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KoHcneKkT jJjeKIuid M0 KBAHTOBOM XMMHUH

BBenenue

BonbmMHCTBO OTKPHITHI B 00JIACTH €CTECTBEHHBIX HAYK CBA3aHO C PA3BUTHUEM MPEICTABICHUN O
CTPOCHHMHM U JUHAMHUKE OKPYXKAIOILIEro Hac Mupa. BaskHOe MeCTO B 3TOM IIPOLIECCE 3aHUMAET
KBaHTOBAas Teopus Marepun. KBaHTOBas XMMUS SABISETCA OAHUM M3 YAaCTHBIX aCIIEKTOB 3TON
TeopuH. JTa QpyHIaMeHTaIbHAasl JUCLUIUIMHA PACCMAaTPUBAET MPUIIOKEHUE
KBaHTOBOMEXAHMYECKUX 3aKOHOB K U3yYEHUIO XUMHUYECKUX SBJICHUM U ITPOLIECCOB HA aTOMHO-
MOJIEKYJIIPHOM YpOBHE.

ITyTh K MO3HAHUIO 3aKOHOB MAaTE€PUAIBHOTO MHUPa B aTOMHO-MOJIEKYJISIPHOM 11Kase ObUT HEMpOoCT
u ponor. [1noae1 ero 4enoBe4ecTBO NOIYYHIIO HE TOJIBKO B BUJIE 3JIEKTPOHHOM, KOMITBIOTEPHOM,
KOMMYHHUKAIIMOHHON, KOCMMUYECKONH U OMOMEUIIMHCKON PEBOTIOLMN, IPUBEALINX K
Ka4eCTBEHHO HOBOH TeXHOC(]epe, OKpyKarollel 4emoBeka, K pacmmdpoBke reHomMa u
KJIOHUPOBAHMIO KUBBIX CYLIECTB, HO U B BUJIE SIEPHOT0, XMMUYECKOI'0 M OaKTEPHOIOrHYECKOTO
opyxus. Kakue e HaydHble IPEICTaBICHUS IPUBEIIN K CTOJIb PAIUKAIbHBIM IIEpeMeHaM?

B 20-e roap! Hallero Beka onvucaHue MaTepr OCHOBBIBAJIOCH Ha BOCXOA1IEH K J|eMOKpUTyY U
I[EU'II)TOHy KOHIICIIIITUHN aTOMOB, Ka)K}II:IfI N3 KOTOPBIX COCTOUT U3 OTPULATCIIBHO 3apsSKCHHBIX
3JIEKTPOHOB U MOJIOKUTENIBHO 3apsKEHHBIX sijiep. ToMy B HOATBEP)KACHUE ObUIN TOTY4EHBI
XOpOo1mo MOHATHBIC MHOT'OYHCJIICHHBIC OKCIICPUMEHTAJIbHBIC JTaAHHBIC, XOTs 3aKOHBI,
OTHCBIBAIOIIE MTOBEJICHHE MIEKTPOHOB, ObUIM M3y4eHbl c1a0o. Maes BOIIHOBOTrO Xapakrepa
MuKpomupa (J1e bpoiiis) cHsna MHorue npotuBopeuns. OJIHaKoO NPeCTaBIECHUs TOTO BpEMEHU
HE pacKpbUIU MPUYMH 00pa30BaHUs MOJIEKYJ U3 aTOMOB, CIIEHU(UKU UX TOBEIEHUS B OCHOBHOM
COCTOSTHUU M Te€M 00Jiee B XUMUYECKHUX peakiusax. YToOsl caenars 3To, moTpedoBanach
nocjenoBarenbHas Teopus. Eo cTana KBaHTOBas MeXaHMKa, 00€CTIeYHBILAs METOJI0JIOTHIO,
CHOCOOHYIO OIMCHIBATH U MPENICKa3bIBaTh MHOTHE CBOMCTBA BEIIECTB HA aTOMHOM ypoBHE. Co
BpPEMEHEM XUMHKH YOEIMINCh B ICICTBEHHOCTH 3TOW METO0JIOTUU U 3TO B KOPHE U3MEHUIIO
COACPIKAHNE MHOTUX XUMHUYCCKUX HCCJ’IG}IOB&HHﬁ. KBanToBas XHUMHA, paccMaTprBas MMOBEACHNC
3JIEKTPOHOB, OOBSICHIIIA CTPOCHNE XUMUUECKUX COCTMHEHUH, TPUPOTy XUMUYECKOHN CBSI3H,
SHEPICTUKY PA3JIMYHBIX XUMHUYCCKHUX IPOLIECCCOB, KOJ'Ie6aHI/I$[, XUMHUYCCKUEC pCaKINH U
B3aUMO/ICHCTBUSA B CIIOKHBIX MOJIEKYJIIPHBIX aHCAMOJIAX, BKJIOYasi OMOJIOTMYECKUE CUCTEMBI.

Kypc xBanToBoit xumuu B PXTY, paccMaTprBas aTOMBbI, MOJIEKYJIBI M UX aHCAMOJIH U
KPHCTAJUIBI, OIIMPAETCS HA MTOCTYJIAThl KBAHTOBOM MEXAaHUKH, KOTOPBIE N3y4arOTCs B Kypcax
(GU3UKU ¥ TEOPETUUYECKMX OCHOB XMUMHUU. J[71s1 €ro u3ydeHus J0CTaTOuHO 3HAKOMCTBA C
MaTEeMaTUKOW B CTAaHIAPTHOM BY30BCKOM 00beMe. BakHEHIIMM B KBAHTOBOW XUMUU SIBIICTCS
MOHSATHE BOJHOBOU (DYHKIIMU - XapaKTEPUCTUKH COCTOSIHUNA XUMHUYECKUX CUCTEM, 3aBUCSILEH OT
KOOPJIMHAT YaCTHUIl U ABJISAIOLIENCA perieHueM ypasHeHus llpeaunrepa. 1o ypaBHEHHE
BOJIHOBBIE (DYHKITMH CBS3BIBACT C BO3MOKHBIMH 3HAYEHUSMHU SHEPTHH COCTOSIHUN TPH 331aHHOM
YHCJIE DJIEKTPOHOB U AP U U3BECTHOM B3aMMHOM PACIIONIO0KEHUH ITOCIEIHUX. 3HAsl BOJTHOBbBIE
(GYHKLINHU, MOKHO OIPEACTIHUTD pacipe-AeieHne dIEKTPOHHOTO 3aps/aa, pacCUUTaTh MOMEHTBI



MOJIEKYJIbI, BBIYUCIUTD €€ CIEKPOCKOMUYECKUE U PE30OHAHCHBIE XapaKTEPUCTUKH, OITUCATh €€
PEaKIIMOHHYIO CIOCOOHOCTh, PACCUUTATh 30HHYIO CTPYKTYpPY KpHUCTallia U T.A.

J1J1s MPOCTHIX CUCTEM BOJHOBBIE (DYHKIIMM PACCUUTHIBAIOT YUCIICHHO, JUIsl CUCTEM Oosiee
CJIOKHBIX U MPEACTABISIONUX MTPAKTUYSCKUNA HHTEPEC I XUMUKOB 3TO HEBO3MOkHO. [TosToMy
IpU pacueTax MPUXOAUTCS BBOAUTH pa3IuuHbIe MpuOIxeHus. OJHUM U3 OCHOBHBIX TaKUX
NpUOIKEHUH, UCTIOIh3yeMOM B OOJIBIIMHCTBE KBAHTOBOXUMHUYECKUX PACUETOB, SBIISETCS
npubmkenne bopua-OnnenreliMepa, OCHOBaHHOE Ha Uee Pa3elIbHOr0 pacCMOTPEHUS
BOJIHOBBIX (DYHKITUH, OMUCHIBAIOIINX COCTOSIHUS JICKTPOHOB U sifiep. boiee Tsokemnbie sapa
JBUTAIOTCS] HAMHOTO MEJICHHEH 3JIEKTPOHOB U MPHU OMKUCAHUU MHOTHX 3JIEKTPOHHBIX MTPOLIECCOB
MOTYT CUMTAThCSl HEMOABMXKHBIMU. B pe3ynbpTaTe MaTeMaTHyecKkas 3ajada OnpeaeieHus
3JIEKTPOHHBIX BOJHOBBIX (PYHKIIMN CHIIBHO yIpolaeTcs. Teopusi XUMHUECKOH CBSI3U, HApUMep,
MOCTPOEHA UMEHHO B 3TOM NMPUOIMKEHHUH.

JanpHeiime mpuOIMKeHNs KacaroTCsl AIEKTPOHHOTO ABIKEHMsI. OTpUIIaTeNbHO 3apsHKCHHbIC
3JIEKTPOHBI OTTAIIKMBAIOTCS B MOJIEKYJIE APYT OT Apyra. 3TO BO3AECUCTBYET HA UX JBU)KEHUE,
KOTOPOE, KaK TOBOPAT, SIBIISIETCSI KOPPEIMPOBAHHBIM. FIMEHHO 3TO CO37a€T OCHOBHYIO TPYJHOCTb
B ONPE/ICIICHUH BOJTHOBBIX (DYHKLUH /11 MHOTJICKTPOHHBIX cucTeM. [103TOMy B OONIBIIMHCTBE
METOI0B KBAaHTOBOM XMMHHU UCXOJIAT U3 MPHOIMKSHHUS, YTO JBHKEHUE FIEKTPOHOB
HEKOPPETUPOBAHO U UIIYT BOJHOBBIC (DYHKIIMU 3JIEKTPOHOB, CYUTAS UX HE3aBHCUMBIMH.
[TockonbKy, 0IHaKO, BCE YaCTHIIBI B MOJIEKYJIE B3aUMOJICHCTBYIOT, 9TO YUUTHIBAIOT, BBOJS IS
3a1aHHOT'O JIEKTPOHA BMECTO MTHOBEHHOTO B3aUMOJICUCTBHS C JPYTHUMU 3JICKTPOHAMU H
SpaMu, B3aMMO/ICHCTBHE C TIOJIEM, YCPEIHEHHBIM IO MOJIOKEHHUSIM BCEX APYTUX YACTHII.
bnaromaps aTomy, npobieMa pacyera BOJIHOBBIX (DYHKIHH ISl CJIOKHBIX CHCTEM YIIPOIAeTcs,
MOCKOJIBKY 33/1a4a CBOJUTCS K ONPEICIICHHIO OHO3JICKTPOHHBIX BOJHOBBIX (DYHKIIUH KaXK0U
YaCTHUIIBI B CPEIHEM T10JI€ OCTANIBHBIX (MOJIEKY-JISIpHBIX opOuTaineit). OnuH u3 Hauboee
MOIITHBIX METOJIOB KBAHTOBOM XUMHH - MeTO]T XapTpu-Doka- mo3BoJseT pacCYNTaTh NMEHHO
Takue QyHKIUH.

XoTs npulOiInKeHNe He3aBUCUMbIX YaCTHIL - JJOBOJIBHO CEPbE3HOE YIPOLIEHHUE, K CHaCThIO, BO
MHOT'HX CITy4JastX OHO JIOITYCTHMO U TIO3BOJISIET, HAWs1 BOJTHOBBIE (DYHKIIMH, TOHATh XUMUYECKOE
ITOBEJICHUE MOJIEKYJIbl. YUeT KOPPEISALHUNA B IBU)KEHUH 2JIEKTPOHOB BO3MOXKEH, XOTS U CIIOXKEH,
IPU 3TOM OMSATh MPUXOJUTCS MPUBJIEKATh pa3IndyHble NpuOIKeHnns. Yaie Bcero Koppessius
YUUTBIBAETCS 110 TEOPUH BO3MYILIEHUMN, UCIOJIB3YsI XapTpU-(HOKOBCKYIO BOJHOBYIO (DYHKIIMIO KaK
UCXO0/IHOE MPUOJIMKEHUE, WM ITyTEM MPe/ICTaBIEHUs BOJHOBOW (DYHKIIMU B BUJIE€ CYIEPIIO3UIIIH
0oJiee MPOCTHIX BOJIHOBBIX (DYHKIMI1, OMUCHIBAIOIINX BO3MOXKHbBIE BO30YXK/IEHUS B CUCTEME.

YacTto jy1si TOHUMaHUS CYTH XUMHUYECKHUX TTPOIIECCOB UITH TPAKTOBKH dKCIIEPUMEHTATBHBIX
JTAHHBIX JOCTATOYHO MCHOJIb30BaTh MEHEE TOYHBIE U BEChbMA YIPOIICHHBIE MOIXO/IbI.
[IpomexxyTOoUHBIE BETUYNHBI, (PUTYPUPYIOITHE B CXEME pacueTa, B THX METOaX
paccMaTpHUBaIOTCS KaK IMapaMeTphl, U3BJIEKaeMbI€. KaK MPaBUIIO, U3 SKCIIEpUMEHTa. Takue
METO/IbI HA3BIBAOTCS TTOJTYIMIUPUICCKUMU; OHU PA3JTMYHBI TSI PA3HBIX KJIACCOB COSTUHEHUN 1
WX HUCIIOJIb30BaHKE TPEOYyeT OT/IENBHOTO N3ydeHHUs. Takue MeTObl BaXKHBI, TOTOMY 4TO,
HECMOTPS Ha MHOTHE JOCTH)KEHUS, HeH KBAHTOBON XUMHH B YrCcTOM Buze (ab initio)
HEMOCPEJICTBEHHO MPUMEHUMBI K OTPAaHUYCHHOMY KJIACCY XMMHUYECKHX POoOJIeM: 3aTpaThl Ha
BBIYHCIICHHE BOJHOBBIX (DYHKIIHI OBICTPO PacTyT ¢ pa3MepoM CHCTeMBI. boiiee Toro, B BaKHBIX
XUMHUYECKHX MPOIECCax, MPOTEKAIONINX B OMOJIOTHYECKUX CUCTeMaX, TUIa MeTa0oIn3Ma B
OpraHu3MeE YeJIOBEKa, YIaCTBYIOT QYHKIIMOHAIBHBIE (PparMeHThI, COCTABIIEHHBIE U3 MHOTHX
THICSIY aTOMOB, KOTOPBIE B CBOKO OYepelb, OKPY>KEHBI MEHBITUMH MOJIeKynamu. [IoTpeGHOCTh B
M3YYECHUH TAKUX CIIOXKHBIX "'MaKpOMOJEKYJISIPHBIX'" CHCTEM IPHUBENIA K PA3BUTHIO
MOJTYKJIACCUYECKUX MOJEIEH, KOTOPhIE OOBbEIUHSIOT OMMMCAHNE aTOMOB B TEPMUHAX AJICKTPOHOB
U SiIep C MPOCTOM MOJIENIbI0, OCHOBAHHOM Ha KJIACCUYECKHX (PU3MUECKUX 3aKOHaX (THUIIa 3aKOHa



HeroToHa). B 31011 cxeme aTomMbl paccMaTpUBAIOTCS KaK HEJEIMMBbIE YaCTHIIBI, a
B3aMMOJCHCTBUE MEXAY HUMU OIUCHIBACTCA YIPOIIEHHBIMA MaTeMaTHYECKUMU
COOTHOLLIEHUSMHU, CIEAYIOLUMH, OAHAKO, U3 KBAHTOBON XUMHUU. DTOT IIOJX0/] Ha3bIBAETCS
MOJIEKYJISIPHOM MEXaHUKOM, a €€ pa3JieN, N3Y4aroINi KaK XUMUYECKask CUCTEMA U3MEHSIETCA IIPU
JBUKEHHUH aTOMOB B I10JI€ COCEEH, - MOJIEKYJISIPHOM JUHAMUKOU. [lapameTpsl B Takou
KJIACCMYECKON MOJEIHN TOJIy4arOT, BBINOIHAS KBAHTOBOXUMUYECKUE BBIYMCICHUSI HAMHOIO
MEHBIINX cUCTEM. Takoe MOoeIMpOBaHue CIIOCOOHO OOBSICHUTh MEXaHU3M MHOI'MX XMMHUYECKUX
ABJICHUH U IIPOLIECCOB.

[Tpu paccMOTpeHUH NPOLECCOB, B KOTOPBIX XUMHUECKUE CBA3H 00pa3yloTCs U pa3pyllaroTcs,
NPUXOIUTCS KOMOMHHPOBATH KIACCUUYECKUN M KBAHTOBBIN MOAXO/IbI, PACCMATPHUBAst YaCTH
CHCTEMBI, B KOTOPBIX MPOUCXOAAT XMMUYECKHE U3MEHEHUS1, KBAHTOBO, @ UX B3aUMOJICHCTBUS C
OKpYXEHHUEM - KJIacCu4ecK. YToObI cenaTh 3TO Ha MPaKTHKE, HEOOX0AUMO IIyOoKOoe
IOHUMaHMeE Ipeziesna NPU-MEHUMOCTH KaXK10r0 METO0/1a, OIIMpAloIleecss HA KBAHTOBOXMMUYECKHE
3HaHus. Takoi MoIXxo/, B YaCTHOCTH, IPUMEHSIETCS TIPU HCCIETOBAHNN OMOJIOTHYECKUX CUCTEM
U NIPU U3YYEHUU CEJIEKTUBHBIX, SKCTPAKI[MOHHBIX U KaTATMTUYECKHUX IpolieccoB, Tak,
CIOCOOHOCTh KaTaIU3aTOPOB YIPABIATh PeaKIMel 00yCI0BIEHa CBOMCTBAMU CPE/BI,
OKpY’Karollen "akTUBHBIN ydacTOK" peakiuu. be3 yuera BIUSHUSA OKPYXKAOIIEH Cpeabl,
KOTOPOH, HalpuMep, MOXKET OBITh, TOBEPXHOCTH (pepMEHTa B O€JIKaX WM MOJOCTh B IEOTUTAX,
CHOCOOHOCTh KaTaau3aTopa yIpaBIsATh X0I0M PEAKIIMU OHATh HEBO3MOXKHO. MeTo b
MOJIEJMPOBAHUS, IPUTOJHBIE K PACCMOTPEHUIO 3TUX CIOKHBIX XUMUYECKUX CUCTEM, IOMOTAIOT
IIOUCKY HOBBIX XMMMUYECKHX areHTOB, BKJIOYas JIy4yIlIne KaTalu3aTopsl U 6ojee 3¢ eKTUBHbIC
JeKapCTBa.

Kakoe emie Hay4yHOE ¥ TEXHOJIIOTHYECKOE MPHUMEHEHNE HaXOAUT HH(opMaIys, moiydaeMas B
pesyiabTare pacueToB? OHa He0OX0aUMa, HAIPUMED, U1 PELIeHUs 3a7a4 HEJTMHEHHON ONTHKY, B
YaCTHOCTH, (POTOHUKH - TEXHOJIOTMUECKOTO aHaJIOTa JIEKTPOHUKH, B KOTOPOM BMECTO
AJIEKTPOHOB JUIsl OJIYYEHUsI, XpaHEHHs], epeaadyn 1 00paboTKU HHPOPMALIUU HCTIONB3YIOTCS
¢dotonbl. HennHeliHble oNTHYECKHE SBJICHUS IPUMEHSIOT JUIs YIIPABICHUS 3JIEKTPOHHBIMHU
CBOWCTBaMHM cpell, 00eCIeUnBaIOIIMX U3MEHEHUE YacTOTHI (I[BETa), yCUIIEHUE U NEPEKITI0YeHUE
U3ITyYEHUS , UCIIOJIb3YIOT B JaTUMKAX, OCHOBAaHHBIX HA U3MEHEHUHU CBOMCTB MaTepHaioB MO
JeicTBUEM JIaBJI€HUS, TeMIepa-TYPHBIX, JEKTPUUECKUX MoJeH, U T.1. OnTuMu3anus
ONTUYECKUX HETMHEHHOCTEN MaTepralioB Ha MOJIEKYJISIPHOM YPOBHE TPeOyeT J1eTalbHOTO
MIOHMMAHHS COOTHOILIEHUSI MEKY IEKTPOHHOU CTPYK-TYpOH U HENMHEWHOH MOJsIpU3anuen
BenlecTBa. KBaHTOBOXMMMUYECKHE METO/bI 00ECTIEUNBAIOT 3TO, TO3BOJISS MPEACKa3aTh CBOMCTBA
ONTUYECKUX MaTEpUANIOB (IOJIAPU3YEMOCTH, THIIEPIOISIPU3YEMOCTH) U OLIEHUTH CITIOCOOHOCTh
OTKJIMKA CpEJ/ibl Ha MPUIJIOKEHHOE 3JIEKTPOMarHUTHOE Bo3zeiicTBue. TouyHOCTh MeTO1a
oOecrieunBaeT pelleHue Jaxe 3Toil cnennduueckoil 3a1auu, TpedyromIei 3HaH!s TOBEICHUS
BOJIHOBBIX (DYHKIIMH KaK OCHOBHOT'O, TaK U BO30Y>KICHHBIX COCTOSHHI.

KBanToBass XuMusi B KOMOMHAIIMU C (PU3MYECKON M KOJUIOMTHOW XUMHUEH 1 OMOXUMHEH chirpana
BaXXHYIO POJIb B MIOSIBIIEHUH MOJIEKYJIIPHBIX KOMIIBIOTEPHBIX U MaTepUaIOBEIUECKUX
TEXHOJIOTHI B HAHOIIKaJIE - HAHOTEXHOJIOrui. Cpenn 3a1a4 3TOro HallpaBJICHUs, PEIIAEMBbIX
METOJIJaMU KBaHTOBOM XMUMHH, -XapaKTePUCTHKA HAHOMATEPUAIOB MUKPOCKOITUYECKOTO 1
00BEMHOT0 XapakTepa ¢ 0COOBIMU KOHCTPYKTUBHBIMHM, 3JIEKTPUUECKHUMHU U TEIUIOBBIMU
CBOICTBaMH, MOJIETTMPOBAHUE TIPOTPAMMHUPYEMBIX MOJIEKYJISPHBIX CUCTEM, CLIOCOOHBIX
CaMOOPTaHU30BBIBATHCS U CO3/1aBaTh HOBBIE MaTepHaIbHbIE 00bEKThI, IPOSKTUPOBAHUE
MOJIEKYJISIPHBIX U OMOJIOTMUECKUX CHUCTEM U M3JEJINN PA3IMYHOTO Ha3HAYEHUS, BKIIOYAs
KOMIIOHEHTBI KOMIIBIOTEPA, TAKHE KaK NaMsATh ATOMHOMN IJIOTHOCTH, M MaTe€pHalibl KOCMUYECKOU
TEXHUKHU (HaHOJU3aliH). Bce 3T npoGiieMbl CBS3aHbI ¢ U3y4EHUEM JIEKTPOHHOM CTPYKTYpPBI U
CBOWCTB MOJIEKYJI, MOJICKYJISIPHBIX aHCaMOJIel U KJIacTepOB M KPUCTAILIOB.



I[axce 9TOT KpaTKI/Iﬁ 0630p MOKAa3bIBACT KAK Ha HAIIUX TJIa3aX U3MCHACTCA COACPIKAaHUC
XUMHUYCCKO-TEXHOJOIMYCCKUX 3ada4 U KaKYyIO POJIb B 9TOM HUI'PACT KBAHTOBAA XUMMUA.

K pazzeay "Jlexkuun"

Ha OCHOBHVIO CTPaHHUITY IPEAMETHON KOMHICCHH 110 KBAHTOBON XUMHUH

Poccuiickuii XUMHKO-TEXHOJIOTHYSCKHN
ynusepcuteT um.J.M1.Menneneesa
[IpenmeTHass KOMUCCHUA IO KBAHTOBOM XUMUHU
B. I'. [lupenbcon

KoHcneKkT Jeknuii o KBAHTOBOW XMMUH

BBenenue

boapmumHCTBO OTKpI)ITI/Iﬁ B 00J1aCTH €CTECTBEHHBIX HAayK CBsA3aHO C pa3BUTHEM HpeI[CTaB.HeHI/Iﬁ 0
CTPOCHUHU U NTUHAMUKE OKPYKAOLUICTO0 HAC MHUPA. Baxxnoe mecTo B 3TOM Iponecce 3aHUMaAcT
KBAaHTOBasA TCOPHA MAaTCPUU. KBanToBas XuMus SBIISICTCS OJHUM M3 HaCTHBIX aCIICKTOB 3TOM
TCOPUHU. Ota (bYH,Z[aMCHTaJ'IBHaH AUCHUIITIMHA PAaCCMATPUBACT IIPUITTOKCHUC
KBAHTOBOMCXAHUYCCKHUX 3aKOHOB K U3YUCHUIO XUMHYCCKUX SIBIICHHUI U mpouecCoOB Ha AaTOMHO-
MOJICKYJIAPHOM YPOBHCE.

[TyTh K MO3HAHUIO 3aKOHOB MaTepUaIHLHOTO MUPa B aTOMHO-MOJIEKYJISIPHOM IIKasie ObLT HEMPOCT
1 1oJ10T. 1110161 €ro 4enoBedyecTBO NOIYYUIIO HE TOJIBKO B BUE JJIEKTPOHHOM, KOMIIBIOTEPHOM,
KOMMYHUKAITMOHHOM, KOCMUYECKOW U OMOMEIUIIMHCKON PEBOJIIOIIHM, MPUBEIIITUX K
KaueCTBEHHO HOBOW TeXHOCHEpe, OKpYKAIOIIeH YeloBeKa, K paciudpoBKe reHoma u
KJIOHUPOBAHUIO KUBBIX CYIIECTB, HO U B BHJIE AJIEPHOTO, XUMHUECKOTO ¥ 0AKTEPUOIOTHIECKOTO
opyxwus. Kakue jxe HaydHble PEACTaBICHUS IPUBEIH K CTOJIb PaJAUKaIbHBIM MIEpEMEHaM?

B 20-¢ rozp! Hamero Beka OMcaHue MaTEPUHA OCHOBBIBAJIOCH HA BOCXOALIEH K J[eMOKpUTY U
JlanbTOHY KOHIENIIMHY aTOMOB, KaXKIbIii U3 KOTOPBIX COCTOUT U3 OTPULIATENIBHO 3aPsKEHHBIX
3JIEKTPOHOB U MOJIOKUTENIBHO 3apsKEHHBIX sijiep. ToMy B OATBEp)KACHUE ObUIN MOTY4EHBI
XOpOILIO MOHSATHBIE MHOTOYUCIIEHHBIE SKCIIEpUMEHTANIbHBIE JaHHBIE, XOTS 3aKOHBI,
OTHCHIBAIOIIHE MTOBEJICHHE MIEKTPOHOB, ObUIM M3y4eHbl c1a0o. Mies BOIHOBOTO Xapakrepa
MuKpomupa (J1e bpoitis) cHsna MHorue npotuBopeuns. OJIHaKO NPeCTaBICHUS TOTO BpEMEHU
HE PacKpbUTU MPUYMH 00pa30BaHUs MOJIEKYJI U3 aTOMOB, CIIELIU(PHUKH UX MTOBEJICHHUS B OCHOBHOM
COCTOSIHUU U TeM 0oJiee B XMMHUYECKHX peakuusax. YToOs! caenaTh 310, HoTpedoBaiach
nocjenoBarenbHas Teopus. Eo cTana KBaHTOBas MeXaHMKa, 00ECTIEUHBILAs METOI0JIOTHIO,
CIIOCOOHYIO ONMMCHIBATH M MPECKa3bIBaTh MHOTHE CBOMCTBA BEIIECTB HA aTOMHOM YypoBHe. Co
BpPEMEHEM XUMHKH YOEIMINCH B IEHCTBEHHOCTH 3TOW METOAOJIOTUU U 3TO B KOPHE U3MEHUIIO
coJiep’KaHne MHOTHUX XMMHUYECKUX HccliefjoBaHui. KBaHTOBast XMMuUsl, paccMaTpUBasi OBECHUE
3JIEKTPOHOB, OOBSICHWIIA CTPOCHNE XUMUYECKUX COCTUHEHUH, TPUPOTY XMMUYECKOH CBSI3H,
HHEPreTHKY Pa3IMUHBIX XUMUYECKUX MPOIIECCOB, KOJIEOaH!s, XUMHUYECKHE PEaKuU 1
B3aUMO/ICHCTBUS B CIIOKHBIX MOJIEKYJIIPHBIX aHCAMOJIAX, BKJIIOYasi OMOJIOTMYECKUE CUCTEMBI.

