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[Tomysmnupuueckue METOAbl MOAETUPOBAHUS MOJEKYJISPHBIX CHUCTEM, MCIOJB3YIOIIUE MpPHU-
OmbKeHne TPyNIoBhIX (GYHKIUH JUIs pacueTa 3JeKTPOHHOW CTPYKTYpBI, IPUMEHSIOTCS aBTO-
POM Ha MPOTsDKEHNH MHOTHUX JeT. [IpencraBneHHbIi 0030p 0XBaThIBaET OOUIYI0 KOHCTPYKIIHIO
MOJY3MIUPHYECKOTO METO/1a, HCIONB3YIOMIETO I'PYIIOBbIE (DYHKIMU U pe3yIbTaThl, MOJTydeH-
HBI€ YaCTHBIMH METOJIaMHU: METOJI0M 3((EKTHBHOTO TaMHIBTOHHAHA KPUCTAIIIMYECKOTO OIS,
OPHEHTHPOBAHHBIM HA CHCTEMBI, COJCPIKaIIie NOHBI IEPEXOIHBIX METAJUIOB, U METOJAMH, OC-
HOBaHHBIMH Ha NMPUOIIDKECHUN CTPOTO JIOKAIBHBIX TeMHUHAICH, OpUEHTHPOBAHHBIMU Ha MOJE-
JUPOBaHUE "OpraHN4ecKuX’ MOJIEKYIL.

KaouyeBble €JI0BAa: KBAHTOBAS XUMUS, TIOIYIMIMPUIECCKHE METOJIBI, TPYIIIIOBEIE (PYHK-
UM, 3PGEKTUBHBIN raMUIbTOHHAH.

BBEJIEHUE

PacdueTHpie METOIBI KBAaHTOBOW XHMHUHW PA3BUBAIOTCSA HA MPOTSHKECHUU 75 JIET, HAUMHAS ¢ padoT
Xrokkens 1931—1932 rr. [ 1—6 ], MOCBAIIEHHBIX CO3JaHUIO0 U HCIOJIB30BAHUIO METOJA, HOCSIIETO
HBIHE ero uMs. He BBI3bIBaBIIMU MPOTECTa MOMYIMIMPHUYSCKUI XapaKTep MEPBBIX PACUYCTHBIX METO-
JIOB CO BPEMEHEM CTaJl pacCMaTPUBAThCA KaK TPeOyIOMUN MpeoIoIeH!s] HeJJOCTATOK, K HACTOSIIEMY
BPEMEHH CUUTAIOIIUICS MPAKTUYECKH MIKHUTHIM 33 CUET CO3ZaHHA M COBEPIICHCTBOBAHHA ab initio
u DFT metonoB. OqHako KiIro4eBast pojib B 3TOM Pa3BUTHU MPUHAIJIEKATA, IO CYIIECTBY, BHEITHEMY
JUTSE CaMOW KBaHTOBOW XMMHHU (haKTOPy, a IMEHHO HMHTEHCHBHOMY COBEPIICHCTBOBAHUIO BBIYUCIIH-
TENBHBIX CPeNICTB. PeabHOE MOI0JKEeHNE /IeT Ha CETOJHSIIHUIN AeHb TOBOJIHHO CHIIBHO OTIMYAETCS OT
KapTUHBI, B KOTOPO# BCE MOKHO TOCYUTATh €CIIM HE ab initio, TO yX B kpaiinem ciiydae DFT merona-
mu. Ha camom paene MozienupoBaHue MOBEACHUS CIIOKHBIX MOJICKYJSPHBIX CHCTEM, HACUUTHIBAFOIIUX
THICSIYM ATOMOB, HAaXOJAWTCS 3a TpeAelaMi BO3MOXKHOCTEH CTaHAapTHBIX HEOMIHUPUYECKHX METOIIOB
KBaHTOBOW XMMHHU H3-32 KaTacTPOPHUECKOTO POCTa HEOOXOIMUMBIX BBIYHUCIUTEIBHBIX PECYPCOB HPHU
YBEJIMYCHUH pa3Mepa CUCTEMbI. 3aBUCUMOCTh MOTPEOHOCTH B BBIYHCIUTEILHBIX pecypcax (MalllvH-
HOM BPEMEHH, B [IEPBYIO OUEPE/Ib) COCTABIIACT ISl COBPEMEHHBIX HEAMIMPUIECKHX MeTo0B N°—N
rae N — 4YHCIIO HCIIONBh3YyEeMBIX B pacdeTe OMHOAICKTPOHHBIX cocTosHuN (ODC). Ocoberno nmpoodire-
MAaTU4YHBIM ABJIACTCA MOACIUPOBAHUC CUCTEM, COACPIKAIINX aTOMbI NEPECXOJHBIX HUIIN PEAKO3EMEIIb-
HBIX METAJUIOB W/WJIY MPETEPICBAIOINNX XUMUYCCKHE MTPEeBpallieHus. B pe3ynbraTe MHOTHE MTpaKTHYe-
CK{ BaXKHBIE M TEOPETHYECKH WHTEPECHBIE CHCTEMBI U SBJICHUS (YITOMSHEM JIUIIh KaTAINTUIECKH aK-
TUBHBIC KOMIUJICKCBI METAJUIOB, B TOM YHCJIC U MCTAJUICOACPIKAIIUC q)epMeHTbI, KaK MMPpUMEPhI, KOH-
LEHTPUPYIONIHE B ceOe Hanbosee CyeCTBEHHbIC MPOOIEMbl YHCICHHOTO MOJICIUPOBAHHMS) OCTAFOTCS
B 3HAYHUTEIBHOHN CTEMIEHH 32 paMKaMH HX BO3MOXXHOCTEH.

B mocnennee Bpemsi B muTepaType HaONIOJAeTCs OXKHUBIICHHE WHTEpeca K MOTYIMIHPUIECKIM
MeTOJ]aM KBaHTOBOW XxuMuH (cM. 0030p [ 7 | 1 cchutku B HeM). CYET pa3IuuHbIM TOTYIMIUPUICCKHM
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METOJIaM HJIET Ha JICCATKH, a €CJIM yUYUTHIBATh BAPUAHTHI IApaMETPU3aIiii, TO, HABEPHOE, U HA COTHHU.
B ux paMkax HCIONB3YIOTCS CIEMyIOIINe OCHOBHBIE MPUOIMKEeHH: 1) SIBHO pacCMaTpPUBAIOTCS TOIb-
KO BaJICHTHBIE DJICKTPOHBI; 2) UCIIOJIB3YeTCS MUHUMAIBHBINA (OIATH K€ — BAJICHTHBIN) Oa3WCHBIN Ha-
o6op OOC; 3) npeneOperaroT 3- U 4-1EHTPOBBIMU WHTETPAJIaMU KYJIOHOBCKOT'O B3aUMOJICHCTBHS JICK-
TPOHOB; 4) HCHONB3YIOT MapaMeTPUYECKHe BBIPAKEHUS I pacueTa ABYXIICHTPOBBIX HHTETPAJIOB;
5) UCTIONB3YIOT TMapaMeTphl s pacdeTa OJHOIEHTPOBBIX MaTPUYHBIX 31eMeHToB. [lomaBmsiomiee
OOJIBLIIIUHCTBO MCTOJOB HCHOJIB3YCT TAKKE JOIMOJIHHUTCIIBHBIC (HO OTHOLICHUIO K YK€ INEPCUUCIICH-
HBIM), HO HE MEHee (PyHIaMeHTaIbHbIC MPUOIMKEHUS: 6) OJHOJCTCPMUHAHTHOE TPUOIMIKCHUES IS
MPOOHOM BOTHOBOM (GYHKIMH 3IeKTPOHOB; 7) mpudmmxerans MO JIKAO mins npenctaBieHus 3ammoli-
HEHHBIX OJIHOYJICKTPOHHBIX COCTOSHHI B OJJHOJCTCPMUHAHTHOM MPOOHON QyHKIMHU; 8) mpeHeOpexe-
HUC WHTETPANIaMU TIEPEKphIBaHUS (UCIOIb30BAHUE MPHOIMKEHUS OPTOrOHAIM30BAHHBIX ATOMHBIX
opouraneit — OAO) s 6a3uca BaneHTHBIX AQO.

Psn pexopAHBIX O YUCITy aTOMOB MOJIEKYJISIPHBIX CHCTEM OKazajiCsl JOCTYIIEH TOJIBKO JIHUIIb IS
MOJIyIMITUPUYECKOro uccieaoBanus. Cpenu pabOT Takoro poja CleayeT YIOMSHYTh MCCIICIOBaHUS
mozened mosiekyn PHK u noaurnununa, conepxaBummx 6304 u 19 995 atoMoB coOTBETCTBEHHO | 8 |;
MOeN OSTKOBOM MOJIEKYIIBI KpaMOWHa, conepkasiieit 6oiee 700 atomoB [ 9 |; Momenu TUTa3MHUHOTe-
Ha, comepxanineil 1226 aromoB [ 10 ], kmacTepHBIX MoneIeH OKCUIOB, coaepxkaniux 10 800 aTomoB
[11]. KoneuyHo, B 3THX pab0Tax, UCIOJIB30BABIINX HAUOOJCE KPYIMTHOMACIITAOHBIC MOJIEIH, MTPUME-
HsTach OoJiee 3P PeKTUBHAS, YEM TPAAUIIMOHHAS TUATOHAIM3AINS MaTPHUIEl onepaTtopa dDoka, mporre-
Jlypa MOMCKa MOANPOCTPAHCTRA 3anoIHCHHBIX MO, KOTOpas Mo3BOJIUIA 0CIa0UTh OOBIYHYIO IS TI0-
JTYSMIUPUIECKIX METOJIOB 3aBUCHMOCTh 00beMa HEOOXOJAMMBIX BBIYUACIMTEIBHBIX PECYPCOB OT pas-
MepHocTH 6asuca ¢ N° 1o N2 Ho M Ipy aHANOrHYHBIX YXHIIPEHHUSIX MOJIEIH TAKOTO MacIuTaba, oude-
BHJTHO, MAJIOAOCTYIHBI a)ke IS Pa30BBIX HcCienoBaHuil ab initio DFT mMeTomaMu, He TOBOpS yXkKe
0 CUCTEMATUYCCKOM UX MPUMEHCHUM IJId pacucTa 0O0IBIINX CepI/Iﬁ MOJICKYJI C LICJIBIO BBIABJIICHUA TCH-
JICHIIMI B PsijiaX MOJAOOHBIX COCIUHCHHI — €CTECTBEHHAS JIII XUMUM IMOCTAHOBKA 33J1a4d, — WJTU JIJIS
MacCHPOBAHHOTO MOJACIHUPOBAHMS MOBEPXHOCTEH moreHnuanpHoi sHeprun (I1113) B MonekymsapHO-
JUHAMUYCCKOM MJIM MOHTC-KapJIOBCKOM KOHTCKCTAax. KpOMe TOIr0, HECCMOTPA Ha NOCTUTHYTBIC YCIICXU
B Pa3BUTHUH ¥ MPUMEHEHHU MOJTy3IMIIUPHUUECKUX METOO0B, HEKOTOPHIE KIAacChl 3a7a4 OCTAlOTCS HEAOC-
TYIHBIMH JIJIS1 UCCIIEAOBAHUS C MX ITOMOIIIBIO, TNOO OMHUCHIBAIOTCS C TPYOBIMU KaueCTBEHHBIMH OIIHO-
KaMd. B 9acTHOCTH, Ha IPOTHKEHUH MHOTHX JECATHIIETHI CTAaHAAPTHBIME MOIYIMITUPHYECKUMH Me-
TOJIaMU HE yAaeTcs onmucath: 1) Oapbepsl BpallleHUS U OTHOCUTEIBHYIO YCTOMYMBOCTh KOH(OpMAaIuit
OpPraHMYEeCKNX COCTUHEHHI; 2) MUPaMHUIAIBHOCTh aToMa a30Ta; 3) BOJOPOJHBIE CBs3W; 4) cralble
(BaH-1Eep-BaaILCOBBI) B3aUMOACHCTBHS; 5) MOJICKYJIBI, COAEpKaIIie aToMbl ¢ocdopa; 6) coeaTmHEHII
MEPEXOAHBIX METAJUIOB, 4 U3 XUMHNYECCKHUX IMPOLECCOB — OOJIBLIINHCTBO HpeBpameHHﬁ, BKIIIOYAIOIIUX
Pa3phiB CTaphiX U 00pa30BaHHE HOBBIX CBS3CH, a TaKXKe KaTaIUTUYeCKHe mporecchl. OcTaeTcs akTy-
ANBHBIM M OCJTa0JICHHEe 3aBHCUMOCTH HEOOXOIWMMBIX UIs MPOBENEHHUS pacdyeTa BBIYUCIUTEIBHBIX pe-
CYpCOB OT pa3MEPOB CUCTEMBI O JTMHEUHOMU 10 V.

MoHO yOenuThCs, OJJHAKO, YTO KAYECTBEHHBIC XapPaKTCPUCTHKH YIOMSHYTHIX BBIIIC BaXKHBIX
KJIaCCOB COCIMHEHWH (HarpuMep, KOMIUIEKCOB NepeXxofaHbix MetaiioB — KIIM) minm xummdeckux
MIPOIECCOB (HAIIPUMEpP, TEMOJINTHYECKAN pa3phlB XUMHUYECKHUX CBA3€H) HE BOCIIPOM3BOISATCS MMEO-
IIUMUCA MMOJTYSMIUPUICCKUMHU METOJaMH HE B CUTY HEAOCTATKOB HapaMeTpI/I?:aI_[I/II‘/‘I, O KOTOPBIX IMOYTHU
WCKJIFOUUTENBHO HJIET peYb B JUTEPAType, @ B CHIY CTPYKTYPHBIX Ne(eKTOB, MPHUCYIIUX HCIOIb3Yye-
MOMY ISl BOJHOBOW (yHKIMH mpuOmmkeHnto camocoriacoparHoro momst (CCII). Anamormano
1 CJIMIIKOM CWJIbHasA JIs1 MCIIOJL30BAaHUA B HNPUIIOKCHUAX 3aBUCHUMOCTH HOTpe6HOCTI/I B BBIYHMCJIIN-
TENBHBIX pecypcax B ClIydae MOJyIMIUPUYSCKUX METOOB SBISICTCS CIEACTBUEM MPUMEHSICMOTO JIJIs
03C mpubmmkenus MO JIKAO.

CrpykTypHBIe Ae()eKThl TIOTYIMIIMPUIECKUX METOAOB OIMUCHIBAIOT B JIMTEPAType KakK MOCIEICT-
BUs HEey4YeTa Koppelsuu 3ekTponoB B npubmmkennn CCII. Orto, ognako, He coBcem TouHO. CoBpe-
MEHHasl TEOpHs pa3inyaeT JHHAMUYeCKHe U HeJHHAMUYEeCKHe KOPPENAlrd, He 1aBas UM YETKHX OIl-
peneneHnii. MOXXHO MOHMMATH O JUHAMHYECKUMH TaKhe KOPPEISAIIH, KOTOPHIE B IPUHITUIIE MOTYT
OBITH YUYTCHBI NapaMETpaMi IMOJTYSMIIMPHUICCKOTro METO4a, a 1o HEAMHAMUYCCKUMU (CTaTI/I‘IeCKI/IMI/I)
KOPPEJIALUAMU — KaK pa3 Te, KOTOPBIC MPOSBISAIOT ceOs B KAYSCTBEHHOM OTJIMYMM CBOWCTB paccMar-
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pHUBaeMoii CHCTEMBI OT KapTUHBI, Bo3HHKaomel B npuommkernn CCII, mycTh naxe s mepeHOpMH-
POBAaHHOTO TaMHIIFTOHHAAHA.

B cuny Onm3KkomeiCcTBYOMEro xapakTepa KOPpesiiuid sl BOCIIPON3BEICHISI NX KaueCTBEHHBIX
MIPOSIBJICHUI AOCTAaTOYHO MPOBECTU HAa NMPHUEMJIEMOM YpPOBHE pacueT JIMIIb OrpaHMYEHHON YacTH MO-
JIEKYISAPHON CHCTEMBI, HE PACIPOCTPaHss €ro Ha BCIO CHCTEMY. OJTa Hes HaXOIUT CBOE BBIPAKEHUE
B opManmaMe rpymmnoBeX ¢GyHKIuA (I'D), 9T0 co3maeT MPHUBICKATEIBHYIO TIEPCIIEKTHBY PEIINUTh CY-
HIECTBEHHYIO YacTh MPoOJeM MOTyIMIIMPHICCKUX METOJIOB 33 CUET U3MEHEHUS BUIa MPOOHOH BOJHO-
Boit ¢yHkiuu (¢ CCII na ['®), yTOOBI B HEll MOXKHO OBLIO YYHTHIBATH KAUCCTBCHHBIC MPOSBICHUS
KOPPEJAIINN DJICKTPOHOB (HEIUHAMUYIECKYIO KOPPEIIAIINIO).

