-
JHY, IHCEKTUIMIHY Ta OakTepuuuAHy akTUBHOCTI [11-14]. Yucnenni Monudikamii CTpyKTypH ypanu-
JTBHOTO (hparMeHTa BeIyTh 10 PO3POOKH KOHJEHCOBAHUX MOXITHUX, SKi JEMOHCTPYIOTh Kpalli dapma-
KOJIOTiuHI Ta (hapMaKOKIHETHYHI BIIACTUBOCTI, BKIJIFOYAIOYH ITiJBHUINCHY Oi0aKTHBHICTH, CEJICKTHB-
HICTh, META0OIIYHY CTaOLIBHICTh, A0COPOILI0 1 MEHIITY TOKCHUHICTH [15-17].

PesynbTaTth i ix 06roBopeHHs

Meroro maHoi poOOTH € po3poOKa 3arallbHUX METONIB CHHTE3y 3aMillleHHHX Tipoio[2,3-
d]nipumiguHiB Sa-g ta mipuno[2,3-d|nipumiauHiB 6a-d,e B 0qHOpeaKTOpHIH KOHIACHCALIl 6-aMiHO-2-
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tioypauuny 1, rigpatiB apunriiokcainiB 2a-g i N,N-aumetnn0ap0iTypoBoi KucIoTd 3 a00 aluKIiYHAX
B-nukapOOHINBHUX cTIONyK 4a,b. 3a3HaunMo, 110 B JiTEpaTypi ONKCAHO CHHTE3 apOMATUYHUX TOXiJI-
HUX mipuno[2,3-d|nipuMianHIB 3a y4acTiO apOMaTUYHUX albAETiliB, 6-aMiHO-2-Tioypauuly Ta Majo-
HOJIWHITPUIY B MPHCYTHOCTI HaHOKaTamizaropiB [18,19] abo mumkimizamiero 6-aMiHO-2-Tioyparuny 3
E€THJIIOBHM  €CTepoM  3-apmi-2-TliaHoakpmiioBoi  kuciotd  [20].  JlurigpomoximHi  mipu-
10[2,3-d|nipuminuny Oynu ofiepKaHi B OTHOPEAKTOPHUX KOHAEHCALIAX 2,6-A1aMiHOypaIyiy, apoma-
TUYHUX aJbJAETifiB 1 aneTwnaueToHy [21] B BOOHOMY cepeloBHII y MiKPOXBHIBOBOMY Mofi. OHaK,
1,6-miamiHO-2-1MiHO-2,3-AUTiIPOITipUMITUH-4-0H HE BCTYIIAaB B MTOAI0OHI KOHACHCAIII1, a ITOXiIHE MMipH-
10[2,3-d|nipuMianHy BIAJIOCS OJEP:KATH MPU HArpiBaHHI 3 7-METOKCHOCH3WJIIICHITIPOBUHOTPATHOO
KucIoTolo0 [22]. [IBa mpencTaBHUKU Kiacy Oic-mipono[2,3-d|nipumianHiB OyJI0 CHHTE30BaHO TPUKOM-
ITOHEHTHOIO KOH/ICHCAITIEI0 1,4-deninen-0ic-riaiokcarto, 6-aMiHO-2-TiOypamuiIy Ta
N,N-mumetnnbdapoitypoBoi kucimoTu [23]. [ToBimoMiIsIIOCS 1 PO CHHTE3 BKA3aHWX MOXITHUX B CITHP-
TOBOMY CEPEHOBHILI 3 BHKOPHCTaHHSAM 6-aMiHOOapOITYpOBHUX YHM -Tio0apOITypOBHX KHCIOT SIK
1,3-0inyKieodinbHUX peareHTiB [24].

Hamm Oyrno mokasano, 1o Kuil STiHHS BHXigHUX peareHTiB B HOAcC Beae 10 CHHTE3y MUTHOBUX
MPOAYKTIB THITY 5 a0 6, BiamoBimHO (cxema 1). CunTe3 mipomiB Sa-g npoxoams 3a 15-20 xB, Toxi sK
YTBOPEHHsI TUTiAponipuanHiB 6a-d,e moTpeOyBajo KU ATIHHS peakwiiHOi CyMilli MPOTATOM 2 TOA.
(xorTpons THIX). Buxoan mpoAyKTiB THIY S i 6 BapilOrOTbCS Bij 3aI0OBUIBHHAX O BUCOKHX, BTIM
SJIEKTPOHHUH XapaKTep 3aMiCHUKIB B apOibHOMY ()parMeHTI MPakTHYHO HE BIUIMBAE HA LEH IOKa3-
HUK.

CTpyKTypa CHHTE30BAaHHMX CHOJIYK OyJla BCTAaHOBJECHA 32 JOIOMOTOI TPAJUIIHHHUX (i3HKO-
ximiunux meroxiB. Tak, B crextpax IMP '"H mpoaykriB 5a-g HasBHI IICCTHIPOTOHH] CHHINIETH Me-
TUJILHUX TPYIl Ta CHHIJIET METHHOBOTO MPOTOHA AUMETHIIIPUMITHHOBOTO ()parMeHTa, MyJIbTHILIETH
apoMaTHYHUX MPOTOHIB. CHHIIIETHI IPOTOHU IMIHOTPYH 2-TiOypaIMIIEHOTO UKITY CIIOCTEPITaloThCs B
obmacti 6mu3pko 12.0 M.4., a HalOUIBII ClTaboNONLHUH curHan B paioni 13.27-13.49 M.4. BimHECEeHO
1o NH-nporoHna miponsHOTo 1ukiy. [1ookeHHS OCTaHHBOTO CYTTEBO 3MIHIOETHCS BiJI €IEKTPOHHOTO
XapakTepy 3aMiCHHKa B apWJIBHOMY (parMeHTi: eJIeKTPOHOAKLUENTOpH 3MIIIyIOTh CHUTHAN MPOTOHA
NH-rpynu B cnabke mose, ToJli SIK eIeKTPOHOJOHOPH — B CHIIbHE (TTopiBHAN crionyku Sd i 5f). Anaro-
TiYHI 3aKOHOMIPHOCTI CITOCTEPIraloThes 1 JUIsi CHTHATy METHHOBOTO IPOTOHA, X04a HOCATh MEHII BH-
pakeHuii Xxapakrep. B Mac-cnekTpax croiyk Sa-e mpucCyTHI MiKH MOJIEKYJISIPHUX 10HIB HU3BKOI iHTEH-
CHBHOCTI, a JJaHi €JIEMEHTHOT'0 aHai3y y3TrO/UKYIOThCS 3 3alIPOIIOHOBAHOIO Oy IOBOIO CIOJIYK S5a-g.

o}
"1
ofl‘u 0 HN
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Me 3
e ]
A, 15-20 min
0 o}
OH HOAc
Y A e
SN N, O Ty
H1 2ag da,b
&0 2h

Ga-d,e

2,5a-g,6a-d R=Me: a Ar= 4-CICgH,, b Ar= 4-BrC4H,, c Ar= 3-FCgH,, d Ar= 4-NO.CsH, e
Ar= 4-C.HgCgH,, f Ar= 3.4-(Me)CgHa, g 3,4-(Cl).CgH3; 6e 3-FCgH,, X=0Et.
4a,b: a X=Me, b X=0Et.