Kypc xBanToBoii xumuu B PXTY, paccMaTpuBas aTOMBbI, MOJIEKYJIBI M UX aHCAMOJIH U
KPHUCTAJIJIBI, OTIMPACTCS HA MIOCTYJIAThl KBAHTOBOM MEXAaHUKH, KOTOPBIE NU3YYarOTCs B Kypcax
(U3UKK ¥ TEOPETUYECKUX OCHOB XMUMHUU. [T €ro u3ydeHus JO0CTaTOuHO 3HAKOMCTBA C


http://www.muctr.edu.ru/~quant/quant/method/METHOD/LECTURES/lectures.htm
http://www.muctr.edu.ru/~quant/quant/method/q_chem1.htm

MaTeMaTHKOW B CTaHIAPTHOM BY30BCKOM 0ObeMe. BakHEHIIMM B KBAaHTOBOM XMMMU SBIISIETCS
HIOHATUE BOJIHOBOW (DYHKIIMU - XapaKTEPUCTUKH COCTOSIHUNA XUMUYECKUX CUCTEM, 3aBUCSILEH OT
KOOpJMHAT YacTHIl U ABJsIoLIelcs pemenneM ypaBHeHus Llpennnrepa. 1o ypaBHEHHE
BOJIHOBbIE (DYHKIIMM CBA3BIBAET C BO3MOKHBIMH 3HAYEHUSMU SHEPTUH COCTOSIHUN IPU 3alaHHOM
quclie 3JIEKTPOHOB U SIIEP U U3BECTHOM B3aMMHOM PACIIOJIOKEHUH MTOCIEAHUX. 3Hasl BOJIHOBBIE
(GYyHKLNHU, MOXKHO OIPEAETIUTD pacipe-AeiIeHne JIEKTPOHHOI0 3aps/a, pacCUUTaTh MOMEHTHI
MOJIEKYJIbI, BBIYUCIIUTD €€ CIIEKPOCKONINYECKUE U PE30OHAHCHBIE XapaKTEPUCTUKH, OIIUCATh €€
PEAKIMOHHYIO CIIOCOOHOCTb, PACCUUTATh 30HHYIO CTPYKTYPY KpUCTAJLIA U T.[.

J1J1s IPOCTHIX CUCTEM BOJHOBBIE (DYHKIIMM PACCUUTHIBAIOT YHCICHHO, ISl CUCTEM OoJiee
CJIO’KHBIX U MPEJICTABISIOIIMX MPAKTUYECKUI UHTEPEC 11 XUMHUKOB 3TO HEBO3MOXKHO. [ToaTomy
IpU pacueTax MPUXOAUTCS BBOAUTH pa3IuUHbIe MpUOIKeHus. OJHUM U3 OCHOBHBIX TaKUX
NpHUOIMKEHUH, UCTIOIh3yeMOM B OOJIBIIMHCTBE KBAHTOBOXUMUYECKUX PACUETOB, SIBIISCTCS
npubmkenne bopaa-OnnenreliMepa, OCHOBaHHOE Ha Uee Pa3elIbHOr0 pacCCMOTPEHUS
BOJIHOBBIX (DYHKITUH, ONTUCHIBAIOIINX COCTOSIHUS JICKTPOHOB U sifiep. boiee Tspkenbie sapa
JIBUTAIOTCSI HAMHOT'O MEJICHHEW 3JIEKTPOHOB U IPU OMMCAHUU MHOTHX 3JIEKTPOHHBIX MPOLIECCOB
MOT'YT CUMTAThCA HEMOABUKHBIMU. B pe3ynbpTare MaremaTuyeckas 3ajgaqya OnpeaesiCHUs
3JIEKTPOHHBIX BOJHOBBIX (PYHKIIMI CHIIBHO yIIpoiaeTcs. Teopusi XUMHUUECKOH CBSI3U, HApUMeED,
MOCTPOEHA UMEHHO B 3TOM MPUOIMHKEHHUH.

JanpHeiinme npuOImKeHNs KacaroTCst JIEKTPOHHOTO ABMKEHUs. OTpULIATETbHO 3apsKEHHBIE
3JIEKTPOHBI OTTAIIKMBAIOTCS B MOJIEKYJIE APYT OT Apyra. TO BO3AECUCTBYET HA UX JBU)KEHUE,
KOTOPOE, KaK TOBOPAT, SIBIISIETCSI KOPPEIMPOBAHHBIM. FIMEHHO 3TO CO37a€T OCHOBHYIO TPYJHOCTb
B ONPE/ICIICHUH BOJHOBBIX (DYHKLUI [ MHOTAJICKTPOHHBIX cucTeM. [1oaToMy B OONBIIMHCTBE
METOI0B KBAaHTOBOM XMMHHU UCXOJIAT U3 MPHOIMKSHHUS, YTO JBMKEHUE FIEKTPOHOB
HEKOPPEIMPOBAHO U UIIYT BOJHOBbBIE (DYHKIIMH IEKTPOHOB, CUMTAS MX HE3aBUCUMBIMHU.
[TockonbKy, OTHAKO, BCE YaCTHUIIHI B MOJIEKYJIE B3aUMOJICHCTBYIOT, 9TO YUUTHIBAIOT, BBOJS ISt
3aJJaHHOT'O 3JIEKTPOHAa BMECTO MTHOBEHHOT'O B3aUMOJICHCTBUS C IPYTUMHU 3JIEKTPOHAMHU U
SpaMu, B3aMMO/ICHCTBHE C TIOJIEM, YCPEIHEHHBIM IO MOJIOKEHHUSIM BCEX APYTHX YACTHII.
bnaronaps sTomy, npoGieMa pacuera BOJHOBBIX (DYHKLUH JUIs CJIOKHBIX CHCTEM YIPOILAETCs,
MIOCKOJIBKY 3a/1a4a CBOJIUTCS K OMPEeNICHHIO OHOAIEKTPOHHBIX BOJHOBBIX (DYHKIIUN KaXK10M
YaCTHUIIBI B CPEIHEM T10JI€ OCTANIBHBIX (MOJIEKY-JISIpHBIX opOuTaineit). OnuH u3 Hauboee
MOIITHBIX METOJIOB KBAHTOBOIM XUMHH - MeTO]l XapTpu-Doka- mo3BoJIsSeT pacCUuTaTh IMEHHO
Takue QyHKIUH.

XoTs npulOiInKeHNe He3aBUCUMBIX YaCTHI] - JOBOJIBHO CEPbE3HOE YIPOLIEHHUE, K CYaCThIO, BO
MHOTHX CITy4JastX OHO JIOITYCTHMO U TO3BOJISIET, HAWIs1 BOJHOBBIE (D)YHKIIMH, TOHITh XUMUYECKOE
MTOBEJICHUE MOJIEKYJIbl. YUeT KOPPEISLHNA B IBMXKEHUH 3JIEKTPOHOB BO3MOXKEH, XOTS U CIIOXKEH,
IIPY 3TOM OIISITh MPUXOJUTCS MPUBJIEKATh pa3InyHble MpUOIxKeHuns. Yaie Bcero Koppemsus
YUUTBIBAETCS 110 TEOPUH BO3MYILIEHUH, UCTIOIB3YsI XapTpU-(HOKOBCKYIO BOJTHOBYIO (DYHKIIMIO KaK
UCXO/IHOE PUOJIMKEHUE, WM ITyTeM MPEICTaBIEHUS BOJHOBOM (DYHKIIMU B BUJIE€ CYNEPIIO3UIINN
0oJiee MPOCTHIX BOJHOBBIX (DYHKIUI1, OMUCHIBAIOIINX BO3MOXKHBIE BO30YKICHHS B CCTEME.

qaCTO JJIs1 IOHUMaHU S CYTI/I XUMHNYCCKUX HpOHeCCOB NIn TpaKTOBKI/I 3KCHepI/IMeHTaHBHBIX
JAHHBIX JOCTaTOYHO HUCIOJIb30BaTh MEHEE TOYHbBIE U BEChMa YITPOIIECHHbIE TOIXO0BI.
[TpoMexxyTOouHbIE BETUYHHBI, PUTYPUPYIOLIHE B CXEME pacyeTa, B ATUX METO/Iax
paccMaTpUBaIOTCS KakK MapaMeTphl, M3BJICKaeMble. Kak MPaBUIIo, U3 dKkcriepuMenTa. Takue
METOAbI HA3BIBAKOTCS HOHyaMHI/IpI/I‘ICCKI/IMI/I; OHU pa3J'II/I"IHI)I JJISL paSHI)IX KJIACCOB COGI[I/IHGHI/II\/'I nu
HNX UCIIOJIB30BaAHUC Tp66yeT OTACIIBHOI'O I/I3y‘-IeHI/ISI. TaKI/Ie MCTOJAbI Ba’KHBbI, HOTOMy qTo,
HECMOTPS Ha MHOTHE JOCTH)KEHUS, HICH KBAHTOBOM XUMHH B YricTOM Buze (ab initio)
HeHOCpeI[CTBeHHO HpI/IMeHI/IMBI K OI‘paHI/ILIeHHOMy Knaccy XUMHNYCCKUX HpO6HeM: 3anaTBI Ha
BBIYKCJIEHHE BOJHOBBIX (DYHKIIUI OBICTPO PACTyT C pa3MePOM cUcTeMBI. Boliee Toro, B BayKHbIX



XUMHUYECKHX MPOIIeccax, MPOTEKAIONINX B OMOIOTHUECKUX CUCTEMaX, THIIa MeTaboIn3Ma B
OpraHU3Me YeJI0BEeKa, y4acTBYIOT ()yHKIIMOHAJIbHBIE ()PAarMEHTHI, COCTABICHHbBIE U3 MHOTUX
TBICSY aTOMOB, KOTOPBIE B CBOIO OYepe/ib, OKPY>KEHBI MEHBITMMH MoJieKyaamu. [loTpeGHOCTh B
W3Y4YECHUHU TAaKUX CIOKHBIX "MAaKpPOMOJIEKYJIAPHBIX'" CHCTEM IIPUBEIIA K PA3BUTHUIO
MOJYKIJIACCUYECKUX MOJIENIeH, KOTOpbIe 0OBEANHSIOT OITUCAHNE aTOMOB B TEPMHUHAX JICKTPOHOB
U s1JIep € MPOCTOM MOJIENIbI0, OCHOBAHHOM Ha KJIACCUUECKUX (PU3NYECKHUX 3aKOHAX (THIIA 3aKOHA
HeroToHa). B 31011 cxeme aTromMbl paccMaTpUBAIOTCS KaK HEJEIMMbIE YaCTUIIbI, a
B3aMMOJCHCTBUE MEXAY HUMU OIUCBHIBAECTCS YIPOIIEHHBIMA MaTeMaTHYECKUMU
COOTHOLLIEHUSMHU, CIEAYIOLUMH, OAHAKO, U3 KBAHTOBON XMMHUU. DTOT IIOJX0/] Ha3bIBAETCS
MOJIEKYJIIPHOM MEXaHUKOM, a €€ pa3ieN, N3y4aloIui KaK XUMUYECKasi CHCTEMa U3MEHSETCS IIPU
JBUKEHUH aTOMOB B I10JIE COCEIEH, - MOJIEKYJISIPHOM JUHAMUKOU. [lapameTpsl B Takou
KJIACCMYECKON MOJEIHN MOJIyYatOT, BBINOIHAS KBAHTOBOXUMUYECKUE BBIYMCICHUSI HAMHOIO
MEHBIINX CUCTEM. Takoe MOAEeIMpPOBaHNE CIIOCOOHO OOBSICHUTh MEXAHU3M MHOTUX XUMHYECKHUX
SBJICHUH U NIPOLIECCOB.

[Tpu paccMOTpeHUH NPOLECCOB, B KOTOPBIX XUMHUYECKHE CBA3H 00pa3ylOTCs U pa3pylatoTcs,
IPUXOINUTCS KOMOMHUPOBATh KJIIACCUYECKHUM U KBAaHTOBBIM MOAX0/bI, pacCMaTpuBas 4acTu
CHCTEMBI, B KOTOPBIX MPOUCXOAIT XUMUYECKHE U3MEHEHUS!, KBAHTOBO, a UX B3aMMOJEUCTBUS C
OKpY’KEHHEM - KilaccuuecKu. UToObI cenaTh 3TO Ha IPAKTHKE, HEOOX0AUMO IiTyOoKoe
NOHUMaHMe Ipeziena NPU-MEHUMOCTH KaXKI0r0 METO0/1a, OIIMPAroIIeecss HA KBAHTOBOXMMUYECKHE
3HaHus. Tako# MoIXo/a, B YaCTHOCTH, IPUMEHSIETCS TIPU MCCIIEOBAHUN OMOJIOTHUECKUX CUCTEM
U TIPU U3YYEHUU CEIEKTUBHBIX, SKCTPAKIIMOHHBIX U KaTATUTUYECKUX IpoleccoB, Taxk,
CIOCOOHOCTh KaTaIU3aTOPOB YIPABIATh PeaKklMeld 00yCI0BIEHa CBOMCTBAMU CPE/BI,
OKpY’Karolllen "akTUBHBIN y4acTOK" peakiuu. be3 yuera BIUSHUSA OKPYXKAOIIEH Cpeabl,
KOTOPOH, HalpuMep, MOXKET ObITh, TOBEPXHOCTH (pepMEHTA B O€JIKaX WM MOJOCTh B IIEOJIUTAX,
CHOCOOHOCTh KaTaau3aTopa yIpaBIsATh X00M PEAKIIMU HOHATh HEBO3MOXKHO. MeToIbI
MOJIEJUPOBAHUS, IPUTOJHBIE K PACCMOTPEHHUIO ITUX CIOKHBIX XUMUYECKUX CUCTEM, IOMOTAIOT
MOUCKY HOBBIX XMMMUYECKUX areHTOB, BKJIIOYas JIy4Illlne KaTaau3aTopbl U 6osee 3 PeKTUBHbIE
JeKapcTBa.

Kakoe emie HayuyHO€ U TEXHOJIOIMYECKOE MPUMEHEHUE HAXOUT UHPOpMaIHs, IToIydaeMas B
pesyibrare pacueToB? OHa He0OXO0AUMa, HAIPUMED, U1 PELIeHUs 3a7a4 HEJTMHEHHON ONTHKY, B
YaCTHOCTH, (POTOHUKH - TEXHOJIOTMUECKOT0 aHaJIora 3JIEKTPOHUKH, B KOTOPOM BMECTO
AJIEKTPOHOB JUIsl NOJIYYEHHUsI, XPaHEHUs], epeaayd 1 00paboTKU HHPOPMALIUU HCTIONIB3YIOTCS
¢dotonbl. HenuHeliHble oNTHYECKHE SBJICHUS IPUMEHSIOT JUIs YIIPABICHUS 3JIEKTPOHHBIMHU
CBOWCTBaMH CpeJl, 00eCIeUnBAIOIINX U3MEHEHUE YacTOThI (I[BETa), YCHIIEHHE U TIepEKITIOueHe
W3JIy4E€HMS , UCTIOIB3YIOT B IaTYMKAaX, OCHOBAaHHBIX Ha U3MEHEHUU CBOMCTB MaTEPUAIIOB IO
JIEMCTBUEM JIaBJICHHUS, TEMIIEPA-TYPHBIX, dJEKTPUUECKUX TOJIEH, U T.1. OnTUMHA3anuUs
ONTUYECKUX HETMHEHHOCTEH MaTepHaioB Ha MOJIEKYJISIPHOM YPOBHE TpeOyeT JeTaabHOIro
MTOHUMAaHUs COOTHOILIEHUSI MEXY SJIEKTPOHHOU CTPYK-TYypOH M HEJIMHEMHOW MOJspU3aluen
BemecTBa. KBaHTOBOXMMHUYECKHE METOIbI 00ECIIEUHNBAIOT 3TO, TO3BOJIAA MPEICKA3aTh CBONCTBA
ONTUYECKUX MATEPHAIIOB (TIOJISIPU3YEMOCTH, TUIIEPIOISIPU3YEMOCTH) U OLIEHUTh CLIOCOOHOCTh
OTKJIMKA CPEABbl Ha IIPUIOKEHHOE DJIEKTPOMarHuTHOE Bo3aeucTBre. ToYHOCTh METO1a
o0ecreunBaeT pelleHue Jaxe 3Toil cnennduueckoil 3a1auu, Tpedyromiei 3HaH!s TOBEICHUS
BOJIHOBBIX (DYHKIIMH KaK OCHOBHOT'O, TaK U BO30Y>KIECHHBIX COCTOSHHI.

KBanTOBas XMMusi B KOMOMHAIMU C (PU3MUECKON M KOJUTOMTHON XUMHUEH 1 OMOXUMHEN Chirpana
BaXHYIO POJIb B MOSIBIIEHUH MOJIEKYJIIPHBIX KOMIIBIOTEPHBIX U MaTepUaIOBEIUECKUX
TEXHOJIOTHI B HAaHOIIKaJIE - HAHOTeXHOosIorui. Cpenn 3a1a4 3TOro HalpaBJICHUs, PEIIAEMBbIX
METOJJaMU KBaHTOBOW XMMMH, -XaPAKTEPUCTHKA HAHOMATEPUAIOB MUKPOCKOIINYECKOTO U
00BEMHOT0 XapakTepa ¢ 0COOBIMU KOHCTPYKTUBHBIMH, JIEKTPHUECKUMH U TETIJIOBBIMU
CBOWCTBaMM, MOJEIIMPOBAHUE TPOIPAMMUPYEMBIX MOJIEKYJIIPHBIX CUCTEM, CIIOCOOHBIX



CaMOOPTaHU30BBIBATHCS U CO3/1aBaTh HOBBIE MaTepHAJIbHbIE 00BEKThI, IPOCKTUPOBAHUE
MOJICKYJISIPHBIX U OMOJIOTMYECKUX CUCTEM U U3JENIUN PAa3InYHOrO Ha3HAYEHUS, BKIIOYas
KOMIIOHEHTBI KOMIIbIOTEPA, TAKHE KaK aMsATh ATOMHOW IJIOTHOCTH, U MaT€pHaibl KOCMUYECKOM
TEeXHHUKU (HaHOAM3alH). Bee 3T mpo6iieMbl CBsI3aHbl ¢ U3YYEHHUEM AJIEKTPOHHON CTPYKTYPHI U
CBOICTB MOJIEKYJI, MOJIEKYJIIPHBIX aHCaMOJIEN U KJIaCTEPOB U KPUCTAIIIIOB.

I[axce 9TOT KpaTKI/Iﬁ 0630p IOKAa3bIBACT KAK HA HAIIMX TJIa3ax U3MCHACTCA COACPIKAaHNC
XUMHYCCKO-TEXHOJOIMYCCKUX 3ada4 U KaKyIO POJIb B 9TOM HUI'PACT KBAHTOBAA XUMMUS.

K pazzeny "Jlexkuun"

Ha OCHOBHYIO CTpAHUILY HDeﬂMeTHOﬁ KOMHCCHH IO KBAHTOBOM XUMHH

1.1 IIpyMHIUOBLI KBAHTOBOH MEeXaHUKH

OcHoBOM U1 U3Y4€HUs KBAHTOBOM XMMUU SBJISIOTCS Kypchl “TeopeTniueckrue OCHOBbI XUMHHU ™,
"Bricias Mmaremaruka" u "®usnka", koropslie usyyarorcs B PXTY B 1-4 cemectpax. Hanomuauwm,
YTO KBAaHTOBAsI XUMUS aTOMOB, MOJICKYJI M MX aHCAMOJIel U KPUCTAIIJIOB ONMPAETCs Ha
CJIEYIOIE€ OCHOBHBIE IMOCTYJIAThl KBAHTOBOW MEXAaHUKHU:

1.Kaxxoe cocTosTHuE CHCTEMBI N YaCTHI] TIOJHOCTHIO OMMCHIBACTCS (QYHKITUEH KOOPAUHAT
vactuil X ¥ Bpemenu t W ({X},t), Ha3piBaemoii BotHOBOM (yHKImei#. BomHoBast hyHkums
CYIIIECTBYET BO BCEM MHTEPBAJIC M3MECHEHUS NIEPEMEHHBIX, T/Ie OHAa HENPEPBhIBHA, KOHEYHA U

-
OJlHO3Ha4yHa. BeipaxkeHue T X yveer embica BEPOSATHOCTH TOTO, YTO B MOMEHT BPEMEHH t i-
ast YaCTHIIA HAXOUTCS B MHTEPBaJIe KOOPAMHAT OT Xj 710 Xj+dX;, a uHTETrpasn

©
‘[‘f"({x},t)‘f’({x},t}dx =1
@ , IPH YCJIOBUH, YTO BOJHOBbIE (PYHKIIM HOPMHUPOBAHbBI HA €TUHUILY.
[TockonbKy GpU3NUECKUi CMBICT UMEET JIUILb BEJINYMHA ¥, To BOTHOBAS ynxnus
OIIpe/IeNieHa ¢ TOYHOCTBIO 10 MMPOM3BOJIBLHOTO (h)a30BOr0 MHOYKHUTENS TUIA €' .

2.Kaxmoii TOCTYITHON U3MEPEHUIO BETUYMHE A B JIFOOOM M3 BO3MOKHBIX COCTOSIHUM
COOTBETCTBYET JUHEHHBII YPMUTOB onieparop A. Onepamopom HA3bl8aAemcs CUMBOI,
0003HaAYAIOWUTL MAMEMATUYECKYIO ONEPAYUIo, C NOMOUbIO KOMOPOU U3 0OHOU QYHKYUU
noxyuaemcsi 0py2asi, Kaxrcoomy onepamopy omeeyaem ypasnenue muna Af=af, 2oe a - 6oobwe
2080psL KOMNIEKCHOE YUCII0, HA3bleaeMoe cOOCMEeHHbIM 3HaueHuem onepamopa A, a f
Hazvleaemcs coocmeennoll yukyueti A. Onepamop, 00.1a0ar0wuil C80NUCMBEOM

[A (R4 (Ddx = [ 4 (A4S @d

Haszvleaemcst IpMumoessbim, cobcmeenHble 3HaYeHUs IPMUNMOBbLX onepaniopoe -
OeticmeumeibHble uucia, a ux cobcmeenmvie d)yHKuuu o6pa3yr0m NOJIRYIO OPMOHOPMUPOBAHHYIO

I _j; _j:? .= t%.
cucmemy, m.e. . JIeficTBys Ha BOJHOBYIO (DYHKIIHIO, OTIEpaTOp IPEBPAILAET €€ B

JPYTYIO BOJHOBYIO (DYHKIIHIO; TOBOPSIT, UTO JACHCTBUE ONlepaTopa NepeBOIUT CUCTEMY B IPYroe
COCTOsIHUE (YACTHBIN Cllydall - ccTeMa OCTAaeTCsl B TOM XK€ COCTOSIHUM).

Tabmuua 1.1. OnepaTopbl OCHOBHBIX (PM3MUYECKUX BEITUYHH
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ITepemennas | O6Go3nauenue = OOo03HAUCHHE [TpousBoanumas
MepeMEHHON |  orepaTopa orepanus
Koopaunara r r YMHOXEHUE Ha 1
MowmeHnt p p fa a3 &
—iRl —+ — + —
| dx v gz
Kunernyeckas T T 520 ar a*
- + +
2 2 2
DHeprus 2 | dx dy Az
[TorennmanbHas V(r) V(r) Ymuoxenue Ha V(r)
SHEPrus
[Tonmuas E H 52 2 2 2
_R 82+82+82 + Vi)
2| Ax® dy* Oz
SHEPrus

3. HezaBucsmiast OT BpeMeHH BOJHOBAs (DYHKIHS yIOBICTBOPSIET CTAMOHAPHOMY YPABHEHH IO

HIpenunrepa:

H¥ = E¥ (1.1).

3neck H=T+V- 5pMHUTOB onepaTop MOIHON IHEPIUU CUCTEMBI (FTaMUIBTOHHAH) €CTh CyMMa
orepaTopa KHHETHUECKON SHEPTUH Bcex YacTHl] cucteMbl T 1 oneparopa nux noTeHIMaIbHOMN

sHepruu V, E - monHas sHeprus cucrembl. KBaHToBast xu
MOJIEKYJI U KPUCTAJIOB, COCTOSALINX U3 ITOJIOKUTEIBHBIX
MOTEHINATbHASA SHEPTUS KOTOPBIX OMPEACIISIETCS KYJIOHO

MHsI U3y4aeT CBOMCTBA aTOMOB,
SIEp ¥ OTPULIATEIBHBIX JIEKTPOHOB,
BCKHMM B3auMoJiericTBueM. OnepaTopsl

KHHETHIECKOU OHEPIuu B CUCTEMC M AACP U N SJICKTPOHOB BBITJIAJAT TaK:

_ HE M 1 .
L®=-22" (1.2)

HE A7
L@ =-—27 (1.3)

3IICCL Ma — Macca sjapa a; m - Macca 3JICKTpPOHa,

a4t ar 4
= + +

vﬂ
axt ot At

- oniepatop Jlarutaca (narutacuas).

Huddepenumpopanue B ypaBHeHnH (1.2) BeneTcs o koopauHaTam snep, B (1.3) —mo

KoopauHaTaM 3JICKTPOHOB.

Bun oneparopoB norennuanbHoi sHepruun (B cucreme CU) crneayromimii:



z,Z,
V_(R) - 224%; anh (1.4)

V;I{R!r} = _ZZ {15)

4 rgr,;

V,, @ —ZZ 7 i (1.6),

TGy

rae Za ¥ Zp - aTOMHBIA HOMED 3JIEMEHTA, € - 3aps]l AIEKTPoHa, Ry — paccTosiHue Mexay sapamu,
lij — paCCTOSIHUE MEXKY 3JICKTPOHAMMU.

Omnepatop (1.4) onuceiBaeT OTTaIKUBaHUE A1ep, (1,5)— 3Hepruto NpuUTsHKEHUS 3JIEKTPOHOB K
anpam, (1.6) — oTTaikuBaHUE JIEKTPOHOB.

Ctporo roBopsi, B TaMWJIBTOHHAHE CIIEYET y4eCTh pelsTHBHCTCKUE () (eKThI, 00ycIoBICHbIE
OJIM3KOM K CBETOBOI CKOPOCTHIO JIEKTPOHOB B HU3KOIHEPIE€TUYECKUX COCTOSHUSAX (IIEKTPOHOB
0CTOBA), CIIMH-OPOUTAIFHBIM B3aUMOJICHCTBUEM U B3auMo/IeiicTBHeM JapBHHA, BOSHUKAIOLIIM
BCJIE/ICTBUE MANbIX (PIYKTyallui ABMXKYIIUXCS JIEKTPOHOB OTHOCUTENILHO CPEAHUX TO3HUIIHA.
OpnHaxo, B 04€Hb XOPOLIEM NMPUOJIMKEHUN UX MOYKHO UTHOPUPOBATH IIPU PACCMOTPEHUN MHOTHX
KBaHTOBOXMMHUYECKHUX 3a/1a4, 32 UCKIIFOUEHUEM TsDKeJbIX (Z > 18) aToMOB U uX aHcaMOJIeH.