C npyroii croponsl, npubamxenrne '@ 3KBUBaJIEHTHO pa3[esIEHUIO IEKTPOHHBIX MepEeMEHHBIX,
3aKII0YAONIeMyCcs B OTPaHUYCHUH BUa BOJHOBOW (YHKLUH 6ceX 3JEKTPOHOB aHTHCUMMETPU30BaH-
HBIM TIpoW3BeNeHUEeM (QYHKIMA SJIEKTPOHHBIX TPYIII, COJEP)KAIIUX MEHbIEeE YHCIO 3JIEKTPOHOB
[15]. ®Pusnuecku (XMMHYECKH) TPYNIOBBIE (DYHKIHMU SABISIOTCS HUYEM HHBIM, Kak "Xpomodopa-
MH" — T.€. 4aCTsIMH MOJIEKYJI, OTBEHYAIOLINMU 3a yeem (WU ApyrHe HaOntoJaeMble CBOMCTBA) Bellle-
cTBa. IMeHHO 3Ta mjest ObLIa MCIIONIb30BaHa XIOKKeneM [ 1—6 | 1i1s SBHOTO ONMCaHUS COTPSKEHHOM
T-CCTEMbl HEHACHIIIEHHOW MOJIEKYJbl MpPHU MOMOIIM OTPAHWYEHHOTO YHCIA MEPEMEHHBIX OJIHOTO
Tumb Xxpomodopa (TpyHmbl T-3JIEKTPOHOB), YTO IO3BOJMJIO YYHUTHIBATH BO3JIEHCTBHE OKPYXKECHUS
(B JaHHOM clly4ae G-CHCTeMBI) Kak ciiaboe Bo3MyiueHue. [lpy nanpHeiieM pa3BUTHN KBAaHTOBOW XU-
MHUH 3Ta WAEsS HCIOJb30BANach MHOTOKPATHO Kak B SIBHOM BHUAE (MUCKIIIOYCHHE U3 PACCMOTPEHUS
ATOMHBIX OCTOBOB B TICEBIONOTEHIMAIBHBIX H IOIYIMIHPHUIECKHX MeTomax [ 16]), Tak W HEsIBHO
(myTeM MCHoibp30BaHMs OrpaHHYCHHBIX 0azucoB AQ, 4be B3aMMOJICHCTBHE C OTOPOLICHHBIM OECKO-
HEYHBIM HaOOpoM opOuTajell HUKaK He YYMTBIBaeTCA B PaMKax TaK Ha3bIBAEMBIX ab initio METOIOB).
B kauecTBe Ipyrux MpUMEpOB HCIOIB30BaHUS "XpOMOPOPOB” (XOTs ObI M HE HA3BIBAEMBIX TaK) MOXK-
HO TPUBECTH KOHCTPYUPOBaHUE dPPEKTUBHBIX TOTEHIMAIIOB TPYII ((pparMeHTOB), KOTOPbIE MOJIEIH-
PYIOT BO3JCHCTBHE OKPYKESHHS Ha MOJIEKyJbI [ 17—19 ].

KBaHTOBasi XuMUsI OOBIYHO OMHKCHIBAET OCHOBHBIE JKCIIEPUMEHTAIbHBIE (HaKThl M 3aKOHOMEPHO-
CTH B 00JaCTH XMMHUH B TEPMHUHAX BOJHOBBIX (yHKUMH. TpanuimoHHas momy>MOupHyYecKas KBaHTO-
Basi xumus, ocHoBaHHas Ha npubmmkernn CCII MO JIKAO nmpuBoauT K AeT0KATN30BAHHOMY OITHCA-
HUIO DJIEKTPOHHOU CTPYKTYypHl B TepMuHax MO JIKAO. B TO e BpeMs B TCOPETHICCKOW XMUMHH HC-
NOJIB3YIOTCSl TaKWE UHTYUTUBHBIC MOHITHS, KaK XUMHUUYECKas CBsI3b M HENojeleHHas napa. Bonpeku
OUYEBUIHON Ba)KHOCTH ATHX TOHATHH, OHU MPAKTUYECKH HE HAXOMAT OTPAKEHHUS B PaCYETHBIX METO-
nax kBaHTOBOW xmMmu. C TOYKH 3peHHS Teopww, ocHoBaHHOH Ha maee MO JIKAO, cama BO3MOX-
HOCTbh HCIIOJIb30BAaHMUS B XMMHM TaKMX WHTYWTHUBHBIX MOHATHH, KaK CBS3b WJIM HETOENEHHas mapa,
TpeOyeT oObsicHeHmid. C o0IIel KBAHTOBOMEXaHUYECKOW TOYKHM 3PEHUSI OHO OKa3bIBAETCS] BOBMOKHBIM
B CHJIY TOTO, YTO JUISl 3TUX KOHIICTITOB YAOBIETBOPSICTCS MpeToKeHHBINH B [ 20 | KpuTepHid BBIACIIN-
MOCTH (pparMeHTOB B cUcTeMe: "®parMeHTbl MOKHO CYHTATh HAONIONAeMBIMH B TOM CIIy4ae, €CIH
OHH TIPOSIBIIAIOT BOCIIPOM3BOAMMOE M €CTECTBEHHOE MoBe/eHHe. Eciau oka3piBaeTcs, 4TO IS PSAIOB
MOJIEKYJI U3MEHEHHUs (hparMeHTOB YKJIaJIbIBAIOTCS HAa Ty WJIM MHYIO KPUBYIO, ITapaMeTphl KOTOPOM
MOJKHO HAaWTH SMIIHUPUYECKH, PACCMOTPEB JOCTATOYHOE YMCIIO WICHOB psfa, TO 3TO TOKA3bIBAET, YTO
BhIJIeNIeHHE (PparMeHTOB uMeeT cMbIci”. OUeBHIHO, YTO 3TO TaK B CIydyae OPraHUYECKUX MOJIEKYI,
MOCKOJIbKY 3HAYHUTENbHAS YaCTh DKCIIEPUMEHTAIBHBIX (DAKTOB, OTHOCSIINXCS K OPTaHUIECKOH XUMUH
(XOTs1, KOHEUHO K€, HE BCE), MHTEPIPETHPYETCS B TePMUHAX JIOKAJIbHBIX CBA3EH, KOTOPHIE B 3TOM
CMBICIIC SIBJISTFOTCSI HaOmromaeMbpiMu (WiH, cienys [ 20 ], — momyHabmonaeMbIMu) 00BEKTaMHu, a T0-
TOMY TeOopHsl (M PaCUETHBIN METO/), CKOHCTPYHUPOBaHHASI B TEPMHUHAX HaOI01aeMbIX 00BEKTOB, MPe/I-
cTaBIsyIa Obl 3HAYMTENHHBINA MHTEPEC.

VmeHHO Takoi moaxo/1 MpeaCTaBIseTCs] HaM MEePCIeKTHBHBIM: Pa3BUTh KaueCTBEHHBIE MIPEICTaB-
JieHus1 00 BIIEKTPOHHOM CTPYKTYpE MOJIEKYJISIPHBIX CHCTEM B TEPMHUHAX HAOM00aeMblX B HUX TOJCHUC-
TeM (XpoMOGOpOB) M HAYIUTHCS MTPOBOJUTE PACUETHI C MCIIOIb30BAHUEM aIeKBATHON M3y4aeMOU MO-
JIEKYJISIPHON cucTeMe MpoOHOW BOJIHOBOW (PYyHKIMHM, COCTOSAIICH M3 IPYMITOBBIX (YHKIMA HaOmoqae-
MBIX MOACUCTEM. DTO MO3BOJIUT BECTH PACUET C OTHOCUTEIHHO MaJIbIMHU BBIUMCIUTENBHBIMU 3aTpaTa-
MU, UCTIONB3YS d¢hhekmuenvle camunrbmonuansl snexkmporog (31'D) BaxXHBIX A neia XpoModopos,
TIPH TOM, 4TO Me(DEeKTHI OrpaHuIEeHHON (HOPMBI POOHOI BOTHOBOW (YHKIINK OyAyT YITCHBI HX TIepe-
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HOPMHPOBAaHHBIMU MATPUYHBIMHU 3eMeHTaMH. [Ipu 3TOM SBHBI BUA NEPECHOPMHUPOBKH IOIydaeTCs
P OIEHKE BEJIMYWHBI IMOMPABKH K SHEPTUH (MM KaKoMy-Tr00 MHOMY HaOJr01aeMOMYy CBOHCTBY),
BO3HHKAIOIIEH M3-3a CACIIAaHHBIX TPUOIMKCHUI.

1. ®OPMAJIbHBINM BBIBOJI, IOJIY3MIUPHYECKOI'O METOJA C I'PYIIIOBOM IIPOBHOM ®YHKIUEMN

[IpumeHnuM Teneps U3IOKEHHBIE — OYECHb OOIINE — COOOpPaKEHUS K PACCMOTPEHUIO MOJIEKY-
JISIPHBIX CUCTEM C TOYKHM 3PSHHS BBIICTICHHUS aJeKBaTHBIX "XpoMo(hOopoB” W KOHCTPYKITMH OITHCHIBAHUS
B X TepMuHax. [Ipexe yem mepeiTd K popMalbHBIM BBIKJIAJKaM, HATOMHUM OCHOBHBIE ONpeielie-
HUS U cBoiicTBa mpuOmmkeHus ['® [ 21—24 |, koTopble TOHAAOO0SITCA HAM TIPU UX TPOBEICHUH.

[Ipubmmxenne ['®, npeanoxkernoe MakBunu [ 21—24 |, peacrasisgeTr coboi Hanboee 00IIyio
KOHCTPYKITUIO, TTO3BOJISIONIYIO Pa3IeiUTh JICKTPOHHBIC MEPEMEHHBIC B 33/adaX KBAaHTOBON XHUMUMU.
Cornacao MakBunu, 1ins npuMmeHuMocty npubnvmxenus ['d HeoOxoauMo, 4ToOkI CHCTeMa COCTOsIIa
u3 M "pazmuuumbix” noacuctem A4, B, C, ..., KaxJA0H U3 KOTOPBIX NPUHAJJICKUT OMPEEICHHOE YUCIO
aMeKTpoHOB Ny + Ny + N+ ... = N. D obnamaeT cieayromuM CBOMCTBOM CUMMETPHH: OHA SBISETCS

COOCTBEHHOH (QyHKIMEH Ul Ka)0ro U3 ONepaTopoB YHCEN 4acThl B nogcucremax N, Np, N, ...

C COOCTBEHHBIMH 3HAYCHUAMHU N4, Np, N¢, ... COOTBETCTBEHHO. )1 TOTO YTOOBI ONMHCAHKE B TEPMHU-
HaX kaxot-1u6o ['® ObLIO0 PUEMIIEMbIM, JIOCTATOYHO YTOOBI CYIIIECTBOBAJI HA0OP ONEPATOPOB YKCEI
AJIEKTPOHOB

4
TAKHX, YTOOBI KaXKIbIil M3 HUX KOMMYTHPOBAII C "'CyIeCTBEHHON" 4acThio H ° TOYHOro raMmIbTOHHA-
Ha H:
VAN ,H]=0;
H=H"+V,
TakK 9To0BI "B3amMoeictBue” V, onpeeieHHOe 110 OTHOIIEHHIO K YacTu H % ramunbronunana H, cum-

(1)

METPUYHON OTHOCHUTEIBHO I'PYIIIbI, MOPOKAEHHOH reneparopamu N,,, 6buto cnaboe. MOXHO TMOKa-

3aTh [25], 4TO mpH BHIIOTHEHHH ycioBus "crnaboctu” V Maibl M QIyKTyalliud YWCia 3JIEKTPOHOB
B KaXJ0H u3 rpymnm. Takum oOpazom (opmanuzyercs TpeOOBaHHE "pa3inuuMOCTH” M BO3HHKAET ec-
TECTBEHHOE pa30ueHNe MOJIEKYJISIPHON CUCTEMbl Ha HA0JII01aeMble YacTH.

Anrebpandeckoe npuOIMKeHue [ 26 | mo3BoJseT MPOABUHYTHCS HECKOIBKO Jajbllie B KOHCTPYH-
pOBaHUM rPyNIOBOro pa3Ouenus. J{edCTBUTENBLHO, IPEATIONOKIM, YTO NoJdHOE nmpocTpanctBo OOC L
CHCTEMBI pa30UTO Ha OPTOrOHAJIBHBIE ITOIPOCTPAHCTBA:

L:E,?LA =(fImPA,

ZPA =L, PPy =08,5P,
A

ImPy, N ImPy={0}, A=#B;

dim ImP, > N,
(® obo3HaYaeT NPSAMYI0 CYMMY OPTOTOHAIBHBIX MOJIIPOCTPAHCTB; ImP — MOANpPOCTPaHCTBO, 0Opa-
30BaHHOE BCEMHU pe3yJbTaTaMH JEHCTBUS MPOCKIMOHHOro omepatopa P; diml — pa3MepHOCTh

(mom)mpocTtparcTBa L; N 0003HAYaeT TEOPETUKO-MHOKECTBCHHYIO OTICpAaIldI0 TIEepeceueHus MHO-
s)kectB). Ilycts MmHOXecTBO OOC {|a)ja=1—dimL,} oOpa3yeT MOJHEII OPTOHOPMHUPOBAHHEIN Oa3nc

(4) B L4. Onipenensisi oneparop N 4 Kak
N,= Y aa, ©)
ae(A)

e a (a) cyTh OIepaTopbl POKAeHHUs (YHUUTOXKEHHUS) JIEKTPOHA B COCTOSHHUU |a), MBI IIOTyd4aeM Tpe-
Oyemoe pa3ioXeHue.

[IpeamnonoxuM, 9T0 CO CIOKHON MOJEKYJISIPHON CHUCTeMOU cBsi3aH Habop mokanpHBIX OOC, KO-
TOpbIE MOTYT OBITH pa3OUTHI HAa HENEPECeKaIoIINecs TOAMHOKECTBA, SBIISIOIINECs Oa3ucaMu B COOT-
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BCTCTBYIOIIUX HCCYIIUX MOANPOCTPAHCTBAX. Torma BoaHOBas (bYHKLII/ISI CHUCTCMBI JJICKTPOHOB B IIpU-

ommxennu ['® npumer un [ 24 |
M

¥, = /\o* 3)

A=l
¥ Kanast 13 GyHKuuii comaokuTeneii O ABIIsIETCS pasIoKeHneM 1o TakuM N,-3IeKTPOHHBIM CIITe-
POBCKHM JI€TEpMHHAHTaM, YTO 3allOJIHEHHbIE CIIMH-OPOUTAIN B HUX NMPUHAIICSKAT Ly U TOIBKO €My.
Ecmu BonHOBast ¢pyHKms cucteMbl 3amucana B Buje ['® (3), To sieKTpoHHBIE IepeMeHHbBIE, OTHOCS-
IHecs K pa3HbIM MOJIIMPOCTPAHCTBAM, OYEBUIHO, Pa3lelieHbl, TaK KaK SBISIOTCS cOOCTBEHHOW (yHK-
el OMepaTopOB YHCEI IIEKTPOHOB B TPYIIAx, onpeaeneHHbIX Gopmynoi (2). Takke COMHOKUTETN
B (3) yIOBIETBOPSIOT IOMOIHUTEIHHOMY YCIOBHIO CHIIBHONH OPTOTOHAIBHOCTH:

J(DA*(xl,xz Xy Xy, )@B(xl,xz...xi ~ Xy, )dx; =0,

Vi<min(N,,Np),

rZie X; — KOOPAMHATHI i-T0 JIEKTPOHA, BKIIOYAIOIINE MPOSKIUIO €0 CrHA. JTa (hopMa MpoOHOH BOJI-
HOBOM (pyHKIMH, KOHEUHO K€, SABISIeTCS NPUOIIKEHHOM, TaK KaK B 0OIIEM CiIydae OHORJIEKTPOHHBIE
MaTpUYHBIE AJIEMEHTHl rammibToHHaHa Mexnay OOC, oTHocdlMecs K pa3HbIM MOANPOCTPAaHCTBAM
(rpynmam), He paBHBI HYJIO M M3MEHSIOT YHCIa 3JIEKTPOHOB B MOJACHCTEMax (rpylmnax), T.e. HAloT
BKJax B Bo3myuienue V (1). Jlerko mpoBepuTh, 4TO UMEHHO 3TH ONEpPATOPHBIE ClaraeMble MPUBOIAT
K TIOSIBJICHUIO HEHYJIEBBIX KOMMYTAaTOPOB ONEPATOPOB YMCEN 3JIEKTPOHOB (2) ¢ TOYHBIM I'aMHIIBTO-
HuaHOM. UTOOBI y4eCTh MOCJIEICTBUS CIEIaHHOTO MPHUOIMKEHUs, BhiBeaeM Bu/ (3) mpoOHO# BOJIHO-
Boil pyHKiuu npudnmxenus ['® u3 6onee odbumx coodbpaxkeHnit. st 3TOro Mbl pacCMOTPUM BOJTHO-
Byt0 QyHKITHIO Oosiee obmiero Buna [ 27—29 |, omnmuarontyrocst oT npubmmkerns ['d tem, aro yucio
9NIEKTPOHOB B KAXKJOW W3 TPYNI HE sBisieTcs QUKCHpOBaHHBIM. OO0O0IIEHHAsT TpynmoBast (GyHKIUS
(OI'®) npeacrasisieT co00i NHMHEHHYI0 KOMOMHALMIO aHTHCUMMETPU30BaHHBIX Npou3BeneHuid ['d-
COMHO)KHTEJIEH, OTBEYAIOIIMX PAa3INYHBIM PaCHpelesICeHUsAM JAaHHOTO YHcia DJIEKTPOHOB N MEXIY
TpyIIaMHu:

(4)

D ID XM VAT O )
{Na}{a} A
B pasnoxenun (5) xaxngoe pacnpeneneHue {Na|A =1— M} 3IeKTpOHOB MEXIy TPYIIIaMU yIIOBIIE-
TBOPSET yCIIOBHIO
D Ny =N; VA, N, =0,
A

d)Q(N A) €CTb 051 0asucHast QyHKIUSA N, dIEKTPOHOB, B KOTOpoi Tonpko OOC noanpocTpancTsa L

MOTYT OBITh 3anoHeHbl. Koo duimenTs! pasnoxxeHus C{‘u} ({N4}) nomxHbI OBITH ONpPEEIEHBI B PaM-

Kax KaKoi-1100 BapuallMOHHOW MPOLEIYPHI.