Cxema 1

CuHTe30BaHi AuriaponipuanHu 6a-d,e - KpUCTaTiuyHI PEYOBUHH CBITIO-)KOBTOTO 200 KOBTOI'O KO-
TpOpy, OyIOBa SKHX MiATBEp/KeHa meromoM SIMP '"H a4y CIEKTPOCKOTi, JAHUMHU €JIEMEHTHOTO
ananmisy. Tak, B cektpax SIMP 'H cronyk 6a-d mpucyTHI XapakTepHi CHTHAIH MPOTOHIB METHIBHOI
Ta aleTUJIBHOI IPyM (B CHEKTPI CHOIYKH 6€ CIIOCTepIiratoThCsl TPUILIET 1 KBAPTET MPOTOHIB €TOKCHT-
pyIH), CHHIJIET TPOTOHA METHHOBOI TPYITU B TIOJIOKEHHI 5 OIIUKITY, MYJIbTHILICTH apOMATHYHUX TPO-
TOHIB, OMHONIPOTOHHI CHHTIIETH NH TIPOTOHIB IUTIAPOMPUINHOBOTO Ta 2-TIOMPUMIIAHOBOTO (hpar-
MeHTiB. B Y criekrpax mipuauHiB 6a-d,e HasBHI CMyTrH BaICHTHUX KOJWBAaHb KapOOHUILHUX TPy, a
takox C=S rpynu.
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TpuUKOMIIOHEHTHA B3a€MOJIisl HA MPUKIAAl TiapaTy (QeHiIriiokcanto, 6-aMiHO-2-Tioypaliuny Ta [3-
JUKapOOHIIEHHUX CIIONYK MPOXOAUTH Yepe3 CTaii0 YTBOPEHHS o, -HeHacHueHOTro KeToHy A (st N,N-
JUMeTHI0apOiTypoBoi kucinoT) un B (y Bumaaky aumerunanerony, cxema 2). ®@opMyBaHHS MPOMiX-
HOTO (PeHALIMITIIEHTIOXITHOTO € XapakTepHuM s peakmiii CH-kucnor i apunriiokcanis [25-27]. Taki
IHTEepMemiaTH, 3a3BHUaii, MOKyTh OYTH BHIIIJICHI 1 0XapaKTepu30BaHi, 30kpeMa B bimpkuHemi-1moaioHnx
KOHJICHCAI[ISIX 33 YYacTIO apuiIriiokcaniB i amerunanerony [28,29] (abo N,N-mumerninoapo6itypoBoi

kuciotu [30]).
S
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Cxema 2

Hacrynne npuennanss 3a Mixaenem 6-amino-2-Tioypanwity Beae 1o intepmeniaty C uu D, Binmo-
BiJTHO, a MMO/aJIbIlla TeTEPOIMKITI3allisl T03BOJISIE€ BUAUTUTH IiPOJIOMIPUMIINH Sa ab0 JUTiapomipuInH
6a. BiporinHo, cTamist CHHTE3Y 0,-HEHACHYEHOTO KETOHY € JIIMITYIOUO0, UM 1 TIOSCHIOETHCSI IIIBUIKE
yTBOpeHHs miponiB 5. BoHo € Hacnmiakom Bucokoi CH-kucnotnocrti cnionyku 3 (pK, = 4.7) [31], Toxai
SIK 3HAYHO HWDKYa KMCIOTHICT B-aukeTony 4a (pK, = 13.3) [32] cyTTeBo 36inbmye yac peakuii. Lluk-
mizaris inTepmeniaty D TeOpeTHYHO MOXKE TMPOXOIUTH SIK 33 alleTHIIEHUM ((OpPMYBaHHS JUTiAPOMipH-
JUHOBOTO LIUKITY), TaK i 3a OCH301IbHUM (pparMeHTOM, IO TOBUHHO BECTH JI0 YTBOPEHHS IiPOJILHOTO
sapa. Buima kxapOoHIIbHA aKTHBHICTh aleTHIBHOTO (parMeHTa Ta [JOCTaTHA HYKJICO(iIbHICTH
6-amMiHOTpyIH 2-Tioypaluiy 3a0e3ledyloTh CHHTE3 CoNyku 6a. OnHak, y BHNAAKY CEUYOBHMHH, K
MOKa3aHo HaMmu paximie [28], Taka KOHICHCAIlisT MOXKE MPOXOIAUTH 3a JBOMA adbTCPHATHBHUMH Ha-
OpSIMKaMH 3 YTBOPEHHSIM HIECTHWIEHHOTO 200 1’ ITHWICHHOTO UKITY.

Opeprkani miposau 5a-g € BUCOKOIUIABKUMHE CIIOJIyKaMH 1 XapaKTepHU3YIOThCSI HU3bKOIO PO3UMHHIC-
TIO B OpraHiYHUX pO3YMHHUKAX. ToMy Hamu Oyira mpoBeneHa (YHKIIOHATI3AIIS Py TTOXITHAX IS~
XOM IX aNKiTyBaHHS. AJIKITYIOUMMH peareHTaMu BHCTYMaIH MeTwiionua Ta penanmnbdpomin. Peak-
wito npoBoawan B JIM®A: nepeminryBaHHs BuxiiHux peareutiB npu 60°C (cuHTE3 HIPOAYKTIB 7a,b)
a00 X kuI’ ATiHAS (AKiUTyBaHHS QeHaniIOpoMioM, CHHTE3 CIIONYK 8a,b).

Me 0o Me o
N N
N-Me DG N—-Me
PhCOCH,Br Mel
- 0 ——— =
|-|/[«|,1\ DMPF, reflux Fﬁ\ i R 5 DMF, t=60°C HMN
N N
s~ NN STNTR S
Ph  8ab, 5a,b, Kt
oc.f

Ta,b : a Ar- 4-CI-CgHy, b Ar = 4-Br-CgHy.
8a,b : a Ar-3-F-CgHy, b Ar = 3 4-(Me)s-CgH;.

Cxema 3
[Tipomonipuminuan 7a,b Oyim BUAiICHI 3 peakiifHOI CyMilti y BUTIIAAI combBariB 3 JIM®DA ckia-

oy 1:1. Sk 1 mepeabadanoch, ankiaTyBaHHS MPOXOJUTh 32 HAHOLIBII HYKICO(DITBHUM LIEHTPOM — aTo-
MoMm cyibdypy. B cniekrpax AMP 'H cnoayk 7a,b 3aukae cursan NH mpoToHa mipuMiInHOBOTO K-
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Ny i 3’SIBIAE€THCS CHHTTIET IPOTOHIB S-Me rpymu 6mu3bko 2.50 M. (13.3 M.u. B ciektpi IMPC cro-
nyku 7b). Ha cnexrporpamax SIMP 'H mpoxykTiB 8a,b crocTepiraeThesi CHHITIET IIPOTOHIB METHIIE-
HOBOT IPyIIH Ta MYJIbTHILIETH TPOTOHIB OCH30UIBHOIO paauKaia. AJIKUTyBaHHsS MPUBOAUTH 10 3HAY-
HOTO 3MileHHs curHainy NH npoToHa mipoiapHOro mukia B 00JacTh CHIIBHOTO I0JIS, IO MOB’S3aHO 3
€JICKTPOHOOHOPHHUM BIUIMBOM S-aJIKITFHOTO paguKaa.