38.BI/IC$[H_Ia$I OT BpECMCHHU BOJIHOBaAA CI)YHKI_[I/IH YAOBJICTBOPACT HCCTATUOHAPHOMY YPAaBHCHHUIO

H‘-P—Ll‘iﬁ

[lpeauurepa dt

4. 3HaueHus BEIUYMHBI A, KOTOPbIE MOTYT OBITh U3MEPEHBI, ABISIOTCS COOCTBEHHBIMU
3HAYEHUSMHU aj YPAaBHEHMsI HA COOCTBEHHbIE 3HAUCHUS

AY; = 'Y, (1.7a)

HY¥, =E,¥,, E,<E <E, <. <E (1.174)

ne

rze cooctBeHHast pyHKIus ¥ j ecTb BoHOBAs (DYHKIIMS, OMUCHIBAIOIIAS BO3MOKHBIE COCTOSHUS
CUCTEMBI, B KOTOPBIX POBOJATCS U3MEPEHUS. JDTO 03HAYAET, YTO PELIEHUE YPaBHEHHUS
[penunrepa (1.1) ecTh He YTO MHOE KaK peLICHHE 3a/1a4l Ha COOCTBEHHBIE 3HAUEHUS ollepaTopa
nosHo# 3Heprun cucteMbl H. CiekTp cOOCTBEHHBIX 3HaYeHUN U HAOOp COOCTBEHHBIX (DYHKIIMH
raMUJIbTOHMAHA MOJHOCTBIO XapaKTEPU3YIOT CUCTEMY.

5. CpenHee 3HaUEHUE <a™> BEJIMYMHBI A IS CHCTEMBI, HAXOMAIIEHCS B COCTOSHUM 1,
= I‘-I-’;(::}ATi(x)dx (1.18).

ONIPCACIISICTCS BBIPAKCHUCM:

-
(mpenmosaraercs, 4To BOJIHOBBIE (PYHKIIUU Ti(x) OpPTOHOPMAJIbHBI). DTO JaeT PeLenT
oTpezieNieHUs] XapaKTePUCTUK CUCTEMBI C TIOMOIIIbIO BOJTHOBBIX (DYHKITHHM.

1.2 Bapuanuouunlii npuauun. Pemenue vpasuenus Ilpenunrepa




Taxum 0Opa3oM, 7Sl U3YUEHUS SICKTPOHHBIX COCTOSIHUI U CBOMCTB XUMUYECKUX CUCTEM,
HeoOxoauMmo pemnTh ypaBHeHue lIpenunrepa. Pemenus uiyt ¢ moMols0 BapualluoOHHOTO
OPUHIUIA, MUHUMU3UPYS SHEPTUIO CHCTEMBI M OnpeAessis PyHKIIMN, MAaKCUMAIbHO OJIM3KHE K
coOcTBeHHBIM (yHKIMM orneparopa H. BapuanoHHbIi NpUHIMI YTBEPKAAET, YTO CPEHEE
3HayeHue Hepruu E; 1000ro n3 BO3MOKHBIX 1 COCTOSIHUN CHCTEMBI HE MOXKET OBITh MEHBIIIE
HIDKHEro coocTBeHHOro 3HaueHus Eg onepatopa H. [lokaxxem 3to.

Cpennee 3nauenue oneparopa H ms HekoTtopoi BoiaHOBoM GyHkiuu W , HOpMuUpoBaHHOM Ha 1,
E= J“-I-" (OHPx)dx = (c,cf|H|c;r} (1.9

paBHO

[IpencraBum W B Buze pasinokeHus mo coocTBeHHBIM QyHKIMsAM oneparopa H:
Y=Y (1.10)
i

4TO BCCra BO3BMOXKHO, ITIOCKOJIBKY MMOCIICAHNUEC COCTABJIAIOT IMMOJIHYHO OPTOHOPMUPOBAHHYIO
L] * L]
J“{J (%) (x)dx = Zciciﬁ; Fodx =1
cucremy. B cuiy aToro ! 150301

Z cic, =Z |«:i
1 1

‘o1

. [oncrasmnss (1.10) B (1.9), umeem:

E= I*{f‘ EHY(xdx = > k[ r{f OHY, (xdx = > |, ['E, (111

i

I I
E=>elE 2B > Jesf =,
rae E; - saeprus i-ro cocrosinus. SIcHO, 4TO i i , Tie Eq - HmKkHee
coOcTBeHHOE 3HaueHus onepatopa H, T.k. sHepruu Bo30YyKIEHHBIX COCTOSHUHN BBIIIE, YEM
HU3IIIETO, Ha3bIBAEMOTO OCHOBHBIM, YTO U TPEOOBAIOCH 10KA3aTh.

Wtak, uto6s! pemnth ypaBHenue Lllpenunrepa, HyKHO MUHUMU3HPOBATH BbIPAKEHUE JIIIS
sHepruu (1.9), T.e. mogo06paTh TakKMe BOTHOBBIC (DYHKIINH, JIJIsT KOTOPBIX SHEPTHs OyaeT
MUHUMAaNbHA. J{J1 3TOro BOJIHOBas (YHKIUS JODKHA BKIFOUATh HEKOTOPHIE IEPEMEHHBIS
napameTpbl, U3MEHsIST KOTOPbIE MOKHO o0ecreunTh MUHIMYM. Harpumep, MOKHO 3amucarth
BOJIHOBYIO (D)YHKIIHIO B BUJEC TUHEHHONW KOMOMHAIIUN

F =0 (1.12)

I7ie @ - N BHIOPAaHHBIX U3 HEKOTOPBIX COOOpakeHUH QyHKIUI (Hanpumep, JUIsi aTOMOB - 3TO
MOTYT OBITh ATOMHBIE OPOUTANIN, O KOTOPBIX MBI IOTOBOPHM Jajiee), 4acTO Ha3bIBaeMble
0a3uCHBIMY, a Cj - IepeMeHHbIe apaMeTpbl. YToObl HaliTu MUHUMYM (1.9), HyXHO, 4TOOBI BCe
nepBble IPOU3BOIHBIC YPHEPTUU 10 MTAPAMETPaM Cj PaBHSIMCH HYJIIO, @ BTOPBIE - ObUIH
HOJIOXKUTEIbHBI. OOBIYHO, OIHAKO, OTPAHNYMBAIOTCS PABEHCTBOM HYIIIO NEPBBIX IPOU3BOHBIX,
YTO OTBEYAET YCIOBUIO CTAlMOHAPHOCTH:



OFE/0c1=0E/dc;=...=0E/ 8 cy=0(1.13a)
0E/dcy =0E/d¢c, =....=0E/dc, =0.(1.136)

Ha s3p1ke BapUAIIMOHHOT'O HCUUCIICHUA, OOBIYHO HCIIOJIB3YEMOI'O B KBaHTOBOM XHUMHHU, OTO

L]
E-J“-I-’ (xHT(x)dx =0
HKBUBAJIEHTHO TPEOOBAaHHIO 0OpaIleHNs B HYJIb TIEPBOM BapHallul . "3
ATOTO YCIIOBHSI JOJDKEH CIIeZI0BAaTh HA0OP ypaBHEHHIA, pelias KOTOpPbIe COBMECTHO, MOXKHO HAWTH
napamerpsl Ci  [Ipu 3TOM cnenyer, 0oJHaKO, IPUHATh BO BHUMAHUE, YTO 3TU KO (PUIIUEHTH] HE
HE3aBUCHMBI, a CBSI3aHBI B CUJIy OPTOHOMUPOBAHHOCTH (pyHKIMIA ‘¥ cOOTHOIIEHHEM:

J“F (¥ (x)dx = chzcj f"‘” X = chz Sy (1.14)

= [y p.dx
Wurerpan -I-LPILPJ

Ha3bIBACTCSI HHTETPAJIOM [EPEKPhIBAHUA.

Jlns ydera mpu MUHUMU3ALMK OTPAaHUYEHU, KAaKOBBIM siBJIsieTcst yenoBue (1.14), MaremaTuku
HCIIOJIb3YIOT METOJT HEONIPEICIEHHBIX MHOXKHUTENeH Jlarpanxka. BBoas Takoit MHOkuUTEND E,
YpaBHEHUE IS ONIPEACIICHUs TapaMeTPOB Cj IPEACTABUM B BUJIE

5 [ (O HEGodx - B[99 cx-1)] =

iiclc  [[#1 GOH 3 () -E(S -1)] = 0 (1.15).
i

i

*

o,
Teneps Bce mapameTpsl C; MOKHO CUMTATh HE3aBUCUMBIMU. Kpome Toro, BapprupoBaHue 1o

o
HUYETrO HOBOT'O HE JAET 110 OTHOLIEHUIO K BAPbUPOBAHUIO IO * : OJIHU PELICHUS ITOJIy4arOTCs U3
JIpyrux coprsbkeHueM. [103ToMy npon3Boast BappbUPOBAHKE TOJIBKO IO BEIIECTBEHHBIM
rapameTpaMm, UIMEEM B KOMITAKTHOW 3aIIUCH:

25131-25':;[1-111. ~E54]=0, 1=1,23, . ,n {1.16a)
J i

Za::;Zacj[Hij -E3y1=0,  1=123., (1.1687
H; = J‘ s H g dx

3nech - MaTpuuHoOe npejcrasieHue onepatopa H B 6aszuce pyHkuuii ¢ i, a Sjj
- MaTpUIla UHTETPAJIOB MEPEKPHIBAHUS:

H, H, .. H, S, Sy ... 3,
qo[Ea Eaooo Halg_ |52 82 - 5,
H, H, .. H, S, S o Sy



ITockonpky Bce Bapuanuu B (1.16) He3aBUCHMBI, 3TO MAaTPUYHOE YpaBHEHUE CIIPABEAINBO JINLIb,
eciu K03(h(GUIUMEHTHI TPU BapHalUsaX PABHbI HYJIIO, T.€.

>sey[Hy ~ESy]=0,  i=123..n (1.17a)
]

> sci[Hy-ESy1=0, i-123..n (1.176)
i

[Tockonpky ypaBHeHue 1.1706 nomydaercs u3 ypaBHeHus 1.17a nmpocroii onepanueit
KOMILJIEKCHOTO COIPSIKEHMs], BIIpeb Oy/ieM paccMaTpUBaTh TOJIBKO ypaBHeHue 1.17a.

[TomyuenHasi cucTemMa OTHOPOIHBIX IMHEHHBIX YPaBHEHH 1MO3BOJISIET HAWTH MMapaMeTpHI Cj,
obecrieynBarOmuX MUHUMYM QyHKIHoHana (1.9). UtoOs! ee pemmnTh, HEOOXOAMMO MPUPABHSTH
HYJIIO OTIpeeNUTeNb (IeTEPMUHAHT) U3 KO3 (PUIIMEHTOB TpH Cj:

Hy - B8y Hyp -8, A = £
Ay —88y, Hyp - ESy Han ~ B =0 (1.18)
Hy =85, Ho-BSy . Hy-ES,

|Hij - ES,| =0 (1.1%)

WIH B IPYTuX 0003HAYCHUSIX

VYpaBuenue (1.19) BnepBbie BO3HUKIIO B 33/1a4axX KJIACCUUECKOW MEXaHUKHU O BEKOBBIX (CEKYy-
JISIPHBIX ) BO3MYILIEHUSX IIaHETapHBIX opOouT. OTCI0/]a Ha3BAaHUE - BEKOBOE WIIH CEKYISIPHOE
ypaBHeHue. [1pu paznoxeHun onpeaenuTelis MoayJaeTcss MHOTOWICH n-0if creneHu mno E,
3HAYUT BEKOBOE YPaBHEHHE UMEET N KOpHEH (n pa3nuyHbix 3HaueHui E), mojcTasisis KOTOpbIe B
(1.16), MO’xHO HAMTH COOTBETCTBYIOIIUN HAOOP MapameTpoB ¢ . Bennunna E urpaet pons
SHEPTUU COCTOSTHUSI CUCTEMBI.

UToObI HANTH BOJIHOBYIO (DYHKITUIO OCHOBHOTO COCTOSIHUSI, HYKHO B3ATh HAUMEHbBIIIEE U3
MOJTyYEHHBIX 3HAYCHUI SHEPTUH, oacTaBuB ero B (1.17), HaliTh KO DUITUEHTHI Cj, a 3aTEM U
BOoTHOBYIO yHKIHIO W (1.12). BonHOBBIE GyHKIIMH BO30YKIECHHBIX COCTOSIHUIN HIIYT TAKUM e
obpazom.

Peanu3oBath 3TOT aropuT™M TOYHO BO3MOKHO TOJBKO JIJIsl BOJOPOIONOI00HOTO aToMa (MOHA).
DTOT BOIIPOC MOJIPOOHO paccMaTpuBaics B Kypce Gpu3uku. OIHAKO aTOMBI BCEX AIEMEHTOB,
KpOMe€ BOJIOpPOJa, MHOTO3JIEKTPOHHBIE. UTO jk€ MemaeT HalTH 1JI1 HUX TOYHBIE BOJTHOBBIE
GbyHKIIMY 1 ypoBHU 2Hepruu? Jleno B TOM, YTO €CJIH JIEKTPOHOB OOJIbIIE OAHOTO, KaXIbIH 13
HUX JIBUXKETCS Y)KE HE B TIOJIE S/Ipa, a B MOJIE, CO3/1aBaCMOM SIIPOM U OCTATLHBIMH JJICKTPOHAMH.
Tounoe pemienue ypaBHeHus lllpenunrepa s TaKUX CUCTEM YKe HEBO3MOXHO; B OIIEpaTope
HHEPruM B3aUMHOTO OTTAJIKUBAaHUS 3JEKTPOHOB (1.6) mepeMeHHbIe pa3AeaIUuTh HEBO3MOKHO,
MOCKOJIBKY 3Ta DHEPTHS 3aBUCUT OT KOOPAMHAT JABYX dJIEKTPOHOB OJJHOBPEMEHHO. JDTO
3aCTaBJIsICT an6eraTL K paSJ'H/I'-IHBIM HpI/I6J'H/DKeHH$IM, KOTOpI)Ie MBI JaJie€ u paCCMOTpI/IM.

1.3 IIpu6ankeHue He3aBUCHMbIX YACTHII




PaccmoTpuM, Kak MOKHO HAWTH MaKCHUMAJIbHO OJIM3KHE K TOYHBIM BOJHOBbIE (DYHKIIHMH U
YPOBHH 3HEPTUH HETOIBIIKHOTO N-3JICKTPOHHOTO aTOMa, BEIOpaB HAayalo KOOPAUHAT Ha €ro
sape ¢ 3apsaaoM Z,e,. 'aMuIbTOHHAH B 3TOM CIIydae UMEET BHI:

+Zz4n (1.200.

= IZIr1_1

H=T,@)+V, R)+V33|:r:|———z Z% =

Bhauane paccMoTpum, 4to OyaeT, eciiu npocTo UCKiIrounTh U3 (1.20) onepaTtop sHepruu
MEX3JIEKTPOHHOTO B3auMoecTBUA V,,. MHOr0351eKTpOHHOE YpaBHeHue Lllpeaunrepa B 3Tom
Cllydae pacragaercs Ha cucteMy u3 N OJHORIIEKTPOHHBIX YPaBHEHUN

by ) = e;(r) (1.21)

C OJHOQJICKTPOHHBIMH I'aMHUJIbTOHUAHAMHU

& 2 H H Fa 2
——D>Vi->—— (1.22).
m 5 T4 ar
. o o . r.
Cornachao (1.21), a1eKTpoH 1 ONMCHIBaeTCSI BOITHOBOH (PYHKITUEH x5 () U MEET BHEPIHIO € j.

OTO 03HAYAET, YTO NOBEIECHUE KaXI0T0 JIEKTPOHA HE 3aBUCUT OT IIOBEJICHUS OCTAJIbHBIX
AJIEKTPOHOB U ONHCHIBAETCSI HEKOTOPOIl BOJTHOBOM (YHKIIMEH, [10J00HO €IMHCTBEHHOMY
3JIEKTPOHY B aTOME BOAOPOAa. B 3TOM coCTOUT CyTh NpUOIMKEHUS HE3aBUCUMBIX YaCTHII.

j (15

Pemenus oqHO31€KTPOHHBIX ypaBHeHM (1.21) ~i Ha3bIBAIOTCSA OAHODJIEKTPOHHBIMU
BOJIHOBBIMM (DYHKLIMSIMU WUJIM OpOUTANISIMU (B aTOME - aTOMHBIMU OpOUTAISIMH, B MOJIEKYJIE —
MOJIEKYJISIPHBIMH, B KPUCTAJIJIE - KPUCTAITINYECKUMH).

ITonHBIN TaMUIIFTOHUAH aToMa, B OTOM HpI/I6J'II/I)KeHI/II/I, €CThb IIPOCTO CYMMaA OJJHOBJICKTPOHHBIX
raMuJIbTOHHMAHOB!

H=>h, (1.23),

1

ero coOCTBEHHbIE (PYHKIIUH MPEJICTABIIAIOT COOO MPOU3BEIEHHE 3aCEIEHHBIX 2JIEKTPOHAMHU
ATOMHBIX opOuTaen

\'I"r=Xi':r1:"Xj':rz:"?ik':r:i)"'?iq(rﬂ:' (1.24)
a DHEPrus aToMa SBIIETCS CYMMON MHAUBUIYATbHBIX OPOUTALHBIX YHEPTUMA:

ey +..+g, =K {1.25).

{‘-P|H| ‘-I-’} =g tg

[TpubmmkenHas BoHoBast GyHKIus Buaa (1.24) Ha3piBaeTcs BOTHOBOM QyHKIMEH XapTpu.

["amunbronuan (1.22) siBisercsi, KOHEUHO, YPE3MEPHO YIPOLICHHBIM: AJIEKTPOH-3JIEKTPOHHOE
OTTAJIKMBAHUE HE MAJIO U IpeHeOperaTb UM HeJlb34.

1.4 MeToa caMOCOIJIACOBAHHOI0 HOJISA




Bonee Onu3Kkre K HCTUHBIM PEIICHHS TOJYYalOT C MOMOIIBI0 METO/Aa CAMOCOTJIACOBAHHOTO MOJIS
(CCII), npemnoxennoro Xaptpu. B meroge CCII MeXIIeKTPOHHBIM OTTAIKUBAHUEM HE
npeHeoOperatot. JleiicTBUE Mol BCeX OCTANIbHBIX 3JIEKTPOHOB HA JAHHBIN AJIEKTPOH 3aMEHSIOT
cpeaHuM 1ojuem, 3hPeKT KOTOporo NpUOIMKEHHO PaBeH CyMMapHOMY IEHCTBUIO OCTaIbHBIX
AJIEKTPOHOB U 3aBUCUT OT KOOPJUHAT TOJIBKO OJTHOT'O 3JIEKTPOHA. DTO MPENOCTABIISET
BO3MOXKHOCTh Pa3JIeHTh lepeMeHHble B ypaBHeHuu Llpeaunrepa.

C bopmanbHOI TOUKH 3peHUs 3TO AOCTUTAETCSA CIEeAYIOIUM 00pa3oM. OHOIIEKTPOHHBIH
raMuJIbTOHUAH 3allMChIBAIOT B BUJIE:

2

h{" ——_Z 24 Z : (1.26)

TE 4 wqry oy

[Tocnennee ciaraeMoe ONKMCHIBAET OTTAIKUBAHUE MEXKTY JICKTPOHAMH 1 U |, YCPETHEHHOE 110
BCEM I10JIO’KEHUSM 3JIEKTPOHA ] U, CJIeI0BATEIbHO, 3aBUCSILEE TOJBKO OT KOOPAMHAT 3JIEKTPOHA
1. IlociencTBHSI 3TOTO COCTOAT B ClieAyromeM. PaccMOTpruM raMuiIbTOHUAH

H=>hi" (1.27.

Ero cobctBennbie pyHkmn (GyHKIuU XapTpu) UMEIOT BHJI OpPOUTAIBHBIX TPOU3BEICHHN:

K'IJ=Xi(r1:"Xj(rz}'?.fk':r:i:'"'?f.q(rﬂ} (1.28).

CCI
CoOcTBeHHbIe 3HaUeHus H npeacTaBistoTcss CyMMOW COOCTBEHHBIX 3HAUCHUM 1

=iei =NZ(‘~P| Ry | ) (1.29).

OHeprus € | €CTb CyMMa KHHETUYECKON SHEPTUH NIEKTPOHA, TOTEHLIUAIbHON YHEPIUH €TI0
IIPUTSDKEHUS K SAPY U CPENHEN NOTEHIUAIbHON DHEPIUH €I0 OTTAJIKUBAHUS OT OCTAJIBHBIX
aneKTpoHoB. CnenoBarenbHO, E' ecTh CyMMa KMHETUYECKUX SHEPTUil BCEX AIEKTPOHOB,
MNOTEHIMATIBHON SHEPTUH UX MPUTSHKEHUS K SAPY U YABOSHHON MOTEHIUATBHOM SHEPrUU UX

YCPEIHEHHOT'O OTTAJIKMBAHMS OT OCTAIBHBIX JJIEKTPOHOB. Y IBOCHHE BO3HUKIIO IIOTOMY, YTO
CCI
OTTaJIKMBAHUE MEX]Y 3JIEKTPOHAMHU 1 U | YUTEHO JBAXK/Ibl: KaK CPeIHEe M0 J B 1 U CpeJiHee 0
CCH

iB 3 . C yueroM 3TOro, MojHas JHEPrHs aTOMa PaBHA:

i _ZZ 4)‘“‘3'?‘“ pednee wo iow J Y (130)

COOTBCTCTBCHHO, raMmJbTOHHAH aTOMa JOJIDKCH UMCTh BHU!

4 TE

H = H-—ZZ[ g (1.31).

pednee we 1o J



Taxum 06pa3oM, HEOOXOIUMO PEIIUTh CUCTEMY OJTHOIJIEKTPOHHBIX YpaBHEHHI ¢

rammiibToHHaHoM (1.31), BKiItoYaromuM ycpeIHeHHOE MEKIJIEKTPOHHOE B3aUMOJIeCTBHE —
Cen
cucteMmy ypaBHeHu# Xaptpu. [lJig 3TOro Hy>)KHO MMOCTPOUTH HAOOp OMEepaToOpPoOB "+  , ISl YETO

2
e

4 gy "
CJIeMyeT MPEK]IC PACCUUTATh BEITMYUHBI @edees 22 7 Kak 310 cuenarth? BeposTHOCTh

TOTO, YTO 3JIEKTPOH j C BOIHOBOH (yHKIHEH ¥ j(I) HaxoauTcst B 66CKOHEYHO MaJloM o0beMe dv;

2
paBHa %idvs (puc.1.1).

&
SNEKTPOH B TOYKE 1, TOCHEA0BATENEHO “npoberarolied’ EBCE

TIONMOXEHHA B [IPOCTPAHCTEE

2
exjdv;
Puc.1.1 MmmocTpauua K BEMHCIEHHIC YCPEeOHEHHOD0 MEXKAJNEKTP 0HHOI0 BRauMOg e ACTEHA.

3HaYUT, OTTAJIKUBAHUE 3JIEKTPOHA 1, yCPEAHEHHOE [0 BCEM IOJIOKEHHSAM 3JIEKTPOHA |, PaBHO:

4
2
2 zm x.;-'

=g — K, {1.22).

4 rs Ty 4 rs Ty

el

OpnHako, 9TOOBI BBIYMCIUTE 3TOT HHTETPall, BOTHOBBIC (QDYHKIUH ¥, j(I) JOJDKHBI yXKe OBITh
U3BECTHBI! DTO MPOTUBOPEUHE MPEOA0JIEBAETCS cielyromuM oopazoM. CHadana 3aJaroTcs
HeKOTOpHM HaOb0poM N 0JTHO3JIEKTPOHHBIX (YHKIIHI, MAKCUMAJIbHO OJIM3KUX K MPaBUIbHBIM

x()

n03>1<e MBI YBUJIUM, YTO CJI€JaTh 3TO Jerko. C uxX nmoMouibo BEIYUCISIOT (1.32) u cTpost

omnepaTop ( b} ). 3aTeM penraoT Habop OJJHOAICKTPOHHBIX YpaBHEHHH, BOSHUKAIOLINHN 13
yCIIOBHUS MUHMMYMa CPEIHEr0 3HaYeHUs raMuibToHUaHa (1.26), BBIYMCIIEMOTro ¢ BOJTHOBOM
¢yukuueit Xaptpu (1.28).

2
{_H_vz' Ze” I i:’ ) vj'}XiI:ri) = Eiﬁiil':ri:' (1.33).

2 4;?'

1 1
TosTydeHHEIe pelenns *i ®) UCTOJIB3YIOT, YTOOBI IOCTPOUTD "MCIIPABICHHBIN" onepaTop

1
BHOBbB PEIIAIOT TY K€ CUCTEMY YPaBHEHUM, HO TEHEPb — C b, T.J., 10 T€X MOp, oKa

noJjiyyaeMble COOCTBEHHbIE 3HaUEHUs ypaBHEHUI XapTpu OyIyT OTINYaThCs OT MOJTYYEHHBIX Ha
IpeIbIyIIEN UTEPALIUU JINIIb HA OYEHb MAJICHbKYIO BEIMYUHY (~ 10'6). JTOoT npouecc
Ha3bIBAETCS CAMOCOIIACOBAHUEM, a PE3YIbTUPYIOLIEE MOJIE, CO3/IAI0IIEe YCPEIHEHHBIN
noteHman B (1.26), Ha3pIBaeTCsl CaMOCOTIACOBAaHHBIM ITOJIEM - OTCIOJIa M HA3BaHUE METO/Ia.
OTMmeTuM, YTO CXOMMOCTh METO/1a HE TapaHTUPYETCA TEOPUEH, HO, KaK MPaBUJIO, JOCTUTaeTCs
Ha npakTHke. CylecTBYIOT JT0BOJIBHO XOPOILO pa3padOTaHHbIE METObI, KOTOPBIE TTO3BOJISIOT
000WTH BCTpeyaOUIMECs 3/1eCh MHOT/IA 3aTPYIHEHMS.



Opnnosnextponnoe npudmkenne u merox CCII Ha nepBbIil B3MIAA KaXKyTCs TOBOJIBHO
rpyOBIMH, OZJHAKO 3TO HE TaK. Jles10 B TOM, 4TO OBICTPO JBMIXKYILUICS 3IEKTPOH UyBCTBYET
ckopee cpenHee 3PPEKTUBHOE MOJIE OCTAIBHBIX YaCTHUII, YeM PearupyeT Ha MTHOBCHHBIE
U3MEHEeHMs X no3uuui. [IpMHIMINaIbsHO BaXKHO, YTO CAMOCOTIaCOBAaHHbBIE PEILICHUS
YIIOBJICTBOPSIIOT BAPHAIIMOHHOMY IPUHIIHITY, T.€. IPUBOASAT K CPEAHUM 3HAUCHUSM SHEPTHH
COCTOSIHUHM, KOTOPBIE HE HI)KE, UEM TOUHBIE SHEPTUU.

1.5 IIpuoan:keHne NEHTPAJILHOI0 I0JIsI

Z

[Torenmman 4rsry TE% Jaeny B (1.26) TONBKO B YAaCTHBIX CITydasx (OJHODIEKTPOHHBIC
MOJIOKUTEbHBIC MOHBI, aToMBI N, P 1 ap.) siBiisieTcst cepruecKku-CHMMETPHYHBIM, T.€. HE
3aBHCHUT OT yriioB O u ¢ B chepuueckoit cucreme koopauHat. OIbIT, 0IHAKO, TOKA3bIBAET, UTO
yueT ace-puYHOCTH HE YIIy4IlaeT pe3yibTaT pacueTa KpuTuueckuM odpazom. [Toaromy
0OBIYHO HUC-TIOJIB3YIOT JOMOJHUTEIHHO YCPEIHEHHBIN TT0 BCEM HAIIPABJICHHUSIM MOTSHIIHAI B
(1.26), unTerpupys ero mo yriam 6 u @ :

T T
<Z 4mﬁr ™ 4FZH[4W:~ rising,;d8,d sdr, (1.34).