[Ipencrasnenne OI'D (5) sBisiercst oueHp 00mUM. JIF00yI0 MHOTO3JIEKTPOHHYIO (DYHKIIHIO MOX-
HO TIpe/CTaBUThH B TakoM BHE. [1epBrlil mar k BeiBoy npubmmkenus ['d cocTouT B TOM, 4TO TOJIBKO
TIPOM3BE/IEHNs C (PUKCHPOBAHHBIM pacrpesieieHieM {N,} dMeKTPOHOB MexIy Tpymmamu (MOAmpo-

cTpaHcTBamu) Aar0T Bkiiag B OI'D (5).

Teneps paccCMOTPHM IOJIHBINA AJIEKTPOHHBINA TaMuiabToHUAH H. OH 3anucaH B (opManu3Me BTO-
PUYIHOT'O KBAHTOBAHHS B COOTBETCTBUH C pa3duenuneM 6aznca ODC

H=YHy+ Y V- (6)
A A<B

B dopmyne (6) oneparopsr H, conepkat TOIBKO Mpou3BeneHHUs (pepMU-onepaTopoB POKACHHUS/YHUY-
ToxeHus! 371eKTpoHOB B OOC rpynmel A. OnepaTopsl B3aUMOJIEHCTBUA Vg, B CBOIO OYepelb, COAEP-
JKaT CMeIIaHHBIe TPOM3BEACHUS ONEPAaTOPOB POKIACHHUA/YHUYTOXKEHUS, OTHOCSIINXCS K TpymmaM A
u B. (Bo3Mo)XHBI, KOHEYHO K€, U cjaraeMmble, MPONOPLHUOHATIBHBIE MPOU3BEACHUAM (hepMu-omepa-
TOPOB, MPUHAISKAINAX K TPEM HIIM YETHIPEM Pa3IHYHBIM IpynmaM. MBI OIyCTHM WX IUTsL YIIPOIIIe-
HUs1. C 9TUM OTpaHWYCHUEM BHJI TaMIUIbTOHNAHA (6) BIIOJTHE OOIITHIA. )
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C Tem uTOOBI OT omepatopa (6), aeicTByomero B npoctpanctee OI'® (5), mepeiitn k SKBHBa-
JICHTHOMY OIIEpaTopy, ACUCTBYIOLUIEMY B MPOCTPAHCTBE QPYHKIMHA C (PUKCHPOBAHHBIM paclpeesiCHH-
€M DJIEKTPOHOB MEXIY TPYNIIaMH, PACCMOTPHUM ofepaTtop P, mpoerupyronuii N-3JIeKTpoHHBIC (QyHK-
1 (5) Ha TOATPOCTPAHCTBO, PACTIHYTOE QYHKUUAMH, UMEIOIIMME (PUKCHPOBAHHOE YUCIIO JIEKTPO-
HOB (N o) B Kaxzoil us rpynn A. JleiictBys Ha QyHnkuuu (5), onepatop P oOpaliaeT B Hy/b BKJIaJbl
BCEX COCTOSIHUM, MMEIOIIUX paclpeesieHHe 3IEKTPOHOB MEXIY IPyNIaMH, OTIMYHOE OT 3aUKCHPO-
BaHHOTO. COCTOSIHHSI B TIOJIIPOCTPAHCTBE ImP MMEIOT BHT

M
¥y =Y Clhy (N, D/ \@2 (V). ()

(o} A=l
OyHKIMY TaKOTO BUAA ObUTH BBeleHBI B paboTax [ 30, 31 | anst 000CHOBaHUS TT-3JEKTPOHHBIX TEOPHUH.
J1st yOporieHust Mbl OTPaHHYHUMCS TOJBKO TaKHUMH OTIEPAaTOpPaMH B3aMMOJICHCTBUS, KOTOPBIC BKIIIO-
YarT MEPEHOC JIUIIb OJHOTO 3JICKTPOHA MEKIY rpyInamMu (pe30HaHCHOE B3aMMOJICHCTBUE) U TOW Ya-
CTBHIO JABYXDJIEKTPOHHOT'O B3aMMOMAEWUCTBHUS, KOTOPOE COXPAHSIET YUCIO DIIEKTPOHOB B Tpymmax. Ore-

paTop B3aWMOJICHCTBUSA B (6) IPHHUMACT BUI;

_1r c
Vag =Vag +VaB>

V/(B = Z V;b (a+b + b+a), (8)
aecA, beB
Vig= >, (ad'||bb)a*bb'a.
aa'eA, bb'eB

3neck (ad'||bb") cyTh mpUBEIEHHBIC MATPUIHBIC DIIEMEHTHI JIEKTPOH-3JICKTPOHHOTO B3aMMO/ICHCTBHSA
(ad'||aa’) = (ad'||bb") — (ab'||ba").
MarpudHble 3TeMEeHTHI OrepaTopa Vi 00paIarTces B HyJb Ui 000§ mapbl COCTOSIHU B MOAMPO-

crpadcTBe ImP, pactsaytom (yHkimsMu (7). JIefCTBUTENBHO, OMepaTopbl ¥y OTBEYAIOT MEPEHOCY
3JIEKTPOHOB MeXIy rpynnamMu A u B. [leiicTBys Ha cocTosiHME M3 moanpocTpaHcTBa ImP, onepaTop
Vi TOPOXKIAET COCTOSHUS, KaXKI0€ U3 KOTOPHIX MMEET Paclpe/eieH e SICKTPOHOB MO TPYIIIaM, OT-
JUYarolieecs OT XapaKTepHOro A cocTostHUNA U3 ImP. CocTosiHUS ¢ pa3IuYHBIMU PaclpeaeIeHUIMU
3JIEKTPOHOB MEXy IPYIIAMH OPTOTOHAIBHBL B CHIIy 3TOr0 MaTpHU4HBIC SIEMEHTHI Vip MEXIy co-
cTossHUAMHU B ImP obpamarorcs B Hynb. B o0mem miaHe Takoe HMOBEACHUE SIBIAETCS HENOCTATKOM
npubmkenns ['®, mockonbKy Ha caMOM fejie MEPeHOCH AIEKTPOHOB MEXIY TPyNIaMy UMEIOT Me-
CTO. YUTEM BIIUSHUE NIEPEHOCOB YIEKTPOHOB MEXKY IPYIIAMH IIPH MOMOIIH TEXHUKH JIEBANHOBCKOTO
napuroHuposanus [ 23, 24, 26, 32 ]. Torna
H.w(E)=PHP+ PV"(E)P,
VI(E)=TV'ORE)QV", ©

R(E)=(EQ-QH Q)"
rae

HY =3 Hy+ Y Vip (10)

A A<B
u Q=1—P ecTb JONMOJHUTENbHBIA MPOEKIMOHHBIN omnepaTop. TeM caMbIM TOYHBINH raMHJIBTOHHAH,
JEeHCTBYIOLIMIA B MOJTHOM MPOCTPAHCTBE (YHKLMI, CIIPOSMPOBAH HAa MOAIPOCTPaHCTBO ImP, a Mex-
TPYIIIOBbIE NEPEHOCHI 3JIEKTPOHOB, HAPYIIABIIME Pa3lEJICHUE ANEKTPOHHBIX MEPEMEHHBIX, YUTECHbI
OmpaBOYHBIM ciaraeMbiM V7 (E), coaepiaimm pe3onbBeHTy omeparopa H(¢) B MOAmpocTpaHCTBE
ImQ. CobcrBennbie 3HaueHus 3¢ dexruBHOro rammibToHrana (9) mo mocrpoeHuto [ 32 ] coBnamaroT
C COOCTBEHHBIMH 3HAYEHHUSIMH UCXOIHOTO TOYHOTO TaMIJIbTOHHAHA.
[Tocne Toro, kak 3agada 00 OCHOBHOM COCTOSHUHM H CIpoermMpoBaHa Ha MOANPOCTPaHCTBO ImP

¢ (MKCHPOBaHHBIM paclpeesieHneM 3JIeKTPOHOB 0 TPYIaM, ee PelICHHe MOXKHO MCKaTh B Kiacce
I'® Buga (3). Tem He MeHee W Ha TOW CTaguK Takas ¢opma MPoOHON BOJHOBOW (DYHKIIMH OCTASTCS
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npubmmkeHHol. [IpuunHa 3TOro 3aKiroYeHa B TOM, YTO MOAMNPOCTPaHCTBO ImP He ucueprbIBacTCs
OMHUMHU TONBKO ['D GyHKIUSIMH — (QHTHUCUMMETPU30BAHHBIMHU) MPOU3BEICHUSIMHU C (HPUKCUPOBAH-
HBIM pacrpe/ieieHHeM 3NEKTPOHOB {N , }, a BKIIIOYAeT TAKKe M BCe HX JTMHEHHbIE KOMOUHAITHH, KOTO-
pBIe yKe He ABIToTCS (QyHKIusMu npuommkeHus ['®. Equncteennas QyHkus npuommkenus 'O
onpesienseTcs Ha OCHOBE BapUAIlMOHHOTO MPHHIUIA, YTO COBEPUICHHO AHAJOTMYHO CTaHJIAPTHOM
koHcTpykiuu Metofa CCIT: TouHas BomHOBas GYHKIHUSA €CTh JTHHEHHAss KOMOMHAIMS TETCPMUHAHTOB
Crortepa, HO €IMHCTBEHHBIN JIETEPMHHAHT UCTIONB3YETCS JIJIS aIIPOKCUMAIIMU BCETO PA3NIOKCHUSI.

[IpuMeHeHne BapualIMOHHOTO MPHHIUIA K BOIHOBOW MPoOHOH GyHkiuu ['d npuBoauT Kk cucre-

M€ CBsA3aHHBIX 3aJa4 Ha COOCTBEHHEBIE 3HAYEHUS C 3(1)(1)CKTI/IBHI)IMI/I raMUJIbTOHHMAaHaAMH Hgff JJIsA OIl-

penenenns pyHkuuii-comuoxuteneit O B kaxoit u3 rpynn. Kaxaslit n3 5Q(EKTHBHBIX TaMHIBTO-
HUAHOB 3aBUCUT OT ()YHKLIUH OCHOBHOTO COCTOSIHUSL OCTalIbHBIX Tpynm [ 23, 24, 33 |
off A _pA A
H(E)o) = EN(E)D],

H{T(E)=PH P+ Y (DF | PWysP|DE), (11)
B=A
PWygpP = PVEAP + PV (E)P.
Brruucnenne 3¢ ¢GeKTHBHBIX TaMUJIBTOHHAHOB TPYII TPeOyeT YCpeOHEHHUs! OMepaTOpOB MEXIPYIIIO-
Boro B3ammojeiicTeus. [Ipu Takom ycpeaneHuu mno rpymme B # A ¢epmu-onepaTopsl rpynmsl A oc-
TalTCs Hen3MeHHbIME. [103TOMyY 00a IBYXAIEKTPOHHBIX OrepaTopa B3aumoneuctsus V' u V' mepe-

HOPMHUPYIOT OJTHORJIEKTPOHHYIO YacTh B TaMUJIbTOHMAHAX I Kaxkaou u3 rpynn A=1, ..., M. Vc-

peAHeHne KyJIOHOBCKOTO B3aUMOJICHCTBHA BHITIOIHIETCA JIETKO B COOTBETCTBHUH € peuentoM [ 23, 24 |:
B B + +

(g | PVEAP | Dg) = D a’a' Y (aa'||bb)(b7H))g, (12)

aa'eA bb'eB
rae
(")) = (D¢ | 67D | D). (13)
Cpennue ((b'b'))g CyTh MATPUUHbIE HIEMEHTBI OJHOAIEKTPOHHON MATPUIIBI IIOTHOCTH B BEIGPAHHOM
bazuce OOC, n noromy BeipakeHue (12) umeer oosranyr0 CCII dopmy.

Brruncnenne cpenHux <(I)OB | PVEA |¢)0B ) mpezcrasiseT coboil Oonee ciuoxHyro 3amady. Onepa-
TOp PVga P uMeeT Bujg

PVgAP= > ViV (a bR(E)D d' +b"aR(E)d""b"). (14)
aa'eA,bb'eB

VYcepenHeHue MOCIIEIHErO BBIPAKEHUSI 110 OCHOBHOMY COCTOSIHUIO (I)OB rpynmnsl B naer cnenyroniuit
OJTHODJICKTPOHHBIN OnlepaTop, NSHCTBYIONINI Ha KBAHTOBBIC YKCIa 3JIEKTPOHOB B IpyIe A:

(PVgaP)g= 2. 2 (Vipvawa (BRE) )ygd +Vivyya((b"R(E)))ga"™. (15)
aa'eA bb'eB

9 rr
MoO:KHO MIPOBEPUTH, YTO, HECMOTPS HA UX HECUMMETPHUHBIA BUI, omepaTopsl ((PVg, P))g (15) Ha

CaMOM JIeJie 3PMUTOBBI.
Pe3onbBenTy R(E) MOXKHO TIPEICTABUTH KaK
R(E)= )| M. (16)
ielmQ E—- Ei

Omna oTBeuaeT oneparopy H 0 BKJIIOYAIOIIEMY TOJIBKO KYJIOHOBCKHE B3aUMOJCHCTBUS MEX]Y MOJICHC-
temamu. Ee momoca E; CyTh dHEpruu COOCTBEHHBIX COCTOSHUN H 0 OTNMYAIOIIUXCS OT COCTOSHMUIA
MOATIPOCTpaHCcTBa IMP TIEpeHOCOM OJHOTO AIEKTPOHA MEXKTy rpyrmaMu. O003HAYUM 3TH COCTOSIHHS
|i) € ImQ xak |o—f) wm |B—>0) COOTBETCTBEHHO HAMPABICHUIO IMEpEeHOCa. DHEPTHH B BHIPAKCHHUH
(16) onpenensatoTcs BelMYMHAMU IIOTEHLUAIA HOHU3ALMH [, [ U CPOACTBA K DIEKTPOHY Ag, A, 1M0J-
CHCTEM
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I, — Ay —
E - o T OB gaB’ 17)
1 B A(x ~ 8Ba
II€ Zup = §pa — BEIMUYHMHBI KyJIOHOBCKOIO B3aHMMOJEWCTBUS JIEKTPOHA U JBIPKH B rpynmax A u B,
HAXOJSAIIUXCSA B COCTOSHUSX Po.. YCIoBHE BBIIENIMMOCTH (HAOIFOJAEMOCTH) YacTell MOJEKYJISPHOM
CHUCTEMBI TIPEAIOJIaraeT, 9T0 SHEPTHH COCTOSHUI C MEPEeHOCOM 3apsiia MeXIy rpynmamu (ToJroca
pe3onbsBeHTHI (16)) ekaT MHOTO BBIIIE, YeM HHTepecylolue Hac suepruu [ 25 |. [loatomy mist oreH-
ku 3¢ dekTuBHOTO TaMuibToHNaHa (9) MoxxkHO monoxuth £ = 0. Toraa Beipaxkenue (15) npuHUMaeT
BUJ
<<Vrr>>A = Z Zvabva'b' X
aa' bb'
(18)
X3 X BIIBBINGE A+ X bIBBITGL L)
Belm O(Ng +1) BelmO(Ny-1)
rae Ge) u G““(e) cyrp 3amasnpIBarOImAs M ONMEPEKAIOMIAs OJHOIICKTPOHHbIE (GyHKImK [ prHa
rpynnsl A cooTBeTCTBEHHO B npeactaBiennn OOC stoit rpynmsl [ 34].

Takum 00pa3oM, MBI MOJTYYMIH BBIPAXKCHHS IS TIOTHOW (3JICKTPOHHOMN) SHEPTUH JUISI CUCTEMBEI,
omceiBaeMoit npuOmmxerneM ['® n s 3 peKTHBHBIX raMIITIBTOHHAHOB 3JIEKTPOHHBIX TPYII, YTO
JIaeT UCUCPIIBIBAIOIICE OIMMCAHUE MOJICKYJIIPHON CUCTEMBI (Ha MPUHATOM ypOBHE TeopuH). [lomyueH-
HBIC TEOPETUYCCKHE BHIPAXKECHUS OyJyT MCIOIH30BaHbl HUXKE JUII KOHCTPYUPOBAHUS 3asBJICHHBIX I10-
JTYySMITUPUIECKUX METOJIOB.

2. 3OOEKTUBHBIA TAMHUJIbTOHUAH KPUCTAJIJTIMYECKOTO ITOJIA

B sTomMm paznese Mbl IpeACTaBUM IPOCTYIO PEATM3ALNI0 U3JI0KEHHOTO BhIIIE IOIYy3MIUPUIECKO-
ro crnoco0a pacCMOTPEHHUS CIIOKHBIX MOJICKYJISIPHBIX CUCTeM. IT0 — MeToA 3((HEKTUBHOTO raMuJib-
ToHHMaHa Kpuctamumueckoro mois (JI/KID) [35], sBnsaroumiicss mepBBIM NMPUMEPOM MPUMEHEHUS
OIMCAHHOTO B MPEABIAYLIEM pa3zeie MoAX04a K pa3desIeHUIO IEKTPOHHBIX IEPEeMEHHBIX B KBaHTO-
BOXMMHYECKOH 3a/ade, MOTUBUPOBAHHOI'O OCOOEHHOCTSIMHU 3JIEKTPOHHOM CTPYKTYphI HCCIIEAYEeMOTO
KJacca OOBEKTOB.