BUCHOBKM

OTxe, HaMU pO3pO0JICHO MPOCTi 1 €EKTUBHI METOIN CHHTE3Y 3aMillleHUX Mipoio[2,3-d]- Ta mipu-
10[2,3-d]-nipuMinHIB, OCHOBaHI HA OAraTOKOMIIOHEHTHIN KOHJEHCAIil 6-aMiHO-2-TiOypaIiily, apui-
TIiOKcamiB 1 B-AnKapOOHIIBHUX CHOJYK, 8 TAKOXX BHBUYCHO peakiii aJKiTyBaHHA OESKHMX CHHTE30Ba-
HHUX pedoBHH. OUiKy€eThCs, 10 MOAIOHI CIIOTYKH MOXKYTH CIyT'yBaTH CHHTETHYHOIO 0a3010 IS oJep-
JKaHHS HEBEJIMKHX O010ioTek (QYHKIIOHATI30BaHUX MOXIAHUX mipojo[2,3-d]- Ta mipumo[2,3-d]-
HipUMiAMHIB 3 TOMIMIIEHUM MpoQiieM NPOTHBIPYCHOI Ta MPOTHITYXIMHHOT aKTHBHOCTI.

ExcnepuMeHTasibHa YaCcTUHa

Cnextpu SAMP '"H i IMP *C 3amucani na cnektpometpi Varian MR-400 (400 i 100 MI'u, Biaro-
BimHO) B posunHax JIMCO-ds, BHyTpimHil crangapt TMC. I4 cmnektpu 3apeectpoBani Ha Dyp’e-
crektpometpe Agilent Tecnologies Cary 630 B cymimn 3 KBr metogom audy3HOTO BimoOpa)keHHS.
Mac-criektpu 3anucani Ha npuiani Finnigan MAT INCOS-50 (ionizaris EY, 70 eB). Enementnuit
aHaJi3 BukoHaHO Ha aHamizaropi EA 3000 Eurovector. Temneparypu IuiaBieHHsI BU3HAUYEHO HA CTO-
Ky Kodnepa. KoHTpoib 3a MPOXOMKEHHSIM PEaKIliid 1 YMCTOTOI0 OJCPKAHUX CITOJIYK CTIOIYK 3iic-
nroBaBcs MetogoM TIIX ma miactuaax Silufol UV-254 B cucremax PhMe—-EtOAc, 1:1, CHCI;—2-
PrOH, 10:1, nposiBHUK - Tapu HOTy.

Cunre3 cnoayk Sa-g (3aranmpHa MeToauka). Pozunnstors B 5 Mt HOAc 0.15 r (1.0 MMounb) aminy
1, 0.16 T (1.0 mMoutp) KuCHOTH 3 Ta 1.2 MMOJIb BiAIIOBITHOTO apHITIioKcaio 2a-g. CyMiIll KHIT ATATh
15-20 xB (xoHTpOabp THIX). OXx0nomKytoTh 1 BUIMBa0Th B 50 Mi kpukaHoi Boau. Ocax GpinmbTpyroTh,
MIPOMHUBAIOTH BOJIOIO, ITOTIM €TaHOJIOM, a 32 He0OXiTHOCTI MepeKprcTanizoBytoTh i3 EtOH.
5-(6-(4-Xnopodenin)-2,3,4,7-rerparigpo-4-okco-2-riokco-1H-nipomno[2,3-d|mipuminun-5-ix)-1,3-
auMeTwianipumianu-2,4,6(1H,3H,5H)-Tpion (5a). Buxin 0,34 r (79 %), Oiiuii mopoIox, T. mi. >300
°C (EtOH). Cniextp SIMP 'H, §, M. u. (J, T'n1): 3.14 (6H, ¢, 2NCH3); 5.12 (1H, ¢, CH); 7.51 - 7.57 (4H,
M, H Ar); 11.99 (1H, ¢, NH); 12.03 (1H, ¢, NH); 13.45 (1H, ¢, NH). Mac-cnektp, (L, %): 433 [M]
(2), 431 [M]'(6). 3naiineno, %: C, 50.19; H, 3.30; N, 16.19. C;3sH4CIN5sO,4S. Po3paxosano,%: C,
50.06; H, 3.27; N, 16.22.
5-(6-(4-Bpomodenin)-2,3,4,7-rerpariapo-4-oxco-2-thioxo-1H-niposio[2,3-d|mipuminun-5-ii)-1,3-
auMeTwianipuminnu-2,4,6(1H,3H,5H)-Tpion (5b). Buxizn 0,28 r (59%), 6inwit moporok, T. tr. >300
°C (EtOH). Cnextp IMP 'H, §, m. u. (J, T'n): 3.14 (6H, ¢, 2NCHj3); 5.11 (1H, ¢, CH); 7.48 (2H, n, J
=8.2, H Ar); 7.63 (2H, n, J =8.2, H Ar); 11.98 (1H, ¢, NH); 12.03 (1H, ¢, NH); 13.44 (1H, c, NH).
Mac-cniektp, (L, %): 475 [M]" (5), 477 [M]'(4). 3naiineno, % : C, 45.45; H, 2.90; N, 14.65.
C1sH14BrNsO,4S. Po3paxoBano,%: C, 45.39; H, 2.96; N, 14.70.
5-(6-(3-®T1opodenin)-2,3,4,7-rerpariapo-4-oxco-2-tiokco-1H-miposo[2,3-d]mipumigun-5-inx)-1,3-
auMeTuanipumianu-2,4,6(1H,3H,5H)-Tpion (5¢). Buxin 0,25 r (61%), 6inuii mopomox, T. twr. >300
°C (EtOH). Cnextp SIMP 'H, §, m. u. (J, I'm): 3.15 (s, 6H, 2NCH3); 5.18 (1H, ¢, CH); 7.25 (1H, T, J
=8.0, H Ar); 7.36 — 7.40 (2H, m, H Ar); 7.49-7.54 (1H, m, H Ar); 12.01 (1H, ¢, NH); 12.06 (1H, c,
NH); 13.48 (1H, ¢, NH). Mac-cniektp, (Lyiw, %): 415 [M]" (5). 3naiineno, % : C, 52.01; H, 3.46; N,
16.81. CgH4FNsO,S. Po3paxosano,%: C, 52.05; H, 3.40; N, 16.86.
1,3-AumeTnia-5-(6-(4-uirpodenin)-4-oxco-2-tiokco-2,3,4,7-rerpariapo-1H-niposno|2,3-
d]nipuminun-5-in)nipuminun-2,4,6(1H,3H,5H)-tpion (5d). Buxinx 0,28 1 (63%), CBITI0-KOBTI KpH-
cramy, T. wi. >300 °C (EtOH). Cnekrp SIMP 'H, §, m. 4. (/, T'm): 3.13 (6H, ¢, 2NCH3); 5.23 (1H, c,
CH); 7.25 2H, n, J= 7.2, H Ar); 8.28 2H, n, J= 7.2, H Ar), 12.01 (1H, ¢, NH); 12.21 (1H, ¢, NH);
13.49 (1H, ¢, NH). Mac-cnektp, (L, %0): 442 [M]" (8). 3Haiineno, % : C, 48.80; H, 3.22; N, 19.09.
CisH14NcOgS. Po3paxoBano,% : C, 48.87; H, 3.19; N, 19.00.
5-(6-(4-Ernndenin)-2,3,4,7-rerparigpo-4-okco-2-tiokco-1H-nipomao|[2,3-d|nipuminun-5-ima)-1,3-
auMeTwanipumiana-2,4,6(1H,3H,5H)-Tpion (5e). Buxin 0,28 r (66 %), 6ini xpucranu, T. 1t 278-
280 °C (EtOH). Crextp SIMP 'H, §, M. u. (/, T'm): 1.19 (3H, T, J =7.6, CH;); 2.64 (2H, kB, J =7.6,
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CH,); 3.14 (6H, ¢, 2NCHj5); 5.10 (1H, ¢, CH); 7.31 (2H, n, J =7.8, H Ar); 7.46 (2H, n, J =7.8, H Ar);
11.88 (1H, ¢, NH); 11.95 (1H, ¢, NH); 13.38 (1H, ¢, NH). Mac-criektp, (Iyim, %): 425 [M]" (9). 3naii-
neHo, %: C, 56.49; H, 4.46; N, 16.40. C,0H9NsO4S. Po3paxoBano, %: C, 56.46; H, 4.50; N, 16.46.
5-(6-(3,4-IumeTuiidenin)-2,3,4,7-rerpariapo-4-oxco-2-riokco-1H-nipono[2,3-d|mipumigun-5-ii)-
1,3-mumernanipumigun-2,4,6(1H,3H,5H)-tpion (5f). Buxix 0,26 t (61 %), 6im kpucramu, T. IUL
>300 °C (EtOH). Criextp SIMP 'H, §, m. u. (J, 'm): 2.22 (6H, ¢, 2CH;); 3.11 (6H, ¢, 2NCH3); 5.07 (1H,
¢, CH); 7.17 (1H, o, J="7.0, H, Ar); 7.23 (1H, n, J= 7.0, H, Ar); 7.29 (1H, c, H, Ar); 11.80 (1H, c,
NH); 11.88 (1H, ¢, NH); 13.27 (1H, ¢, NH). 3naitneno, %: C, 56.49; H, 4.55; N, 16.41. C0HoN;504S.
PospaxoBano, %: C, 56.46; H, 4.50; N, 16.46.
5-(6-(3,4-Ouxaopodenin)-2,3,4,7-rerparigpo-4-oxco-2-tiokco-1H-nmiposo[2,3-d] mipumiaun-5-ii)-
1,3-mumernanipuminun-2,4,6(1H,3H,5H)-Tpion (5g). Buxin 0,40 r (86 %), Oimi kpucramm, T. TUL.
>300 °C (EtOH). Criextp SIMP 'H, §, M. u. (J, I'n): 3.13 (6H, ¢, 2NCHj3); 5.16 (1H, ¢, CH); 7.49 (1H,
n,J=8.0, H, Ar); 7.71-7.90 (2H, m, H, Ar); 11.98 (1H, ¢, NH); 12.10 (1H, ¢, NH); 13.48 (1H, ¢, NH).
3uaiineHo, %: C, 46.30; H, 2.79; N, 15.05. C;sH;3CLN;504S. Po3paxoBano, %: C, 46.37; H, 2.81; N,
15.02.