BBomumoe Takum 00pazoM NpuOIMKEHNE IEHTPATIBLHOTO MOJIsl UMEET BEChbMa Ba)KHBIE 110C-

JEeNCTBUSL: OHO T03BOJIsIeT paccmarpuBarh CCII-pemenust 1yist 1r000ro aToMa Kak MoIuQu-

[IUPOBAaHHbIE PELICHUS Il OJJHOAIEKTPOHHOI'O BOJOPOOINOI00HOT0 aTOMa ¢ MOTEHIHAIOM
Iz

dngr

. OTOT Bompoc u3yyaincs B Kypce puzuku. Tam ObUIO MMOKa3aHO, YTO B 3TOM Cllyyae
NOTEHLIMAIbHAs SHEPTUs 3aBUCUT TOJIBKO OT PACCTOSIHUS J10 siipa (Cuia NPUTSHKEHUS K 1Py
HOCUT LIEHTPAJIbHBIM XapakTep) U yIJIIOBOW MOMEHT 3JIE€KTPOHA OTHOCUTEINILHO spa MOCTOSHEH, a
BOJIHOBasl QyHKIUS SBJISIETCS COOCTBEHHOM (YHKIIMEN He TOJIbKO TaMUIbTOHUAHA, HO U
OIIepaTopoB KBajipara yrioBoro MoMeHTa L° u ero mpoekiuu L, . Torna nepemenHsie B
ypaBHeHuu lllpenunrepa pa3aenstorcs U BOJHOBbIE (YHKIIUHU, ONUCHIBAIOIINE COCTOSIHUS
3JIEKTPOHOB aTOMA B I-IIPOCTPAHCTBE (ATOMHBIE OPOUTANIN), B CHEPUUECKUX KOOPIUHATAX
UMEIOT BUJ:

% (N =NOD R (r)Yim (0, ¢) . (1.35)

3neck N(n,l) - HOpMUPOBOYHBIN MHOXKHUTEIb,

Rni (1) - pannanbHas GyHKIu,

Yim (0, @) -yrimoBas pyHKIus;

n, | ¥ m — TmaBHOE, OPOUTATIFLHOE U MATHUTHOE KBAHTOBBIE YHCIIA.
Paccmotpum cBoiictBa AO noapodHee.

1.6 ATOMHBIE OPOUTAJIHN U UX XaPAKTEPHCTHUKH

TodHOe 3HaUeHe HOPMHUPOBAHHOW pajraibHON GyHKIHMH Ry, | 171 BOIOpO 1010 100HOTO aToMa
JTAeTCsl BEIPAKEHUEM:



R (r)=-Ng;

Mg

I
22| Fiois [ 2‘Z’“] (1.36),

riue Nz - HOPMHPOBOYHBIN MHOXKHUTEIb, 3aBUCSIIUI OT Z, n 1 |,

25+1
:'e+.'3

[ 22}]
- HpI/ICOGI[I/IHeHHI)Ie ITOJIMHOMBI H}Ireppa

_4n sk

e’m  _ pamuyc Bopa; a=0.529177-102%, 1= 0,1,2,3,..., n 21+1,

Bripaxxenue (1.36) ecTs pemenue paguansHoro ypasHenus Llpenunrepa
as R_ZOR 22 Ii+T) __2mE
a? r EJ?" ity e i .
, KOHKPETHBIH BUJ] KOTOPOTO BO3HUK I1OCIIE pa3/ielICHUs

HEpEMEHHBIX B ChepuuecKkux KoopauHatax. Heckonbko nepBbIx moinrHoMoB Jlsreppa,
OIMCHIBAIOLIUX OCHOBHOE (n = 1) 1 nepBbie BO30YyKAeHHBIE (N = 2, n = 3) COCTOSHUS, IPUBEJIEHO

B Tabnuile 1.2, X 3aBUCUMOCTH OT T U300pakeHa Ha puc. 1.2,

_ . 0d-
Ir g, Ir e, 0.38
amRk
- (145
1 H 0.2
U 1 1 | 0 1 ] % 1 llz | U |2 | ?I - I | | |

2 4 6 8 N \/ 10 14
(a) ria (v (3] ria

1.3.

Puc.1.2. Paguanbublie coctaBmsitomue 1s (a), 2 s (b), 3 s (c) opbutaneit atoMa Bogopoaa.



a”R

np

0.15

0.10

0.05H




OTMeTHUM HEKOTOpBIE CBOMCTBA PaJUalIbHBIX (PYHKITUI.

1) Kak crnencrBue cBOMCTB mosimHOMOB JIsireppa, paananbHble QYHKIMH C pa3IHYHBIMU N U |
OPTOTOHAJIBHBI.

2) meroTcst Touku (MTOBEPXHOCTH), e GyHKIMU Ry | (1) 0OpamaroTcst B HyJb; OHU Ha3bIBAKOTCS
Y3JI0BBIMU TOYKaMU (TIOBEPXHOCTSIMH ) WIJTH IIPOCTO y3JIaMu. BeposSTHOCTh HANTH IEKTPOH B

y3Jie paBHa HYJIIO.

Tabmuua 1.2. Paguanbubie pyHkimn (HopmupoBanHbie GyHKuu Ry (1))

n I Rni(r)
1 0 zqi/z T:r:;
2l — e
ﬂ:uj
2 0 2
V(z2Y ) =
£ h-Z|
1 J3 e 2ay
L (2} =
2\.'{(_5 iy
3 0 3
2 (Y 2zr 277 ) =
1Al h-22.
1 3.3 | & \ 3a, 2?&3
2

3
s (z)" zr ')
276 |« | @, Gap

1
4 E /Irze si
81-/30 | &,

Pagunaneubie pynkuuu ¢ (n=1, 1=0), (n=2, 1=1), (n=3, 1=2) u T.1. HE UMEIOT Y3JIOBBIX TOUEK;
byuknuu ¢ (n=2, 1=0), (n=3, 1=1) u T.1. UMEIOT OAHY Y3JIOBYIO TOUKY; pyHKIMs ¢ (n=3, 1=0) —
JIBE y3JI0BbIE TOUKH. Takum 00pa3oM, YHCIIO Y3JI0B paauaibHOi GyHKIuH paBHO (n-1-1).

3) BeposTHOCTh HaXOKJEHHUS AJIEKTPOHA B IPOCTPAHCTBE MEXKIY 3HAUEHUSAMHU T U r+dr (cioe)
2

nm
P, (r)dr = |Rﬂ(r}|2r2dr h[ J‘|Ym{6', | sin BdBd (1.27).
paBHa.

inw 2
J‘J‘Wmt@, ﬁ‘jl s G0 =1
(u3-32 OPTOHOPMUPOBAHHOCTH YTIIOBBIX (PYHKIIHIA - CM. HIXKE - .

Oynkuus Py (1), onpeaensionias IIIOTHOCTh BEPOITHOCTH HAXO0K/ICHUS JIEKTPOHA HA
PACCTOSIHUU T OT Si7[pa, Ha3bIBACTCsI paauaibHON QyHKIIMEH pacupeneneHus (cMm. puc.1.4)



[IpupaBHUBas HYIIO IPOU3BOAHYIO Pp 1o 1,

MOKHO HaTu Haubosee BEpOSITHOE MOJI0KEHUE

AJIEKTPOHA HAa COOTBETCTBYIOIIEH opouTanu. J{is

OCHOBHOT'O COCTOSIHUS aTOMa BOJ0PO/ia OHO
4wk’

dyg = —

paBHO paauycy bopa £

4) BOsu3u sipa 37eKTPOH-SICPHBIN MOTSHIIHAI
(1.5) cranoBUTCS HEOTIPECICHHBIM H3-3a
CTpeMJICHHsI 3HaMeHaTeNs K HyJt0. YToObI
BOJIHOBas (DYHKITUS Ha siipe Obllla KOHEYHA U HE
paBHA HYIIO, HEOOXOMMO, YTOOBI €€
paaranbHasl 9acTh yIOBJICTBOPSIIA
ACUMITOTUYECKOMY YCIOBHUIO

p ' §r/a,
‘ ((7,;“ (ORIOT)] 150 =-(Z/ag)Ri- 0. (1.38)
2
Al p

5) Ha Gonpiux paccTosSIHUSAX OT siipa aTOMHAast
I 1 ! i 1 1 }
1 23 %567 8 9r/a opOHTAaIb 3aBUCUT OT T KaK

R ~exp [-(21)"?1], (1.39)
Puc.4 . PaguanbHpie QYHKUHH pacnpe-
JieNieHHs aTOMa BOAOpO/a rie I; - mepBblii MOTEHIMAT HOHU3ALMH.
VYraoBsie pyHKIHA Yim (0, ¢ ) - coOcTBeHHBIE PYHKIMHU OriepaTopa KBapaTa yriioBOTo
momenTa L? - omuchBatoT B cepuueckux koopauHarax (0 , ¢ ) yrioByro 3aBUCUMOCTh

BEPOATHOCTH HAXOXKACHUS JIEKTPOHOB B IIEHTPAILHOM Mosie aToMa. OHU MPeCTaBIAIOT OO0
chepuyeckrue rapMOHUKHU:

Yim(®, 0) = (-1)™ 2121+ 1)/Ar] (1| m) )t/ 1+ m] )32 B (coso)exp(ime) (1.40)

|
rae 1=0,1,2,..; m=-1, ...+l, I3 (cos6 ) - mpucoeanHeHHBIE TOIMHOMBI JIeKaHIpa.

OTO KOMILIEKCHbIE OPTOHOPMUPOBAHHbIE (PYHKIINHU, U3 KOTOPBIX JIETKO MOCTPOUTD
neiicTBuTeNnbHbIe KOMOMHANNH, ocTaBistonme AO coOCTBEHHBIMH (DYHKIIUSIMH TOTO XKe
OJITHODJIEKTPOHHOTO YPABHEHMUS:

Yime = (U2 [Yin* Yi),

Yim = /2 ) [Yim- Yim), 120,1,2, .., m=0,1,2, ..., | (1.41)

Tabmuua 1.3. YrioBble 4acTH BOJTHOBOM (DYHKIIMU aTOMa, 00J1aJat0IIero IeHTPaIbHBIM TOJIEM.

Il | m Yim JIunetinas 0003HaUYeHUE

KOMOMHAIH
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Kak BuHO 13 TabnuIe! 3 U pUCYHKOB S U 6, IeficTBUTENbHBIE YIIIOBbIE (YHKIIMH UMEIOT
IPOCTYIO UHTEPIPETALUIO B AEKAPTOBBIX KoopAUHAaTax. /sl HUX, TakKe KaK U Ui pajuaibHbIX
(GyHKLUH, XapaKTEpPHO HAIWYKE Y3JI0B U Y3JIOBBIX MJIOCKOCTEH.

[Tpu kiraccupuKamuu AIEKTPOHHBIX COCTOSTHHIA aTOMa TTPHUICPKUBAFOTCS CIICTYIONTIX
npecTaBieHuid. [ TaBHOE KBAHTOBOE UMCIIO N XapaKTepu3yeT dHepruto opoutanu. OpOuTanbHoe
KBaHTOBOE YHUCIIO | XapakTepusyeT yIriIoBYIO 3aBUCUMOCTh OpOUTanu (OpOUTAIbHBIM MOMEHT).
s kaxxoro | mpunsTH cBou 0603HayeHus (Tabniuna 1.4 ).

Tabmuua 1.4. O60o3HaueHust OpOUTAIICH ¢ pa3TUUHBIMU YTTIOBBIMH 3aBUCHUMOCTSIMHU.

CumBout

S p

BaxxHO moHMMATh, UTO KaK pe3yJbTaT MPUOIMKEHUS [IEHTPAIBLHOTO TOJIs YTII0Bask 3aBUCUMOCTh
AQO Bcex aTOMOB OqMHAKOBA!

1.7 AHTUCHMMETPHYHOCTD DJIEKTPOHHOH BOJHOBOH GYyHKIINHU



http://www.muctr.edu.ru/~quant/quant/method/lectures/atom/1_5doc.htm
http://www.muctr.edu.ru/~quant/quant/method/lectures/atom/1_6doc.htm

J10 3TOro MOMEHTa MBI HITHOPHPOBAIN TOT (DAKT, YTO AIIEKTPOHBI OTHOCATCS K KJIACCY
(epMHUOHOB - YaCTHI C TOTYLEJIbIM CIMHOM (COOCTBEHHBIM MOMEHTOM KOJINYECTBA JIBUKEHHUSA).

CriuH >1exTpoHa paseH + 1/2 (B enunuiax # ). B KBAHTOBOXMMUYECKOH IUTEpATypeE ABa

BO3MOXKHBIX 3HAYCHHUs CIIMHA 3JIEKTPOHA oL U 3 0003HauatoTcst cumBonamu ' 1 * . Yacro
roBopAT "cnuH BBepX" uiH "cruH BHU3'", 4TOOBI yKa3aTh pa3Hble 3HAUEHUS CIIMHA JIEKTPOHA.
YroObl yuecTb HaIMYKE CIIMHA, B ApIYMEHT OJJHOUIEKTPOHHBIX (DYHKIMI BBOAAT CIIMHOBYIO
HepeMEHHYIO S, a PyHKIHMIO ¥ i (X;) HA3bIBAIOT CIUH-OPOUTAIBIO (Xi=T;,S;).

N3-3a HanmMuus CIMHA UMEIOTCS ClIeUalIbHbIE OIPAaHUYEHUS Ha 3JIEKTPOHHYIO BOJHOBYIO
¢yHkuuio, n3BecTHbIe Kak mpuHumun Maym.

1. DnexTpoHHas BOJIHOBasI (YHKITUS CHCTEMBI M3 HECKOJIBKUX 3JIEKTPOHOB JIOJKHA OBITh

AQHTHCUMMETPHYHON (MEHSATH 3HAK) OTHOCUTEIFHO OOMEHA MOJI0KEHUSIMH M CIIMHAMHE [aphl U3
JTFOOBIX ABYX AJIEKTPOHOB 1 U j:

1L':["r(xl ,...xi,...x_i ,:l = _\'I"r(xl ,...Xj ,...xi,...) (142)

2. Hukakwue 1Ba 3J€KTpOHA HE MOTYT OBITh B OJTHOM U TOM K€ KBAHTOBOM COCTOSTHUU (TTPUHITUIT
HCKJTIOUCHHS ).

YT1o0OBI INOHATB, KaK HY’KHO CTPOUTBH BOJIHOBYHO (I)YHKI_[I/IIO C Y4ETOM IIOCJICAHETO

00CTOSITENTLCTBA, PACCMOTPHUM JIBYX3JICKTPOHHBIN aTOM renus. [[Be S5KBUBaICHTHBIX BOJTHOBBIX
bynkun XapTpu Ui 3Toi cuctembl UMeroT Buj (1.24):

Ty =xixn ) xixg)
Ty =g ) x,(xy) (1.43)

O‘I@BI/II[HO, YTO HHU OJJHA U3 HUX HE ABJIACTCA aHTHCHMMCTquHOﬁ. O)IHaKO JICTKO 3aMCTUTB, UTO
CBiA3aHHas1 C HUMHU CI)YHKI_II/IH

1
LP=E[?§i(x1:"?ﬂj':xzj"xi(xgj"?ﬂj':xﬂ'] (1.44)
1

AHTUCHMMETPUYHA, A2 HOPMHPOBOYHBIN KOIPPUIIUEHT.

C MaTemMaTH4ecKON TOUKU 3pEHHS], BUJI TON BOJHOBBIA (DYHKIIUU €CTh IETEPMUHAHT U3 CIHH-
opOuTaneii y i(x):

1 [ralE) 3y
T=— 1.45).
mEXi(ng' Ij(xzj' I: )

Ecnu e MbI monbITaeMcs MOMECTUTD AJIEKTPOHBI 1 U 2 HA OJIHY U TY K€ CIIUH-OpOUTAIIb 7 i, TO
MOJYYHM:

1
LP=E[Ii':xlj'Xi(xﬂj'Xi':xE:"Xi':xlj]=|:| (1.46].



3nauynt BonHOBasA ¢yHKuMA B Buae (1. 44) ynosieTBopsieT NpuHIMIY HUcKiItoueHus [laymu.

BaxHbIM CBOMCTBOM JIeTEpMUHAHTA, M3BECTHBIM U3 Kypca BBICIICH MaTeMaTUKH, SIBJISETCS TO,
YTO OH MEHSET 3HAK IPH MIePECTAaHOBKE JABYX JIHOOBIX €ro CTOJIOIOB WM CTPOK; BEJIMYUHA €ro
IIPY ATOM OCTAETCSl HEM3MEHHOU. DTO KaK pa3 SKBUBAJICHTHO NEPEMEHE MECT JBYX JICKTPOHOB!
3JIEKTPOH 1 mepemeriaercs ¢ opouTaiu i Ha OpOUTAb j, a SIEKTPOH 2 - C OPOUTANH | HA
opoOurains i. Ecim xe 1Ba cTon0ua win ABe CTPOKH JIETEPMHUHAHTA OJAMHAKOBBI (UTO
9KBHUBAJICHTHO 3aHSTHIO IBYMs DJICKTPOHAMH OJIHOM U TOH K€ CIIMH-OPOUTAIHN), ACTEPMUHAHT
paBeH HYJIO.

[Tpunuun [laynu auKTyeT, 4TO 1BE COMH-OPOUTAIM C OJIMHAKOBBIMH IPOCTPAHCTBEHHBIMU
4yacTsIMH (T.€. C OMMHAKOBBIMHM KBAaHTOBBIMH YHCJIAMH N, |, m) OTIMYAIOTCS TOIBKO CIIMHOBBIMU
KomroHeHTaMu. [Ipenebperas MabiM 1O BETMYMHE CIUH-OPOUTATIBHBIM B3aHMOICHCTBHEM,
KaXYI0 CIIMH-OpOUTAITB i(X) MOKHO MPEICTABUTE B BUE POU3BEICHHUS MPOCTPAHCTBEHHOMN

opouTanu y;i(r) u cnmuoBoit Gpyukimu 1(S):1i(X)=xi(rn(s).

Ha npumepe atoma He paccMoTpuM 0CHOBHOE (CHHTJIETHOE) COCTOsTHUE. 3 BOZMOKHBIX
BapHAHTOB paclpeaeseHus 3eKTPoHOB Mexy 1s u 2s — AO atoma He (puc. 7) stot
OIMCBHIBAECTCS CXEMOM

i H
T+
b8

Puc. 7. Pazmmuele cocToag aToma He: —

1
1

R

T
a — OCHOBHOE, 6,B, T, 1 & — BosBys eHEEE. « o O
a ]

T

a).
DJEKTPOH €O CIIMHOBOM (yHKIMEH 0. 003HAUEH CTPENKOH, HalpaBJIeHHO! BBEPX, 3 - BHHU3.

BomroBas q)YHKIII/ISI OCHOBHOTI'O COCTOSAHUS, BBIPAXKCHHAA YCPE3 ONMPCACIIUTECIIb, 3AIIMIICTCA TAK:

| ey wiEar2) 1 1) o)

= =___ ¥ ¥ 1.47,

T B s vzl B Ty gyl 4D
rae (byHKHHﬂ L:"l:rl(rl.j' = LPUSI'

Y a AIMECT CUMMCTPHYHYIO ITPOCTPAHCTBCHHYIO YaCTh U AaHTUCUMMCTPUYIHYIO CIIMHOBYHO.
ITomHBIN CIIMH CUCTEMBI PaB€H HYIIIO, ITO3TOMY 3TO COCTOSAHUC ITPUHATO HA3BIBATH CUHIJICTHBIM.

3anonHeHne opOUTaNeit IEKTPOHAMHU POUCXOUT B MOPSAKE BO3pACTAHUS UX SHEPI Ui
cornacHo npuHIwIy [laymu u kaxxaas He myctas AO MOKeT OBITh 3aHATa OO0 OJHUM, JTHOO
nByMs (HO He O6oJiee) 2J1eKTPOHAMU, IPUYEM B MOCTIETHEM CIydae HJIEKTPOHBI 0053aTENbHO
HUMEIOT MTPOTHBOITOJIOKHBIE CIIMHBI U Ha3BIBAIOTCS crlapeHHBIMU. AO ¢ OIMHAKOBBIMA
KBAHTOBBIMH YHCIIAMH N U | 3aTIOJIHAIOTCS TaK, YTOOBI CYMMApHBIN CIIUH 3JIEKTPOHOB ObLI
MakcuMaleH (TpaBwio XyH/a); IpYyrUMHU CIIOBaMH CHadala 3aroHIeTCs MAaKCHMAaIbHOE YUCITO
AO c pa3HbIMHU M.

Jl1s HeHTpanbHBIX aTOMOB B OCHOBHOM COCTOSTHUU T1OCJIEI0BaTeNIbHOCTD 3anoiaHeHuss AO
CIIeAYIOIIas:

1s<25<2p<3s<3p<4s~3d<4p<5s~4d<5p<6s~5d~4f<bp<7s<..



D70 BeeT K Tak Ha3piBaeMoMy aufbau-mpuHIMIY, KOTOPBIHA CITY>KUT 0OOCHOBAHUEM TaOIHIIBI
MenneneeBa. Cienyer noa4epKHyTh, UTO MOPSIIOK 3aM0JHEHUs OpOuTaiell 00ycIOBJIEH HE
OTHOIICHHEM WX SHEPTui, a TpeOOBaHUEM MHHHMYMa TOJTHOU YHEPTUH aTOMa, KOTOpast OTIUYHA
OT CYMMBI OJTHORJIEKTPOHHBIX SHEPTHil (CM. BbILIE). 3/1€Ch TAKKE UTPAIOT POJIb CIIUH-
opOuTanbHbIie U Apyrue 3¢ dexTsl. UMeHHO Mo3TOMY, B 4aCTHOCTH, 45-A O 3aM0HAIOTCS
anexktpoHamu B atomax K u Ca panbire, yem 3d AO.

B uTore a5iekTpoHBI C OTHUM M TEM K€ 3HAUCHHEM TJIaBHOT'O KBAHTOBOTO YHCIIA N 00pa3yroT
AIIEKTPOHHBIE CIION (0O0IOYKH). DTH CJIOHU, B CBOKO OYepelb, IOCTPOCHBI U3 MOI000T0YCK,
3aIIOJTHECHHBIX JICKTPOHAMH C OJIMHAKOBBIM 3HAYEHUEM OPOHMTAIBHOTO KBAHTOBOTO YKcha I.
Crnowm ¢ n=1,2,3, 4 ... o6o3nagaroT OykBamu K, L, M, N, ...

1.8 lerepmunant CJieiitepa

Wrtak, npeacraBieHre MHOTOJIEKTPOHHON BOJHOBOM (DYHKIIMU B BUJIE ACTEPMUHAHTA
oOecrnieunBaeT ee NpaBUIIbHbIE AaHTUCUMMETPUYHbIE CBOKCTBA. KpoMe TOro, 351eKTpOHbI
HEPA3JINYUMBI U UX [IEPECTAHOBKA HE JI0JKHA MEHSTHh CBOMCTBA cUCcTeMBI. [lepecTtanoBka
AJIEKTPOHOB JUIsl IETEPMUHAHTA 3KBUBAJIEHTHA IEPECTAHOBKE MECTAMHU CTOJIOIOB (CTPOK), UTO
JMIIB MEHSET 3HaK JeTepMUHaHTa. [10cKOIbKY BOJIHOBAs (DYHKIMS B IPUHIUIIE ONPEIEIECHA C
TOYHOCTBIO /10 (Pa30BOTO MHOKUTEIIS, IEPEMEHA 3HaKa CBOMCTB CUCTEMbI HE MEHSET.
[TpubsnxeHHass MHOTO3JIEKTPOHHAsL BOJIHOBAsL (DYHKIIMSL, HOCTPOSHHAs: U3 OPTOHOPMHUPOBAHHBIX
CHHH-OpOHTANIEeH OTACTBHBIX AIEKTPOHOB, Ha3bIBAaETCs AeTepMuHanToM Creiitepa:

Alx) mixm) . alE)

\P=(ND_% Alx) aix) o ay(xg) (1.48).

) wm(xy) o awlEy)

Herepmunant Cneiftepa sBiseTcs eAMHCTBEHHOHN (pyHKIMEH, oOecrieunBaromeit
AHTUCUMMETPUYHOCTH BOJTHOBOW (DYHKIIMU B opOUTaIbHOM NpuOIkeHnu. CieoBaTesbHO, OH
JIaeT TOJIBKO OJHO PELICHUE COOTBETCTBYIOIINX OJHOIICKTPOHHBIX YPABHEHUIA.

XOTs1 37IEKTPOHBI HEPA3IUUMUMBI, B OpOUTAIILHOM MPUOJINKEHUH KaXKIbIi SIEKTPOH
omuchIBaeTcs "cBoeil" BOHOBOM QyHKunel. CHCTEMBI, B KOTOPBIX BCE AIEKTPOHBI CIIAPEHBI Ha
opOUTAaNIsAX, Ha3bIBAIOTCSA CUCTEMAMH C 3aKPBITHIMU (MJIM 3aMKHYTBIMH ) 3JIEKTPOHHBIMU
obonoukamu. /st Takux cucteM AetrepMuHaHT Crelrepa COCTOUT U3 ABAXK/IbI 3aHSITHIX
BJ'IGKTPOHaMI/I CHI/IH-Op6HTaJIeI>'I, qUucCcJIo KOTOpI)IX paBHO IIOJIOBUHC YHCJIa 3J'IeKTp0HOB. CI/ICTGMI)I
C HEUETHBIM YHCIIOM 3JIEKTPOHOB HA3bIBAIOTCSI CHCTEMAaMU C OTKPBITHIMH (HE3aMKHYTBIMH )
000JIOUKaMHU.

1.9 Metox Xaprpu-®oxa

ANIpoKkcuMaIus MHOTO3JIEKTPOHHOMN BOJTHOBOW (DYHKIIMH €TMHCTBEHHBIM JETEPMUHAHTOM
Creiitepa (1.48) u ucnonp3oBaHre TPUOIMKEHUS CAMOCOTIACOBAHHOTO OIS TPUBOAT K
Mmetony XapTpu-Poka (X®D). [Ipu atom ucxonnoe snexktpoHHoe ypasuenue lpenunrepa (1.20)
IIyTE€M JOBOJIBHO I'POMO3/IKMX MaTEMaTUUECKUX BBIYMCIIEHUH (cM., Hanpumep, M. J{proap.
Teopust MOJIEKyIIpHBIX OpOUTaIe B OpraHn4ecKoi XUMHUN) IpeoOpa3zyeTcst B ypaBHEHUS, T i€
touHbIl ramuiabToHHaH H (1.20) 3amenen oneparopom doka (hokrmaHoMm):



1 il a i Z H 2 1 * -1
- Ezvi - Z_ Z[It!i(fzjl fip dry — IXi (ry Jryg 34 {1y )y
F = i L + 2 (149)

(3nech u nanee Mbl UCHOJIB3YEM IPUHATYIO B KBAHTOBOM XMMHUHM aTOMHYIO CUCTEMY €IUHUILL:
1

drs _ 1 kB
MHOKUTEJb omyckaetcsi, m = 1, e = 1, #=1. BBeaenne aTOMHBIX €UHUIL Aes1aeT HOPMYJIbI
MEHEE TPOMO3KUMH).

Paznnune mexny F u H coctout B ToM, 4TO onepaTop KyJOHOBCKOI'O MEX3JIEKTPOHHOTO

>y

B3aMMO/ICUCTBUS ¥ 3aMEHEH OIepaTopOM B KBAJPATHBIX CKOOKAX, OMHMCHIBAIOIIMM
BSaHMOHeﬁCTBHe KaKI0ro0 3JICKTpOHA CO CPCAHUM I10JIEM BCEX OCTAJIBHBIX 3JICKTPOHOB C YUCTOM
{wlFlw)

TpeboBanuil npununa [laymu. M3 ycnoBuss MUHUMYMa SHEPTHH BO3HHUKAaeT HAbop
HE3aBHCHUMBIX YPAaBHEHUH ISl KaXKAO0H OJTHOSJIEKTPOHHOM opOuTanu - ypaBHeHUs XapTpu-Doka:

H
AxlE) = hy(xgy () + Z EXi(Kl)‘rl::(j (ijrfl_zldxz - xjixljjx} (2 )1 % (25 ]
1 1.50

DHeprus 1eKTPOHA, HAXO/AIIErOCs Ha OPOUTATH ™ ;, MOXKET OBITh MOJNy4eHa YMHOKEHHAEM
cnepa Beipaxenus (1.50) Ha * | 1 HHTErPUPOBAHMEM 110 BCEMY IIPOCTPAHCTBY:

H
g; =h;, +Z[Iij - %Kij]
i-1 (1.51),

. ' 1
Jlj =IX1(X1)X1(X1)—Xj (Xz)?{j (g )dx,dx
2

rie ' (1.52),

hy = [ (b (= )dx,
(1.53),

Ky = [0 Geadx) () = s (), (2 )by
12 . (1.54)

o i, .
OIIHOBJ'ICI(TpOHHBII/I HHTCrpal ® OIIMCBHIBACT DHEPTHIO DJICKTPOHA Ha 0p6I/ITaJ'II/I A B ITOJIC s1/Ipa
0e3 OCTaJIbHBIX OJICKTPOHOB.