CnMH U CUMMETpPHSI OCHOBHOTO COCTOSIHHS, A TaKXKe CIIEKTPbI BO30YXKIEHUS d-3JIEKTPOHOB B Kjac-
CHYEeCKUX (BEPHEPOBCKHX) KOMIUIEKCax repexonusix merauioB (KIIM) mpemonpenensior OONbIIAH-
CTBO MX MHTEPECHBIX (U3MUECKHX CBOMCTB (TAaKWX KaK DIIEKTPOHHBIC CIIEKTPHI MOTJIOIIEHHS B BUJIU-
Moii u 6mmkHelt Y® o0macTtu, MarHUTHBIE CBOMCTBA U JIp.). IMEHHO 3TH CBOWCTBa XyKe BCETO BOC-
HPOU3BOISITCS CTAHAAPTHBIMU HOJIYIMIUPUIECKUMH U ab initio METOAAaMU, UCIIOIb3YIOLUIMMHU TaK WU
unaude npubmmkenue CCII. 3ameyarenbHo TO, 4yTO Bee MHTepecHbie coObiTus B KIIM pa3spopauuBa-
I0TCS B d-000JI04Ke MeTaija, a JUraHgbl OCTAalOTCs, KaK MPaBUIIO, MHEPTHHIMU. VIMEHHO 3TO HalIo-
JIEHUEe U JIexano B OCHOBe Teopuu Kpucramidueckoro mnoist — TKII, pazsuroir bere [36], BaH-
®direkoM [ 37 | 1 ap.: HHTEPECEH CIIEKTP COCTOSHUM d-3JIEKTPOHOB — OCTajIbHAasl YaCTh KOMILIEKCA MM
KpHCTaJlIa He UMeeT BO30Y>KACHHBIX COCTOSHUN B McCIeyeMol 00JIacTi SHEPruil U NposIBISIET ceOst
TOJILKO Yepe3 "KPUCTAIUIMYECKOE T10JIe, UHAYLUpYyeMoe B d-000i10uke”.

B merone OI/KII npo6uas BomHoBast GpyHkuust KIIM 3amaHa B BuAe NpsMOro NpOM3BEICHHUS
(hyHKIIMM TIONTHOTO KOH(UTYparonHoro B3anMoeiictBus (KB) s anexTpoHoB d-060mouku u (hyHK-
un npubmmkennst CCIT mist ocTanbHBIX 1eKTpOHOB. MOTHBHPOBKOI ke BhIOOpa nmpubmmkenus KB
JUIsL ONIMCaHUsI d-000JI0UKH SIBUJIOCH TO, YTO KOPPEJSILUS 3JIEKTPOHOB (OTKJIOHEHHE MX MOBEIEHHS OT
npenckazanuii Teopun CCII) nposBisier ce0si IMEHHO B CBOWCTBaX d-000JI0UKH, TOT/Ia KaK CBOHCTBA
OCTAJTLHOM YacTH KOMILIEKCa, BKIIOUAIOIEH TUTaHabl U 4s-, 4p-000JI0YKH aToMa MeTallia, He TpeOy-
10T JUIsL CBOETO ONMCAHMS €€ MPUBJICYCHMSI 110 KpaliHel Mepe Ha NOJy3MIMPUYECKOM ypoBHE. Jpyru-
MH CJIOBaMH, KOPPEJISILUYU 3JIEKTPOHOB B JIMTAHIAX HOCST, CKOpee, IMHAMHUYECKUN XapakTep, Toraa
KaK KOppeJsiluu B d-000JI04KEe UMEIOT Ka4eCTBEHHBIE IPOSIBJICHUA U HE MOTYT OBITh YYTE€HBI OJHOMN
JHIIL IEPEHOPMUPOBKOH MapameTpoB. Heo0XoaumMo oTpa3uTh U TO, YTO AJisi OONBIIMHCTBA KOMILICK-
COB CyMMAapHBI HEpEHOC 3apsaa MEXAY d-000J0YKON M OKpY)KEHHEM SIBJISETCS HEe3HAUYHUTEIbHBIM
(uHTepecyloye HaC BEPHEPOBCKUE KOMIUIEKCHI JIETKO M HEABYCMBICICHHO KIACCU(PHULUUPYIOTCS KaK
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d’, d’ u 1p., T.e. YHCIIO DIEKTPOHOB B 3¢hhexmueHoii d-0o6G0I0UKe SBIAIOTCA XOPOIIUM KBAHTOBBIM
YHUCIIOM — HaOJIF01aeMOi BEIMYMHOM, YTO MOXKHO CUHTATh MUHUMAIILHBIM TpeOOBaHHEM ISl HaOIto-
JTAEMOCTH JTAaHHOHM YacTH MOJICKYJIIpHOU cucteMbl). [TosToMy miis BomHOBOU pyHKIIE KIIM MOXHO
UCIIOJIb30BaTh (DYHKLMIO, OTBevaromlyto nonHoi monenu TKIL, T.e. pyHKIuUIO ¢ PUKCUPOBAaHHBIM YHC-
JIOM 3JIEKTPOHOB B d-o6oiouke. [locnenoBatensubiii BeiBox O1'D d-0005109kH B TyXe MPEIbIIYIIETO
paszerna Mo3BOJISET BBIPA3UTh €r0 IMapaMeTphl Yepe3 XapaKTePUCTHKH JIEKTPOHHOW CTPYKTYPHI OKPY-
JKeHUs MOHA MeTasuia. [Ipolieaypa SIBHOTO ydeTa KOppensaluil MOocie 3TOro OKa3biBaeTcsi oueHb (-
(heKTHBHOM, MOCKOJIBKY PaclpOCTPaHAETCS TONBKO Ha d-000JIOYKY, TOT/Aa KaK OKpPYKECHHE MOXKET
OBITH OIIMCaHO B MEHEE KOPPEITUPOBAHHOM MTPUOIHKECHUH.

2.1. Memoo r¢ppexmuenozo zamunomonuana u nekmpounas cmpykmypa KIIM

Bribepem B xauectBe OOC aToMHBIE CIMH-OPOUTANH, LEHTPUPOBAHHBIE HA aTOMax KOMIUIEKCA!
4s-, 4p- n 3d-opOuTanyu Ha aToMe NEPEXOJHOr0 METaJlIa U BaJICHTHbIE OPOUTAIM HA aTOMaXx JIMTaHOB.
B cootBetcTBHE ¢ 001l Teopue pazodbeM BeIOpaHHBIA 6a3uc ODC Ha nBe 4acTH, IepBas U3 KOTO-
prix (d-cuctema) cogepxuT 3d-AO mepexoAHOro Merauia, a BTopas (JUraHgHas MOJCHCTeMa, WIIH
/-cucrema) comepxur 4s-, 4p-AO nepexonHoro merawia u BaneHTHbIE AO nurannos. B cooTBeTcTBUH
C TakuM pa3zOueHueM MOJHBIM ramMuibToHHaH KIIM B BaleHTHOM TpPHONMKEHHH MOXHO 3aIucaTh
B BHUJIE

H=H;+H+V+V, (19)
rae H; — raMuiabTOHHMAH d-3JIEKTPOHOB B I0JIE OCTOBOB aTOMOB KOMIUIEKCa; /H; — TraMHJIBTOHMAH
AIIEKTPOHOB JIMTAHHOM mojicucTeMbl; V' u V' — oneparopbl KyJIOHOBCKOTO U PE30HAHCHOTO B3au-

MOJEHCTBUS MEXAY IBYMS IOACUCTEMaMH COOTBETCTBEHHO. JTO, OUEBHIHO, COOTBETCTBYET 00LIEMY
penenry (6).

Tounbie (OI'®) BomHOBBIC (YYHKIIMA COCTOSTHUN CHCTEMBI, OITUCBIBAEMON TaMIJIbTOHHAHOM (19),
MOYXHO TIPE/ICTABHTH KaK CYMEPIO3UIUU (YHKIUH (5), OTBEUAIOIINX Pa3IM4HBIM CIIOCO0aM pacipe-
JeneHust N BaJeHTHBIX JIEKTPOHOB 10 ABYM (d- u /-) cucremam. [Ipu moMomy TeXHUKH NapLUUOHUPO-
BaHus JIeBAMHA M YYUTBHIBAs, YTO OMEPATOp V° KOMMYTHPYET C OlepaTopaMu YHUCes YacTull B d- u /-
cucTeMax, a B ramuiabToHnane (19) Tombko cimaraemMoe V' MPUBOAWT K MOSIBICHHUIO HEHYJIEBOTO (-
(exTHBHOTO B3auMoeiicTBus, H “NE ) s KIIM Mo>KHO TpeicTaBUTh B BUJE

Heff:PHOP_,’_ Vrr’
0
H =H;+H+ V", (20)
V" =PV'Q(EQ - QH Q)" QV'P,
4yTO TIOBTOpAET (9) € TONpaBKoi Ha 0003HAYEHMUSL.
B cooTBeTcTBUYM CO ClETAaHHBIMH paHee 3aMEYaHHMSIMH JJI OIleHKH mapameTpoB metoma OI/KII
HaM TOHAJ00MTCS JOCTATOYHO TOYHOE OMMCAHUE JICKTPOHHOU CTPYKTYphl /-cuctemsbl. [Ipocroii aj-
TOPUTM OLIEHKM peuieHuil ypaBHeHuil (20), mpeanoxeHHBId B Hamei pabote [35], 3axiouaercs

B pemrenny ypapuenus mis O B npubmmkennn CCII U BHIUMCIEHHH COOTBETCTBYIONIMX OTHOMIEK-
TPOHHOM MaTPHIIBI IIOTHOCTH, OpOUTANBHBIX SHepruil u kodddunuentos MO JIKAO u ux ucnonb-

30BaHUM IS TIOCTpoeHUsT H fff B COOTBETCTBHH C (18).

Bripaxenue ms H fff AMEET BUJL

H" = Hy (V) + (V) g, 21
rae cuMBoia ({...)); O3HA4YaeT YCPEeIHEHHE 10 OCHOBHOMY COCTOSIHUIO d-000Ji0ukH. Bynem cuurtats,
4yro H, 3ammcaH B KakoM-HUOynb u3 mpuOnmxenuil cemeiictea ZDO. B cuny 3amevanuii pazgena 1
s Beraucienns DD d-060m04Kkn HEOOXOAMMO 3HATh CIIEKTp omeparopa H° B moampocTpaHcTBe
ImQ, onpenensieMblii B TOM YHCiIe OpOUTATBHBIME SHEPTUSAMHE [-CHCTEMBI. DTH SHEPTHH JOJDKHBI OBITh
BBIUMCIICHBI B OTCYTCTBUE d-CUCTEMBI, T.C. IIPU Y4ETEe IMOJHON PKPAaHUPOBKH YacTU OCTOBHOTO 3apsija
aToMa MeTaJula d-3IIeKTpOHaMU, HO 0e3 3¢ (eKTUBHOTO PE30HAHCHOTO B3aMMOEHCTBUA. Bemencraue
3TOTO TPU pacyueTe mapaMeTpoB dIEKTPoHHOH CTPYKTYpHI (IIDC) /-cucTeMsl 411 UCIIOIB30BAHUS TI0-
cienHux B pacuere DI'D d-cucreMsl B BeIpakeHnu (21) Heo6Xx0mumMo oTOpocHuTh craraemoe (V" )),.
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Crnaraemoe ({V“)); OIHCHIBAET KYTOHOBCKOE B3aMMOJEHCTBHE DIIEKTPOHOB [-CHCTEMBI C DIIEK-
TPOHHOMH IIOTHOCTBIO B d-000704Ke. OHO CBOAUTCS K MEPEHOPMHUPOBKE OJHOAIEKTPOHHBIX MapamMeT-
POB 3aTpaBOYHOTO TaMUJIbTOHUAHA H; B cOOTBeTCTBUU C popmyrnamu [ 35 |

ff n
Uy :Uii"'?dzgui’ (22)
n
off 2
Vi =Viu —e ngFy(Ry). (23)

Bripaxenue ms H flff aHAJIOTUYHO

£f :
Hg =H,+{V), +{V" N,
rae ({...)); 03Ha4YaeT yCPeAHECHUE 110 OCHOBHOMY COCTOSIHHIO /-cucTeMbl. [1ociie moacTaHOBOK IoJTyda-
eM

off _ off g+ 1 + o+
Hd =C+ Z Upv ducdvc +E Z Z(“V | Pn)dpcdprdmdvc, (24)
1,v,6 uvpn ot
rae C — KOHCTaHTa, a 3 (eKTUBHBIE OAHOZJICKTPOHHBIE TTApaMETPhl COEPKAT MOMPABKH OT KYJIO-
HOBCKOT'O U pE€30HAaHCHOI'O B3aHMO£[CI>iCTBHﬂ ¢ [-cuctemoit

Ujﬂf =8, Ugg + W™ + Wus . (25)
3mech
W™ =8, > 8k (26)
i

— BHYTpHaTOMHbIii Bkiaa. Mounstii Bknan W,," pasen

stn = ZQLVp.Lva (27)
L
a pe30HaHCHBIH (MIIM KOBANeHTHBIH) Bitan W) paBen
(MO) (-n))*  n;
W == 3 By | (28)
uv WPy ’
7 AE di AEjd

rae n; = 0,1 — uncno 3anonnenus j-i MO [-cuctemsl; AE;(AE;;) — dHeprust BO30yKIEHUS dIEKTPO-
Ha ¢ d-opbuTtanu (¢ j-it MO) Ha j-t0o MO (d-opbutais):
AEy;=1,+e;—gy
B J 7, (29)
AEjy=—¢;=Aq— &g,
neTrko noxydarorcs u3 (18).
2.2. dnexmponnoe cmpoenue u d—d-cnexmpvr KIIM

Omnucansblii B npensiaymeM pasaene metoa DI/KII Obu1 peanu3oBaH mporpaMMHO U UCHONB3Y-
eTcs AJISl pacyeToB 3JEKTPOHHOM CTPYKTYphl M onTHueckux crekrpoB KIIM, amst KoTopbIX UMeEroTCs
JOCTaTOYHO HaJIe)KHbIE 3KCIIEPUMEHTAIbHBIE JaHHBIE 10 TEOMETPUUECKOMY CTpoeHHIo. [t pacyera
BBIOMPANTUCH TOJBKO TaKH€ KOMITJIEKCHI, B KOTOPBIX HU3LIMMHU 3JIEKTPOHHBIMU BO30YKJICHUSIMH SBIIS-
I0TCsl BO3OY»XaeHUst d—d-tuna. Takoe orpaHnveHue SBISETCS HEOOXOAWMBIM Ui MPUMEHHMOCTH
CZICTIaHHBIX MIPU BBIBOJIE TEOPHH HNPEATIONOKEHUH.

3amerum, uto ypaBHeHue lllpeaunrepa ¢ 3¢heKTHBHBIM TaMUITBTOHHAHOM H. sff (E) umeeT MHO-

JKECTBO PEIICHHUH, KOTOPBIC OMHUCHIBAIOT BO30YXKIEHHbIE COCTOSIHUSI d-CHCTEMBI IPU YCJIOBHH, YTO
/-cucteMa 3aMOpOXKeHa B CBOEM OCHOBHOM COCTOSIHHHM. IIpy 3TOM 3JeKTpOHHAst SHEPTHsl CUCTEMEI,

COCTOSIHAE KOTOPOH BBIPAXKEHO BOJTHOBOW (DYHKIIHEH THIIA @g’ACDf), nMeet Bun [ 23, 24 ]
g5 = ES + E', (30)
rie
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d d eff d\. [ _ ! !
EB =<(D6|Hd |(I)5), E _<(D0|H,|CDO),
XO0Tsl XapaKTEPUCTUKU MOACUCTEM BXOJAT B MPUBEICHHOE BHIPAXKEHUE HECUMMETPUYHO (TOJII)KO BE-

JIMYMHBI Egl CYTh DJIEKTPOHHBIE SHEPTHH d-CHUCTEMBI, T.€. COOCTBEHHbIE 3HaUeHUs ee I(H(HEKTHBHOTO

raMmiIbTOHHAHA), Pa3HOCTH EBd —Eg MOXKHO paccMaTpWBaTh KaK OIEHKH JHEPTruil BO3OYKACHHUN

CIIO)KHOM CHCTEMBI, JIOKATN30BAaHHBIX B €€ d-CUCTEME.

Jlyis mpoBeleHUS PAcYeTOB [-CUCTEMBI HCIOJb30BAIK MosyaMnupuueckue Mmetoasl CNDO,
INDO, MINDO/2 u MINDOY/3. Ilpn nanpHelieM pa3BUTHU MOAXO0JA OblJIa M3y4eHa BO3MOXKHOCTH
WCIIOJIB30BaHMs I pacueToB /-cucteMbl Metoma SINDOI [38]. [eranm mapameTpu3aliid MeToaa
OI'/KII onucansl B [ 39 ]. OCHOBHON MacCHB TECTOBBIX PAaCUYETOB OKTA3APUYCCKHX KOMIUIEKCOB ObLI
BBINOJTHEH B pabotax [ 35, 40—44 | u cymmuposan B [ 39 |. Tam ke mpuBeZeHbI 3HAYCHUS BCEX MOIY-
AMIIMPUYECKUX MAPaMETPOB, UCIIOJIb30BAHHBIX B paCUETaX.