Cunre3 cnoayk 6a-d,e (3aranpbHa meronuka). Cymill eKBiMONBHHUX KibKocTel (mo 1.0 MMoub)
aminy 1, anerunanerony 4a abo (ameroonroBoro ectepy 4b) ta 1.2 MMonb BiAMOBIZHOTO apHUITITiOK-
camo 2a-e, B 10 vt HOAc kum'stsate npotsiroM 2 roxuH. Ocaf, 10 BHIIAJA€E TPU OXOJIOKEHHI, Bifl-
(binBTPOBYIOTH, a (inbTpaT BUIUBaOTH B 100 MIJI KprKaHOT BOIM, OJEPKYIOUH JOJATKOBY KUIBKICTh
npoxnykra. @pakuii 3MilIyI0OTh Ta OUMINAIOTH NepekpucTaizamiero i3 HOAc.
6-AueTnii-5-[(4-xaopodenin)kapooniil-7-meTuna-2-riokco-2,3,5,8-rerparinponipuao|2,3-
dnipuminun-4(1H)-on (6a). Buxizx 0.24 r (64%), cBiTnO-%0BTi Kpuctanmy, T. 1. 236-238°C (AcOH).
Y crextp, v, cM: 3406, 3310, 2912, 2844, 1692, 1685, 1620, 1610, 1586, 1230, 1048, 840. Criextp
SAMP 'H, 8, m. 1. (J, T'm): 2.18 (3H, M, CH3); 2.29 (3H, ¢, CHs); 5.38 (1H, ¢, CH); 7.49 (2H, 1, J = 8.0,
H Ar); 8.08 (2H, n, J = 8.0, H Ar); 8.35 (1H, c, NH); 11.52 (1H, ¢, NH); 12.13 (1H, ¢, NH). 3naiine-
Ho, %: C, 54.24; H, 3.85; N, 11.29. C;H4CIN;0;S. Po3paxosano,%: C, 54.33; H, 3.75; N, 11.18.
6-AneTnii-5-[(4-opomodenis)kapoonina]-7-merui-2-tiokco-2,3,5,8-rerparigponipuao|2,3-
dnipuminun-4(1H)-on (6b). Buxin 0.29 r (70%), cBiTi0-)0BTi KprcTamm; T. 1. 248-251°C (AcOH).
Y crextp, v, cM: 3410, 3308, 2915, 2845, 1690, 1680, 1622, 1605, 1584, 1228, 1050, 635. Criextp
SAMP 'H, §, m. 1. (J, Tm): 2.19 (3H, ¢, CH;); 2.30 (3H, ¢, CH3); 5.38 (1H, ¢, CH); 7.65 (2H, 1, J = 8.0,
H Ar); 8.00 (2H, n, J = 8.0, H Ar); 8.35 (1H, c, NH); 11.50 (1H, ¢, NH); 12.10 (1H, ¢, NH). 3naiine-
Ho, %: C, 48.47; H, 3.38; N, 10.19. C;H4BrN;05S. Po3paxoBano, %: C, 48.58; H, 3.36; N, 10.00.
6-AneTni-5-[(3-propodenin)kapoonia]-7-mernia-2-tiokco-2,3,5,8-rerparigponipumo|2,3-
dmipumizua-4(1H)-on (6¢). Buxin 0.22 T (62%), CBiTI0-KOBTi KpucTam; T. 1. 245-246°C (AcOH).
4 cnektp, v, em™': 3420, 3300, 2920, 2850, 1695, 1680, 1620, 1608, 1590, 1230, 1110, 960. Criextp
SAMP 'H, 8, m. a. (J, T'w): 2.20 (3H, ¢, CHs); 2.31 (3H, ¢, CH3); 5.38 (1H, ¢, CH); 7.44-7.52 (2H, m, H
Ar); 7.86-7.90 (2H, m, H Ar); 8.38 (1H, ¢, NH); 11.60 (1H, ¢, NH); 12.18 (1H, ¢, NH). Haiineno, %:
C, 56.67; H, 3.88; N, 11.50. C;7H;4FN;0;S. Po3paxoBano, %: C, 56.82; H, 3.93; N, 11.69.
6-AueTni-5-[(4-niTpodenin)kapoonin|-7-meTuni-2-riokco-2,3,5,8-rerparigponipugo|2,3-
dnipumigua-4(1H)-on (6d). Buxix 0.25 T (65%), o0BTi Kpuctamy; T. mi. 236-238'C (AcOH). 14
criekTp, v, cM ' 3408, 3312, 2922, 2858, 1688, 1676, 1622, 1610, 1535, 1360, 1038, 980. Crektp
SIMP 'H, &, m. 1. (J, Tw): 2.22 (3H, ¢, CH;); 2.32 (3H, ¢, CH); 5.39 (1H, ¢, CH); 8.26 (4H, ¢, H Ar);
8.38 (1H, ¢, NH); 11.60 (1H, ¢, NH); 12.19 (1H, ¢, NH). 3naiineno, % : C, 52.60; H, 3.68; N, 14.39.
C17H14N4O5S. Pospaxosano, %: C, 52.85; H, 3.65; N, 14.50.
E1un-5-[(3-propodenin)kapoonii]-7-mernii-4-okco-2-tiokco-1,2,3,4,5,8-rexcarinponipuao[2,3-
d]nipuminun-6-kap6oHoBoi kuciaoru (6e). Buxin 0.25 r (65%), CBITIIO-KOBTI KpHCTAIH; T. I, 246-
248°C (AcOH). 4 cmektp, v, eM™': 3370, 3255, 3170, 2915, 1710, 1680, 1618, 1500, 1248, 1106,
1050. Criexktp SIMP 'H, &, M. 1. (/, T'm): 0.77 (3H, 1, J = 7.0, CH3); 2.30 (3H, ¢, CH;); 3.80 (2H, kB, J
=7.0, CHy); 5.45 (1H, ¢, CH); 7.47 — 7.55 (2H, m, H Ar); 7.87-7.94 (2H, m, H Ar); 8.38 (1H, c, NH);
11.60 (1H, ¢, NH); 12.22 (1H, ¢, NH). Cnektp SIMP "C (100 MHz, DMSO-de), &, m. a: 13.8; 19.3;
39.2; 60.1; 90.5; 101.1; 115.9; 120.1; 125.4; 130.6; 139.7; 145.0; 146.8; 160.5; 163.2; 166.0; 174.0;