. . 5
I[BYXE)J'ICKTPOHHBII/I KYJIOHOBCKHWH UHTETpaI ¥ OIUCHIBAET OHEPIHUU MCKIJICKTPOHHOT'O
OTTAJIKUBAHUA ITPHU HE3aBUCUMOM JIBUKCHUU 3JICKTPOHOB.

5 5 K.
JIBYX>JIeKTPOHHBIH OOMEHHBII HHTErpan ~ ¥ oTpakaeT HOHMKEHHE SHEPTUU HIEKTPOHOB C
NapasIeNbHBIMA CIMHAMH Ha OpOMTANSX %ip .,

[TomHas HEprUst aToMa ¢ 3aMKHYTHIMU 000109KaMH (110 2 3JIEKTpOHA Ha Ka)XA0h opOuTam)
BBIUKCISIETCS B MeTo/Ie XD creayromumM o0pa3om:



3 NI
E=2> 5->> 17, —K,]
1 i (1.55)
[Tonuepkuem, uto onepatop doka cam 3aBUCUT OT OJHOTO HAOOPa OJHOIIEKTPOHHBIX
BOJIHOBBIX (DYHKITUH M €T0 PelIeHue HIeTcs camocoriacoBanHo. [1o 3toit nmpuunne metoq XD
uHoraa otoxaectsisAoT ¢ MmetogoM CCII. TlockonbKy, onHako, o01Iasi crparerus
CaMOCOTJIaCOBaHUsI MPOSIBIISIETCS] B KBAHTOBOM XMMHUM BO MHOTMX KOHTEKCTaX, Ha3BaHUE ""METOI
Xaptpu-doka" 6os1ee TOUHO.

Onepatop Poka COCTOUT U3 TPEX UJICHOB:

H H
F(z,) = Zhi':xlj' + Z[Ii(xlj - K, (=,]]
1 i (1.56)

3neck hj - TouHbIit 0HOIIEKTPOHHBIN onepatop (1.22):

inz - Z_Ej
_Zm : T,
hj=- 1 (1.57)

Ji KYJIOHOBCKHUH oriepaTop:

Tz = Il?(i':fzj'Frl_ﬂldrj (1.58)

E

W “*i- HEJIOKaJbHBIN OOMEHHBIN OIepaTop:

By () = [ mdnstn)dn ) g

Hanuure oOMeHHOTO wieHa B MeTojie XD 3KBHUBAJICHTHO BBEICHUIO MIOMPABKH HA KOPPEIISIINIO
ABVKCHUSA DJICKTPOHOB, OITMCBIBACMBIX PA3HBIMU Op6I/ITa.TI$IMI/I. prrI/IMI/I CJIoOBaMH, OTUM MBI
YUUTBIBAEM KOPPEISIUI0 MEXKY ABHXKEHHUEM JIEKTPOHOB C Pa3HBIMH CITUHAMU (OOMEHHYO
Koppesuio). KynoHoBckas KOppesius, BbI3BaHHAs. B3aUMHBIM OTTAJIKHBAaHUEM JIEKTPOHOB,
HE3aBUCHMO OT MX CIIMHOB, B MeTo/ie XD He yUUTHIBACTCS: OHA SBISETCS CIICICTBHEM
HpI/I6J'II/I)KeHI/I$I HE3aBUCHUMBbIX YAaCTHUII. 9T10 - CYHICCTBCHHBIﬁ HEOOCTAaTOK METOAAa U MBI K HEMY
erie BepHeMmcsi. KpoMe Toro, B MPOTHBOIIOJIOKHOCTh TOYHOM BOJIHOBOW (DYHKITUH,
OIHOACTCPMHUHAHTHAA q)YHKHI/Iﬂ XD BCJICACTBHUEC CaMOCOITIaCOBaHUA HC UMECT CUHTYJIAPHOCTHU
npu |- rj|— 0, cnenyromeit u3 (1.6).

VpaBuenust XD MOryT, B IPUHIINATIE, OBITH PEIICHBI YUCICHHO JTIOOBIM CTaHAAPTHBIM METOJIOM
peleHus UHTErpo-nuddepeHIMaTbHbIX YpaBHeHHI (HarpuMep, MetogoM Monte Kapiio,

METOJ/IOM CETKH H JIp.).

1.10 Orpann4yeHHbI 1 HEOTPAHMYEHHLIH MeTOALI XapTpu-Poka

MHOro31eKTpoHHas BOJTHOBAs (PYHKIUS JTIOO0H CHCTEMBI I0JDKHA OBITh aHTUCUMMETPUYHON U
OTBEYATh OINPEIEICHHBIM MPOCKITHSIM N-3JIEKTPOHHBIX OPOUTAIEHOTO YIIIOBOTO U CIIMHOBOTO
MoMeHTOB. OHa Taxxe OyzeT cOOCTBEHHOM (DyHKIIMEH orepaTopa KBajpara IOJHOTO CIIMHA
cucTeMbl S2 (cM. TabGnuILy), €CIIM OHA MTOCTPOEHA U3 MPOCTPAHCTBEHHBIX CITUH-OpOUTasIEH,
3aHATHIX MAPOH JEKTPOHOB C MPOTHUBOJIOKHBIMHU CITUHAMHU.



Tabmuua 1.5. CoOcTBEeHHbIE 3HAYCHUSI CIUHOBOTO MOMEHTA AJIEKTPOHOB B 3aBUCUMOCTH OT
CIIMHOBOI'O COCTOSIHUSA

cnuHOBOe | criuH(bI) | COOCTBEHHOE | CIUHOBOE | CHHH(BI) | COOCTBEHHOE

sHaueHue S sHaueHue S
COCTOSTHUE COCTOSIHUE
CUHIJIET 0 0 KBapTeT 15 3.75
JyTLIET 0.5 0.71 KBUHTET 2 6.0
TPHILICT 1 2.0 "N-tet" | (N-1)/2 s(s+1)

[Tpumep. Dueprust monekynsl CH3z — myruier, Berauciennas Mmeronom OX®, cocrapnser-39.5548
a.u., S =0.750, a sueprust HX® -39.5590 a.u., $°=0.761

Ecnu BorHOBast QyHKITUS anmpOKCUMHUPYETCS €IMHCTBEHHBIM AeTepMuHanToM Crelitepa,
COCTOSIIIIMM U3 TaKHX CHUH-OpOUTANIel, METO] Ha3bIBA€TCSl OTPAaHUUYEHHBIMHU (TIO CITUHY)
meTosoM XapTtpu-Doka (OX®D wim RHF) . Eciu sxe TpeboBanme ObITh COOCTBEHHOU (pyHKIHEH
S? Ha BOJIHOBYIO (DYHKITMIO HE HAKJIAJbIBAECTCS, METO/] HAa3bIBACTCSA HEOTPAHUUEHHBIM METOJIOM
XO® (HX®D nnmu UHF). [Tocnenuuii MeTo obecrieunBaeT OOIBIIYI0 THOKOCTh BOJTHOBOM
(GYHKIMY U, KaK PaBUIIO, IPUMEHSETCS AJIsl CUCTEM C OTKPBITHIMU o0onoukamu. OHAKO U3-32
CHATHS YKa3aHHOTO (PyH/JIaMEHTAJIHHOTO OrPAaHHYCHHSI Ha SJICKTPOHHYIO BOJIHOBYIO (DYHKIIHIO,
ee cmbict B HX® vacto nuckyccuoneH. Hanpumep, B G0JIbIIMX XUMUYECKUX CUCTEMaX HEPEIKO
nonyuaror HX®-pemenns ¢ CobCTBEHHBIMI 3HAYCHAUAMH S, CHIIBHO OTIINYHBIMU OT HCTHHHBIX.
Pemenus, koTopble MOKa3bIBAOT OYE€Hb OOJIBIIOE TOHUKEHHE SHEPTUU (U COOTBETCTBYIOIIEE
YBEJIMUEHUE 3HAYECHUN S?), kora CUMMETPHS 110 CIIUHY ITOHWXKEHA, Ha3biBaeTcs ' HX -
HecTaOMIbHBIMH". Takast HECTAOUILHOCTH MOKET pacCCMaTPHUBATHCS KaK yKa3aHUE Ha
HECOOTBETCTBHE €IMHCTBEHHOHN OHOIETEPMUHAHTHOM BOJIHOBOM (yHKIMH. OHAKO CBOHCTBA
OX®-pernieHus 4acTo TOYHBI Jake B IPUCYTCTBUH 04eHb Oosbioi HX®-HecTaOMmIbHOCTH.

1.11 KBanTOBOXHMHYECKAS TPAKTOBKA pelIeHUd ypaBHeHnd XapTpu-Poka

XapTpu-(poKOBCKHE SJHEPTUU OpOUTAIIEH € | UMEIOT BIIOJIHE ONPE/ENIEHHBIN (pU3NUeCKUil CMBICIT.
Ecnu ynanuts ¢ opOUTany 7y j OMUH 3JIEKTPOH (MOHU3UPOBATh aTOM), U3MEHEHUE SHEPTUN
CHCTEMBI MOYKHO PUOJIMKEHHO 3aMucaTh Kak:

H
B~ e, =l - |7y 2Ky | (1.60),

i

CUMTas, YTO TOCJE YAaJICHUS JIEKTPOHA CUCTEMA HE TIEPECTPOUTCS (OCTaHeTC s
“3aMOpOKEHHON ). DTOT pe3ybTaT Ha3bIBaeTCs TeopeMoit Kynmmanca. Mbl BUAMM TeNeph, 4TO
opbutansubie XD-3HEprun JA0T OlleHKY noTeHanoB nonnzamnuu (I[11) - saepruii, kotopeie
HEO0OXOIMMO COOOIIUTH CUCTEME, YTOOBI YIAIUTh KaKoW-Tn00 u3 ee 31ekTpoHoB. 1o [TN MoxHO
CYIUTH O IPOYHOCTH CBSI3H AJIEKTPOHA TAHHOW OPOUTAIN C aTOMHBIM OCTOBOM.

Kax nmpaBuo, koraa roopar o [11, umeroT BBUAY SHEPTUIO OTPHIBA 3JIEKTPOHA C BBICIIEH
3aHsATOM aroMHoi opouTas (B3AO). [1pu 3TOM nipeanonaraeTcsi, 4To ¥ KICXOAHBIA aTOM, U
00pa30BaBIIHIACS HOH HAXOJATCS B OCHOBHBIX (HEBO30YKIEHHBIX) COCTOSIHUSX T.€. PeUb UIET O
[, niin nepBom noTeHuuane nonnsauuu. [lorenuuaner nonuzanuu [, 1113 [T, 1 1.10.
OTBEYAIOT JAJILHEHUILIEMY ITOCJIEI0BATEIbHOMY OTPBIBY JJIEKTPOHOB OT HOHOB. Jljist atoMa ¢ N



anexrpoHamu [11; < I1H, < I1W3 <I1H4 ...< ITHMN. Hanpumep, nisg aroma yraepona nepssie [1H ¢
2p - B3AO u rnyounHoii 2s - AO cocraBistor coorBeTcTBeHHO 11.26 1 20 3B. 3aBucumocts [1U
OT IOPSJIKOBOI'O HOMEpa 3JIEMEHTA UMEET SIPKO BBIPAKEHHBINA NEPUOANUECKUN XapaKTep, YTO
uitocTpupyet puc.1.8.
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£
Fuc. 5. MoTenuuantl WOHWSELWA SNEMEHTOE [AHCNEPMMEHTENEHBIE OAHHLIE).

B npenenax nepuona [1M Bo3pacraroT, Kak MpaBUIIo, ¢ yBEIMYEHHUEM aTOMHOI'O HOMEpa.
Hckimodenns cBA3aHbl C yCTONYMBOCTBIO 3aMKHYTBIX 000109eK (Io < In; Img> lal) €
MaKCUMaJlbHOW MYJIbTUILIETHOCTBIO.

Jnst sxcniepuMenTanbHoro onpeaenenus 11 nenonap3yroT MeToab! POTOINEKTPOHHON U
PEHTIE€HOAJIEKTPOHHOM CrieKTpockonuu. Pa3muyaroT BepTuKaabHbIi U anuadatudyeckuid [TH.
Beprukansnsiit [IM oTBewaeT nepexony 6e3 M3MEHEHUs KOJI€OATEIbHOTO KBAHTOBOI'O YHCIIA
(7151 MOJIEKYJT), IPUYEM U aToM (MOJIeKysa) ¥ MOH (MOJIEKYJISIPHBII ) HAXOASITCS B OCHOBHOM
K0JIeOATEIbHOM U AJIEKTPOHHOM COCTOSIHUM, C KOJIeOaTeTbHbIM KBAHTOBBIM YHCIIOM, PAaBHBIM
Hymto (nns monekyin). Anuabatudeckuii [1M BkitouaeT sHepruto kojaedaTenbHOro nepexosia u3
OCHOBHOT'O COCTOSTHHUSI UCXOHOI MOJIEKYJIbI Ha MEPBBIN KOJeOaTeNbHbIH yPOBEHb
MOJIeKyJIsipHOro noHa. OueBUIHO, YTO BenuunHa aguadaTuueckoro [T Brlle BepTHKAIBHOTO.
@DOTO3IEKTPOHHBIE CIIEKTPHI UMEIOT CI0XKHOE CTPOEHHE, OMPEEIIIEMOE TaKKe IHEpTUeit
K0JIeOaTeNbHBIX MEPEX0/I0B.

Hcnonp30BaHuEe TEOPEMBI OMPABIAHO AJISI MOJIEKYII C )KECTKOU CTPYKTYPOH (IS COMPSKEHHBIX
YTIIEBOAOPOIOB | JIp.), HE H3MEHSIONINX CBOIO TEOMETPHIO TIPH HOHHU3AIMHU. bojee Tog4Ho
MOTEHIIMAT HOHU3AIIUH CIIeyeT CUUTATh MO pazHocTU XD 3HEepruil MOJIEKYIbI C 3aMKHYTON
000J109KOl 1 00pa3yOIIerocs: HOH-paIuKaa.

s mepsoro ITU: 1y = E(N) — E(N-1).
Cpo/ICTBOM K 3JIEKTPOHY Ay Ha3bIBAIOT SHEPTHIO, KOTOPAsi BBICBOOOXKIACTCS MPH

NPUCOETUHEHNH K CHCTEME OJTHOTO 3JIeKTpoHa. Hanbonpmmmu 3HaueHUsAME Ay 00J1a1af0T
aToMbI TajioreHoB. [1o ananoruu co ckazaHubIM Bbilre, A; = E(N+1) — E(N), T.e. cpoacTBo k



AIIEKTPOHY MOXKHO MPUOIMKEHHO OMHCATh Yepe3 YHEPTUIO HU3IIEH CBOOOTHOM (BUPTYAIBHO )
AO.

1.12 Dj1eKTPOHHBbIC KOHMUTYPAIIUY ATOMOB C TOYKH 3PEHHsI KBAHTOBOW XHUMUH

OpHOEeTepMUHAHTHAS BOJTHOBAsI (PYHKIIUS, OTBEUAIOIIAs OTPEICICHHBIM MPOCKIUAM N-
AIIEKTPOHHOT'O OPOUTAIBLHOTO L, U CHIUHOBOTO S; MOMEHTOB, HE 0053aTEIHHO SIBIISIETCS
coOCTBEHHOM (PyHKITMEH OMepaTopoB KBaapaTa MojaIHOro OpOUTAIBHOTO L% u crmHoBoro S
MOMEHTOB aToMa. Torya coOCTBeHHBIMH (DYHKIIMSMU STHX OIEPATOPOB SBIISIOTCS JTUHEHHBIC
KoMOWHaImu AerepMuHaHToB CreliTepa, OTBEYAIONINE OJTHUM U TEM K€ 3HAYCHHUSIM KBAHTOBBIX

o i
L=> 5=>5,
YHUCCJI ITOJIHBIX Op6I/ITaJILHOF0 i U CIITMHOBOT'O i MOMCHTOB B ITIpCaciax
HEKOTOPOI MeKTpOHHOU KoHurypauuu. [lox anekTponHol KoHpUrypanueit aToMa HOHUMAIOT

(W) (g () (o
OIIPEJIETICHHOE PacIIpeIe/ICHHE 3JIEKTPOHOB IO 000JIOUKaM:
Kaxcaas[ (nl); o6osouka mpencrasisier codor Habop 2(2li+1) crimn- op6nTaneI/1 u3 KOTOpI)IX ki

Sk =M

! 3aHATHI HJIEKTPOHAMH U BKIJIIOUEHBI B leTepMUHAHT Crelitepa. Otu ki criun-
opOuTajeit MOKHO BBIOpATh [ KaxK0i (nl); 000JI0YKM MHOTUMH CIIOCOOAMH, YHCIIO KOTOPBIX
oTIpenieNnsIeTcs KOMOMHATOPHBIMU MpaBmiiaMi. COOTBETCTBEHHO, KaX /10 KOH(UTYpaIHH
COOTBETCTBYET OIPEECIEHHOE YNCIIO OAHOAETEPMUHAHTHBIX (YyHKIUI. COBOKYITHOCTh 3TUX
(GyHKINH, XapaKTepU3YIONIascs OJHIMH U TEMH K€ 3HAYCHUSIMH KBAaHTOBBIX urcen L u S,
Ha3bIBaeTcs TepMOM. OT/eIbHbBIE BOJIHOBBIE (PYHKIIMU TepMa OTIMYAIOTCS KBAHTOBBIMU YHCIIaMU
MPOEKINI STHX MOMEHTOB L, u S;. Eciin npenedpeus cinH-0pOUTAIBHBIM B3aUMOJICHCTBHEM, TO
BCE BOJIHOBBIE ()YHKIIMM Te€pMa OTBEUYAIOT OJHOMY U ToMy ke (2L+1)(2S+1) - kpaTHO
BBIPOXKJIEHHOMY 3HEpPreTUYeCKOMY ypoBHIO aToMa. CIIMH-0pOUTaIbHOE B3aUMO/IEHCTBUE
pacuienysieT TOT BBIPOXKIEHHBIH YPOBEHb Ha TaK Ha3bIBA€Mbl€ YPOBHHM TOHKOH CTPYKTYpBHI.
DHeprus TepMa paBHa CPEAHEB3BELICHHOMY 3HAUEHUIO 3HEPTUN YPOBHEN TOHKOM CTPYKTYPBHI.
VIMEHHO MUHUMYM 3TOM SHEPrUHU OTpeIeNIeT MOPsJIOK, B KOTOPOM 3JIEKTPOHBI 3aIOJIHSIOT
3aIOJIHSOT AaTOMHBIE 000JIOUKH.

Orcrona cnenyeT, YTo MOHATHE IEKTPOHHONW KOH(PUTYpAllUd aTOMA HE SIBJISIETCS] YETKUM
(GU3NYECKUM MOHATHEM, a 3aBUCUT OT NMPHUOIMHKEHUS, B KOTOPOM pacCMaTpPHUBAETCsl aTOMHas

IIEKTPOHHAsI CTPYKTYpA.

2. KBanToBass XuMusi MOJIEKY.JI

2.1 BBenenue

KBaHTOBas XUMHUs paccMaTpUBaEeT MOJIEKYJTY KaK 00Opa30BaHUE U3 TOUECUHBIX SAEp U
AJIEKTPOHOB C LIEJIOUYMCIIEHHBIMHM MaccaMu U 3apsaMu. DHEPIUsl MOJIEKYJIb HIMEET
COCTaBJISIONINE, CBA3aHHbIE ¢ KHHETUYECKMMH SHEPTUSAMU KaXI0TO SJIEKTPOHA U siipa
U TIONIAPHBIMU SHEPTUSAMHU UX KyJIOHOBCKUX B3aumozeiictuii (Tab:n.2.1). D10 AomKHO
OBITh HaJUIEKAITUM 00pa30M OTPaKEHO B MaTeMaTUYecKoM (opMalu3me,
OTHCHIBAIOUIEM CTPOEHUE U CBOMCTBA MOJIEKYJI.

Tabn. 2.1. Briiajisl B MOJIEKVIISIpDHYIO dHEPTrUi0 dropucroro sogopoaa HF

B PAaBHOBECHOU I'€OMETPUU




Cocrasistonue 3HavyeHue 3Hepruv | Bkiajg B mMoHy0

(a.e.)
SHEPTUU SHEPTHUIO
Kunernueckas T, 99.85594 100%
N-e -250.58398 -251%
[TputsxenneV .,
e-¢ OTTaJKMBaHUC 45.49697 46%
+
OOmen
N-N 5.22817 5%
OtrankuBanue V
[Tonnast sHeprus -100.00290 -100%

OCHOBHOE ypaBHEHHE MOJICKYJISIPHOM KBAHTOBOW XMMHHM - HE3ABUCSIIECE OT BPEMEHU
HEpENATUBUCTCKOE YpaBHeHue [Ipenunrepa:

e « HY ({r, R)=E¥ ({1, R}), 2.1)

3nech H-momekysipublii ramuiibToHuaH, E-momnas sueprust mosiexyisl, W ({r,R}) -
MOJICKYJISIpHAS BOJTHOBAs (PYHKIIMS, C TIOMOIIBIO KOTOPOM B IPUHIIMIIE MOTYT OBbITh
paccuuTaHbl XUMUYECKHUE CBOMCTBA MOJIeKy L. CumBoJioM {r, R} 0003HaueHa
COBOKYITHOCTh KOOPJIUHAT BCEX JICKTPOHOB U sIICP.

HepeHHTI/IBI/ICTCKI/Iﬁ TaMWUJIbTOHHWAH MOJICKYJIbI BKIIIOUACT YJICHBI, OIMMMCHIBAIOIIHUEC BCC
NEPCUNCIICHHBIC BBIIIC BKJIAAbl B OHCPTUIO, U UMCCT BU

H=T,®)+ T, + V, (R)+V (R +V,{) =
_ EM_ ; :, Z,7,8"
: Pin. S5 iie $5 0

2 n

+ZZ (2.2,

drgry T 4wy

31ech 1, ] OTHOCATCA K 3JIEKTPOHAM U a, b - K anpam, M, u m - macchl anep u
ANIEKTPOHOB, R 1 I' - HAGOPHI ATEPHBIX U JIEKTPOHHBIX KOOPIUHAT, CITUH-
opOUTaIBLHBIM B3aUMOICHCTBUEM TpeHeOperaeM. B nanpHeieM n3noxxeHuu amis

IPOCTOTHIMBI Oy /IEM HCITOJIb30BaTh AaTOMHYIO CUCTEMY €MHUIL, mojaras e=1, m=1, #
1

=1. MHOXHUTED Arg B DTOH CUCTEME HE BO3HUKAET.

2.2 lIpuoanxkenne bopua-Onnenreinmepa

N3-3a HAIM4Us DJIEKTPOH-SAACPHOTO B3aUMOJICHCTBUA V o,, IPEHEOPEUH KOTOPHIM
Henb34 (cM. Tabmuny 2.1), raMmuibToHUAH (2.2) He pa3AensaeTcs Ha SIEPHYIO U



AJIEKTPOHHYIO YacTh. Takoe pa3esieHue MOXKET ObITh, OJHAKO, PEATH30BAHO
npUOIMKEHHO, €CIH ClIeTIaTh 3aBUCUMOCTD JIEKTPOHHOMN BOJIHOBOM (DYHKIIUHU /5, OT
sanepHoit konurypammu R mapamerpudeckoil (npudnmxkenue bopna-
OmnnenreriMepa).

J171st 3TOTO 3anuiieM MOJIEKYJISIPHYIO BOJIHOBYIO (DYHKIIMIO B BUE MPOU3BEICHUS
anextpoHHo# u saepHoi kommoneHT W({r, R}) = yv,,({r,R}H)v..({R}); 3ameTnm, uto
Y otimmana ot W B (2.1). CooTBercTBytoIiee ypaBHeHnue llIpennarepa nmeer Bu:

HY ({r, R})=EY¥ ({r, R}), (2.3)

a SJIEKTPOHHAs BOJIHOBAas (DYHKIIUS YIOBIETBOPSET MJICKTPOHHOMY YPaBHEHUIO
[[Ipenunrepa Buga:

Haw o Eam,u a1, (24)

e H, =T,0r) + V, (R)+V, Ryx) +V, () (2.3).
PaccMoTpuM Temeps WieHbl, ONMUCHIBAIONINE KUHETHIECKUE YHEPTUN DIICKTPOHOB U
sanep:

Vi, (1 R, (R)) = ¥, ((R)V] ¥, (I, RY), (2.6a)

VI, U, RV, (R} =¥, (n, ROV, ({RY) + 2V ), (R R}V, Y, (R +
VL URNVIY, (LR (2.66)

B sxecTkux MoJieKyJiax siipa JIMIb COBEPILAIOT MaJIble KOJIEOaHUSI OTHOCUTEIBHO
PABHOBECHBIX MOJIOKEHHM, TOT/Ia KaK 3JIEKTPOHBI JEJI0KATU30BaAHbI 110 BCEH
MoJIeKyJie. DTO 03HAYAET, UTO B CTAOMIILHON MOJIEKYJIE \,; SIBISIETCS MEJIEHHO
MeHsTtolIeiics: pyHKIueH saepHbIX KoopauHaT R u ee mepBoii 1 BTOpOH IPOU3BOAHOM
10 3TUM KOOpJIMHATaM MO>XHO IpeHeOpeub. OTOpachiBasi COOTBETCTBYIOLIUE YJICHBI B
(2.6 0) nepenuiieM ypaBaenue lllpenunrepa (2.3) B Buze:

A Mo i i
{—E‘Fmt{r, R})ZM VR LURY "o xa({R})Z?f‘f’M({r, Riy+
HV R+ V, R0 +V, D], (I, RO (R = 2, ({n, R (R} (2.7

[Ipumem Tenepb Bo BHUManue (2.4) u (2.5) u 3anumem:

ad
{—%"{-’MZMLT?‘FN + K.I-‘rxdEmKFm = Mmk}‘rﬂ (28}

Jlenst T0 ypaBHEHHE Ha |/, , I0JYyYaEM YPABHEHUE IS ONPEACIHEHUS g,

(T, +E,)F, =E¥ (2.9).

an



Takum 006pa3zoM, anekTpoHHas sHeprus E,;, saBisiomascs cyMMOi SHEpTUH IBUKEHUS
AJIEKTPOHOB B T0JIe (PMKCUPOBAHHBIX SIJIEP U SHEPTUU AJIEPHOTO B3aUMOCHCTBUS,
UrpaeT pojb NOTEHLUUAIBLHOMN 3Heprun B ypaBHeHuu lpeaunrepa, OnuchBaromeM
nBrxenue saep. PaccunteiBas E,; 115 pa3HbIX 3HaUYEHUHN, IOJTyYUM ITOTEHIUATbHYIO
MMOBEPXHOCTh YHEPTHUH, BIOJIb KOTOPOU s1/Ipa ABUKYTCS B SGHEPreTUYECKOM
npoctpanctie. [loatomy E,; HazpiBaeTcs annabatuueckum noteHuuaaom. [lomnas
DHEPTHUs MOJIEKYJIbI B mpubmmkennn bopua-Onmnenreiimepa ects cymma E = B, + Ty,
rae T, ecTh KonebaTeabHO-BpalllaTeIbHasl SHEPTHSL SIIEP.