2.2.1. Tecmoegvie pacuemst

OxTasyapuyeckne kommiekcbl. Merogom DI/KII Obutn mpoBeneHbl pacdeThl CICAYIONUX Ce-
puit komrutekco: MF¢ , M = Mn, Fe, Co, Ni; MCly", M=V, Mn, Fe, Co, Ni; M(H,0)¢", M=V,

Mn, Fe, Co, Ni, u M(NH;) ?, M = Co, Ni. CrieKTp HU3MIUX ICKTPOHHBIX BO3OYKICHUNA B dTHX KOM-

TUIeKCaxX SIBISIETCS d—d-CIIeKTPOM ¥ OOBIYHO MHTeprperupyercs Ha ocHoBe TKII mis oxrasapude-
ckoit cummerpun (O)). PesynbraTel pacdeToB 3HEpPruil Bo30YKACHUS d-000J0YECK PACCMOTPEHHBIX
KOMIIIEKCOB MOKA3bIBAIOT, YTO TOA00POM MacIITaGHPYIOUMX MHOXHUTeNeH (mapamerpos B, xapak-
TEPHBIX IJIs Tap METalI—IOHOPHBIN aTOM) yAaeTCs JOOUTHCS YJIOBIETBOPUTEIHLHOIO COTJIACUS pac-
CUMTAaHHBIX HPHEPTHH C SKCIIEPUMEHTAIbHBIMHU JaHHBIMH TI0 CIIEKTPaM TOTJIOIIEHUS, HHTEPIPETHUPO-
BaHHbIMU B pamkax TKII. Bo Bcex cimyuasix yaaeTcs MpaBUIbHO BOCIIPOU3BECTH CUMMETPHIO M MYJIb-
TUIUIETHOCTh OCHOBHOTO COCTOSHHS. DTOT pe3yJIbTaT IMOATBEPKIAcT 00OCHOBAHHOCTH BBIOPAHHOMN
HaMH MOJIENTM U CHIEIaHHBIX MpuOmmKkeHnidi. Mbl He OyZieM PUBOUTH OOIIMPHBIE TAOIUIIBI COMIOCTaB-
JICHHUSI CTIEKTPAIbHBIX W PACUETHBIX XapaKTEPHCTUK KOMITJIEKCOB, NMEIOIINECS B HAIIUX OPUTHHAIb-
HbIX pabotax u B [ 39 ]. [IpuBeneM B kauecTBe MpUMEpPa pe3yIbTaT TECTOBOTO pacdeTa CIeKTpa OKTa-

3JIpPUYECKOr0 MOHA MnClgf B CPaBHEHUU C FKCIEpUMEHTOM (Tabu. 1). Kak MOXHO BHIETH, s 00JIb-

IIMHCTBA JUHUN 1TOA00p OJTHOTO IMapameTpa MO3BOJSEeT NTOOUTHCS MPAKTUYECKH UACATBHOTO COTIIacHs
pacdera u 3kcrnepumenta. CymmapHas MH(oOpManys, XapakTepu3yoollas KauecTBO HOATOHKU Iapa-
METPOB, TakoBa. bbulo paccMoTpeHO 16 KOMIUIEKCOB, MEPEUMCICHHBIX BbIme. [ TecTUpOBAaHUS
U TapaMeTpHu3alii MeTona ObUIO UCIOoNIb30BaHO 70 CHEKTpaNbHBIX JUHHN, WHTEPIPETUPOBAHHBIX
9KCHEPUMEHTATOPaMH KaK d—d-Tepexopbl.

B pesynbrate moxbopa mapamerpoB BM° oka3anoch, YTO OTHOCHTENbHAS OMIMOKA MPEBBIIIACT
10 % B Tpex cayvasx u3 70, a ommOKa, mpeBbimaromas 5 %, BCTpedaeTcs elie B BOCBMH CIydasXx.
Camu 3KcIIepUMEHTaIbHbIE JaHHBIE, OAHAKO, HENb3sl CUMTATh OJHOPOIHBIMH, TIOCKONBKY IJIS1 HEKOTO-
PBIX BBICOKOJISKAIIUX TIEPEXOJIOB CIIEYET OKUIATh OOJBIION OTHOCHTEILHON OMIMOKY 33 CUET CHJIb-
HOT'O B3aMMOJIEHCTBHUS ¢ COCTOSHUSAMHU C IepeHocoM 3apsiaa d — [ u [ — d. Takue nuauu uaeHTuu-
HUPYIOTCS B IMTEpaType Kak BooOIIe mioxo noaaatommecs onucannio B pamkax TKIIL. [lns Bcex oc-
TaJIHBIX MEPEX00B OMIMOKa pacueTa ¢ MoA0OpaHHBIMH MapaMeTpaMu COIOCTaBHMa C OLIMOKOH OIl-
peliesieHnst caMUX YHEPruil epexooB ¢ yUYeTOM TOro, YTO HaMu ObUIN HCIIOJIb30BAHBI JaHHBIE T10 I1e-
pexoaaM Kak B KpUCTaJUIaX, TaK U B PAcTBOpPax, COJEPKAIIUX KOMITJIEKCHbIE HOHBL. C y4eToM 3TOro
TOYHOCTb ONMCAHUS TECTOBOTO Habopa MOKHO CUUTATh YJOBIETBOPUTEIHHOM.

Terpadapuueckue KOMILIEKCHbIC AHHOHBI MClﬁ_. 3HayeHHE pacueToB TETPAdAPUUECKUX

2— .

xommuiekcoB MCl;~, M = Mn, Fe, Co, Ni metogom DI'/KII 1 Hamiero noaxoaa COCTOUT B TOM, YTO
“ o MCI

TAKOW pacyeT SIBJIAETCS MPOCTEHINNM TECTOM Ha MEPEHOCHMOCTh mapameTpoB B . Husmumu smek-

TPOHHBIMU BO30YKIEHHUSIMH B IOHAX MCI?{ SIBIITIOTCS. BO3OYKIIEHUS d—d-THIIa, 9TO MO3BOISET HC-

MOJIb30BaTh MPETIOKEHHBIN MOAXO K OMHMCAaHUIO UX AJIEKTPOHHOUW CTPYKTyphl. Pacdersr mpoBoanimm
JUISL BICATTFHO TETPAdAPUICCKON reéOMETPUN KOMITJIEKCOB.
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Tabnuma 1 Tabnuma 2
Pesynvmamel mecmoguvlx pacuemos cnekmpa Pesynvmamur pacuemos cnekmpa
OKMAIOPUHECKO20 UOHA MnCl‘é* 6 CpasHeHuu mempa’opuiecKoeo uoHa Mnlef
€ 9KCHEPUMEHMOM 8 CpAaBHEeHUU ¢ IKCNEPUMEHMOM
IMepexon E™P e | B oM Iepexon E™P e | B oM

(’Alg—>4T1g 18510 18500 04, 4T, 21102 21250

- 4ng 21520 22000 -7 22446 22235

—*4,,'E, | 23590 23590 —4,'E | 23020 23020

- 4ng(D) 26460 26750 — *Ty(D) 25996 26080

— *E/D) 28065 28065 — *E(D) 26709 26710

— *T1(P) 32630 36500 - ‘Ty(P) 30195 27770

- 4Azg(F) 38140 38400 — *Ay(F) 36444 33300

— ‘T (F) 39140 40650 —*T\(F) 36706 34500

- T, 37732 36650

PacdeTs! MpoBOIMIINCH C UCTIONB30BAaHNEM JABYXIIEHTPOBBIX IMapaMeTPOB, MTOI0OOPaHHBIX 10 JKCIIe-

PUMEHTAIBHBIM JHEPTUSAM d—d-TIepeX00B B OKTAdIPHUECKUX KOMILIEKCax MClg_. [IpaBmibHOE

npeacKa3zaHnue MYJbTUINICTHOCTU U CUMMETPHUU OCHOBHOI'O COCTOSIHUS KOMIIJICKCOB MCI 42‘_, a TaKKeE

YIOBIETBOPUTEILHOE COTJIACHE MEXIY PACCUUTAHHBIMU M HAOIIOMAEMBIMH B JKCIICPUMEHTE JHEP-
TUSMH TIEPEX0I0B CBUACTEILCTBYIOT O XOPOIIIel MepeHOCHMOCTH (TpaHcdepadeTbHOCTH) TTapaMeTpOB

MCI
B mexny KIIM c pa3nuuHBIME KOOPAMHALMOHHBIMU YHCIaMu. B kadecTBe mpumepa npuBeIeM pe-

MnCl

3ynbTaT pacyera cnekrpa nona MCl ﬁ_ C HCIIOJIb30BaHUEM Mapamerpa 3, HOJOOPaHHOTO I OKTa-

SAPHUYCCKOTO KOMIUICKCA, B COIIOCTABJIICHUUN C SKCICPUMCHTOM (Ta6J'I. 2) Mu1 BUIUM TIPAKTHYCCKHU
HNACATIBLHOC COrjlacue MEXKAYy pacdeTOM U OKCICPHUMCEHTOM. Bo3MoxHOCTh onmcaTh TETPASAPUICCKUEC
KOMIUJICKCHI IIPpHU MMOMOIIHN MapaMETPOB, HO,I[O6paHHBIX AJIA OKTasAPpHUUCCKUX, CBUACTCIILCTBYCT O BHYT-
peHHeﬁ COIJIaCOBAaHHOCTU TCOPUHU.

2.2.2. Komnaexcol ¢ azomcooepicauiumu 1u2anoamu

Cnun-aktuHble komiuiekchl Fe(Il). B manbueitmem meron DOI/KII npumensuics kK aHanuzy
SKCMEPUMEHTAIFHBIX JaHHBIX B Hammx pabortax [ 43, 45]. Haubonee BrpaxxeHHBIN ycrex ObLT AOcC-
TUTHYT NPU ONMCAHHHU CIHH-aKTHBHBIX KomiuiekcoB Fe(Il) ¢ kordurypammeii d°, wis KOTOPEIX BO3-
MOYXHBI OCHOBHBIE COCTOSIHUSI CO CIMHOM () B CHIJILHOM II0JI€ JIMTAHOB, 2 B CIa00M moje. MoJeKyJIbl
C MCHBIICH MYJIBTUIUIETHOCTEIO Ha3bIBatoTCs Hu3KocmuHOBBIMU (HC), ¢ O0IbIeii — BBICOKOCITHHO-
BEIMH (BC).

B ciyuae, xorma mosie nuraHgoB TakoBo, 9to 10Dg 6mm3ka K cpemHed SHepruH KyJIOHOBCKOTO
B3aUMOJICHCTBHSI SJIEKTPOHOB, MOJIEKyJa KOMIUIEKCa MpH HEOOJbIIOM M3MEHEHHUH Te€OMETPHYECKHX
napaMeTpoB M COOTBETCTBYOMIEM m3MeHeHnn 10Dg n3MeHseT MyJIbTHILIETHOCTh IEHTPAIBHOTO HOHA.
Ecnn n3MeHeHne reoMeTpun MHIYIHPYETCS W3MEHEHHEM TEeMITepaTyphl WM JaBICHUS, TAKOE SBIe-
HUE Ha3bIBaeTCs CMHOBBIM TepexonoM (CII), a koMIuIeKChl, 00HAPYKUBAIOIINE €T0, — CIUH-aKTHUB-
HBIMH KoMmIuiekcamMu. K HacTtosmemy Bpemenu u3BecTHO Oonee 100 Takux BemecTB (cM. 0030pbI
[46, 47 ]). OcHOBHOIf MacCUB dKCIIEPUMEHTAIBHBIX JTaHHBIX OTHOCHTCS K IIECTUKOOPIWMHUPOBAHHBIM
niceBaookTadapudecknM kKomruiekcam tuna [Fe(Il)-Ng] ¢ opranndeckumu a30TconepKaliuMy JTUTaH-
JTAMHL.

I'eomerpun BC u HC cocTosHnit HEKOTOPBIX CIIMH-U30MEPHBIX MOJIEKYJI U3BECTHBI U3 3KCIIEPH-
MeHTa. OHU OTIUYAIOTCS MEKATOMHBIMU PACCTOSHUSMU METaJI—IIUTaH], KaK MpaBUiio, TPUMEPHO
Ha 0,2 A u ropasfo MeHbIIe (B MPOIEHTHOM OTHOIIEHHH) BAJIEHTHBIMU YIJIaMH JIMTaHI—MeTalll—
murasg (okomno 5°). Jlurannet npu CII, B o0mmieM, He MEHSIOT CBOIO T€OMETPHUIO M CMEIIAIOTCS Kak
1eJI0e B KOOPAMHAILIMOHHOM cdepe MeTana.
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Taxoi Habop cBOHCTB AenaeT cnuH-akTuBHBIE KIIM mpuBnexareabHbBIM 0OBEKTOM Kak JAJIsl Tec-
tupoBanus metofa OI/KII, Tak u 1is ero npuMeHeHHs KaKk MHCTPYMEHTa HCCIIeIoBaHus. Tak, B KOM-
wiekce [Fe(phen),(NCS),] nnuna cssu Fe—N(phen) cocraBnser =2,2 A (BC, T=293K) u 2,01 A
(HC, T = 130 K); yrmer N(phen)—Fe—N(phen) cocrasmsror npubmmsutensao 76 (BC) u 82° (HC).
Jmaet npyrux cBszeit B BC 1 HC ctpykTypax Mano (110 CpaBHEHHIO C TIPUBEICHHBIMH) OTINIAIOTCS
JIpyT OT JIpyra win BooOIie He usMenstorcs. B padore [ 43 | metogom DI/KII Obutn mpoBeneHsl pac-
yeThl Juia OkcrnepuMeHTanbHbIXx Teomerpuiik HC u  BC  xommmekcoB  [Fe(phen),(NCS),]
u [Fe(bipy),(NCS),]. B pamkax pacdera HaM yIaJOCh BOCIPOM3BECTH IOJHBIN CIIMH OCHOBHOTO CO-
CTOSIHUS Il KaXXKJOM COOTBETCTBYIOILIEH SKCHEPUMEHTAIbHOM TreoMmeTpuu. PaccunTtaHHas cpemHss
sueprus nepexogos HC xommiexca [Fe(bipy),(NCS),] 'A; — *Ti; 9930 cM ' comocTaBuma ¢ sKcIepH-
MeHTaIbHON momocoii 10400 cM ', a paccuMTaHHAs CpeIHSS SHEPrus mepexomoB 'A; — T e
17930 cm ' — ¢ skcnepumenTanbHoit mosocoit 18 500 cv . Jlna BC m3oMepa B dKCHEpHMEHTE Ha-
6IoaeTCs WIOXO paspelleHHas nonoca mpu 11 900 cv ', Harn pacuer moMemaeT BHICOKOIHEPIeTH-
YECKYH0 KOMIIOHEHTY pacuiersieHHoro mno Say—Temnepy paspemnieHHOTo 1O CIUHY Iepexojia
*Tye — *Eg ipu 10 900 cM . B Toif e 061acTH SHEpriii HAXOMATCA 3apPEIICHHbIE 110 CIIHHY TePexo-
ae1 T 2 —> 3T 1¢ (cpennsist aueprust 10 700 CM*I) u’T g —> lAlg (10900 CM*I). Takum 00pa3oM, MOKHO
CUHTATh COTJIACHE MEXIY PacYeTHHIMH M HKCIEPUMEHTAIHHBIMU JaHHBIMU BIIOJHE IMPHUEMJIEMBIM.
OHO IOCTHTHYTO C HCIIOJNIb30BaHWEM EIMHOMN MapaMeTph3allii, YTO MO3BOJSET YTBEP)KIATh, UTO HE
TonbKo 3HaYeHus1 napametpoB DI /KII nna pukcupoBannoii reomerpun nepenatorcs merogom DI /KIT
€ HEOOXOMMOM TOYHOCTBIO, HO TAK)KE W UX 3aBUCUMOCThH OT MEXbBAJEPHOTO PACCTOSHUS B MHTEpBaJe
3HaYeHUH, xapakTepHbix s KITM.

Mertannonoppupunbl. DPQPeKTHBHAS TPAKTOBKA HEJAWHAMHYECKUX KOPPEISIHMHA B MeETO/E
OI'/KII mpuMeHHTENbHO K cUH-akTHBHBIM KoMmIutekcaM Fe(Il) ¢ azorconepxamumu nurangamu [ 43 |
MO3BOJISIET HAESITHCA, YTO 3TOT METOJ] OKXKETCS YCIEITHBIM MIPUMEHUTENHHO K 3a/1a4aM 00 OCHOBHOM
COCTOSIHUM ¥ HU3KODHEPIeTUYECKOM CIEKTpe MeTauionoppupuHoB. COOTBETCTBYIOIIEE UCCIIEIOBA-
HHe ObUI0 mpeanpuHsaTo B [ 44 |. UccnenoBanus snextponHoit ctpykTypbl CCII ab initio pacuetsl me-
TaIONOP(GUPHUHOB CHCTEMATHUYECKH JAIOT HEBEPHBIN Pe3ysIbTaT, IePeolleHHBasi OTHOCUTEIBHYIO CTa-
6uabHOCTh BC 0CHOBHBIX cocTostHuit. B crydae MnP (P — nopduH) cekcTeTHOe cocTosHne *A . ecTh
UCTUHHOE OCHOBHOE coctostHue [ 48 |. Omuako B ciayuae CoP momydeHHoe B ab initio pacdeTe OCHOB-
HOE COCTOSIHUE OKa3bIBaeTcs kBapTeToM [ 49 |, a nns FeP — xBunTetom [ 50 |. B 00oux cimyuasix uc-
MoJIb30BaHMe orpanndeHHoro KB yacTW4HO yiydmaeT CHTyaluio B TOM OTHOIIEHHH, YTO JSHEPTHH
COCTOSIHHI, OTBEYAIONINX JKCIEPUMEHTAILHOMY 3HA4YEeHUIO CrMHA (AyOJneT i KoOalbTa M TPUILIET
JUIS JKene3a) MOHMKAIOTCS, HO OCHOBHOE COCTOSIHHE OCTaeTCsl BBICOKOCIIMHOBBIM B IPOTHBOPEUUH
C KCIIEPUMEHTOM JaKe MPHU JIOCTATOYHO HIMPOKOM Habope koHuryparuii [ 50 |. OTHOCUTENBHO XKe
FeP cutyauus cknanplBaeTcsi JOCTATOYHO CKaHAAJbHAs: CHCTEMAaTH4yecKoe "yiayuuieHue” npumeHse-
MBIX ab initio METOJJOB TIPW PACIIUPEHUH aKTUBHOTO MPOCTPAHCTBA MPUBOANT K YXYAIIECHUIO PE3yIIhb-
tata [ 51 ]. Merox OI'/KII B nmpuMeHEeHHMH K MeTa/uIOnop(GUpHUHAM CYIIECTBEHHO YJIyYIIaeT CUTya-
muro. Jlns miaHapHOW TEOMETPUH TPEX PacCMOTPEHHBIX METAIONOPGUPHUHOB BO BCEX COyyasx yAa-
€TCsl BOCITPOM3BECTH IKCIIEPUMEHTAIBHBIE CIIMH U CUMMETPHIO OCHOBHBIX COCTOSHHI C HCIOJB30Ba-
HUeM napameTpoB B, MOI0OPAHHEIX VIS OKTAaIPUUYECKHAX KOMIIIEKCOB STHX METaJIIOB.