201.7. Cnektp SIMP C-DEPT-135: 13.8 (CHs); 29.3 (CHs); 39.2 (CH); 60.1 (CH,); 115.8; 120.0;
125,4; 130.6 (C-Ar). 3naiineno, % : C, 55.60; H, 4.19; N, 10.65. C;sHcFN;04S. Po3paxoBano, %: C,
55.52; H, 4.14; N, 10.79.
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Cunre3 cnoayk 7a,b ta 8a,b (3aranpna meronuka). Cymimn BiamoBigHoro mipoy S (1.0 mMoins) i
2 MMOJIb MeTHIHOANY TiepeMimmyoTs B 4 Mt IM®A npu temneparypi 60°C mpotsrom 30 xB. Ocajn
BiA(QUIBTPOBYIOTh 1 MPOMHBAIOTH €TAHOJIOM, 38 HEOOXimHOCTI KpucTanizytoTs i3 IM®PA. IIpoayktu
8a,b cuHTE30BaHI aHANOTIYHO NpU KuIl ATiHHI TipomiB Sc,f 3 m-OpomaneropeHonom B MDA mpoTs-
rom 30 xB.
5-(6-(4-Xaopodenia)-2-(MeTnaTio)-4-oxco-4,7-nurigpo-1H-nupo.ro[2,3-d] mipumianu-5-imx)-1,3-
auMeTninipumiaun-2,4,6(1H,3H,5H)-Tpion.(7a). Buxizn 0.39 r (75%), 6inuit nopomok; T. mwi. >300
°C (DMF). Criextp SIMP 'H, §, m. 1. (J, T'w): 2.52 (3H, ¢, SCH3); 2.70 (3H, ¢, CHs, DMF); 2.86 (3H,
¢, CH;, DMF); 3.13 (6H, ¢, 2NCH3); 5.14 (1H, ¢, CH); 7.52 (2H, n, J =8.4, H, Ar); 7.59 2H, n, J
=8.4, H, Ar); 7.92 (1H, ¢, CH, DMF); 12.05 (1H, ¢, NH); 12.25 (1H, ¢, NH). Mac-cniektp, (Lsimm, %0):
447 (IM]" (5), 445 (14). 3naitneno, %: C 50.95; H, 4.45; N, 16.25. CoH;6CIN50,S*C;H,NO. Po3pa-
xoBaHo, %: C, 50.92; H, 4.47; N, 16.19.
5-(6-(4-Bpomodenin)-2-(MeTuario)-4-oxco-4,7-quriapo-1H-nupoiao[2,3-d]nipumigun-5-ia)-1,3-
auMeTwanipumianu-2,4,6(1H,3H,5H)-Tpion (7b). Buxin 0.38 r (67%), 6inwmii mopomok; 1. tor. >300
°C (DMF). Crextp SIMP 'H, §, m. u. (J, T'm): 2.55 (3H, ¢, SCH3); 2.73 (3H, ¢, CHs, DMF ); 2.88 (3H,
¢, CH;, DMF); 3.16 (6H, ¢, 2NCH;); 5.18 (1H, ¢, CH); 7.55 (2H, n, J = 6.2, H, Ar); 7.68 (2H, n, J =
6.2, H, Ar); 7.95 (1H, ¢, DMF); 12.08 (1H, c, NH); 12.29 (1H, ¢, NH). Cnexrp AMP Bc (100 MHz,
DMSO-dg), 0, m. m: 13.6; 28.9 (2C); 31.3; 36.3 (2C); 47.2; 103.6; 108.4; 121.8; 130.3 (2C); 132.3
(2C); 148.7; 152.4; 156.3; 159.3; 162.8 (2C); 168.3 (2C). Cnextp SIMP C-DEPT-135: 13.5 (CH;);
28.5 (CHs3); 31.0 (CHj3); 35.8 (CHs); 46.8 (CH); 129.8; 131.8 (C-Ar). 3natineno, %: C, 46.88; H, 4.15;
N, 14.90. C9H;¢BrNsO,S*C;H;NO Pospaxosano, %: C, 46.90; H, 4.11; N, 14.92.
5-(6-(3-Propodenin)-4-oxco-2-(2-okco-2-peninernario)-4,7-nurinpo-1H-niposo[2,3-
d]nipumiaun-5-ii-1,3-mumernanipumianu-2,4,6(1H,3H,5H)-Tpion (8a). Buxinx 0.31 r (58%), 6inuit
noporok; T. wi. 260-262 °C (DMF). Cuektp SIMP 'H, §, m. u. (/, T'm): 3.14 (6H, ¢, 2NCHs); 4.91 (2H,
¢, S-CHy); 5.19 (1H, ¢, CH); 7.19 (1H, T, J = 7.8, H, Ar); 7.34 — 7.60 (5H, 1, H, Ar); 7.66 (1H, T, J =
7.2, Ar); 8.03 2H, 1, J = 8.0, Ar); 12.11 (1H, ¢, NH); 12.20 (1H, ¢, NH). 3naiineno, %: C, 58.50; H,
3.68; N, 13.19. Cy6H,0FN5sOsS. Po3paxosano, %: C, 58.53; H, 3.78; N, 13.13.
5-(6-(3,4-AumeTnndenin)-4-oxco-2-(2-okco-2-peninernnrio)-4,7-qurinpo-1H-niposno|2,3-
dnupumignu-3-in-1,3-1umeTusmipumianu-2,4,6(1H,3H,5H)-Tpion (8b). Buxix 0.34 r (62%), 6i-
JMA mOpomokK; T. wi. 263-265 °C (DMF). Cnektp SIMP 'H, 5, M. u. (/, T): 2.21 (6H, c, 2CH;); 3.13
(6H, ¢, 2NCH3); 4.90 (2H, ¢, SCH,); 5.11 (1H, ¢, CH); 7.16 (1H, o, J = 7,2, H, Ar); 7.26 — 7.32 (2H,
M, H, Ar); 7.54 2H, 1, J= 6.8, H, Ar); 7.65 (1H, T, J = 6.8, H, Ar); 8.05 (2H, n, /= 8.0, H, Ar); 11.91
(1H, ¢, NH); 12.09 (1H, ¢, NH). 3naiineno, %: C, 61.78; H, 4.60; N, 12.85. C,sH,5Ns05S. Po3paxosa-
Ho, %: C, 61.87; H, 4.64; N, 12.88.
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Haoicnano oo peoaxyii 10 keimmus 2019 p.