O6ocHoBanHOCTH pudMKkeHust bopua-Omnmenreiimepa o0ycioBiaeHa TeM (pakTom,
YTO OTHOIIEHUE MAcCC JIEKTPOHA | s/ipa He MeHbIie, yeMm 1/1836. [TosTomy nBuxkeHuE
AJIEPHOM MOACUCTEMBI IPOUCXOIUT MHOTO MEJICHHEE, YEM JIEKTPOHHOU U JUIs
OOJBIIMHCTBA 337124 AJCPHYIO KOHPUTYPAIIO MOKHO CUUTATh (PUKCHPOBAHHOM.
SAnepHas koHPUryparysi, KOTOpasi CTAaHOBUTCS B IPUHATOM MPUOIUKEHUHN BIIOJIHE
orpezesieHHbIM MOHATHEM, CTa0MIIbHA OTHOCUTEIHLHO MaJbIX Kojebanuit siaep. Ona
XapaKTepU3yeT MOJICKYJIAPHYIO CTPYKTYpY. Takas KapTHHA HECTIpaBeJINBa, OJJHAKO,
€CJIM SHEPTUA SAICPHBIX KOJeOaHUN HUXKE, YeM Pa3HOCTh YHEPTUil OCHOBHOTO U
BO30YKICHHBIX AJIEKTPOHHBIX COCTOSTHUM. [Ipr 5TOM BO3HHKAIOT TaK HAa3bIBAEMbIC
BUOPOHHBIE COCTOSTHUSA, a aIMa0aTUIECKUN TTOTSHITAN TEPSIET CBOU SICHBIN
busnueckuit cmpica. CleICTBUEM 3TOTO SIBISETCS, B YACTHOCTH, BAXKHBIN
CTpYKTYpHBIN 3 ekt Ana-Temnepa, KOTOpbIil OyIeT pacCMOTPEH MO3XKE.

2.3 MeToa XapTpu-®oka 11 MOJIEKY.JI

B pamkax mpubmmkenust bopaa-Onmnenreiimepa AJisi aHAJIM3a AIEKTPOHHOTO
MOBEACHUS MOJIEKYJ IOCTATOYHO pacCMaTPUBATh TOJIBKO IEKTPOHHOE YPAaBHEHUE
[penunrepa (2.4) mist BBIOpaHHOM AnepHON KoHpurypammu. [TomyuuTs ero TouHoe
peuieHue s MHOTOJIEKTPOHHOM MOJIEKYJIbI, a TeM OoJiee Ui KpucTasuia
HEBO3MOYHO M ISl 3TOM 1I€JIM UCTIONb3YIOTCS TPUOIMKEHMS], BBEJICHHBIC B
KBAHTOBOM XMMHH aTOMAa, M IPEXKJIE BCETO - MeTO 1 XapTpu-Doka.

B merone Xaprpu-doxka mis monekyn nerepmunant Creitrepa (1.48), spnstomuiics
npuOmKeHueM K N-3J1eKTpOHHON BOJIHOBOW (DYHKITUU MOJIEKYJIbI, COCTABIISICTCS U3
3aHATHIX AIEKTPOHAMH MOJIEKYJISIpHBIX opouTaneit (MO) ¢ i( X ):

eplm)  aemim) o gl
W= (N_)—% flx)  wmlx ) o () (2,10
(i) wa (X))  aZy)

Kaxnas MO onuchIBaeT MOBEICHUE OJTHOTO AJIEKTPOHA B MOJIE OCTABHBIX
AJICKTPOHOB U (B OTJIMUKE OT aToma!) Bcex siiep cuctemsl. SIcHo, uTo koHuenus MO
TECHO CBsI3aHa C TEOpUEl MHOT03JIeKTpOHHOTr0 atoMa. [lomo6Ho AO, MO 3aBuCHT OT
KOOPAMHAT JIMILIb OJTHOTO 3JIEKTPOHA (SBIISECTCS OJTHOAIEKTPOHHO) U 3alIUCHIBACTCS B
BUJIC TIPOM3BEICHUS MPOCTPAHCTBCHHOM @ j(X) U CIIMHOBOH 1) (S) KOMIIOHEHT: ¢ (X)=
¢ i(X)n (s). Kaxxgas MO xapakTepu3yeTcsi CBOMM 3HaAUYCHUEM SHEPTHUH € j, KOTopas



ABJIAETCS. COOCTBEHHBIM 3HAUCHHEM orepaTopa Doka MOJIEKYIIbI: JIEKTPOHBI
3anoJiHAr0T MO B NOpsJIKE NOBBIIIECHUS Y3HEPTUH MOJIEKYJIbl. [loHas X sHeprus
MOJIEKYJIbI C 3aMKHYTBIMH 000JI0YKaMH OMPEENSIeTCS COOTHOLIEHHEM, aHAIIOTMYHBIM
BbIpaxkeHuto (1.55) B Teopuun aToma, a UMEHHO:

1 NN Z Z
E=2> é;—ZZ[zjﬁ—th;—ﬂ (2.11).
1 J=1

i b

HOCJ’IGI{HHI\/JI YJICH 34€Ch OIIMCBIBACT JJICKTPOCTATUUCCKYIO SOHEPTHUIO OTTAJIKMBAHUSA
SACp. OcTabHbBIC YJICHBI UMEIOT TOT JKE CMBICJI, UYTO 1 B TCOPHUU aTOMA.

B MuHUMU3aLuu SHEPTUN YYaCTBYIOT TOJIBKO 3aHATHIE nekTpoHamu MO,
CJIETIOBATEIBHO JIUIIIb OHU SIBISIOTCS HAWIEHHBIMU (U3NUecKr 000CHOBaHHO. OTHAKO
Metoa X® fgaet u xapakTepucTUku cBOOOAHBIX MO, KOTOpBIE COOTBETCTBYIOT
BO30YKJICHHBIM SHEPTeTUUYECKUM YPOBHSIM MOJIEKYJIbI JIUIIb ¢ OONBIION OMIMOKOMH
(oxomo 100%). Takue MO Ha3bIBaOTCS BUPTYaJIbHBIMH; IPUMEHSTh UX JJIS
TPaKTOBKH CIIEKTPOCKOMUYECKUX JAHHBIX CIEAYET C OCTOPOKHOCTHIO — JIJISl ATOTO
CYILLIECTBYIOT JPYTH€ METObI (CM. HUXKE).

B nononnenue k X® 3Hepruu, s ONTUMHU3ALUN TEOMETPUU MOJIEKYJIbI (€CIM OHA
M3BECTHA JIMIITH TPUOIMKEHHO) U ONPEACIICHNUS YaCTOT FTAPMOHUYECKUX KOJie-O0aHui
A71ep, BBIYUCIISIIOTCS TIEPBBIE U BTOPHIE MTPOU3BOIHBIE TIOJHOM SHEPTHH OTHOCUTEIILHO
AJIEpHBIX KOOpAuHAT. PaHbIlle MpOoU3BOAHBIE PACCUUTHIBAIN METOJOM KOHEUHBIX
pPa3HOCTEN; cendac 3TO AEIar0T HEMOCPEACTBEHHBIM aHATUTUYECKAM
muddepennpoBanuem BolpaxkeHus (2.11), aro Tounee. MUHUMYM MOJTHOM SHEPTUU
COOTBETCTBYET HaWJIy4YIlIed TEOMETPUU MOJIEKYJIbI, & JUarOHAIN3aLUs MaTPHUIIbI
BTOPBIX MPOU3BOIHBIX, SBJSIOIIUXCS CHIOBBIMU TTOCTOSIHHBIMHU MOJIEKYJIBI, 1a€T
4aCTOTHI HOPMaJbHBIX Konebanuii. Kpome Toro, cTaiimoHapHbIe TOYKA
HHEPreTUYECKON NOTEHIMATbHOU MOBEPXHOCTH (TOUYKH, T/I€ IEPBbIE MPOU3BOIHBIE
DHEPTHH 10 SIIEPHBIM KOOPAUHATAM 00palIaroTcs B HYJIb) MOTYT OBITh MUHUMYMOM,
MaKCUMYMOM WJIM CEIJIOBOM TOUKOW. AHAU3UPYS PACIIONOKEHNE U TUITHI TOUEK,
MO>XXHO 0XapaKTepU30BaTh MPEBPAILICHUS MOJIEKYJI B X0J1€ XUMUUECKUX peakiuuidi. Mbl
BEpHEMCS Jjajiee K 3TOM BaXKHOU mpolieme.

[TonHy!0 CBOJKY COOTBETCTBYIOIIUX AHAIUTUYECKUX (POPMYIT MOKHO HAWTH B KHUTE
Y.Yamaguchi, Y.Osamura, J.D. Goddard, H.F.Schaffer I1l. A New Dimentions to
Quantum Chemistry: Analytic Derivative Methods in Ab Initio Molecular Electronic
Structure Theory. Oxford Univ.Press, N-Y, 1994. -471p.

2.4. lMpuoamxkenue MO JIKAQ. Ypasauenus Pyrana.

VYpaBaenus Xaptpu-Doka st MOJIEKYJI MOXKHO, B TPUHIUIIE, PELIUTh YUCIEHHO,
nosyurB MO B Buze Tabnuil. VM3BnedeHue, oqHaKo, XUMAYECKON HHPOPMAINH U3
MO, npezacraBiaeHHbIX TaKUM 00pa3oM - Heserkas 3agada. CyiecTByeT IpocToe u
MOIIIHOE TPUOIMKEHHE, TO3BOJISIONIEE CYIIECTBEHHO YIIPOCTUTH KaK PEIICHHE
ypaBHeHH X®, Tak U UHTEPIIPETALNIO Pe3yabTaToB. CyTh €ro B CIEAYIOIIEM.



JIBHUrasce no MoJIeKyJie, KaKJIbli AJIEKTPOH MONAaJAET MO MPEUMYIIECTBEHHOE
BIIUSIHUE TIOJIA sA7Ipa, BOJIU3U KOTOPOTO 3JEKTPOH HAXOAUTCS B JAHHBIM MOMEHT. JTO
o3HauaeT, yto ero MO BOIM3M 3TOTO sApa N0JKHA ObITh OIM3KOM K
cootBeTcTBYIOIIEH AQO. [ToaTomy kaxayro MO MOKHO NMPEICTaBUTh KaK JTMHEHHYIO
KoMOuHaIuio Bcex AO CUCTEMBI:

= > e, (212,

Kosddunmentsl paznoxenus cj, onpenesstor “sec” kaxaoin AO B MO; AcHo, 4To
onHa ¥ Ta )xe AO BxoauT B pazubie MO ¢ pa3HbIMH BeCaMH, T.€. 3TH KOA(HUIIUEHTHI
paznuyHbl A1 Kaxaon MO.

[Ipencrasnenue (2.12) ouenp ya00HO 17151 IPUMEHEHHS BAPUAIIMOHHOTO METO/IA.
[IpumeHnsis ero ¢ yuerom opToHOpMUpoBaHHOCTH MO, U3 ycoBust MUHUMYyMa
SHEPruu NOoJy4aroT ypaBHeHus1 XD B BUJE:

H
> ey, ~EsS,) =0, w=12 1 (2.13).
U=l

OnemenTsl Matpulpl @oka B npudamxenun MO JIKAO umerot Bu:

F, =k, +§_AZZ.:E.:F {en| Az —lz{lﬂ.-,a 7Y (2.14),
rac
=J’L(1)hxv (Dt (2.15)
v |z = [[ru, oF %2 Kal 2, (20dVidv, (2.16),
(4| vo) = [[xDnl) p— a2, (2)dVav, (217,

a Sjj —MaTpHLa MHTETPAoB NepekpbiBanusa Mexay AO x, u X, , a E, - o110 u3
pEUIEHUI CEKYJIIPHOTO YPaBHEHHUS

| B, — B8, |=0 (2.18).
VYpasHenus (2.13) Ha3biBatoTCs ypaBHeHUAMHU PyTaHa.

Ypasuenua Pymana mooicno nepenucamo 8 MampuyHom suoe:

FC=SCE, (2.19)



. « ct_o a2 | ~t_o-12
KOmMopblll nymem yHumapuwix npeoopazosanuti F'=S~“FS ™~ u C'=S7“C ceoodumcs
CMAHOAPHHOU 3a0aye Ha cOOCMBeHHble 3HAUEHUSL.

F'C*= EC*. (2.20)

Beenem Teneps matpuily P ¢ anemeHTaMu
By = D tyty (2.21)
1

(cymmupoBanue Beaetcs no 3ausaTeiM MO). OHa Ha3bIBa€TCS MATPULIEH 3apsiIOB-
HOPSIKOB CBSI3eN WIIM MaTpULIEH TNIOTHOCTH; CMBICI 3TOI0 Ha3BaHUs OyJeT 0ObsICHEH
Mo3Ke. DTa MaTpUILAa UTPAET BAXKHYIO POJIb B TEOPUU XUMUYECKOU CBSI3H, IOCKOJIBKY
O IHUCBIBACT PACIIPEACIICHUE DJICKTPOHHOU INIOTHOCTH I10 MOJIEKYJIE.

DHEpPrusi MOJISKYJIbI C 3aKPBITHIMUA 000JI0YKaMH B TEPMHUHAX BBEICHHBIX 0003HAYCHUI
3aIMChIBACTCA CIIEIYIOIINM 00pa3oMm:

E = 2§u :Eﬂ Pohy, +2;UZ§;-.:§G By, [{uv|ha) - %{uﬂvc}] (2.22).

Pemenune ypaBHenu Pytana oCynmecTBIIETCS TAKUM K€ UTEPALIMOHHBIM METOJIOM
CCII, kak u B cirydyae aToma. bjok-cxema BEIYUCIUTENBHOTO TIpoliecca MpeacTaBIeHa
Ha pHC.



2.1.



Puc. 2.1 Bnox-cxema BEHMHCIHTENE HOrO Tpolecca PyTana.
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JlByxonextponnsie kytonosekuii ® 149 y o6menmsiit 4 #) yurerpans o AO
(wm o Ga3uCHBIM (QYHKIMSAM - CM. HHUXKE) SIBIIIOTCS MPUYUHON OOJIBIIMHCTBA
MPAKTUYECKUX MPOOIJIeM B Cydyae, KOria pacueT MPOBOIUTCS U3 MEPBBIX MPUHIIUIIOB.
Yucro ux 6e3 yuera cummerpuu pasao ~ NY/8, rae N - uncio AO, T.e. 04eHb BETHKO
(IUIs1 CPABHEHHS: YHCIIO OXHOMICKTPOHHBIX HHTErpaios hyt v paBao ~ N%/2 — e
Tabi. 2.2). Takum 0Opa3oM, BEIYMCICHUE 3TUX UHTETPAJIOB U UX 3alIOMUHAHUE B
MaMsITH KOMITbIOTEpa MPEACTABISET COO0M OTACIBHYIO MPoOIeMy, 0COOCHHO, €Clin
YUECTb, YTO BCE YETBIPE OPOMTAIH )y, , Xy » X1 U X B OOIIEM Cllydae IIEHTPUPOBAHBI HA
pasHbIX sapax. OTcrona SICHO, CKOJIb BayKeH 11 () (PEKTUBHOTO BHIYHCINUTEIHLHOTO
npoliecca BEIOOP aHAIUTUYECKOTO BHUJIa (DYHKIIUM, IO KOTOPBIM BBIYHCIISFOTCS
uHTerpasnsl. B tak HazpiBaeMbix mpsiMbix CCII MeTonax (IOCTYMHBIX MPU HATUYUU
CYNEPKOMIIbIOTEPOB), 3TU UHTErPaJIbl HE 3AIIOMUHAIOTCS, & BBIYUCIISIIOTCS B KAXKI0M
utepauuu. [Ipyu 3TOM ManbpiMK 110 BETMYMHE HHTErPajlaMy 4acToO IPeHeOperaroT, 4To
YBEJIMYMBAET PUCK OMIMOKHU, MO0 YUCIIO X BEJIUKO, a 3HAKU OJIMHAKOBBI
(TOJIOKUTEITBHBI).

Tabnuua 2.2 O61iee Yucio 0OHOAIEKTPOHHBIX U ABYX3JIEKTPOHHBIX UHTETPAJIOB B
3aBHCHUMOCTH OT 0azuca

Monekyna bazuc Onnooanexktponnbie| [IByxanexkTponnsie|O01Iee
N[ tum AO |HHTErpasBI WHTETPaJIbI YHCIIO0
HUHTETPAJIOB
H; 2 1s 3 6 9
CH,4 9 [1s-, 2s-, 45 1035 1080
2p- AO
yriepona,
1s-AO
Bbenzon [[36|Bomopona 666 222111 222777
CsHs
1s-, 2s-,
2p-AO
yriepoja,
1s-AO0
BOZOpOJA

BonHoBas (pyHKIMS ¥ SHEPTUH, [TOJIy4aeMble ¢ TOMOIIbIO MeToAa PyTana

(1 ¢ momo1bto Metosa Xaptpu-doka BooOI1IE), THBAPUAHTHBI OTHOCUTEIHHO
OpPTOTOHAJILHOTO MTPE0OPa30BaHNUs 3aHATHIX JIEKTPOHAMU CIIMH-OpOUTaNe. OTO
03HAYaeT, B YaCTHOCTH, 4TO ecau BMecTo AO s noctpoenus MO (2.12) Oyayt
UCTOJIb30BaHbl UX JMHEWHbIE KOMOUHAIIMH, TIOTyYE€HHbIE C TIOMOIIBIO
OpPTOTOHAJILHBIX MPEOOPA30BAHUMN, TO OJTHOBPEMEHHO U COTJIACOBAHO M3MEHSTCS KaK
BCE OJIHO- U JIBYX3JIEKTPOHHbIE UHTETpaJIbl, TaKk U MaTpula P. BoiHoBas QpyHKuMs
(2.10) u sHeprus cuctemsl (2.22) mpu 3TOM OCTaHYTCS MPEKHUMU. ITO OYEHb BAKHOE
CBOMCTBO METO/A: UCIIOJIb3YS €ro BCEra MOXKHO 00JerYUTh KOHIENTYaIbHYIO
XUMHUYECKYIO TPAKTOBKY p€3yJbTaTOB, HAIPUMED, NEPEUTH K JIOKAIU30BaHHBIM MO,



OIKCBHIBAIOIIUM 3JIEKTPOHBI CBA3U U HEMOEIEHHBIE 3JIEKTPOHHBIE TIAPHI,
rubpuan3oBanabiM AO, U T.1I.

OpmozonanvbubiM npeodpazosanuem Ha3vleaemcs npeoopazosanue, KOmopoe He
MeHsiem OJIUH 8eKMOPO8 U Y2108 MeHCOY HUMU U Nepesoounm 00uH
OPMOHOPMUPOBAHHBIU OA3UC 8 OPY2OlU OPMOHOPMUPOosaHHbll. Mampuya
opmozcoHanvHozo npeobpazosanus T ooradaem ceoticmeamu: TT' = 1, det T =+ 1.

Brenenune nmpubmmkenus MO JIKAO orpaandnBaeT TO9HOCTh MeTo1a XD mutib
MOCTOJIbKY, MOCKOJBKY KOHEUHOE ynciio AO pealibHO BKIIIOUAETCA B pacyeTsl. B
NpUHLKUIE, YTOOBI Bocnpou3Bectu TouHoe XD pernienue, notpedoBaioch Obl
HCII0JIb30BaTh OECKOHEUHOE YnCIo (PyHKIMM B pazioxeHuu (2.12) — 3ToT ciayvai
U3BECTECH KaK XapTpu-GHOKOBCKHM Mpeel.

[IpuBeneM HECKOIBKO MPUMEPOB UCCIECTOBAHUS CBOMCTB MOJIEKYJT HEAMIIMPUUECKUM
Meronom Xaptpu-Doka.

Tabnuma 2.3. [{nunsl cBsizu (A) u yrisl (rpaj.) s nukiaodochopamuga

CBSI3b PentrenoBckuit Pacuer
DKCIIEPUMEHT HF/6-31G*
P=0 1.47 1.46
P-O 1.58 1.59
P-N 1.63 1.65 (3K30IMKIHYECKast)
(3K301MKINYECKast)
1.67 (aHAOIMKIMYECKas)
1.63
(PHIOIMKIINYECKAs )
C-Cl 1.78,1.79 1.79,1.80
- C-N-C 117.0 117.7
- P-N-C 121.0 119.7 (3x301MKIMYECKas)
(aK30LMKINYECKas)
122.4 (sHOoUMKINYECKas)
122.0
(PHIOIUKIINYECKAsT )

Tabnuua 2.4. DHepruu (KKan/mMoiib) BpaliareabHble 0apbepoB

MoJIEKyJIa STO-3G 3-21G 6-31G* SKCHEPUMEHT

IISTO-3G 113-21G 116-31G**

BH,-NH; 2.1 1.9 1.9 3.1



CH;-CH; 2.9 2.7 3.0 2.9

CH3-NH, 2.8 2.0 24 2.0
CH3-OH 2.0 15 14 11
CH;-SiH3 13 1.1 14 1.7
CH3-PH; 1.9 1.7 2.0 2.0
CH;-SH 15 11 1.4 13
{uc-HO-OH 9.1 11.7 9.2 7.0
uc-HS-SH 6.1 5.7 8.5 6.8

[Tocne cumBona // 6a3uc, ¢ KOTOPHIM OblIa ONTHMU3UPOBAaHA TEOMETPUSI.

Tabnuma 2.5. DHeprun (KKaJi/MoJib) peakiuii H30MepU3aluu

dopmyrna Peaxius HF/6-31G* // 3- DKCHEepUMEHT
21G
HCN Huanua Bogopoaa 124 14.5
%
W30LHAHH
BOZIOpO/A
CH,O dopmanbaerus — 52.6 54.9
THAPOKCUMETHIICH
CH;NO dopmamug — 65.3 62.4
HHUTPO30METaH
CoHsN AueroHutpun —> 20.8 20.9

MCETHUJI U301IUAHNU T

C,H,0

2.5 Orpanndyenusi Metoaa XD

B psne MonekyspHbIX 3a7a4, pemaeMbix MeTo1oM XD, posBiseTcs TaK
Ha3bIBaeMmas "nuiieMmMa cuMMeTpuu'. J[eso B TOM, 4TO U3-3a HETMHEMHOCTH
ypaBHeHH X cpeny peleHnid BCEr1a UMEKTC TAKUE, CHMMETPHSI KOTOPBIX
OTJIMYAETCS OT CHMMETPHH SACPHON KOHGUTYpaIuu MoJieKybl. Kiacc
OJIHOZICTEPMHUHAHTHBIX (PYHKIIHMI, 00JIaaroluX HaAexKallel CMMMeTpuel, Bceraa
y>Ke, 4eM IpU OTCYTCTBUM CUMMETPUKHBIX orpanndeHuil. [locneanue xe parot Oonee
HU3KOE 3HAYCHHE SHEPTUH U3-3a JOMOJTHUTEILHON BapHaIlMOHHON cBOOOABI. Takum
00pa3om, B BapHallMOHHOM TIPOIIEAYpPE BOSHUKACT IUJIEMMa: 4TO Jydile - 6oJee
HU3Kasl SHEPTUs WM MpaBWibHas cuMMeTpusi opoutaneit? [lpumep: s
MPaBUJIBLHOTO IIECTHYTOIbHUKA Hg pH GONBIINX pACCTOSHUSAX MEXAY aTOMaMuU



CYILIECTBYIOT PEIICHHUs, 00JIaJa0le CUMMETPUEN OTHOCUTENILHO 3-T0, a HE 6-T0
nopsiaka. Takas )K€ CUTyaIusl BCTPEUaeTcs B OJIMCHAX.

Merton X® TakKe HENPUTOJEH s pacuera 3Hepruu PepMu B MeTauiax.

2.5 Orpannyenus metoaa XD

B psine MonekyJsipHBIX 3a1a4, permaeMbiXx MeTo1oM X P, pOsBIISIETCS TAK
Ha3zbiBaeMas "nuiaeMMa cummerpun'. Jleno B ToM, 4TO M3-3a HEJTMHEHHOCTH
ypaBHeHu X cpelid pelIeHUi BCEr1a UMEIOTCA TAKUE, CAMMETPUS KOTOPBIX
OTJIMYAETCS OT CHMMETPHH SACPHOUN KOH(UTyparuu MoseKybl. Kiace
OJIHOJIETEPMHUHAHTHBIX (PYHKIIMIA, 001aIal0NINX HaAJIeXKallel CHMMETpHei, Bceria
yKe, 4eM MPHU OTCYTCTBUHM CUMMETPHUIMHBIX orpannyeHuil. [locneanue xe natot 6osee
HU3KOE 3HAYCHHME SHEPTUH M3-3a JOMOJIHUTEIHLHON BaprallMOHHOM cB0OOAbI. Takum
00pa3zoM, B BapHaIlMOHHOMN MPOLIEype BOZHUKAET IUJIEMMa: YTO Jyulie - OoJee
HU3Kasl SHEPrus WM NpaBuibHasg cuMMeTpusi opoutaneit? Ilpumep: s
MPaBUIIHLHOTO MIECTUYTONbHUKA Hg Tipu GOMBIINX PACCTOSIHUSAX MEXKIY aTOMaMu
CYILIECTBYIOT PEIICHHUS, 00JIaJa0e CUMMETPHEN OTHOCUTENLHO 3-T0, a HE 6-TO
nopsiaka. Takas )Ke CUTyalusi BCTpEYaeTcs B OJIMEHAX.

Meron X® Takxke HENPUTOAEH I pacuera sHepru depmu B MeTasiax.

2.7 MeToa KOHDUIYPALMOHHOI'0 B3aMMOAeiiCTBHS

Pasnosxenue BomHOBOM (QyHKIMH N-3JI€KTPOHHOIN MOJIEKYJIIbI IO N-3JIeKTPOH-HBIM
AHTUCUMMETPHUYHBIM BOJIHOBBIM (DYHKIIUSM SIBIISCTCS SICHBIM U €CTECTBEHHBIM
npuemoM. B metone konduryparmonsoro s3aumoaeiictsun (KB wmu CI), MHOTO-
AJIEKTPOHHAs BOJIHOBasI PYHKIMS pacKiaablBaeTcs Mo aerepmMuHanTaM Crneirepa,
OMKCBIBAIOIINM CUCTEMY BO BCEX BO3MOXKHBIX 3JIEKTPOHHBIX KOHPUTYpaALUSIX,
YUYHUTHIBAIOIINX BO3MOKHBIE BO30YKICHUS JICKTPOHA C 3aHITON Ha Pa3IHMYHbIC
He3aHsThIe (BUPTYyasbHbIe) opOuTanu Xaprpu-doka. IT0 03HAYAET, YTO KAXKIbIi1
TaKOW JETEPMHUHAHT CTPOUTCS U3 CIMH-OpPOUTAJIEH, OTBEUYAIOIUX OCHOBHOMY WJIU
OJTHOMY M3 BO30Y>KJIEHHBIX OJHOAIEKTPOHHBIX cocTostHUM. [TomHas KB BomHoBas
(GyHKIIMS, yYUTHIBAIOIIAs BCE BO3MOKHBIE 3JIEKTPOHHBIE BO30YKIEHUS, UMEET BU/T

‘PKB:Zak‘Pk(Z.ZS)

Y UIIETCS BapUAIIMOHHBIM IyTeM. [Ipu 5ToM ciMH-OpOUTaIu B KaXKI0M
CJIIEUTEPOBCKOM JIETEPMUHAHTE OCTAKOTCS HEU3MEHHBIMH, YTO MPEAIOIAracT ux
IpeABapUTENbHBIN pacyeT no Mmetoay X®, a BappUpyrOTCs KOAP(ULUEHTHI ay.
[Tomueiii meTon KB MoxeT ath, B IPUHIMIIE, TOYHOE PELICHHUE JIEKTPOHHOTO
ypaBHeHus peaunrepa B npenenax JaHHOTO 0a3MCHOTO Ha0Opa, HO 3TO PeaTu3yeMo
TOJIBKO ISl MAJICHBKUX MOJIEKYJI, UCIIOJIBb3YIOMINX HE CIMILIKOM OOJIbIION Oa3uc:
Jla’ke B ATOM CIIy4ae YHCIo BO30YKIECHHBIX KOH(MUTYpaluii oueHb Benauko. Jlis
00JBIINX MOJIEKYJT U 0a3ucoB MB - pasiiokeHue Ha MPaKTUKE OTPAHUYEHO: B HETO
BKJIIOYAIOT KOH(QUTYpaluK, OTBEUYAIOIIKE BO30YKICHUIO JIUIIbL HEKOTOPOTO YKciia
anekTpoHoB. Hanboliee 4acTo ucnosb3yercst yueT OAHOKPaTHO- U



JIBYKPATHOBO30Y X JACHHBIX 3JIEKTPOHHBIX KOH(PUTYpALIUH, UTO YK€ O3BOJISIET YUECTh
0KO0JI0 95% KOppenaiMOHHON SHEPTUM, MOHUkKasl SHEPTHUIO0 CUCTEMBI Ha 2-3 3B. 310
MO3BOJISIET, B YACTHOCTH, MTOJIYYUTh MPABHJILHOE ONMHMCAHKE MTPOIIECcCa TUCCOIHAIINH
mosnekyisl F; (puc.2.2).