2.2.3. OKcuowt nepexoonvix Memaininoe

DNEKTPOHHASI CTPYKTYpa MAaTepHUaIoB, OCHOBAHHBIX Ha OKCHAAX MepexonHbix MeTawioB (OIIM),
TaKUX KaK BBICOKOTEMIIEpPATypHBIE CBEPXIPOBOIAIINE KyNpaThl [ 52 ], mpeAcTaBiseT 3HAUUTEIbHBIN
uHTepec. Jlns Toro 4ToOBl BRIMUCINTE d—d-Bo30yxnenus OIIM, B muTepaType UCHONB3yeTcs Kiia-
CTepHOE MPUOIMKEHHNE, CBOASIIEECS K pACCMOTPEHHIO OAMHOYHOTO MOHA MEPEXOTHOTO METaljia U ero
OmKaiiiero OKpy>KeHHsL.

B paborax [ 53—55] mb1 mpoBenu knactepHble pacuetsl OIIM ¢ mcnonbp3oBaHHEM KIIacTEpOB
0OJBITIOr0 pa3Mepa W CPAaBHIIIA MX C pe3yibTaTaMH HAIUX pacdeToB [ 54 |, BRIMOJHEHHBIX HA MUHU-
MaJIbHBIX KJIacTepax. DTOT MOJXO0]I TIO3BOJIMI HAM OL[CHUTH BCe AP PEKTH KPUCTAIUIMIECKOTO OKPYXKe-
HUs. OKCIEpUMEHTANIbHbIE JAHHBIE OTHOCATCS K JOBOJIBHO CHUJIBHO DPA3NYAIOIIUMCS CHUTYalUsIM:
CIEKTPaM ONTHYECKOTO TIOTJIONMEHN B 00beMe KpHCTalia U CIIEKTPaM SHEPTreTHUECKUX TOTEPh dJIeK-
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TpoHOB BbIcokoro paspeuieHus (COIIDBP) Ha ux moBepxHOCTAX. DTH TaHHbBIE YAAIOCH IPOUHTEPIIPE-
TUpOBaTh TpH oMoty pacuetoB DI /KII noHOB MeTanmaoB B 00beMe U Ha MOBEPXHOCTH Sx5x5 Kia-
cTepoB. PesysbraTel BeIUMCIeHHT 11t noHa Co® B 06beMe He OUeHb CHIBHO OTIHYAIOTCS JUIA Kila-
CTEPOB MUHUMAJIBHOTO pa3Mepa U 5x5x5. OqHako JJisi TOBEPXHOCTHBIX COCTOSIHUN YBEIHUEHUE pa3-
Mepa KilacTepa 3HAYUTENbHO YIy4IlaeT ONMUCAaHHe HU3KOIHEPTeTUYECKUX COCTOSHHM, HAOI0JaeMbIX
B criektpax COIIDBP [ 56]. CormacHo BRIUMCICHUSAM W U3MEpEHUsAM [ 56, 57 |, Husmee Bo30yKIeH-
Hoe coctosiaue 'E umeet suepruio 0,05 3B. DT0 0YeHb XOPOIIO COrNACYETCS C BRIYMCICHUAMH HALIEH
pa6ots [ 53] (0,03 5B). HanpotuB, B [ 54 ] sHeprusi Bo30ykIEHHOIO COCTOSHWS £ OblTa OlEHEHA

B 0,45 5B ¢ Hcronp30BaHNEM MUHUMAJIBHOTO MMOBEPXHOCTHOTO Kinactepa CoO g_.

3aBepiast onmcanue npumeHernii merona DI /KII k mccienoBannio CieKTpoB d—d-Bo30yXIe-
auit B KIIM # poACTBEHHBIX CHCTEMax, YIOMSHeM, 4To B Hamreil pabdorte [ 58 ] metom BI/KII Ovn
peannzoBaH ¢ wucnoib3oBaHueM INDO mapamerpuzanuu Ans pacdera dSJIEKTPOHHON CTPYKTYpPHI
l-cuctemsbl, a B pabote [59 ] pacmpocTpaHeH Ha KOMIUIEKCHI TPEX3apsAHBIX HOHOB 3d-3JIEMEHTOB.
B oboux cinywasx mapaMeTpu3alMio NMPOBOIMIN NMPUMEHHUTEIBHO K PacueTy OCHOBHBIX COCTOSIHUH
U CHEKTPOB HHU3KOIHEPTeTHUECKHX BO30YXIEHHH d-0001I0YKH MX (TOpO-, XJIOPO-, aKBa-, aMUHO-
¥ IMaHOKOMIUIEKCOB. Pacuer sHepruii nepexonos B d—d-cnekrpax meronom DI/KII ¢ momoOpanHO#
HaMH MapaMeTpHu3ale JaeT pe3yIbTaThl, XOPOILIO COTIAacyIOUIecs ¢ SKCIEPUMEHTOM. PacxoxaeHus
yKIampIBaloTes B uHTepBan 1000 cM ', 33 MCKIIOYEHNEM LHAHUIHBIX KOMIUIEKCOB, B KOTOPBIX HEKO-
TOpBIE PACCUMTAHHBIE YHEPTUHU TIEPEXOI0B OTKIOHSIOTCS OT IKCHEPHUMEHTATBHBIX 1oj10c 10 2000 cM .

3. HOJYOMIIUPUYECKASA KBAHTOBASI XUMMUS B ITIPUBJINKEHUU CJIT

B nmpenpinymieM paszaene Mbl HCIIONB30BaM pa30MeHUe 3JIEKTPOHOB Ha TPYMIbI AJSl TOTO, YTOOBI
PEIINTh MPOOIIEMBI TTOTYIMITHPUIECKOTO OMHCAHUS JIEKTPOHHON CTPYKTYPHI M CIIEKTPOB HU3KOIHEP-
reTudeckux Bo30ykmenuit KIIM, He HaxoIWBIIE CBOETO PEIICHUS HA MPOTSHKEHUH MHOTHX JECATH-
JeTuil. OTH pe3ysbTaThl NPOJEMOHCTPUPOBAIN TOJNE3HOCTh OOLIeH CXEMBI Pa3AeieHus JIEKTPOHHBIX
TIepeMEeHHBIX, CIIOJIb30BaHHOW HaMU. B maHHOM pa3zjene Mbl MPUMEHUM TIPEATIOKEHHYIO B pasnene |
00mIy10 MOAENTs KOHCTPYHPOBAHHUS IOTyIMITUPHYECKOTO METOA, ONEPUPYIONIETro ¢ HaOII0 aeMbIMH
HJacTsaMHU MOHCKYJIHpHOﬁ CUCTEMBI, K CIIy4ar0 MOJICKYJI, KOTOPLIC XapaKTCPU3YIOTCA HAJINIUEM JIBYX-
9NEKTPOHHBIX ABYXLEHTPOBBIX CBs3eil. B kauecTBe pe3ynbTaTa MBI MIOJYYHM CEMEHWCTBO MOIYIMIIH-
PUYECKHX METOJIOB pacyeTa dJIeKTPOHHON CTPYKTYpPHl OPTaHUYECKUX MOJIEKYII, O0JIaJaroInX CBOWCT-
BOM JIMHEHHOH 3aBUCUMOCTH 00beMa HEOOXOUMBIX BBIUUCIUTEIBHBIX PECYPCOB OT PA3MEPOB CHUCTE-
Mbl. X0Ts mpobiema moctpoeHuss O(N) METOAOB MPEICTABIAECTCS HAa MEPBBIA B3IVISA COBEPIICHHO
OTIUYHOM OT mpobsieMsr onucanust KIIM, 4bu cBOHCTBa onpenesstoTcs TPYIIIOi CHIIEHO KOPPEITUpo-
BaHHBIX 3JIEKTPOHOB B d-00051049Ke (B MPOTHBOIIOIOXKHOCTh CJIA00 KOPPEITMPOBAHHBIM DIICKTPOHAM
B OpraHUYECKHX JIMT'aHJax), MEeXIy HUMH CYIECTBYeT ITyOoKast BHyTpEHHsIs CBsi3b. O0e B KOHEUHOM
UTOTE CBOJATCS K BHIOOPY aJIEKBaTHOTO CIIOCO0A pa3elieHUs] DIIEKTPOHHBIX TMEePEMEHHBIX. AHAIN3
BotHOBOH (yHKIMH npuommkenus CCII mokas3pIBaeT, 9To U B ClIydae OPTaHMYECKHX MOJIEKYII €€ HC-
MOJIb30BaHUE MPUBOANUT K PALY CYIIECTBEHHBIX pobOiieM. Tak, aCHMNTOTUYECKOE TIOBEICHUE BOITHO-
Boii ¢yHkumu npudmmxenuss CCII mpu GONBIIMX MEXBAAEPHBIX PACCTOSHUAX HEKOPPEKTHO. DTOT
(hakT XOpOIIIO M3BECTEH HA MPUMEPE MOJEKYIBbI BOAOPOAA, Ui KOTOPOU pacyeT SHEPTruH JHUCCOLHUa-
uuu B npubmmkennn CCII maet HempaBuibHBIE pe3yibTaThl. [[pUu4nHON OMMOKK SBISETCS TO, YTO
NpU YBEIHMYEHUN MEXDBSIIEPHOTO PACCTOSHUS KOPPEJSLUH 3JIEKTPOHOB UTPAIOT BCe OOJNBIIYIO POJIb,
YTO HUKAK HE OTpaxkaercs B BOHOBOW ¢yHKImH npudmmxerns CCIL. Tot xe nedexT mpubiamkeHus
CCII mposiBUTCSl BO BCEX Cydasix, KOIZla MPOUCXOAUT TeMOJIUTUUYECKUH pa3phIB G-CBsizeil. B momyam-
MAPUYECKIX METONax, OCHOBaHHBIX Ha mpuOmmwkernn CCII, oH KoOMIeHCHpYyeTCs TMoI00opoM mapa-
METPOB.

AJbTEepHATHBA COCTOHUT B TOM, YTOOBI YUECTh HapHbIe KOPPEIALUH DJIEKTPOHOB XOTs ObI BHYTPH
CBsI3el, 4eM 00eCIeunTh MPaBUIbHOE ¢ (PU3MYECKON TOYKM 3PEHUS TMOBEJACHHUE MPU TeMOTUTHYECKOM
paspeiBe. DTO nenaeTcs B MPHOIMKEHUN CTPOTo JoKabHBIX reMuHaieit (CJII). OHu mpeacTaBisioT
co00# ABYX2JIEKTPOHHBIE BOIHOBBIE (yHKIUH noHoro KB B 6a3uce nByx opbOuraneil, ieHTpUpOBaH-
HBIX Ha aTOMax, MEXIy KOTOPhIMH WMEEeTCS XMMHUYECKasi CBs3b. Takas BOJTHOBas ()yHKIIMS TapaHTH-
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POBaHHO MMEET MpaBWJIBHYI0 aCUMIITOTHKY IpPH pa3pblBE€ COOTBETCTBYIOIIEH CBA3M. B Hacrosmem
paszene Mbl IPeICTaBUM PE3yJIbTaThl IPUMEHEHUS 3TON aJbTePHATUBHI.

OrpaHudeHys IpH UCHOJIb30BAHUM JIBYX3JIEKTPOHHBIX TPYII IPH IOCTPOEHUH N-3JIEKTPOHHBIX
¢yHkuuit B o01ieM ciyyae oueBHIHBI. B HEKOTOPHIX cHCTeMaX KOJIJIEKTUBHBIA XapakTep MOBEACHUS
3JIEKTPOHOB SIBIIsIETCA CylecTBeHHbIM. [Ipocreiimuii mpumep — Monekyia OeH3071a, ONMCaHUE CHC-
TEMBI TT-3JIEKTPOHOB B KOTOPOH TpeOyeT paccMOTPEHHsI IECTUIIEKTPOHHOW TPYMIbl IIOMHMO JABYX-
ANIEKTPOHHBIX Tpynn. Jpyrum mpumepom siBisieTcs pa3Butas B pasnene 2 teopus O1/KII, ucromns-
3yrolas B Ka4eCTBE OJHON U3 IPYIII, COAEPIKAIILYIO /1y TEKTPOHOB d-000JI0UKY.

3.1. /lokanvHnoe onucanue 31eKMPOHHOU CIMPYKIMYPbL OP2AHUYECKUX MOTEKYT
3.1.1. IIpuébnuscenue CJIT

B HacrosmeM pazaene Mbl pacCMOTPUM NOJTy3MIKpHUEcKyto peanuzanuio merona CJII'. Bonno-
Basi QyHKIMs cucTeMbl B pamkax npubmmxenus CJII' umeer Bux

(@) =]]g., 10), (31)

IJle OMepaTop g, BBIPAXKEH vepe3 GpepMH-OTepaTopsl v U [ POKIEHHUS SIEKTPOHOB C MPOEKIHEL
crimHa 6 Ha OOC |r,), |1

gr; = umrr;otrr;B + le;tal;tﬁ + W (rr;(xl;tﬁ + lr;arr;ﬁ ) (32)
yCJ‘IOBI/Ie HOpMHpOBKI/I IJIA Kamnoﬁ T€MHUHaJIu UMECT BU/
(018, |0) =10y + v + 2w =1. (33)

I'eMuHanbs onuchIBaeT CHHIVIETHOE COCTOSIHUE Mapbl 3JEKTPOHOB. BenuuuHsl u,, U v, OPEACTaBISIOT
co00# amnaunyObl MOHHBIX BKJIaJOB B BOJHOBYIO (PYHKIHIO TEMUHAH |g,,), & W, NPOMOPLUOHAIBEHA
amnaumyde KOBAJIEHTHOTO (TOMEONOSIpHOro) Bkiaaaa. B cnyuyae nemopenennsix nap (HII) ocraercs

TOJIBKO OJTHA HOHHAS KOH(UTYpaIHs:
+ +

Em :rmotrr:t—[}' (34)
3.1.2. Cmpozo nokanvhvle 2udpuoHsle opoumanu

B kagectBe O2C |r,,), |/,,) I TOCTPOCHUS TeMUHAICH BEIOEPEM CTPOTO JIOKAJBHBIC THOPHUTHBIC
opouranu (I'O) [ 60 ]. Ha kaxxgom aToMe cuctema takux ['O mojiydaeTcst OpTOroHaJIbHBIM MPeodpa3o-
BaHHWEM HUCXOAHOTo Habopa AQO. BrwlpakeHue a7 COOTBETCTBYIOIIUX OIEPATOPOB YHHUTOKECHHS
MO>KHO 3aImucath depe3 dpepmu-oneparopsl AO

tmcs = Z hini(Tm)aiG’ (35)

iel,,

rae oboznauenne 71, (R, wmm L,) oTHOCHTCS K HOMepy "mipaBoro” ("nmeBoro”) atoMa cBsi3u m. 3Hade-
Hus t U t'(=£1) coorBercTByYIOT # 1 [. 'O omnpenensroTcst BApHAIMOHHO — KaK U JIPyTHe HapaMeTphl
BOJTHOBOHW (DYHKIIMHM — W3 YCIOBHS MUHUMYyMa (hYHKIIMOHAIA SHEPTHH. MaTpuIls! A, mpeodpa3yromniiue
0azuc AO, cCOCTOSIINI U3 OHOM S- U Tpex p-opOutaineii, k 6asucy 'O, ABNAIOTCS 2JIEMEHTaMU TpyII-
el SO(4) opTOTrOHATBHBIX MPeoOpa3oBaHU B YETHIPEXMEPHOM IpocTpaHcTBe. Jlrobas marpuna 'O
h(A) MOXeT OBITh IPEICTABICHA B BUJIE IPOU3BEICHUS:

A A A
hA)=h(0™) = R(e; ) H (o)), (36)
rae 4x4 MaTpu4HbIE COMHOKHUTEIH, ONpEeACISIIONINe, COOTBETCTBEHHO, OpHEeHTaluIo (MaTpuua R) Ha-

6opa 'O kak 1enoro U OTHOCHTENBLHBIC Beca s- U p-opOuTaneil (MaTpuia H) B HUX, CAMU SBJISIOTCS
MIPOU3BEACHUSIMHI MaTPHIT IKOOHEBHIX BpareHui [ 61 ]:

R((D l) = Jyz (myz )sz ((sz )ny ((ny )’
H(O) b) = Jsz (msz )sz ((Dsy)‘]sx ((sz)’

(37)
o,=(»

yzﬂ('oxz’(’o

0= (0,0

xy /2

sy’(’)sx :
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3.1.3. Dnekmponnstii 2amunomoHuan u IHepzua 6 npuodaudxcenuu CJII

I'amunsTOoHMaH MOHGKyanHOﬁ CUCTEMBI B JOCTATOYHO OGH.ICM NOJYySMIIUPHUICCKOM HpI/I6J'II/I)Ke-
HUH MOXXHO IIPEACTABUTH B BUJAC CYMMbI OTHOIICHTPOBBIX U AIBYXIECHTPOBBIX BKJIAJ0B!:

1
H=Y Hy+—Y Hyg. (38)
A 2 5=B
B npencrasnennun depmu-oneparopos ['O (35) uMeeM OTHOILICHTPOBBIC BKJIA b

A A
HA = z (StmtmrUt Z Vt L B)tmc m's z ZBmlmz (tr;lctmzc—i_h'c‘)—i_

meA,c B#A m<m, G
A+ + (39)
z Z(tml tmz my m4) tmlc tm3r tm46 tmzc
my,my, o1
m3,m4eA
U ABYXICHTPOBBIC
+
Hpyg=— ). ZBmIMZ (o by T 1) +
meA,meB o
JAB v (40)
+ Z Z( m m2 m3 m4 Z mc tm3‘t tm4‘c tmzc’
my ,my €A, ot
my,mycB

rae h.c. 03Ha4aeT SPMHUTOBO CONMPSDKEHME, a B IOCIENAHEH cyMmMme mpeanonaraercs, uro I'O [z,,) mo-

MapHO MPUHAJIekKAT aToMam A u B.