H.H. Konoc, H.B. YeunHa. CuHTe3 3ameLleHHbIX nnppono[2,3-dlnnpummnanHos 1 nupuao[2,3-dinMpuMmManHOB B
OAHOPEAKTOPHOM KOHAEHCaUUn 2-Tno-6-aMuHoypaumna, apunrnvokcanen n CH-kucnor.

XapbKOBCKWI HaUMOHanbHbIA yHUBepcuteT umenn B.H.KapasunHa, xumnyeckuin cpakynbteT, nnowaab Ceobo-
abl, 4, Xapbkos, 61002, YkpavHa.

PaspaboTtaHbl gocTynHble ¥ 3ddpekTnBHbBIE MeToabl CMHTE3a 3aMeLUeHHbIX MMpporno[2,3-dlMMpuMnanHoB m
5,8-anrmaponnpnao[2,3-adlnMpMMUaMHOB, OCHOBAHHbIE Ha TPEXKOMMOHEHTHOM KOHAEHCaUMN 6-aMMHO-2-Tiuoypauuna ¢
apunrnvokcanamu 1 N,N-aumeTnn6apbutypoBoto KucnoTon nvbo aumknnyeckummn B-gukapOoHUNbHUMBI COeaunHe-
HUSIMW: aueTUNaLeToH (aueToyKCyCHbI adup). MMokasaHo, YTO onTUMaribHble BbIXOAbl MPOAYKTOB YAanock Nnonyyntb
NpPU KUMSMEHNWM pPeareHToB B YKCYCHOM KucnoTe. Tak, cuHTe3 nupporno[2,3-dinupummnamHoB npoxoaun 3a 15-20 MuH.,
Torga kak ocagku 5,8-gurmgponmpuao[2,3-dinupummnamMHoB obpasoBbiBanUChE TOMbKO Yepe3 2 yaca. [MpeanoxeHbl
BO3MOXHble MexaHV3Mbl (hOPMMPOBAHMS aHENMMPOBAHHBIX MUPOMBHOMO WM NMPMAMHOBOMO LMKNoB. B obonx criyyasx
peakums BKMovaeT obpa3oBaHWE MPOMEXYTOYHOrO «,B-HEHACbILLEHHOrO KeToHa C ydacTMeM apunrmuokcans u
CH-kucnotbl (N,N-gumeTunbapbutypoBoi mnm auetunaueToHa (aueToykcycHoro admpa), HykneodurbHoe npucoe-
OVHeHve 6-amuHoTMoypaumna no akTUBUPOBAHHOW ABOWHON CBA3W, KOHAEHCaLUMI0 KapbOHWUMBbHOW WM aMuHOrpynmn.
Ob6pasoBaHve NMMPUMUOMHOBOrO LKA MPOXOAMT UCKITIOYMTENBHO C ydacTueM aueTunbHoro dparMeHTa, Torga kak
MUPOIBHOTO - MPU KOHAEHCaLUMM aponsIbHOTO ocTaTka v 6-ammHorpynnel TMoypaumna. beina nposeaeHa moamdmkaums
psifa CUHTE3MPOBaHHbLIX NUPPONO[2,3-aAlNINPUMMEMHOB NYTEM ankunupoBaHWs. AKUIMPOBaHNE NPOXOAMUT, Kak U OXK-
Aarnocb, Mo aToMy Cepbl, YTO MO3BOMNWIO 3HAYUTENBHO NOBLICUTL PACTBOPUMOCTbL MOMyYeHHbIX NPOAYKTOB. Peakuuio
nposogunn B IM®A: nepemelumBaHne MCXOdHbIX peareHToB npu 60°C (peakuus ¢ MeTunmogmaom) nubo ux kunsye-
HUs (anKMnMpoBaHus deHauMnGpoMuaoMm), B pesynbTarte Yero Obinv nonyyeHsl S-Metnn u S-cheHaumnnpor3BoaHble
nnpporno[2,3-djnupumnanHos. JaHHble AMP H CMEKTPOB NoKasarnw, YTo NPOAYKTbl S-MeTUNMPOBaHWs 06pa3yroT CoMb-
BaTbl ¢ IM®A coctaBa 1:1. CHTE3MpOBaHHbIE COEAUHEHMS MOTYT CTaTb OCHOBOW Arsi co3aaHust HebonbLumx 6mbnuo-
TEK aHeNMPOBaHHbIX MMPUMUAVHOB C YIyYLLEHHbLIM NPodMnemM NPOTUBOBUPYCHOWN aKTUBHOCTH.

KnroueBble cnoBa: nuppono[2,3-dnupumnanHel, nnpuaol2,3-dinMpuMuamnHbl, 6-aMuHO-2-TMoypaumn, apunr-
nuokcanu, N,N-oumeTnn6apbuTtypoBas KucrnoTa, aleTunaueToH, aueToyKCYCHbIN 3dup, 4OMUHO-peaKLUN.

N.N. Kolos, N.V. Chechina. Synthesis of substituted pyrrolo[2,3-d]pyrimidines and pyrido[2,3-d]pyrimidines in
the one-pot condensation of 2-thio-6-aminouracil, arylglyoxals and CH-acids.

V. N. Karazin Kharkiv National University, Scool of Chemistry, 4 Svoboda sqr., 61002, Kharkiv, Ukraine

We have developed some available and effective methods for the synthesis of substituted pyrrolo[2,3-
d]pyrimidines and 5,8-dihydropyrido[2,3-d]pyrimidines based on the three-component condensation of 6-amino-2-
thiouracil with arylglyoxal hydrates and N,N-dimethylbarbituric acid or acyclic f-dicarbonyl compounds: acetylace-
tone (acetoacetic ester). It was shown that the optimal product yields were obtained by boiling the reagents in
acetic acid. Thus, the synthesis of pyrrolo[2,3-d]pyrimidines took 15-20 minutes, while the precipitation of
5,8-dihydropyrido[2,3-d]pyrimidines formed only after 2 hours. We proposed possible mechanisms for the forma-
tion of anelated pyrrole and pyridine rings. In both cases, the reaction includes the formation of an intermediate of
a,B-unsaturated ketone with the participation of arylglyoxal and CH-acid (N,N-dimethylbarbituric or acetylacetone
(acetoacetic ester)), nucleophilic addition of 6-aminothiouracil via an activated double bond, condensation of car-
bonyl and amino groups. The formation of the cycle takes place exclusively with the participation of the acetyl
moiety, while the pyrrol one forms during the condensation of the aroyl moiety and the 6-amino group of thiouracil.
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H.M. Komoc, H.B. Ueunna

A series of synthesized pyrrolo[2,3-d]pyrimidines was modified by alkylation. As it was expected, alkylation pro-
ceeds at the sulfur atom, that allowed a significant increase in the solubility of the obtained products. The reaction
was carried out in DMF by stirring the initial reagents at 60°C (reaction with methyl iodide) or boiling them (alkyla-
tion with phenacyl bromide), whereby S-methyl and S-phenacyl derivatives of pyrrolo[2,3-d]pyrimidines were
obtained. The spectral data of 'H NMR showed that S-methylation products form solvates with DMF as 1:1. The
synthesized compounds can become the basis to create small libraries of anelated pyrimidines with improved
antiviral activity profile.