HpeI/IMYH_[eCTBO MECTOAA KB B TOM, YTO OH ITPUMECHUM K OIIKMCAHUIO B036Y)K,Z[6HHI>IX
COCTOﬂHHﬁ, CHUCTEM C OTKPBLITBIMU 000JI0YKaMU U HCPABHOBCCHLIX CUCTCM

( HampHUMeEp, TUCCOMUPYIOMINX MOJIEKYN), (poToxumuueckux peakiuii. Meton KB,
0JIHAKO, HE CIIMIIKOM YA00€H: peanu3anus MoJIHOKOH(PUTypallMOHHOTO METOa
HEBO3MO’KHA; CXOJAUMOCTb PA3JI0KEHUSI HU3Kasl, IPU 3TOM MPUXOJUTCS YUUTHIBATD
nopsixa 107 - 10° koudurypanmii, kaxmas U3 KOTOPBIX AA€T BKIA B SHEPIHIO
OCHOBHOTO cOCTOSTHMS Jiniib 107 3B; 4KCII0 HHTErPaioB, MOUIEKAIIMX BEIYHCICHHIO,
(MaTpUYHBIX AJIEMEHTOB raMIJIbTOHHAaHA MeX Ly KoHpurypamusmu V¥ o 1 g i ) BETHKO.
Kpome 3Toro, pacyet sHEpruu 1ByX MOJIEKYJ Ha OOJIBIIOM PACCTOSTHUM J1aeT
pe3yJIbTaThl, OTIIMYHBIC OT CyMMBI UX DHEPTHA, PACCYUTAHHBIX MTOPO3Hb M3-32
pa3nuuuii B BBIOOpE BO30YKIEHHBIX KOHPUTypaluii pparMeHTOB.

2.8 MeToa MHOTOKOH(DUTYPAIIMOHHOT0 B3aumoaecTeusa. Teopema bpuiiioina

Metonom mHOTOKOH(pUTYyparmonHoro B3aumoeiicteust (MKB unu MC) HasbiBaetcst
BapUaLMOHHBIN 1101X0/1, B KOTOpoM XD AO camM0ocOriiacoBaHHO ONITUMU3UPYIOTCS
OJTHOBpPEMEHHO ¢ Kod(durrenTamu ay B (2.23), Mpu 3TOM UCIIOJIB3YETCS BCE
aKTHBHOE MIPOCTPAHCTBO (PYHKIMI. DTO JaeT XOpollee NpUOIKEeHNE IS
MHOTOAJIEKTPOHHOI BOJIHOBOM (PYyHKIIMH, XOTS BEIOOpP Oa3zuca U aKTUBHOTO
npocTpaHCcTBa QYHKIUN HE SBISIOTCS PyTUHHBIMH, CHUXAsi TEM CaMbIM OOIIIHOCTh
noaxona. [Ipuxoautcst oT6upath KOHPUTYpAIUH, BKIIOYAEMbIE B paCUET, YTO
IIPEBpAIIAETCA B OTIAEIBHYIO 3a7a4y. BaxkHy0 poJb IIPU 3TOM UTpaeT Teopema
bpuiirosHa, Mo3BOIISIIONIAS CHU3UTh YHCIIO BBIYUCIAEMbIX MATPUYHBIX 3JIEMEHTOB
raMmuiIbTOHHaHa MeX Iy KoHpurypamusmu ¥ o u g . OHa TIacuT: MaTpUUIHBIC
AJIEMEHTHI TAMHJIbTOHHAHA MEX Ty OCHOBHOU W ( 1 0THOKpaTHO-BO30YX)AeHHOU V' 1
KOHQUTYpALUIMU PABHBI HYJIIO.

2.9 Teopusi BOSMVIICHU N

Teopust BOZMYILIEHHI SIBJSETCS MOLIHBIM [IPUEMOM IIPU PELIEHUH MHOTHX
KBaHTOBOXUMUYECKUX MpooOsieM. OHa UCHIOJIB3YET TOT (PAKT, UTO B psAJIE 3a]1a4
GbUTYpUPYIOT pa3HbIe MO MOPSAKY BEIMYUHBI U, OTOPACHIBAs Majible BEJTUYHUHBI,
3a/1a4y MOYKHO CHJIBHO YIIPOCTUTh. Torna ramunsroHrnad H MOXHO NpeacTaBuTh B
BUJIE CYMMbI FaMWJIbTOHUAHA 0oJiee mpocToil "HeBo3MyIeHHOU" cuctembl Hy u
Majoro Bo3mymeHnus H':

H=Hy+H'. (2.24)
VYpasuenue lllpenunrepa umeer Bua

H Y = (Hy+ H)¥ = E¥ . (2.25)



[Ipeanonaraercs, uto ypasuenue lpenunrepa mis Hy (T.e. 1uist Gonee npoctoit
CUCTEMBI) PEILICHO, T.€. U3BECTHHI Bce coOcTBeHHbIE (yHKIMU { ¥ o } u sneprun {Ey
}. UToOBI HAliTH MOMPABKH, CBA3aHHBIE C BO3MYIIECHUM, npeactaBuM YV | B Buje
Pa3NIoKEeHHsI IO OPTOHOMHUPOBAHHBIM HEBO3MYIIIEHHBIM (QpyHKIUSIM W ¢

Y 1= mCmwmpo (2.26)
U ero mojcraBum B (2.25):
2 mCm (Ho+H") ¥ m,0 — 2. mCmEY m,0 (227)

*
JloMHOXHMM 00€ YacTu MoJayYyeHHOro ypaBHeHus Ha W o ¥ IPOUHTErpupyeM.
VYuurtbiBasi OpTOHOPMUPOBAHHOCTD PyHKIUN W 1, o UIMEEM:

(E-Eoi)Ck = X mCm | ¥ oH'Y mo dx , (2.28)

Paznoxum teneps sHepruto E u koadpuimeHTs! ¢, B CTENEHHBIE PSABL:
E=Eo+E;+E,+ ... (2.29)
Cn=Cmo + Cmy1 + Cr2 + ... .

Bennuunsl ¢ uaaexcom "1" UIMEIOT TOT e TMOPSAI0K MAJIOCTH, 4TO U Bo3mytnenne H',
C UHAEKCOM "2" - BTOpOro NopsaKy ManocTu U T.1. Halinem nomnpaBku K n-mMy
COOCTBEHHOMY 3HAUEHUIO U COOCTBEHHOUN (DYHKIIMHU, JJISl 4ETO MOJIOKUM Cp =1, Cr=0,
m # n. [TonpaBka nepBoOro nopsijika rmoryyaercs, e€ciaum nojactaButb E = Ey + E1u ¢y, =
Cmi0 + Cmy1 B (2.28). ITpu k=n mmeem:

Enll = H‘nn = J“Ij n’OH'\P nvo dX y (2-30)
T.€. IOIIpaBKa K 3HEpruu nepsoro nopsaka E, ; = H'y, onpenensercs yepes
HEBO3MYIIICHHBIC BOJTHOBBIC (DYHKIIMHM U MAaTPUYHBIN JIEMEHT OIepaTopa
BO3MYILICHUS.
[Tpu k= n

Ck’l = H'kn/ (En’o = Eno), k¢ n. (2.31)

Koaddunmenr c, nomkeH ObITh BbIOpaH Tak, yToObl pyHKIUA W [, =y no +Y¥ 1 OblLla
HOPMHPOBAHA C TOYHOCTHIO JI0 WICHOB 1-T0 MOpsAKA, A1 YETO CIEIyeT MOJI0KUTh
Cn1=0. Torna nonpaska 1-ro nopsiaka Kk BOJHOBOU (PyHKIIMM paBHA

Yo =>'m [H'mn/ (En,O - Em,O)] Yoo (ni m) (232)
OTCr0a XOPOLIO BUIHO yCIOBUE IPUMEHUMOCTH TEOPUH BO3MYILEHHIA:

H'mn << ‘ En,O - Em,0| ; (233)



T.€. MATPUYHBIE FJIEMEHTHI BOBMYIIEHUS JODKHBI ObITh MEHBIIIE, YeM Pa3HOCTh
SHEPTUi HEBO3MYIIEHHBIX AJIEKTPOHHBIX YPOBHENU. AHATOTHYHBIM 00pa30M HAXOSAT
IIOIIPaBKU BTOPOTO MOPsIJIKa:

En2 = 'm| H'vn | 2/ (Eno- Em,O)’ (2.34)

Y1172 "ms 'k {[H'mn H'ko/(Eno - Emo)(Eno - Ex0)]}-
{H'tm H'ko/(En o - Ex o)’} no (n= m, k n) (2.35)

[TonpaBka BTOpOro Mopsijika K SJHEPruu OCHOBHOT'O COCTOSIHUS BCETJa OTpULATENbHA,
MOCKOJIbKY 3HaueHue E, o cornacHo BapualiiOHHOMY MPUHIUITY MUHUMAJIBHO.
[IpuBeneHHbIE PE3yNbTATHI OJYUEHBI JJIs1 JUCKPETHOTO CIIEKTPA 3HAUEHUI SHEPTUH.
Hx, onHako, MOHO 00OOIINTh U HA HETIPEPBIBHBIN CHIEKTpP. Takum o0pa3oM, Teopusl
BO3MYIIECHUI MPUMEHUMA K IIIUPOKOMY KPyTy BOIPOCOB. MHOrO4YacTUYHAs TEOpHUs
BO3MYILIEHUI JA€T NOIXO0/ K OMKMCAHUIO SJIEKTPOHHOM Koppessinuu. B aTom moaxoae
pa3HUIIA MEXKIY TOYHBIM TaMWJIbTOHUAHOM H M raMuIIbTOHMAHOM HYJIEBOTO MOPSAIKa
Hj paccmaTtpuBaeTcst Kak BO3MYLIEHHUE:

H=H,+ H = Hxo + H'. (236)

Brluncnenne cpeiHero 3Ha4yeHus SHEPruu JUIsl TOYHOI'O TaMUJIbTOHUAHA C BOJTHOBOM
dbynkuueii Buaa (2.36) BeAET K TOM e UepapXUu YPaBHEHUH I BOTHOBOUW (PYHKITUH
Y DHEPTUH, UYTO onucana Boie. [lonpaBku MOryT OBITH C/I€TIaHBI B JIFOOOM MOPSIIKE
SHEpruu U BoJIHOBOM ¢yHKIMU. Eciiu Hy - oneparop ®oka, Mbl MPUXOIUM K TEOPHH
Bo3mytieHuit Mennepa-Ilneccera (MPPT), rae camast HU3Kast OTAMYHAS OT HYJIS
nonpaska Kk sHeprun X® umeer Bropoit nopsaaok (MP2). MP2-npubnuxenue
JIOBOJIBHO HAJIE)KHO, HE UMEET HenocTaTkoB Metona KB u o Bpemenu pacuera
omu3ko k Metoy X®. [ToaToMy 371€Ch AOMTYCTUMO HCTIOIH30BaHKE JOBOJIBHO
mpokoro 6azuca (6-31G™ wian mupe — cM. HUKE) ¢ BKIIFOUEHHEM MOISPU3ALUOHHBIX
u nuddysspix pynkuuit. bonee Bricokue ypoBau MP Teopun Bo3MyIieHU yxe
CJIOHBI U TPEOYIOT OOJBIIIOTO0 KOMIBbIOTEpHOTO BpeMmenu. Hampumep, MP2 pacuer
sHepruu MoJsiekyJbl neHtana CsHi, B 6a3uce 6-31G+d (99 6a3ucHbIx QpyHKININ)
TpeOyeT B 4 paza Gosiblie BpeMeHH, yeM pacuet 1o meroxy Xd; MP4 tpelyet yxe B
90 pa3 6omb11e Bpemenu. KoneuHo, cxoaumMocTs MP - pa3noskeHHst MOXKET CHIIBHO
MEHSTBCS OT MOJIEKYJIBI K MOJIeKyJie. HemocTaTku: Teopust Bo3myiennii MP naet
HEBAPUAIIMOHHOE PEIIEHHE, a TIOTOMY IOJYYEHHOE 3HAYEHUE Eoppensn, MOKET
0Ka3aThCs 3aBBIIICHHBIM.

2.10 MeToa BAJIEHTHBIX CBSI3el

Merton BanenTHbIX cBsizelt (BC) ucropuuecku siBisieTcs nepBbIM KBaHTOBO-
XUMHYECKUM METOJIOM: UMEHHO B €ro pamkax ["aittiep u Jlongon paccunranu B 1927
I. MOJIEKYJLy BOLOpOAa. B 3TOM METO/€ YYUTHIBAIOT, YTO aTOMBI B MOJIEKYJIaX
COXPaHSIIOT BO MHOT'OM CBOK MHJMBHIYyaJIbHOCTb, a 3()(PEKT XUMUUECKOH CBS3U
paccMaTpuBaeTCs Kak BO3MYLIEHHE, IPUBOSIIEE K OOMEHY JIEKTPOHAMU U UX
CIIApUBAHUIO B COOTBETCTBHUHU ¢ TpeboBaHueM npuHuumna [laymu. [loatomy



MHOTOAJIEKTPOHHAs BOTHOBast PyHKIUs WY CTpOUTCS KaK JIMHEWHass KOMOUHALIUS
JMHENHO-HE3aBUCUMBIX aHTUCUMMETPU30BAHHBIX Mpou3BeieHnit HabopoB AO co
CIMHOBBIMH YaCTSIMU, BEIOPAHHBIMU 1O CIIEHUATBHBIM MPABUIIAM:

Y=Y cwi " (2.37)

Kaxnas pynkius W ; °C cootBeTcTBYyeT HaGOpy aTOMOB B ONpEIEICHHBIX
AJIEKTPOHHBIX KOH(PUTypalusx U Ha3bIBaeTCs BalleHTHOU cTpykTypoit (BC).
[Tapametpsl opbutazeit B BC u ux Beca ¢j onpeaenstoTcs ¢ TOMOIIbIO
BapUaALMOHHOTO NMPUHIUIA. DIEKTPOHHOE CTPOEHUE U CBOMCTBA CUCTEMBI, TAKUM
obpazom, npencrapisitores B Mmeroae BC kak cpeanee no paznmuunbiM BC, uuncio
KOTOPBIX MOXET OBbITh OYEHb BEJIMKO (MHOTIa, BIPOYEM, JJISi XOPOIIETO OMUCAHUS
noctatoyHo Heckoabko BC). Ha nepBbIxX cTaausix pa3BUTHsI KBAHTOBOM XUMHHU 3Ta
B3BEIICHHAS CYTEPIIO3UIIMS BaJICHTHBIX CTPYKTYP MOJIy4Ynsia HA3BaHUE PE30OHAHCHBIM
rubpun, a camu BC Ha3pIBatOTCS pe30HAHCHBIMU (WM KaHOHUYecKkuMH). Hu onHa u3
PE30HAHCHBIX CTPYKTYpP HE OTBEYAET PEaIbHO CYIIECTBYIOIIEMY COCTOSIHUIO
MOJIEKYJIBI - TOJIbKO UX cymneprno3unusi! Paznoxxenne Ha BC - He Oosee uem
MaTEMaTUYECKUN MIPUEM.

Meton BC 6mu3oxk o nyxy metoay KB. Otinudue coctout B ToM, uTo B MeToae BC
UCXOJIHBIMH "CTPOUTEITHLHBIMH OJI0KaMHU'" MHOTO3JIEKTPOHHBIX (DYHKITUHN SBIISIOTCS
AO Bcex atomoB, Torja kak B MeToae KB - MO. To o6¢crosrenbcTBo, uto BC
ctpositcs n3 AO, OTBEHAIOIINX ONPEICTICHHBIM JIEKTPOHHBIM KOH(UTYpaLIASIM
aTOMOB, TIPUBEJIO K MOHSATHIO BAJICHTHOTO COCTOSTHUA atoMa. OHO onpeesieTcs: KaK
AJIEKTpOHHAs KOH(HTypanus, "moaroToBacHHas" I BCTYIUICHUS aToMa B
XUMUYECKYIO CBA3b B TOM UJIM MHOM COEAMHEHUH C MUHUMAJIbHBIM U3MEHEHHUEM
sHepruu. [Ipu 3TOM 4acTh BAJICHTHBIX AJICKTPOHOB OKA3bIBACTCSl HECITAPEHHBIMU U
BOJIHOBas (DYHIIMSI ATOMA HE OTBEUACT ONPE/ICIICHHBIM 3HAUCHHSIM orepaTopos L% | L,
. S? 'S, D10 03HAUACT, BAJICHTHOE COCTOSHHE HE €CTh CTALHOHAPHOE WX HEKOTOPOE
BO30Y>KJIEHHOE COCTOSIHUE, @ 3HAYUT OHO HE OYJIET CIIEKTPOCKOMTUYECKH
Ha0II0/JTaEMbIM.

2.11 ToyHOCTH VUETA DJIEKTPOHHON KOPPEJISIUA

CoBepIIEHCTBYS YUET AJIEKTPOHHON KOPPEISILIMU U yBETUUNBask pa3Mep U THOKOCTh
0a3ucHOro Habopa, MOKHO CUCTEMATUYECKH YIy4IllaTh KBAHTOBOXUMHUYECKHE
pe3yabTaThl, NPUOIMKASACH, B IPUHIUIE, K TOYHOMY OTBETY. BennunHbI CHHTIIET-
TPUIUIETHOTO PACIICIUICHUS] YPOBHEI METHIICHA JUIsl Pa3HbIX METO/I0B M Oa3HCHBIX
HaOOpOB JaHbI B TabnuIle 2.8 (3KCIepUMEeHTAIbHOE 3HaueHue - 9.2 KKaJl/MOJIb).

Tabmuia 2.8. PacueTHbIe 3HAYCHUS CHHTJICT-TPUIUICTHOTO PACIICIUICHUS YPOBHEH
MeTHIIeHa (KKaJl/MOJIb), IOJydYeHHBIC pa3HBIMU METOJAMH B Pa3HbIX 0a3MCHBIX
Habopax

Meron/ | 6-31G || 6-31G* |[6-31G**| 6-311 6-311 | 6-311++




0asuc G** ++G** |(3df,2pd)
HX® 33.9 27.6 27.6 26.0 25.5 24.7

OoXd 36.8 30.9 30.9 29.3 28.8 28.1

MP2 28.7 20.8 20.1 18.0 17.4 15.0

MP3 26.4 18.3 17.5 15.3 14.8 12.6

MP4D 25.3 17.1 16.3 14.1 13.5 11.3

MP4DQ 25.4 17.3 16.6 14.4 13.9 11.8

MP4SDTQ| 25.2 17.0 16.2 14.1 13.5 114

B To>xe Bpemsi, pacueTHbIC 3HAYCHHS JUTHH CBS3CH U BaJICHTHBIX YIJIOB JIMIIb CJIa00
3aBUCAT OT KOPPEISITUOHHBIX 3 ekToB (Tadm. 2.9).

Tabnuua 2.9. OmmbKu B ATUHAX CBS3€M U BaJICHTHBIX yTilaX, paCCUUTAHHBIX
pa3HbiMu MeToiaMu B DZP Gazuce (B cpaBHEHUU C SKIIEPUMEHTOM )

Monekyna | Csizp/mMeTOn HF MP2 MP4
Omubka B JIJIMHE CBA3U
(A)
H,0 O-H -0.006 | 0.005 || 0.005
NH3 N-H -0.011 | 0.002 | 0.004
CH, C-H -0.001 | 0.003 || 0.006
C-H -0.002 | 0.006 | 0.008
CzH>
C-C -0.012 | 0.024 | 0.025
C-H -0.005 { 0.003 || 0.008
CH,0
C=0 -0.015 | 0.022 | 0.023
C-H -0.003 | 0.004 || 0.006
HCN
C-N -0.017 | 0.032 | 0.030
N-H -0.008 || 0.007 | 0.007
HCN
C-N -0.010 | 0.025 | 0.031
CO, C-0 -0.015 | 0.022 | 0.028
Cpennsist ommbOka -0.009 [ 0.013 | 0.015
Omnbka B BaJCHTHOM
yrie
(rpajn.)
H,0 H-O-H 2.1 -0.1 0.0
NH3 H-N-H 15 0.0 -0.3
CH»0 H-C-O -0.3 -0.2 -0.6
Cpennsis ommoOka 1.3 -0.1 -0.3

2.12. Pacyer 2Hepruu AUCCONMANNYN XUMHUYECKHX CBA3eH




DHeprueu IUCcCconmnai XUMUIECKON CBSI3M HA3bIBACTCS DHEPTUS, HEOOX01UuMast JJist
pa3pbiBa MOJICKYJIBI B TOM MECTe, T/ie Oblta CBs3b. [Ipu pacuere 9ToM BeTUIHUHBI
HE0OX0IMMO KOPPEKTHO OMHUCATh BEChbMa Majible U3MEHEHHS B BOJIHOBBIX (DYHKITHSIX
¢dbparMeHTOB, Ha KOTOPBIC TUCCOIMUPOBAJIa MOJIEKyJIa, HAPUMEP, clladbie
Bo3MyILIeHUSI AO aTOMOB, TAJICKUX OT pa30pPBAHHOM CBSI3U, UJIU MIEPEXOJ] OT CUCTEMBI
C 3aKpPBITBIMUA 000JI0YKaMH K CUCTEMaM C OTKPBITHIMU 000109KaMu (TIpUMeED -
JUCCOIIMAIIFS MOJIEKYJIBI BOJIOPO/IA). YUeT 3THX CIa0bIX BO3MYIIICHUN SKBUBAJICHTCH
Y4ETY JEKTPOHHON KOPPEIAIMHY ITyTEM BKIIOUYCHHSI B pacdeT BO30YyKICHHBIX
AJIEKTPOHHBIX KOH(purypanmii. Tabnuna 2.10 maet mpeacTaBieHre o0 BKIagax
Pa3TUYHBIX BO30YKICHHBIX JJIEKTPOHHBIX KOH(MUTYpaAILIMi B YHEPTUU AUCCOLUALIAN
pa3JIUYHBIX MOJIEKYIL.

Tabmuma 2.10. Sueprum aucconmaruu (KKaja/Moab) HEKOTOPBIX MOJICKYIT,

pacCUuTaHHbIC pA3JIMYHBIMHU MCTOJaMH *

HF/6- | MP2/6- | MP3/6- MP4/6-
pencny | 3LFG™* | 316%* 31G** il N
2 /IHF6- | /IMP2/6- | //MP3/6- | /IMP4/6- p-
31G* 31G* 31G* 31G*
H, > H*+H* | 85 101 105 106 109
Li > Li*+H* | 32 45 48 49 58
BB(SH = 52 52 49 47 50,56
BH - B*+H*| 62 77 79 80 82
NH — N*+H*| 50 71 72 73 79,<85
OH* > O+H*| 67 9% 96 96 107
FH - F*+H* | 93 131 127 128 141
*
N 65 90 90 90 102
OOHF’|<2+:* 86 119 115 116 126
gl:'?):Hj 88 110 112 112 117
2
i 83 110 108 109 116
2
o 87 109 110 110 113
3

2.13. Uepapxust MEeTO10B KBAHTOBOW XNMHH

B nmpunnumne, npubanxkeHHoe pelieHne JeKTpoHHoro ypasHenus Llpenunrepa ns
MOJIEKYJIBI MOXKET OBITh MOJy4eHO MeToIoM XapTpu-Doka Wik OAHUM U3 METOJIOB,
YUUTBIBAIOIIMX 3JIEKTPOHHYIO KOPPEISALUIO, HA OCHOBE (PU3HUYECKUX U
MaTEMaTUYECKUX 3aKOHOB. J{J1s1 3T0Oro He0OX0AMMO 3HATh JIHILb (DyHIaMEHTAJIbHbIE
¢du3nyecKkue KOHCTAHTBI U YKCJIO U COPT aTOMHBIX sifiep. OIHAaKO 3TO HEIOMYCTUMO



CJIO>KHBIH Iy Th JIJIsl MACCOBBIX PacyeTOB U HA MPAKTHKE MOCTYMaroT nHaue. [Ipexne
BCETro0, HCIONB3ys pubamkenue bopua-Onmenreiimepa, 3a1al0T CTPYKTYpY
MOJIEKYJIbI B BUJIe KOOPAMHAT siAiep. 3aTeM, KaK MpaBUiIo, IpUOeraroT K
npubnmxeHuto MO JIKAO u BEIOMpAIOT aHATUTHYECKUE (YHKIIMHA, KOTOPBIMU OYIyT
annpokcuMupoBatbes AO. DT PyHKIIMN Ha3bIBAIOTCS 0Aa3UCHBIMU (MIJIH IIPOCTO
6azucom). OTuM “BHEIIHSS WHPOPMAIKS U OTPAHUIUBACTCS U Tajiee TPOBOAUTCS
CTPOTHUI CaMOCOTIACOBAaHHBIN PacyueT C BHIYUCICHUEM BCEX HEOOXOIUMBIX
MHTETPAJIOB (€CIM BO3MOXHO - C YIETOM CUMMETPHH MOJIEKYJIbI). Takoi cnocod
BbIurciieHns MO Ha3bIBaeTCsS HEAMIUPUISCKUM ity ab initio, T.e. U3 mepBhIX
NPUHLUIIOB.