Ucnonw3ys paznoxenus: ['O mo 6a3ucy AO (35), MBI mory4aeM MOJIEKYJISIpHbIE HHTETPaIbl B Oa-
suce 'O B BHjie JMHEHHBIX KOMOUHALMI uHTerpaioB B Gasuce AO. IMapamerp U mpexcrapnser
HpI/ITH)KeHI/Ie anektpona Ha 'O |#,) k "cBoemMy "ocToBy. B pacuere Takxe HEOOXOIUMBI MHTETPAJIBI
(t - |tm2 tmz) KYJIOHOBCKOI'O OTTaJIKUBaHMsI AJIEKTPOHOB, HaXxoAsmuxcs Ha ogHoi 'O, u npusezaeH-
HBIC UHTETPAJIbI OTTAIKUBAHUS AICKTPOHOB, HaXoamxcs Ha pa3Hbix ['O ogHOTO atoma

A A A
i, = 20ty [ 1l)™ — (Gt | 111
JJ1st OMHOLIEHTPOBBIX MOJIEKYJIAPHBIX HHTETPAJIOB UMEEM:
r_ 2
Um :Sm(Us _Up)+Up’
2 4
@t 1 tat,) =C +Cys, +Css, (41)
2,2 2.2
8 = Cy +Csls,, +s; 1+ Css,,,8%
rae BBeAeHbI KoMOuHaIuu C, TSITH He3aBUCUMEBIX mapameTpoB Cidrepa—Konmona [ 62 ]:
A A A
G = (pp) +4E, (pp),
A A A A A
Cy =2F, (sp)+4Gy (sp) =2y (pp) =8F; (pp),
A A A A A
G3' =Fy (ss)—2Fy (sp)—4G; (sp)+ Gy, (42)
A A A
Cy =2Fy (pp)=TF; (pp),
A A A A A
Cs =2Fy (sp) =Gy (sp) = 2Fy (pp) +TF; (pp),
a §,, 0003HauaeT KOAPGUIMEHT s-PpyHKIUH B paznoxenuu m-it ['O. U3 (41) BUAHO, YTO OJHOLIEHTPO-
BbIC MOJICKYJIIPHBIC MHTETPaJIbl (U, CICI0BATEIBLHO, OJHOIICHTPOBAsI PHEPIHs) HE 3aBUCAT OT Halpas-
nenuii I'O.

Pe3oHaHCHBIN HHTETpAN, OTBEYAIOIIHIA MEPECKOKY MIEKTPOHOB MexkTy I'O, MOKeT OBITH BRIpaKECH
Yyepe3 pe30HAHCHBIE HHTETPAJIbl B 6a3nce AO
4
Bimym, = 2 2 1, (A)h (BB, (43)
ieA jeB
IIpuTsxkeHue 31eKTpoHa K APYTUM OCTOBAM HUMEET BU]L
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= Y Vs (A, (A). (44)

i,jeA

m m ’

MaTtpudHbIe IeMEHTHI KyJIOHOBCKOTO OTTadkuBaHus it OOC, TOKaIM30BaHHBIX HAa Pa3HBIX aTOMax
A u B, nmeror Bug
(U T, [T T ) = D G| k1) R i(A) iy, (AR, k(B)h ,1(B). (45)
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— DJICKTPOH-3JICKTPOHHOC OTTAJIKUBAHUE HAa OJHOM aTOMCE.
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B nmpubmmxenun CJII' oHa 3aBUCHT OT mapaMeTpoB 3ieKTpoHHOH cTpykTypsl (II9C) aByx kiaccos:
(D) ammmutyn uy,, v, 1 w, depe3 sneMeHTsl Marpul wioTHocTH (47)—(49) u (1) sanementoB SO(4)
MaTpull 4(A) depe3 MoneKysipHble HHTerpansl (41)—(46). OOmiee yMCI0 HE3aBUCUMBIX aMIUTUTYI U3-
3a yCIIOBUS HOPMUPOBKU paBHO 2M, rae M — 4YUCIO XMMUYECKUX CBs3eH, TOrJa Kak oOliee Yucio
napamMeTpoB, ONPEACISIIOMINX MaTpuubl /#(A), paBHO 6L, Toe L — 4HCI0 TSDKENbIX (HEBOIOPOIHBIX)
aTOMOB B MoJieKyje. s onpenencHus ONTUMAIbHBIX aMIUIUTYHA KaXKA0H IeMHHANH, IPEeACTaBIIsIO-
e XUMHYECKYI0 CBs3b, KOHCTpyHpyerca 3x3 marpuma 3((eKTHBHOTO raMHIbTOHHAaHa B Oasmce
KOH(HUTYypaluii, BXOAANIMX B ee onpenaeneHue (32), kotopas 3aTeM JUaroHaTU3yeTcsl.

3.2. llonyamnupuueckue napamempuzayuu memooa CJIII

[IpuBeneHHas BEIIIE cXeMa OIPENENIeHNs ONTHMAaTbHOW BapHAIlMOHHOW BOJHOBOM (YHKIHH
npubmmkennst CJII' 1 MUHIMyMa COOTBETCTBYIOIIETO (yHKIIOHAIA YHEPTHH MO0 KOOPAMHATAM s/Iep
C MOYIMITMPUICCKUMHU TaMUJIBTOHHAHAMU ObLlIa MPOTrPaMMHO PEaau30BaHa, YTO MO3BOJWIO PACCUU-
THIBATh JJICKTPOHHYIO CTPYKTYPY OPTaHUYECKHUX MOJIEKYII C UCIOJIB30BAHUEM Pa3INYHBIX MTapaMeTpu-
3aruii. beum paccMoTpeHbl oy Mnuprdeckue nmapamerpusanun MINDO/3, MNDO, AMI u PM3.
Bo Bcex ciyuyadx Mbl OTpaHUYMIIMCH MEpenapaMeTpu3alveil pe30HaHCHBIX B3auMojeucTBUM. Jlis
noadopa pe30HAHCHBIX HapameTpoB ObUT MPOBEICH pacdeT 3IEKTPOHHOW CTPYKTYpHI, Te€OMeTpuye-
CKO# CTPYKTYPBI M TEIUIOTHI 00Pa30BaHUs Psijia TECTOBBIX "OpraHMYECKUX "COCAMHEHUN, COJCPKAIIUX
aTOMBI BOAOPOA, YTJIepoja, a3oTa W Kuciopoaa. TecToBwlii HAOOp 3aMMCTBOBaH W3 padoT, MOCBS-
MIEHHBIX TTapaMeTpHu3anuy moryamMuupudeckux MetooB MNDO [63 ], AMI [ 64 ] u PM3 [ 65]. Tlo-
nmydeHHble apameTpsl Pap MeToga SLG-MINDO/3 B cpaBHEeHHH ¢ aHATOTHYHBIMU BEIMYUHAMH Me-
tona SCF-MINDO/3 u B4 ms meronoB SLG-NDDO mnpusenens! B Tadu. 3 u 4 coorBercTBeHHO. bin-
30CTh TApaMETPOB B Mapax METOOB, UCIONB3YIOMNX MPUHIUIAAIGHO Pa3INnYHbIe TPOOHBIE BOJIHO-
BbIe (DYHKIIMH JICKTPOHOB, CBHJCTENBCTBYET 00 ONpe/IeIeHHON BHYTPEHHEH COTTIaCOBAaHHOCTH Iapa-
METPHU3ALMOHHBIX cxeM. UTOOBI HEe 3arpOMOXIaTh U3JI0KEHUE, Mbl HE MPUBOJUM 37ECh OOIIUPHBIX
Ta0JIMIT PACCUNTAHHBIX M JKCIIEPUMEHTAIBHBIX TEIIOT oOpa3oBaHus [ 66, 67 ], a orpaHUIHMCS TEM,
YTO TPUBEACM MapaMeTpPbl SMIUPUYCCKUX (YHKIMU pacnpeneseHus [ 68 | OTKIOHEHHN pacCYMTaH-
HbIx MeTo aamu CJII Termmor oOpa3oBaHHs OPraHHMYECKUX COCIUHEHHH (C MOJOOpaHHBIMU MapaMeT-
pamu) OT IKCIEPUMEHTAJIbHBIX M PEe3yJIbTaThl aHAJOTHYHOTO aHaju3a JJs CTaHAapTHBIX METOJOB,

Taonuma 3
Hapamempwi B g memooos SLG- u SCF-MINDQ/3

A | B | Bap(SLG) | Bap(SCF) || A | B | Bap(SLG) | Bap (SCF) | A | B | Bap(SLG) | Bag (SCF)

0,243007 | 0,244770 | H
0,316049 | 0,315011
0,356416 | 0,360776 || C

0,414559 | 0,417759 || C
0,428097 | 0,419907 || N
0,426086 | 0,410886 | O

0,486514 | 0,464514
0,379342 | 0,377342
0,659407 | 0,659407
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Taonuma 4

4
Pesonancnvie napamempul B, 5B

Opb6urane | MNDO-SCF | MNDO-SLG | AMI1-SCF | AMI-SLG PM3-SCF PM3-SLG

1s(H) 6,989064 7,083 6,173787 6,077 5,626512 5,454
2s(C) 18,985044 17,136 15,715783 15,799 11,910015 11,499
2p(C) 7,934122 9,345 7,719283 8,034 9,802755 10,467

2s(N) 20,495758 20,594 20,299110 21,420 14,062521 14,890
2p(N) 20,495758 20,594 18,238666 18,102 20,043848 19,958
2s(0) 32,688082 32,784 29,272773 29,382 45,202651 45,302
2p(0) 32,688082 32,784 29,272773 29,382 24752515 | 25,329
2s(F) 48,290466 49,591 69,590277 69,587 48,405939 50,124
2p(F) 36,508540 36,594 27,922360 27,922 27,744660 | 27,361

ocHoBaHHbIX Ha ¢yHkuuu CCII. OkaspiBaercs, uro B ciaydae SLG-MINDO/3 u nucnepcus, u cucre-
MaTHYeCKas OIMMOKa OKa3bIBAIOTCS HECKOIbKO MeHbIMMH (10,98 kkan/Moib u —1,57 Kkain/MoIib), 4eMm
cootBercTBytomue 3HadeHus mist SCF-MINDO/3 (12,01 kkan/monp 1 —4,45 KKaJ/MOJIb COOTBETCT-
BEHHO).

AHanu3 pe3ynbTaToB pacueToB [ 67 | moKa3bIBaeT TaKXkKe, YTO JUII HOPMAJIbHBIX YIJIEBOIOPOIOB
Meron SLG-MINDO/3 ¢ HeckoapKo OO0JbIIEH TOYHOCTHIO TIEPEIaeT CBOWCTBO aITUTHBHOCTH TTOJTHOM
9HEPTUH, YeM OCHOBAaHHBIM Ha OIHOANIEKTpOHHOM npubmmxenun meron SCF-MINDO/3. Hampotus,
U TUKJIMYECKUX YTIEBOAOPOIOB (OCOOCHHO IUIA IMEPBBIX WICHOB psifa) aJlJUTUBHOCTb HE MMEET
MecTa, TaK KaK pa3Hble LUKIbl UMEIOT pa3Hble SHEPTUH HamnpsbKeHHs. [ Hepa3BeTBICHHBIX aMHUHOB
Pa3HOCTh TMOJHBIX DHEPrUil cocefel Mo TOMOJIOTUYECKOMY Py, OLIEHEHHas MpH MOMOIIM METO/a
SLG-MINDO/3, 6bIcTpo cX0oauTcs K 3Ha4eHUI0 —3612,9 Kkan/mMoib, XapakTepHOMY U AJIsl HOpMallb-
HBIX YTJIEBOIOPOJIOB.

JUist WTIOCTpanyu Ipyrux BO3MOXKHOCTEH METOAa IPUBENEM NPUMEP ONTHMM3ALUN [E€OMETPUU
MOJIEKYJI KBaJpULIMKIaHa U HOpOOpHaJAMEHa, KOTOPhIE SABISIOTCS M30MEpPaMH M PaziIMYaloTCsl TOJIBKO
pacmpeneneHueM cBsseid, ¢ npumenenneM meroga SLG-MINDO/3. Mcxoas U3 ogHOH U TOM ke Teo-
METPHH, HO IPU PA3IMYHBIX PACHPEACICHUAX XUMHUYECKUX CBSI3€H, Mbl IOJIy4aeM IIOC/e ONTHMHU3a-
IIUH JIBE CYIIECTBEHHO pa3HbIe T€OMETPHUYECKHE CTPYKTYPBl — OJIHY, OJU3KYIO K 9KCIIEPHUMEHTAIBHO
HaOII0IaeMoil CTPYKType KBaApHIMKIaHa (AJMHBI YETHIPEX OJMHAPHBIX CBSI3€H B LIUKIOOYTaHOBOM
KOJIBIIE MOJICKYJIBI KBaJpHIMKIaHa paBHBI 1,539 A, SKCINEPUMEHTAIIbHOE 3HAY€HHUE JUIsl KiaTpara
KBAJPUIMKIAHA C JCOKCHXOTMHOBOH KucmoToit 1,530 A), a apyryio — k cTpykType HOpGOpHaHEHA
(nmMHBI TBYX ABOWHBIX CBsi3eil paBHBI 1,342 A, AKCIIEpUMEHTAIBHOE 3HaUSHUE M1 KiarpaTa HOpOop-
HaJUeHa ¢ MTUOKCUXOIMHOBOU KuciaoToi 1,350 A), a pacCTOSIHHE MEXKIIy aTOMaMH yTiepoa ABYX pas-
JIUYHBIX IBOMHBIX CBsI3ed paBHO 2,460 A (3xcriepuMeHTanbpHOE 3HaUeHue 2,395 A).

B cnyuae napamerpuzauuit NDDO pe3zoHaHCHBIE TapaMeTpbl ONPENESIOTCA HE AJIs ap aTOMOB,
a JiyIs TUTIOB opOuTaneii ogHoro atoma. B Tabm. 4 mpuBeaeHs! omoOpaHHbIe 1T BCEX TPEX IHapaMeT-
puzanuit NDDO pe3onancusie napametpsl aiast atoMoB H, C, N, O u F [ 69 ] B cpaBHeHUM ¢ mapamer-
pamM# COOTBETCTBYIOIIMX METOJIOB, Mcmonb3yromux npudmmxenne CCII [ 63—65, 70, 71 ]. Kak 6pu10
nmokaszano, Metonasl SLG-MINDO/3 u SCF-MINDO/3 uMeroT mpuOIU3UTEIFHO OJWHAKOBYIO TOY-
HOCTB TIPH pacyueTe TeIIOThl 00pa30BaHUs OPraHNYEeCKUX coequHeHUNH. CyIecTBEeHHbIE PaCcX0KICHHS
C DKCIEpUMEHTOM (B 000MX ciryyasx) HaONIOMAl0TCA NP OLIEHKE TEIIOTH 00pa3oBaHUs pa3BEeTBICH-
HBIX COCIMHEHUH. DTU 3HAUCHMS CYIIECTBEHHO NEPEOLIEHEHBI IIPU MCIIOIb30BAHUM BOJHOBBIX (YHK-
ruit kak npubmmxenus CJII, tak u CCIL. [loHsATHO, YTO yUeT BHYTPUCBSI3E€BOI JIEKTPOHHON KOppe-
JSIIMW HE TI03BOJISIET UCTIPaBHUTh 3TOT AedekT mapamerpusanuu MINDO/3. [Tapamerpuzauus NDDO
YaCTUYHO HCHPABISAET 3TOT HENOCTAaTOK 3a cYeT OoJiee NETaJbHOIO y4eTa ABYXLEHTPOBBIX MHTEIpa-
JIOB.

B namreit pabore [ 69 | nmpuBeneHsl JaHHBIE pacdyeTa TEIIOThl 00pa30BaHHS C HCIOIB30BAHHEM
Bcex Tpex nmapamerpmzamuii (MNDO, AMI1 u PM3) u 00oux THUIOB BapHallMOHHON BOJHOBOW (hyHK-
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ruu (CJIT u CCII). Omnupuueckue QyHKIUU pacnpeneicHus | 68 | OTKIOHSHUH pe3yIbTaToOB pacue-
TOB TEIUIOTHI 0Opa3oBaHus opranmyeckux coemuHenmnii Metogamu SLG-NNDO wu mertomo SCF-
NNDO c¢ 3amedaTelbHON TOYHOCTHIO OJIM3KH K HOPMAJILHOH, T.€., 9TO OIMMOKW pacdueTra Mo KpaiHeH
Mepe B pacCMOTPEHHOM Halope MaHHBIX SIBISIOTCS ciay4aidHbiMH. B ciyuae SLG-MNDO mnpaktuue-
CKA OTCYTCTBYET CHUCTeMaTH4ecKas OIINOKa — HanmOoJee BEepOATHOE 3HAa4YeHHE OIIMOKH paBHO
—0,5 kxan/moinsb, Toraa kak 111 SCF-MNDO 3Ta BelM4nHa COCTaBJIIET OKOJIO —3 KKaJjl/MOJIb.

B To xe Bpems mpobnembl MeroqoB NDDO, mposBIsitonIrecs MpH HCHOJIb30BaHUH (PYyHKIMH
npubmkenus CCII, nHacnenyrorcs mpubmmwkenneM SLG-NDDO. Ha npumepe Mosekynbl KyOaHa
[ 66, 69 ] MoxxHO BHIETh, 4TO MeToabl SCF-MNDO 1 SLG-MNDO natot oueHb 0ombImve (1 OIH3KHe)
OIIMOKHU B TEIIOTe 00pa3oBanus, Toraa kak Meronsl SCF-AM1 u SLG-AM1 3amedarenbHO BOCIIPO-
U3BOJAT €€ SKCIIEpUMEHTAIbHOE 3HAUECHHE.