Keywords: pyrrolo[2,3-d]pyrimidines, pyrido[2,3-d]pyrimidines, 6-amino-2-thiouracil, arylglyoxals,
N, N-dimethylbarbituric acid, acetylacetone, acetoacetic ester, domino reaction.
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ETUYHI HOPMM MYBJIIKALII HAYKOBUX PE3VJBTATIB TA iX MOPYIIEHHA.
Penakuilina xoserisi poOUTh BCe MOXKIIMBE U JOTPUMAHHS €TUYHUX HOPM, NPUHHATHX MIKHApOA-
HUM HAayKOBUM TOBAapHCTBOM, i IJIsl 3am00iranHst OyAb-sSKMX MOPYLICHb IUX HOpM. Taka MojiTHKa €
BKJIMBOIO YMOBOIO TUTITHOI y9acTi KypHaJIy B PO3BHTKY IITICHOI CHCTEMH 3HaHb B Taiys3i XiMii Ta
CYMDKHHUX Taly3sX. [isUIbHICTh pENaKIHOT KOJIerii 3HAaYHOK MIpOK0 CIHPAEThCS Ha PEKOMEHIAIT
Kowmirery 3 etnkn HaykoBux myOmikaitiid (Committee of Publication Ethics), a Takoxx Ha 1iHHUN H0-
CBil MDDKHAPOJHUX JKypHAaJiB Ta BUIABHUUTB. [logaHHs cTaTTi Ha po3risia 03HAaYae, 0 BOHA MICTUTh
OTpYMaHi aBTOpPaMH HOBI HETPHBIaIbHI HAYKOBI PE3yNIBTATH, SKI paHimie He Oynu omyoiikoBani. Ko-
KHY CTaTTIO PELEH3YIOTh IIOHAHMEHIIIE JIBa €KCIIEPTH, SIKi MalOTh yCi MOKIMBOCTI BUIbHO BUCIIOBHTH
MOTHBOBaHI KPUTHYHI 3ayBa)KCHHS LIOA0 PIBHS Ta SICHOCTI MPEACTABICHHS MaTepiany, Horo BigmoBi-
JTHOCTI MO0 )KypHATY, HOBU3HHU Ta JOCTOBIPHOCTI pe3ynbTaTiB. PekomeHnaltii peneH3eHTiB € oc-
HOBOIO JIs TPUMHATTS OCTATOYHOIO PIlIEHHS IIOIO0 MyOJTiKaiii cTaTTi. SIKIIO CTaTTIO NPUHHATO, BOHA
PO3MIITYEThCS Y BIAKPUTOMY IOCTYIIi; aBTOPCHKI IpaBa 30epiraroThCs 3a aBTOpPAMH. 3a HAsSBHOCTI
Oyab-sikux KOH(QIIKTIB iHTepeciB ((hiHAHCOBHX, aKaJeMiYHHX, NEPCOHATBHUX Ta 1HIIHMX), YYaCHUKH
TPOLECY PELCH3YBAHHS MAiOTh CITOBICTUTH PEHAKIIHHY KOJETiio mpo Ie. Bei muTaHHs, OB’ s3aHi 3
MOXIIMBUM IU1ariaromM abo QanbCuikalliero pesyibTaTiB PeTeNbHO OOrOBOPIOIOTECS PENAKIIHHO
KOJICTI€I0, PIBHO SIK CIIOPH 100 aBTOPCTBA Ta JOLUIBHICTE PO3APOOICHHS Pe3y IbTaTiB Ha HeBEIIMYKi
CTaTTi. I[OBez[eHl iariat uu anbcudikaris pe3yabTaTiB € MiACTaBaMH Ul 0€3yMOBHOTO BiAXHUJICHHS
CTaTTi.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each
paper is peer reviewed by at least two independent experts who are completely free to express their
motivated critical comments on the level of the research, its novelty, reliability, readability and rele-
vance to the journal scope. These comments are the background for the final decision about the paper.
Once the manuscript is accepted, it becomes the open-access paper, and the copyright remains with
authors. All participants of the review process are strongly asked to disclose conflicts of interest of any
kind (financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives
extremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent
research entail the categorical rejection of the manuscript.

STUYECKUE HOPMBbI INYBJIUKAIIUU HAYYHBIX PE3YJIIBTATOB U UX HAPY-
HIEHUS. PenakiimonHasi KOJUIETHS IeTA€T BCE BO3MOXKHOE JIJISl COONTFOICHUS STHIECKUX HOPM, TIPH-
HATBIX MEKIYHAPOIHBIM HAYYHBIM COOOIIECTBOM, W JJISl TIPEAOTBPAIEHUS JIIOOBIX HAPYIICHUH ITHX
HOpM. Takasi moMMTHKA ABIAETCS HEOOXOAMMBIM YCIOBHEM TUIOAOTBOPHOTO yYaCTHs KypHaIa B pas-
BHUTHH TIEJIOCTHOW CHUCTEMBI 3HAHUHA B OOJACTH XMMHH W CMEXHBIX 00NacTsAX. JTa AEITEIHHOCTH pe-
JAKITUOHHOM KOJUISTMH OIHPACTCs, B YaCTHOCTU, Ha peKOMEHIanuu KoMuTeTa 1Mo 3THKE HAyYHBIX
myosmkarii (Committee of Publication Ethics), a Takyke Ha IIEHHBIH OMBIT aBTOPUTETHBIX MEXTyHa-
POIIHBIX )KYPHAIOB U U3AaTelbCcTB. [IpencTaBienne cTaTb Ha pACCMOTPEHUE TIOJPa3yMEBaeT, YTO OHA
COACPIKUT MOJYUCHHBIC aBTOpaMU HOBBIC HETPHUBUAJIBHBIC HAYUHBIC PC3YJIbTAaThl, KOTOPBLIC paHCC HU-
r7ie He myOanKoBamuch. Kaxayro cTaThio peleH3upyrT MHHIMYM JIBa SKCIIEPTa, KOTOPBIE UMEIOT BCE
BO3MO>XKHOCTH CBO6OI[HO BbICKa3aTb MOTUBUPOBAHHBIC KPUTUYCCKUE 3aMCYaHUA OTHOCUTCIILHO YpPOB-
HS U SCHOCTH HM3IIOKEHUS MPE/ICTABIEHHOTO MaTepHala, ero COOTBETCTBHUS MPO(UIII0 KypHaa, HO-
BH3HBI U JIOCTOBEPHOCTHU PE3yJITATOB. PeKOMEHIaMY PEIICH3CHTOB SBIISIOTCS OCHOBAHUEM JUIS TIPH-
HATHUS OKOHYATEIIFHOTO peleHust 0 myOnukanmu ctatbu. CTaThs, B CIydae IPUHATHS K OMyOJIMKOBa-
HUIO, Pa3MEIIACTCS B OTKPBHITOM JIOCTYIIC; aBTOPCKHE MpaBa COXPaHIIOTCs 3a aBTopamu. [Ipu Hanmuum
KaKAX-THO00 KOH(IMKTOB HHTEPECOB ((PMHAHCOBBIX, aKaIEMUUIECKUX, JTMYHBIX U T.J.) YIACTHUKH TIPO-
1ecca pereH3upoBaHus JOJDKHBI COOOIIUTE 00 3TOM penkosuerud. JIroObie criopHbIe BOIPOCHI, CBSI-
3aHHBIC C BO3MOXKHBIM IIJIaruaToM HIIN q)anbcmbmcaunef/i PE3YIbTAaTOB, BHUMATCIILHO pacCMaTpuBa-
I0TCS PEJaKIMOHHON KOJUIeTHEeH, paBHO KakK CIOPBI 00 aBTOPCTBE M IEJIECOO0Pa3HOCTh IPOOIICHUS
pe3yJIbTaTOB Ha HEOONBIIUE CTaTh. B ciiyyae MOATBEpKIACHUS Tularuara wWid (pambcudukaiiu pe-
3yJBTATOB CTAThsI OE30TOBOPOTHO OTKIOHSIETCS.
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THOOPMALISA JJI51 ABTOPIB. XKypnan my0rikye cTaTTi pociiChKOI0, aHTITIICHKOI0 Ta YKpai-
HCBbKOI0 MoBaMmH. Jlo myOmikamii npuiMaroThCs: OTJIsAN (38 MOTOKEHHSM 3 PEAKOJIETI€0); OpHUriHa-
JIbHI CTaTTi, 00CsT 6-10 )XypHaTBbHUX CTOPIHOK; KOPOTKI MOBIAOMIIEHHS, 00CST 10 3 KypHaJIbHUX CTO-
piHok. KpiM 3BHUaifHOTO CHHMCKY JiTepaTypH, B CTATTi OOOB'I3KOBO MOBHHEH OYTH APYTHH CIIHCOK, BCi
MMOCHJIAHHS SKOTO JaHi JlaTnHUIeto. [IpaBuia miaroToBKH MbOTO CIUCKY HaBeAeHi B po3aim «TpaHc-
JiTepalish» Ha caiti xypHarty. OOuaBa CIIMCKH ITOBUHHI OyTH MOBHICTIO ieHTHYHI. [Ipu penieHsyBan-
Hi cTaTell OAWH 3 KPUTEPIiB - HAsIBHICTh MOCHJIAHb Ha MyOJiKalii ocTaHHIX pokiB. CTaTTs 000B'SI3KOBO
MMOBHHHA MICTUTH PE3IOME POCIHCHKOI0, YKPATHCHKOIO Ta aHTIIHCHKOI0 MOBaMH. Y BCIX TPHOX HE00-
XiIHO BKa3aTH Ha3By CTaTTi, NPI3BHIIA aBTOPIB 1 KIIOYOBi cioBa. OpieHTOBHHHA 00CAT pe3roMe -
1800 3HakiB (0e3 ypaxyBaHHS 3arojOBKY 1 KJIIOYOBMX ciiB). Pemakmis npuiimae enxekrponHuii (MS
Word) i nBa po3apykoBaHHX (I XapKiB'sH) TEKCTy pyKomucy. Anpecy BkasaHi B po3aui «KoHTak-
TH» Ha CalTi XxypHay. CypOBiIHHIA JIUCT IO CTATTi, BUMPABICHOI BiIMOBIAHO 10 3ayBaXKCHb PEIICH-
3€HTa, MOBMHEH MICTHTH BiJNOBiAlI Ha BCi 3ayBaxkeHHs. [logaeTbes eNeKTPOHHUM 1 OJUH pO3APYyKOBa-
HUH (JUTs XapKiB'sH) BapiaHT. PykomnucH, siKi MPORTILTN pelieH3yBaHHs, MPUHHATI 10 myOumikarii i odo-
pPMJICHI BiITOBITHO J0 TPAaBHJI IJIS aBTOPIB, MpHuitMaioThes y dopmari doc (He docx) eleKTpOHHOIO
nomtoro (chembull@karazin.ua). Po3npykoBanuii BapianT He mnotrpiOeH. [JloxnmanHima iHpopmarris
po3MmilieHa Ha caiTi )kypHay http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular
papers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by
request for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for
details. Please use papers of previous issues as samples when prepare the manuscript. The MS Word
format is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and dia-
grams are required in vector formats. Figure captions are given separately. All figures, tables and
equations are numbered. Please use MS Equation Editor or MathType to prepare mathematical equa-
tions and ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is
accepted in the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts
may be submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed informa-
tion see the journal web-site http://chembull.univer.kharkov.ua.

NHOOPMAIMA JISA ABTOPOB. XKXypHan myOnukyeT cTaTbil Ha pyCCKOM, aHTJIHHCKOM U yK-
panHCKOM s3bIkax. K myOnmkanuy npuHUMAIOTCs: 0030pbI (110 COrJIaCOBAHMIO C PEIKOJIIIETHEN); OpH-
TUHAIBHBIC CTAaThH, 00BeM 6-10 >XypHAIBHBIX CTPAHHI];, KpaTKUE COOOIICHH, 00heM 10 3 JKypHAIb-
HBIX cTpaHul. [ToMHMO OOGBIYHOTO CIIHMCKA JIUTEPATYPhI, B CTaThe 0053aTENbHO JOHKEH ObITh BTOPOI
CIHCOK, BCE CCBUIKM KOTOPOTO JAaHbl JaTHHHLEH. [IpaBuia moaroToBKU 3TOTO CIIMCKA NMPHUBEICHBI B
paznene «TpaHciourepanus» Ha caiite xypHana. O0a cMcKa JOJDKHBI OBITh MOJHOCTBIO HICHTHYHBIL.
[Ipu perieH3upOBaHUM CTAaTEH OJMH U3 KPUTEPUEB - HAIMYHNE CCHUIOK Ha MyOIMKAINK MOCIEIHHX JIET.
Crarpsa 00s3aTeNbHO NOJKHA COAEPIKATh PE3lOMe Ha PYCCKOM, YKPAaMHCKOM M aHTJIMICKOM SI3bIKax.
Bo Bcex Tpex HE0OXOAMMO yKa3aTh Ha3BaHME CTaThby, ()aMHIMK aBTOPOB M KIltOUYeBble ciioBa. OpueH-
THPOBOYHBIN 00beM pe3tome - 1800 3HakoB (0€3 yueTa 3arjaBus W KIIOUYEBBIX CJIOB). Pemakius mpu-
HUMaeT 1eKTpoHHbIH (MS Word) u 1Ba pacnieyataHHBIX (JUIS XapbKOBYaH) TEKCTa pyKOMKCH. Anpeca
yKa3aHbl B pa3aene «KoHTakTe» Ha caiiTe xypHana. COMpoOBOJUTENbHOE MUCBMO K CTaThe, HCIIPaB-
JICHHOW B COOTBETCTBHHU C 3aMEUaHMSMH PELIEH3CHTA, JOJKHO COJEPXKATh OTBETHl HA BCE 3aMEUYaHMs.
[Tomaercst 3neKTPOHHBIN M OAWH pacliedaTaHHBIA (A7 XapbkoBuaH) BapuaHT. [Ipomenmue peneH3u-
pOBaHUE W TPHHATHIE K MyONMKAalUK PYKOMUCH, O(QOpMIICHHBIE B COOTBETCTBHU C MpPaBUJIAMH IS
aBTopoB, mpuHUMatoTcs B popmare doc (He docx) mo amektponHoU moute (chembull@karazin.ua).
Pacnieuarannsiii Bapuant He TpeOyercs. bomee moapodHas mHGOpMaIys pa3MeIieHa Ha calTe KypHa-
na http://chembull.univer kharkov.ua.
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