MOXHO TPHUBECTH HECKOJIBKO TPUMEPOB, TJI€ HEKOTOpPOE YIYyUIIeHHWE ONMHCAHUS TEeOMETPHH
"B cpenneM” B pamkax CJII' MeTo0B NMposABIsAETCS B KAUECTBEHHBIX pe3yibTaTax. OIHON U3 CIOKHBIX
pobJIeM SBISIETCS BOCIPOHM3BEACHNE T€OMETPUIECKON CTPYKTYpPHl MOJNEKYJBl MUKI00yTaHa. DKCIe-
pUMEHTaBbHO HalmoaeMasi CTpPYKTypa HUKIOOyTaHa HEIIoCKasi, ¢ yIJioM BbIXoJa ofaHoro aroma C
u3 Tiockoctd Ha 27°. B pamkax metomo SCF-NDDO mpo6iiema BOCIIpOU3BEACHHS HETNIOCKOW KOH-
(durypanmu Ut MOJIEKYJIbl UKIOOyTaHa HE PEeIlaeTcs, TOra Kak IMPH KCIIOIb30BaHUHM BCEX METO/IOB
SLG-NDDO wexinockoctaoit yron CCCC oka3bpiBaeTcsi OJU3KAM K 3KCIIEPUMEHTAIBHOMY. AHAJO-
TUYHO, Tiepexo K BorHOBoW (yHKImu CJII' mo3BossieT pemmnTs mpoliaeMy BOCIIPON3BEIEHHS TOPCH-
OHHOT'0 yIJIa B MOJIEKYJIE TIEPEKUCH BOJIOPOa, HEpa3pelIeHHY0 B paMkax MeTonoB SCF-NDDO [ 66 ].

3.3. Botuucnumenvhnan igphexmusnocmo memooos CJIII'

Kak yxe Obiio ckaszano, ompezenenue Bcex [I9C meromo CJII' mpomsBoauTCs UTEpPAIIIOHHO
Ha OCHOBE BapHallMOHHOTO MPUHIIMIIA JJIsl SHEPTHd. MUHUMH3ALUs SHEPTHH 10 OTHOIIEHHIO K popme
u opueHTanu 'O mpou3BOAXTCS MPHU MOMOLIM MPOLEAYPHI TPaIUEHTHON onTUMu3anuu. ['pagueHTsl
[0 OTHOLICHUIO K yTJIaM IOBOpOTa B MaTpuiax Skobu (37) onpenemnsirores aHanuTudecku. Yucmo ma-
r'OB B IIPOILIEAYpe ONTUMH3aLKU (HYHKIHMOHAIA SHEPTUHM CUCTEMBI 110 ITapaMeTpaM BOJIHOBOH (yHKINU
pacTeT JTUHEIHO ¢ yBeIMYeHHEM pa3Mepa MOJIEKYJIIpHOM cucTeMbl. Kaxaplil mar, oqHaKo, COAePKUT
BKJIaJl MEXTE€MHHAIBHBIX B3aUMOJICUCTBHMA, TPEOYIOUIMH BBIYMCIUTENBHBIX PECYPCOB, MPOMOPLIUO-
HaJBHBIX Pa3MePy CHCTEMBI. DTOT BKJIAJ UMEET HeOOJIBITON KOIPIHUITUEHT B clIydae rmapamMeTpu3aIiini
MINDO/3. Takum 00pa3oM, 3aTpaThl BBIYUCIUTEIBHBIX PECYPCOB PACTYT C Pa3MEpPOM CHCTEMbI HE
Oonee, ueM KBaJpaTH4HO, a B ciay4ae Metona SLG-MINDO/3 [ 72 ] noutn nuneiHo. B pamkax mapa-
Metpuzauuii NDDO [ 69 ] MOXHO YMEHBIIUTh BpeMsl pacuera IMyTeM 3aMEHbl SIBHOTO BBIUMCICHUS
MOJIEKYJISIPHBIX MHTETPAJIOB MEXIy 0a3uCHbIMHU (YHKIUSIMH, LIEHTPUPOBAHHBIMY HA YIAJICHHBIX aTO-
Max, MyJbTUIIOJIBHBIMH PA3JIOKEHUAMH sl B3aUMOAEHCTBUN MEXIY XOPOIIO pa3/eJeHHbIMU 4acTs-
MU MOJIeKyJHI [ 73 ]. OTo mo3Bommio B padore [ 74 | 3hpekTHBHO pacCUNTHIBATH CHCTEMBI OOJBIIOTO
pasMepa, paclpOoCTPaHUB JUHEHHYIO 3aBHCHMOCTb IOTPEOHOCTH B BBIYMCIUTEIBHBIX pecypcax OT
pasMepa CUCTEMBI 10 CUCTEM, COICPKAIUX THICSYM aTOMOB, B paMkax npuoimmkenus CJIT.

3AK/IIOYEHHE.
JOCTHKEHUS U NEPCIHEKTHUBBI

B pasnenax 2 u 3 Mbl IpeJCTaBUIN pa3paOOTaHHBIC HAMH CITOCOOBI peau3aluy O0IIel uaeu mo-
CTPOCHHS MOTyIMITUPUYECKUX METOIOB Ha OCHOBe mpudmmkenus ['®, onucanHol B pa3aene 1. [pen-
CTaBIICHHBIN B HACTOSAIIEM 0030p€e MPOMEKYTOUYHBIH UTOT STHX MOMBITOK MOXKHO XapaKTepHU30BaTh KaKk
B LIEJIOM YCIICIIHBIN, HO TPeOYOIIUI onpeneieHHbIX qopadoTok. Hanboee cyliecTBEeHHOrO mporpec-
ca ynanoch gooutbkcs npu onvcanuu KIIM, B ciiydae opraHHUECKUX MOJIEKYJ OCHOBHBIM JOCTH)KCHU-
€M SIBJISCTCS JIMHEWHAs MacITaOUPYEMOCTh C Pa3MEPOM CHCTEMBI, TOTJa KakK Je(eKThl mapaMmeTpu3a-
rnu Hacemytorest I’ (CJII) korcTpykmuent u3 coorBeTcTByIonmmx CCII mapamerpusammid.

B pabote [ 7 | ObuH TIPEIOKEHBI MTONIPABKH K SHEPTUU MOJICKYJIIPHON CHCTEMbI, OCHOBAaHHbBIC Ha
ananmuze mpubmmwkenust OAO s 6a3ucHBIX opOHTaNeii, BBEJCHUE KOTOPHIX, TI0 MHEHUIO Mpejia-
TafoIUX MX aBTOPOB, MO3BOJIUT Pa3pelIUTh MPOOJIEMbI, CTOSIINE TIepe]l OTYIMITUPUISCKAMH METO-
JlaM{ Ha TPOTshKeHUH necatunetuit. Tak, cormacho [ 7 ],
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1) opTroroHamM3aIMOHHBIC MMONPaBKY, BBeAeHHbIe B OMn Metoas! [ 12, 13 |, HO3BOAAT yIydlIUTh
omrcaHue 0apbepoB BpalleHUs U KOH(QOpMaIuii;

2) pacmupenne 0a3ucHOro Habopa 3a cueT d-opOuTaiell HEOOXOAMMO IS DJIEMEHTOB TSDKEICe
KPEMHUS U MOXKET CYIIECTBEHHO YIYYIIUTh TOYHOCTH TaKkKe MpH J00aBIeHUH K 0a3MCHBIM Habopam
JUTSE HEKOTOPBIX AJIEMEHTOB TIEPBOTO PsIzia;

3) abdexTHBHBIE TOTEHIIHATIBI OCTOBOB, YKe Hcmoib3oBaHHbIe B MeTogax SINDO/1 [ 14 ] u OMn
[12, 13 ], ROMKHBI yIIyYIIUTh OMIMCAHUE TAKEINBIX JJIEMEHTOB;

4) NOTONHUTENBHBINA YUET TUCIIEPCUOHHBIX B3aUMOJCHCTBUI HEOOXOIUM AJISl OIHMCAHMS CIa0bIX
B3aUMOJICHCTBU.

[TynkT 2, Kak OBIJIO MMOKa3aHO, AajleKO HE CBOAMTCS K OJHOMY JIMIIb PACUIMpPEHUI0 Oa3uca 3a cueT
d-opburaneii, a TpeOyeT NOMOJHUTENEHO M3MEHEHUsl BOITHOBOM (PYHKIMH, ONMMCAHHOTO B pasjene 2.
C npyroii CTOpOHBI, MyHKTHI 3 U 4 MOTYT OBITh TaK)Ke MOHSTHI ¢ OOIIEl TOYKH 3peHus, PeICTaBIICH-
HOH B HacTosIIEeH padore.

[Ipocreiimuii BEIBO MOKHO CHENATh IS BKJIa[a TICEBAOMOTEHITMAIBHOTO BHUIA B dHEPTHUIO (T10-
TYSMIUPUIECKU dPPEKTUBHBIA TaMUIBTOHHAH) MOJICKYJISIPHOW CHCTEMBL. DTOT BKJIAJ IOJy4aeTCs
u3 popmyinsl (15) paszaena 1. Cormacho [ 19 ] Teoputo 3pPeKkTHBHOTO MOTSHITMAIA ATOMHOTO OCTOBA
MOJKHO TIPeICTaBUTh KaK 4acTHBIN ciydail mpubmmxerus ['®. B atoMm ciiydae HeoOxoanMo mpearo-
n0xuTh, 4T0 AO ocTOBa (B mpocteiiiieM ciydyae 1s-opOutanm) siBistorcs pemeHusiMu 3agadn CCIT
s atroma. Torma, cormacHo Teopeme bpuimiosHa, MOTEHIMANBHO OOJNBIINE BHYTPUATOMHBIE MaT-
pHUYHBbIE 3JIEMEHTHl TaMIJIBTOHHAHA, KOTOPhIe MOTJIM Obl MPUBOIUTH K TEPEHOCY 3JIEKTPOHOB MEXKIY
OCTOBOM U BaleHTHBIMH AO JTaHHOrO aToMa M T€M CaMbIM HapyllaTh pa3/ielIeHUe 3JIEKTPOHHBIX Ie-
peMeHHBIX U caMo npubmmxenne ['®, oOpamarTcs B Hyb. BkiIag KyJTOHOBCKOTO B3aWMOJICHCTBUS
BaJICHTHBIX M OCTOBHBIX DJIEKTPOHOB CBOJAWTCS K dKPaHWPOBAHUIO YacTH 3apsAna supa. Bxiag xe pe-
30HAaHCHOTO B3aUMOJICHCTBHUSA KaXXJ0T0 M3 aTOMHBIX OCTOBOB IOJydaeTcs, €Clii B BhIpakeHHH (15)
CUMTaATh TpynIy A, MO KOTOPON MPOU3BOAMUTCS YCPEAHEHUE, OCTOBOM — IOJHOCTBHIO 3alOJIHEHHBIM
HeCcyImuM TpocTpancTBoM. Torma B (15) coXpaHseTcs TOIBKO cllaraeéMoe ¢ 3aIa3abIBafoneid GyHKITH-
el I'puHa (mepeHoc 3IEKTPOHOB B OCTOB HEBO3MOXEH). JTO NMPUBOIUT K MOABICHHUIO ABYX- U TPEX-
LEHTPOBBIX BKJIAJIOB B SHEPTHIO:

V" Ne =22 Veapverb B'GE™ (4p).
¢ bb'

Uto6b!I MOTYyYUTh MPETIOKEHHBIE B MTyHKTE 4 THCIEPCHOHHBIE TIOMPABKU K SHEPTUN MOJIEKYJISIp-
HOW CHCTEMBI, 3aMETHM, YTO OLIEHKU 3JIEKTPOHHON SHEPTrUU MOJIEKYJISIPHOW CHCTEMBI, MOITy4YECHHBIE
B pazzene 1, MOXXHO HECKOJIBKO YIIy4IIuTbh. J{JIs 3TOro B KauecTBE COMHOXKHTENEeH B 0a3uCHBIX (yHK-
musx (7) moampoctpancTBa ImP ucmons3yeTcs Habop pemreHnii camocoriacoBanaoi 3amayn (11). To-
ra TaMWIbTOHHAH (9) UMeeT HeHyJIeBble MaTPUYHbIE JIEMEHTH MEKIY OCHOBHBIM cocTossHuEM (11)
1 0a3UCHBIMU COCTOSHHAMH-TIPOM3BEACHUSAMH MOANPOCTpaHCTBA ImP, OTINYaIOUIMMHUCS OT HETO OJ-

HOBPEMEHHO JIBYMS COMHOHUTEIISIMH (d)g, CDQ, B,o # 0). OHM PUBOAAT K MOSBICHHUIO MOTIPABKHU K

SHEPTUH, KOTOpast TOJKHA OBITh YUTEHA TaK JK€, KaK MbI 3TO CICJIAJIM BBIIIE, KOT/IA YU B3aUMO/ICH-
CTBHE COCTOSIHUI ¢ QUKCUPOBAHHBIM pacmpe/ie]ICHUEM 3JIEKTPOHOB U COCTOSHHI C IEPEHOCOM 3apsiia

MeXAy noacucreMamu. Kak U paHbllie, pacCMOTPUM omepatop P, MpoenupyroInii Ha OCHOBHOE CO-
CTOSTHHE MOJICKYJIIPHO# CHCTEMBI

P=|\ogx/\osl, (56)
A A

U JIOTIOJTHUTEIILHBINA MPOCKIIMOHHBIN onepaTop Q = 1 — P. [loncTtaHoBKa UX B 0OIIME BRIPAKEHUS IS
3(PeKTHBHOTO TaMIIIbTOHHAHA, IEHCTBYIONIETO B MOANPOCTPaHCTBE IMP, IPUBOINT K BEIPAKEHUIO

R(©) = (0Q — QH"Q)". ©7)
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HCpBOC cJ1ara€Mo€ paBHO SHEPTHUHU OCHOBHOI'O COCTOSHUA &€y, JIOMHOXEHHOM Ha P. BTOpOC OIIKMCBIBACT

UCKOMYI0 nomnpaBky. C y4eToM TOro, yto P mpoenupyeT Ha MPOU3BENCHUE COOCMBEHHbIX COCTOSIHUI

oneparopoB H gff (11), MOXHO BHIIETH, UTO

ff
pHe Q = PWAB Q,
e
Wap = Wag — << WAB>>A - << WAB»B,
_ c rr
Wag =VaB +Vag
— TMpUBENCHHBIN omepaTop B3aumojeicTBua rpynn A u B. C ydeToM 3TuX 3amMedaHMil MOIMpaBKa
HUMEET BUJL
PWABR(Q))WABP. (58)
Cuuras 2HEpruN BO3OYXKICHUNA TPYIIT OOJILIINMH, IPUXOJUM K BBIBOAY, YTO 3aBHUCHUMOCTHL PE30JIb-
BEHTHI OT ® cJlaba M YTO MHTEPECYIONIHE HAC 3HAUSHUS (0 MHOTO MEHBIIIE, YeM ITOJTFOCa PE30JIbBEHTHI.

OTH coo0pakeHHUs IO3BOJISIIOT MOBTOPUTH MpeodpazoBaHus [ 24 | M MOXYYUTh CIIEAYIOIIYIO IOMPABKY

K OHEpruu CIIOKHOHU CHCTEMBI
©

2 1 A ’ A . .
=X llmm)pp' | an') [dull s, ()T, (i), (59)
rr'eR mm'eM 0
pp'eR nn'eM
YTO U €CThb Z[I/ICHepCI/IOHHoe BBaHMOHeﬁCTBHC Me>1</:[y prl'[l'[aMI/I. 3I[CCB
15,00 (@)= Y (DG |a*b| OF N0 —e5) (DF [c'd | DF) (60)
B=0

€CTh NOJIAPU3ALUOHHBIN MponaraTop rpynmnsl B [ 24 .
[ToacranoBka B hopmyst (59) u (60) BeIpaxkeHuH, crienmnMUIHBIX I BOJHOBOH (PYHKITHH TIPH-
ommxenns CJII', mo3BossieT 3anycaTh MONSIPU3AUOHHBIN TPONaraTop m-u cBA3U

242
(1=Cy)
8A
Y NIOMPABKY K SHEPIUU OT B3aUMOJCHCTBUS HABEEHHBIX MOJIApU3aLnid cBsize 1 u 2
22 252
(-G 1-6G)
64A,A,

rae A,, — sHeprus Bo30yxaeHus m-i cBs3H, a C,, — BeC KOBAICHTHON KOH(GUTYpALlUU B Pa3IOKCHUU
m-1 TeMHAHAJIH.

Takum 00pa3oM, MBI BHIHUM, YTO IOCJICIOBATENIbHOE NMpUMeHeHne nmpuommkenus I'® u neBau-
HOBCKOTO MMAPLUHOHUPOBAHUS B MOJYIMIUPUUECKOM KOHTEKCTE MO3BOJISET HE TOJIBKO YJIyUYIIUTh Kaue-
CTBEHHOE OIHCaHUe CIeNU(PUISCKUX KIIACCOB MOJEKYISPHBIX CUCTEM, HO U TOCIIeI0OBaTEILHO BhIBEC-
TH TIpeAJIaraeMble IPYTUMHU aBTOPAMH TOMPABKH K SHEPTUN U d(PPEKTUBHBIM TaMIUIBTOHHAHAM, HCXO0-
JIs1 U3 O0IIMX ITOJ0KEHNH KBAHTOBOH XMMHUH.

m — —
Ty =y =tt
m

b

’ ’
Z Z WhOL0Y 4,V

hy bty

Hacrosmias pabora BeITOTHEHA NP MOIAEPKKe TpaHTOB Poccmiickoro douma GyHmameHTab-
HeIx uccnegosanuii Ne 05-07-90067 u 07-03-01128.
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