Crenens ctporoctu CCII-pacuera, a TOUHEE - €ro CII0)KHOCTH, MOKET OBbIThH
Pa3TUYHON: B BBIYUCIICHUS C PA3HOUN CTETNEHBIO MOJHOTHI MOKHO BKJIFOUHTh

BO30Y KJICHHBIE 2JIEKTPOHHBIE KOH(PUTypalu, a MOKHO OTPAaHUYUTHCS U METOJIOM
Xaptpu-Poka (T.e. OAHOAECTEPMUHAHTHBIM PUOIMAKEHUEM ). UKCIIo 6a3UCHBIX
GyHKIUN, UC-TIONB3YEMBIX MPU HEOMITUPUUECKOM pacueTe, TAaKKe MOKET ObITh
pasznu4HbIM. Bee onpenensieTcs 1enbio pacueTa 1 UMEIOIIMMUCS KOMITBIOTEPaAMHU.
Hepapxuio KBAaHTOBOXUMHUYECKUX METOJIOB B KOHIIEHTPUPOBAHHOHU opme
WLTIOCTpUpYeT puc.2.3 SIcHO, 4TO yeM OoJiee BEICOKOTO YPOBHS pacyeT, TeM Ooliee
TOYHBIE PE3YJIbTAThl MOTYT OBITH MOJIYYEHBI C €r0 TOMOIIbI0. ClieyeT, 0THAKO, YETKO
CKa3aTb, YTO JIJISl MHOTHUX LieJIel JOCTaTOYHO OTPaHUYHUTHCSI BECbMa YMEPEHHBIM
ypoBHeM pacyeTa. bosee Toro, B ciyuasx, Korjaa UCCIEIYIOTCS PSIIbl COSTMHEHUN U
Ba)KHBI JIUIITh OTHOCUTENIbHBIC, @ HE a0COIFOTHBIC 3HAUCHHUS SHEPTUU U APYTHX
XapaKTEPUCTUK, MOKHO HE BBIYMCIIATH MHTErPajibl, BOSHUKAIOIME B CXEME pacyeTa, a
OIICHMBATh UX 3HAYEHHS HA OCHOBAHWU dKIepUMEHTaNbHON nHpopmarmu. [Ipu sTom
OKa3bIBACTCS, YTO 3HAUMUTEIHHYIO YaCTh UHTETPAJIOB, CUUTAS X MAJIbIMHU, MOKHO
IPUPABHSATH HYJIO, COOTBETCTBYIOMIMM 00pa3oM 3(h(PEeKTUBHO N3MEHUB BETMUUHBI
napameTpoB. Takue MeTo1bl Ha3bIBAIOTCA MOTYIMIIMPUUYECKUMU: OHU 3HAUUTEIHHO
npoire ¥ ObICTpee HEAMITUPUIECKUX METOIOB, a MTO4ac JArOT U JIyYIlIUe PE3yJIbTATHI.
Crnenyer moHUMAaTh, YTO 3TO JOCTUTAETCS 3a CUET yAAUYHOM MapaMeTpU3alluy 1
OJIHOBPEMEHHO OIpPEAEIseT OCHOBHOM HEAOCTATOK MOJyIMIUPUUECKUX METO/IOB - UX
c1a0y1o IEPEHOCUMOCTh OT OJIHOTO KJIacca COSTMHEHUN K IPyTOMYy.

Nmeetcs 601b1110€ KOTUYECTBO KBAHTOBOXUMHUUYECKHUX MTPOTPAMM, PEATH3YIOIINX T
WJIU MHBIE pacueTHbie MeTo bl. Habomee monmHoe ux cobpanue cymiectsyet B DoHe
KBanTtoBoxumunueckux IIporpamMm rnpu xumuueckoM (akysaprere Y HUBEPCUTETA
Nunnana (CIIA), tie ux MoxHO u iproOpecTd. CIUCOK POrpaMM MOXKET ObITh
HaizeH B IaTepHeT 1o aapecy: www.qcpeS.chem.indiana.edu/qcpe.html

2.14 Heomnupuyeckas KBAHTOBAA XUMUSA

Hesmmupuuecknit meron Xaptpu-Doka U ero pacliupeHue 3a CUET PA3JINYHbBIX
CIOCOOOB y4eTa 3JIEKTPOHHOU KOPPEISALUU PEAIU30BaH B HECKOIBKUX
KOMITBIOTEPHBIX IIPOrpamMMax, HalleAIMNX TOBCEMECTHOE PACIPOCTPAHEHHE. DTO
npexzae Bcero nporpammbl GAUSSIAN, GAMESS u CADPAC. Onn



OPHEHTUPOBAHBI HA pabOTy ¢ MOITHBIMU coBpeMeHHBbIMU UNIX- cTaHimsiMu, XoTs
uMerTces ¥ Bepcuu it IBM-coBMecTUMBIX KOMIIBIOTEPOB. [IpakTrueckoe
MIPOBEICHUE PACYETOB MO 3TUM MPOrpaMMaM HECIIOKHO U MPOBOJIUTCS B TUAIIOTOBOM

pexxume. HeoOxoauMo yka3aTh METOJT pacueTa, 3aJ1aTh KOOPAUHATHI S MOJICKYJIbI
(3TO OOBIYHO ACITACTCS C TTIOMO

Puc.2.3. Uepapxust METOIOB KBAHTOBOU XUMHUU




HIbIO TaK HAa3bIBAEMOU Z-MaTPUIIbI) U YKCIIO SJIEKTPOHOB, a TAKXKe BbIOpaTh O6a3uc, B
KOTOpOM OyJIeT mpou3BeAeH pacuet. [locieanee urpaet BaKHOE 3HAUCHUE:
pe3yJbTaThl, BpeMs, a TAK)Ke CTOMMOCTb pacueTa 3aBUCAT OT BbIOpaHHOTO 6a3uca (Mbl
IPOJEMOHCTPUPYEM ITO HIKE).

2.15 bazucHble GhYHKIMHU JUIT HEOMITHUPHUIECCKHX PACUETOB

2.15.1 Bua aHaauTH4ecKuX 0a3UCHbIX (PYHKIUI

[Tpubmmwxenue MO JIKAO cocrout B annpokcumarun MO cymmoit AO,
HEHTPUPOBAHHBIX Ha KaKI0M sijpe (2.12). AO ecTb perieHus: ypaBHeHU XapTpu-
®oka a5t aTOMa, TO €CTh OJHOAJIEKTPOHHBIE ATOMHBIE BOJIHOBBIE (DYHKITUH,
pacCUMTaHHbIE AJI1 CPEAHETO MOTEHIMaNa IPYTruX 3JEKTPOHOB U spa.
Hcnonp3oBanue aHanmutuyeckux AO mo3BOJISET 3HAYUTENBHO YIIPOCTUTh
BBIYHCIICHUA. YTIIOBbIE YacTu AO XOpOIIIO U3BECTHBHI - 3TO YIIIOBBIE TAPMOHUKH.
PaccMoTpuM Teneps aHANUTUYECKHUE IPUOIMKEHUS K paguanbHbIM yacTsm AO:
MMEHHO OHU OOBIYHO Ha3bIBAIOTCS 0a3ucoM. B mpuHInie, B KadecTBe 0a3UCHOTO
Habopa QyHKIUNA MOYKHO UCTIOJIB30BaTh JIFOObIE (PYHKIIMH, KOTOPBIE B TOCTATOYHOM
CTENIEHH OXBAThIBAIOT IPOCTPAHCTBO 3JEKTPOHHOTO pacnpeneiaeHus. OueBUAHbIN
BBIOOD - MPUONIMKEHNE K PAAHAIbHON COCTABIIAIONIEH TOYHON BOJAOPOI0TIO0TI00HOM
AOQ, uzBectHoe kak opoutans cneitepoBckoro tuma (STO umu OCT). OCT otBedaroT
MNOTEHIMAITY [IEHTPaJIbHOTO TOJIs

V(r)=- Snlr + [n(n-1) — I(1+1)]/2r% (2.38)

Y YJIOBJIETBOPAIOT ACUMITOTUYECKOMY MOBEJICHUIO KaK BOJIM3MU spa, TaK U Ha
Oonbmux paccrosiausx ot Hero. [Ipu 1 = -1 OCT nepexoaut B AO

-
BOZIOpPOI0TI0100HOTO atoma ¢ ¢ =Z/n, moatomy OCT obecrieuynBaroT MpaBUiIbLHOE
nosenenne AO. B chepuueckux koopaunarax & #OCT umeror Bu:

vi(gomlmir,8,0)= W e L, 6.0) () 39)

rae & — HOpMHUPOBOYHBINA MHOKHUTEI, i opOuTalIbHAs SKCIIOHEHTA, Fo
chepudeckasi TapMOHHKA, N, |, 1 m - KBAaHTOBBIE YKCIIA: TJIABHOE, OPOUTAIBHOE, U
MarautHoe cooTBeTcTBeHHO. OCT ¢ 1>1 saBnsitores 6e3y3inoBeiMu; OCT ¢
OJIMHAKOBBLIMU |,
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HO pa3HbIMHU N, HCOPTOT'OHAJILHEI.
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K coxanenuro, OCT He moaxoasar Jijist OICTPBIX BHIYUCICHUI HEOOXOIUMBIX
JIBYXIICHTPOBBIX KYJIOHOBCKMX K OOMEHHBIX HHTETPAJIOB. BhIuncienue 3Tux
WHTETPAJIOB OYEHB YMPOINAETCS MPU UCTIOIB30BAHUH B KAUECTBE 0a3MCHBIX (yHKIIUN
op6utaneii rayccoBoro tuna (GTO unu OI'T), mockosibKy 3TH GyHKIIMK 00JIaAat0T
CJIEAYIOIINM Ba)KHBIM CBOMCTBOM: ITPOMU3BE/ICHHE JIBYX IayCCUaH, [IEHTPUPOBAHHBIX B
Toukax A( Ay, Ay, A; ) u B ( By, By, B; ), ecTb rayccuan, EHTpUPOBAHHBIA B TOYKE P
=(a 1A+ a,B)/(ata ), nexameit Ha muaun AB:

exp(-a 1ra°) exp(-at o1%)= exp[-(at 14 2ras’)/( & 1+t 2)] exp[(-ot 1+t 2)ry)]. (2.40)
OI'T oTBe4aroT MOTEHIMATY [IEHTPAIBHOTO TOJIS

V(r) =20 2%+ [n(n-1) — 1(1+1)]/2r. (2.4)




OI'T ¢ onuHakoBbIMH |, HO pa3HbIMU N, HE OopTOroHaNBHBI (Kak 1 OCT).

®opma OCT nerko anmpokcumupyercs cymmont OI'T ¢ pa3nuyHbIMU SKCIIOHEHTaMU
u ko3¢ dunrentamMu, Xota yToObl 00ecneunTs npaBuibHOE noseaeHne AO B
HEIMOCPEICTBEHHOM OJIM30CTHU OT s/ipa MPUXOIUTCS MPUHUMATh CIEIIUAIbHBIE MEPBI.
Hcnonb3oBanue gaxe aecsatd OI'T, HO3BOJISIET BBIYUCIISTh HHTETPAJIbI HAMHOTO
osIicTpee ueM mpu ucronab3oBanuu ogao OCT. IToaTomy ceitdac B
KBAaHTOBOXMMHUYECKHUX pacyeTax MUCMOIb3YyIOTCs, KaK MpaBuiio, 6a3ucHble HAOOPHI U3
OI'T.

Tak Ha3bIBacMbIC ACKApPTOBLBI OI'Ts KOOpAuHaTax X, y, 1 Z UMCHOT BU/]

Gladmmx,p,2)= Ne™ x'y™2" (3 49)

riae ¥ — HOPMHPOBOYHBIH, - OPOUTATBHAS MHOKUTEIH 1°= X° + Y2 + 72,

n, |, ¥ m He ABNAIOTCS OOBIYHBIMUA KBAHTOBBIMU YUCIIAMH, & OTIPEIEIISIIOT YTIOBYIO
4yacTh (DyHKIIUU B IeKapTOBbIX KoopauHaTtax. Cymma »Tux uncen (l+m+n) ananoruuna
YTII0BOMY KBAaHTOBOMY YHCITy JUUIsl aTOMOB U UCTIOJIB3YETCsI, YTOOBI 0003HAYATH
¢bynkuuu s-tuna (1=0), p-tuna (I=1), d-tuna (1=2), f~runa (1=3), u T.14.

B neiictButensHocTH, nekapToBel OI'T He ABISIOTCS OpOUTANSIMU: OHU JTUIIIH
IPOCTHIE U YA0OHBIE MaTeMaTudeckue PyHKIMU. MIX 4acTo Ha3bIBaIOT rayCCOBBIMU
npumutnBamu. Otcyterre dakropa r'™' He 10MyCKaeT aNmpPOKCHMALIHIO OpOUTAIICH
tuna ls, 2p, 3d, 4f eTMHCTBEHHBIM TayCCOBBIM IPUMHUTHBOM, HO YCKOPSIET
BbrurciieHne unterpaios. Henoctatkom OI'T siBnsieTcs X HEHaAexKalee
noBesieHue BOMU3M U BAanu ot siapa. OI'T Ha gaHHOM 1IeHTpe 0OBIYHO
HEOPTOTOHAIBHBI APYT IPYTY.

KomOuHarmu rayccuan . = . ¢iGj mpaBHIBHO alPOKCUMHUPYIOT OCHOBHBIC CBOWCTBA
aTOMHBIX OpOUTaseH, €Clii MPUMUTHUBBI UMEIOT pa3Hbie 3HaKU. OCHOBHBIC JIEKAPTOBBI
rayCCHUaHbl ClIeAyIOIIue:

]

3dy = M X2 4, = DT X3

3dxy Né_ﬂ? Xy 4fxxy = Né‘_ﬂ? X2 y
1s= M 3d,, = M x 7 My, = Ne " xy 7
20 = Ve x 3, = ey 1.1, (2.43)

2py — Né‘—aﬂ y 3dyz — Né—w‘z y .

2p, = M z3d,, = M 72



Campble niepBbie 6azucHbie HAO0OPbI ObLTH ocTpoeHbl U3 OI'T Tak, yTOObI JTyyIlie
Bcero onuckiBaTh OCT. Ceiiuac 6a3ucHbie HAOOPHI CTPOST U3 JTUHEHHBIX
koMmOuHaruit OI'T u u3 crpynnupoBanHbix (KoHTpakTHpoBaHHBIX) OI'T (CGTO unu
COI'T): g = X aiG; Tepmun “rpynnupoBka’ (KOHTpAKTaIKs, C)KaTHE) 03HAYACT, YTO
(GYHKIHS g UCTIONB3YeTCst Kak OasucHast hyHKmus, T.e. ¥ = . ¢igi Kaxxmas COI'T
UMEET CBOM COOCTBEHHBIE (PUKCUPOBAHHBIE KOAPPHUIIMEHTHI U IKCIIOHEHIIUATbHbBIC
MHOxuTenu. Otmetum, uto COI'T 00bIYHO HE ABIIAIOTCS ATOMHBIMU OPOUTANISIMU, U
BO MHOTHX CITy4asix, OHH BOBCE HE MOX0XH Ha OpOUTAIIN U30JIUPOBAHHBIX AaTOMOB.

Ilymw, komopwim noayuenvr COI'T, 3a8ucum om ux npeonona2aemo2o UCnoIb3068aHUsL.
Hexomopuie 6asucnvie Habopvl xopouiu 07151 Onpeoenenus 2eoMempuu U SHepeul,
opyaue HayeneHbl Ha C8OUCMBA (HAnpUMep NOJIAPUIYEeMOCHb MOJIEKYT), mpembl
onmumuzupytomes moivko no Xapmpu-@Doky, uemeepmoie HOCmMpoeHwvl 015
KOPPENAYUOHHBIX 8bIYUCTIEHUL, NAMble XOpouwiu O0Jisi AHUOHO8, ulecmole O0Jisl KAMUOHO8
U HEUMPANIbHLIX MOAEKYL U M.0.. [l HeKOMOPbIX GbIUUCTIEHUL HEe0OX0OUMO Xopouiee
npeocmasiienue 6HympeHHux opoumarei (ocmosa) (Hanpumep, ona anaiuza AMP
CHeKmpo8), 8 Opy2ux Ciyuasx mpeoyemcs iyuuee npeocmagienue 6aieHmMHbIX
9NEKMPOHOB 015 ONUCAHUSL XUMUUECKOU C8A3U. DMO cliedyem yuumuol8ams 8 peaibHblx
BLIUUCTEHUSIX.

Hcnonb30BaHne KOHTPAKTAIMK O3BOJISIET YMEHBIIUTD BPEMsI BHIUMCIICHUS
UHTErpasnoB B MeTojie XapTpu-Pdoka, KOTOPOE 3aBUCUT OT 4-0if CTENIEHH YHCIIa
0a3UCHBIX (PYHKLIUH.

2.15.2. HomeHnkaaTypa 0a3ucHbIX HA00pOB

Ha nepsbix nopax COI'T nmonydann METOI0M HAaUMEHBIINX KBAJIPATOB MOA-TOHKOM
& &
o equHcTBeHHyo OCT ¢ ¢ =1.0. 3atem sxcronenTs! B OI'T yMHOXamM Ha ¢ 2 U3

OCT, fBBIGI/IpaJIOCB TaK, 9T0ObI HanOoJIee MOAXOAUTH JJIsl JAHHON MOJIEKYJIBI.
CootBercTByromue 6a3ucsl o6o3nadan STO-nG, rae n - 4uciIo NPUMUTHUBOB B
COI'T. Ilpu 5TOM HCNIOIB30BATIOCH CIAEAYIOIIEE OTPAHNYEHHUE - SKCIIOHEHTHI
COOTBETCTBYIOIIUX I'ayCCOBBIX MPUMUTUBOB OpaINCh OJMHAKOBBIMU /7151 0A3UCHBIX
(YHKIMI, ONMCHIBAIOLINX OPOUTAIIHN C TEM K€ CaMbIM OCHOBHBIM KBAaHTOBBIM UHCIIOM
(HarpuMep OJTHU U Te K€ MPUMMTHUBBI UCTIONB3YIOTCA JUIA 28 U 2p QyHKUUH).

Ha »Toi CTaauu U BO3HUKJIA TCPMHUHOJIOTHA, B OCHOBHOM HUCIIOJIb3yEMasd U B
HaCTOAIICC BpCM:I.

2.15.3 MuHuMaJIbHbIN 0a3UCHBIA HA0OP

MuHuMansHbIN 0a3UCHBIA HA0OP BKIIFOYAET TOJIBKO OAHY (DYHKIIMIO HA Mapy
AJIEKTPOHOB OCTOBA U OJIHY (DYHKIHMIO HAa KaXKIYIO0 BAJICHTHYIO aTOMHYIO OpOUTalb B
OCHOBHOM COCTOSTHMH. DaKTUUECKH, OH BCET/ia BKIIIOYAET BCE OPOUTATH YaCTUYHO
3aHATBHIX M0/1000JI0UEK U BaJICHTHBIX (DYHKIUI p-TUMA IS 3JIEMEHTOB MEPBbIX 2
IpyHI HEPUOIMUYECKON CUCTeMBI: 1s, 25, 2py, 2Py, 2P, . Tak anst atomos Li u Be
umeercs 2 COI'T s-tuna u 1 COI'T p-tuna. MunuManbHbIN 6a3UCHBIN HA0Op IS S
atoma umeet 3 COI'T s-tuna u 2 COI'T p-Tumna.



MunumanbHbIN 0a3UCHBIA HAOOP HA3bIBAIOT TAKXKE OAHOIKIIOHEHIUATBHBIM HIIN
€IMHUYHBIM 3eTa HabopoM (SZ, rie Z 03Ha4aeT SKCIIOHEHIIMAIbHBI MHOKHUTED).

2.15.4 PaciiupeHnHblid 0a3uCHbIA HAOOP

Yto06b1 TOOUTHCS TYUIIErO OMMCAHUS, UCTIONB3YIOT OOJBIIEe KOJINYECTBO (PYHKIUI
Ha OJIHY opOUTaib: ABe, TpU U T.1. COOTBETCTBEHHO, clieays Pyn3unara u JlanHuHry,
pasnu4aroT AByX- (1y0mb-3eta -DZ), TpexdkcnoneHnuanbHbii (TZ) u T.1. 6a3uCHI.

[Tpu 06pa3zoBaHNM XMMUYECKOHN CBSI3U BaJICHTHbIE OpOUTAIN aTOMOB OoJee
MOJIBEP>KEHbI BO3JACHCTBUIO APYTUX aTOMOB, YeM BHYTPEHHUE (OCTOBHBIE) OpOUTAIIH.
[Tostomy asist ux onucanusi TpeOyrOTCs 0OJIbIIEe KOTHYECTBO 0a3UCHBIX (DYHKIIHIA.
CootBeTrcTByOIIME Oa3UCHBIE HAOOPHI Ha3bIBAIOTCA PACIICIUICHHO-BAIEHTHBIMU (SV).
DTO HE 3HAYUT, YTO BAJICHTHBIE OPOUTANIN BKIIIOYAIOT OO0JIbIIIEe KOJTUIECTBO
npuMUTHBOB. C Apyroi CTOPOHBI, OpOUTAIH OCTOBA YaCTO MPEJICTABISIOT COO0M
nnuaHble COI'T, cocrosimye U3 MHOTUX IPUMUTUBOB, ITOCKOJIbKY TpeOyeTcs
00ecneunTh TPaHUYHbIC YCIOBUA Ha sAape s QYyHKIUU S- TUTIA (CM. BBIIIE).

2.15.5 Moasipuzanuonnbie u A Py3Hbie QyHKINH

[Tpu onucannu xumuueckoit cBa3u COI'T, nmonydeHHbIE U3 ATOMHBIX PACYETOB MO
Xaptpu-PokKy, 4acTo TOMOJHAIOTCS APYyruMu GyHKIMSIMHU. OHU JOJDKHBI TAKXKE OBIThH
BKJIFOUEHBI BO BCE KOPPEIAMOHHbIE BbiuncieHus. Hanbomnee nomynsipHbl
noyigspu3anuonubie u quddysusie Gyakumn. [lonsipuzanonapie GyHKIIMA UMEIOT
OoJiee BRICOKHE 3HAUCHHUS | UeM B 3aHITOW aTOMHBIA OPOUTAIIH TSt
COOTBETCTBYIOILIETO aTOMa. DKCIIOHEHTHI JIJIsl HUX HE MOTYT OBbITh NIOJyY€HBI U3
ATOMHBIX BBIYUCICHHH 110 XapTpu-DoKy, TaKk Kak 3TH GyHKIIUUA HE 3aCEIICHBI
anekTpoHamu. [1oaTomy mapaMeTpsl MONSIPU-3alIMOHHBIX (DYHKIIHI OMPEeAeIsIOT B
pacudeTrax MOJIEKYI.

bazucHbie HA0OPHI TAKKE YACTO AOMOJHAIOT TaK HAa3bIBAEMbIMH JU(PPY3HBIMU
(GYHKUIMSAMU, KOTOPBIE BaXKHBI IS IPABUJILHOTO ONMCAaHMUS aHMOHOB U CIIAa0bIX CBsI3ei
(HarpuMep BOJIOPOAHBIX CBSI3€il), A1l BBIUMCICHUH AUIIOJIBHOTO MOMEHTA,
HOJIIPU3YEMOCTH, U T.J. DTO TayCCHUAHbI C OUEHb MAJIEHbKUMH SKCIIOHEHTaMH,
MEJIEHHO CIAaJA0IIUE C pacCTOSIHUEM OT siapa. {udy3Helil rayccuad uMeeT
OOBIUHO S- U P-THUI, OJHAKO UHOT/Ia UCIIONB3YIOTCS U Apyrue Juddy3Hbie QyHKIUH.

"3era" TEPMUHOJOTHUS MPUMEHSIETCS U JUI MOJIIpU3alMOHHbIX (yHKImi. Tak, DZP
03HAYyaeT JIBYXdKIOHEHIMAJIbHBIN 0a3UC TUTIOC NOJspu3aunoHHbie GyHkuuu, TZP —
TPEX3KNOHEHIUAIBHBIN 0a3uc MItoc nossipuzanus, u 1.1. noraa yncio GyHkumit
noJsipuzanuu oooznavdaerca kak TZDP wnu TZ2P, TZ + 2P: TpoiiHoii 3eta 6azuc
TUTEFOC IBOMHAs mojsipu3anus. bykBa V o603HavaeT paciierieHne BaleHTHBIX
0a3ucHbIX HaOOpOB, HanpuMep, DZV npenctapisior 6a3ucHbie HA0OPHI TOJIBKO €
OJIHUM C)KaTUeM JIJIsl BHYTPEHHUX OpOUTaseil, U 1Ba CxKaTus JUIs BaJICHTHBIX
opOuTanei

2.15.6 basucurbie HaOopsI [Tomna



Nuoe cornamenue 6su10 npunsaTo JJx. [lommom ¢ cotpyHukaMu, BHECITUMU
OTPOMHBIN BKJIAJT B PA3BUTHE HEAMITUPUUECKUX PACUETOB U CO3JABUIMMU IPOrPaMMy
GAUSSIAN. Crpyktypa 6azucHoro Habopa aaercs Ajs 1eJI0i MOJIeKYJIbl, a He JJIs
OTZIETBHBIX aTOMOB (cM. Tab11.2.11). DT 0003HaUYCHUS TOYEPKUBAIOT TAKIKE
pacuieruieHHbIN BaneHTHbIN (SV) xapaktep 3tux HabopoB. CumBosbI n-1jG wiu n-
1j)kG pacuudpoBBIBaOTCS TaK: N - YUCJIO MPUMUTHBOB JJI BHYTPEHHHX 000JI0YEK; 1]
i ijk - ancno nmpumutuBoB st COI'T B BasIeHTHBIX 000J10UKax. 1) 0003HAUEHHUS
OMKCHIBAIOT BajieHTHbIE DZ Habopswl, 1jk - BasienTHbie TZ HabOphl. BooO111€E, B
0a3uCcHBIX HabOpax, Mody4YeHHbIX rpynnoi [lomna, s u p cxaTus, MpUHAISKAIIHNE K
TOT k€ caMO# " AMEKTPOHHOM 000J109Ke" (TO €CTh COOTBETCTBYIOIIMX (HOPMAILHO
OJIHOMY M TOMY K€ IJIABHOMY KBAaHTOBOMY YHCITY N) OKa3bIBAIOTCS CBEPHYTHIMH B Sp-
00o0n0uku. B 3TOM citydae, 4MCii0 NPUMHUTHUBOB S-TUIA U P-TUIA OJMHAKOBO U OHU
UMEIOT OJJUHAKOBBIE IKCIIOHEHTHL. OHAKO, KOOPPHUIIMEHTHI ISl S- U P-TUIA CXKATHI
pPa3ITUYHBIL.

basucupie Habops! [Tomia MOryT Takke OBITh PACIIMPEHBI 3a CUET BKITFOUCHHS
MOJIAPU3ALMOHHBIX (PyHKIMI d- THIA TONBKO A7 HEBOAOPOIHBIX aToMOB (n-1)G* wnun
n-jkG *) unu p-pyHkumsmu s atoMmoB Bogopoaa (n-ijjG ** wnum n-ijkG **). B
Mmetane 4-31G* orpaxaet cnenyromee pacmeruienne ( 431,31,1) / (31) wmm (8s, 4p,
1d/4s) — [3s, 2p, 1d/2s], B To Bpems kak 6aszuc 6-311G ** mas monexyast HCN
Brirouaet cineayromue COI'T: (6311,311,1)/(311,1) wim (11s, 5p, 1d/5s, 1p) — [4s,
3p, 1d/3s, 1p].

[Tpu BBenenuu nudy3HbIX GYHKIUN UCTIONB3YIOTCA CIIeIyIolue 0003Ha-YEeHUS: N-
1j+G, wnu n-ijk+G o3HauaeT, yTo AoOaByeH | nudy3HbI rayccuaH s-TUra 1 p-THIIA
K CTaHJapTHOMY Oa3uCHOMY Habopy AJs TSDKEJIBIX aTOMOB. B 3TOM citydae s- u p-
TUMa QyHKIIMA UMCIOT TE )K€ caMble IKCMIOHEHTHI. N-1j ++ G, wiu n-ijKk ++ G
noJryueHsl fjobasienueM | nmuddy3Horo rayccuaHa s-THUIA U P-THIA JUIS TSKEIbIX
aToMOB U nud¢y3HOro rayccuana 1 s-tumna Juist BOAOpO/a.

Ta6m.2.11. Hexotopsie pekomenayembie 6a3ucHbsie Habops! [lomna

Oa3UCHBIN Onucauue Yucio
0a3MCHBIX
Ha0Oop byHKIMH

Hesomopo-

JTHBIC |
BOJIOPOJI

AaTOMBI

STO-3G MuHUMaIbHBINA Oa3UCHBIN 5 1
Habop. Mcnonws3yercs s
TIOJTYICHHSI



MOJTYKOJIMYE€CTBEHHBIX
pe3yJIbTaTOB B OOJBIITHX
CHUCTEMaX.

3-21G JIByX3KCIIOHEHIIMAIbHBIH 9
0a3ucHbI HabOp. [IBa HAbopa
GYHKIMI 7151 BATICHTHBIX
3JIEKTPOHOB JAIOT 00JIe€ TOUHOE
Npe/ICTaBlIeHUE OpOUTAICH.
Bonee mpocTt,uem pacuer ¢

Habopom 6-31G(d) .

6-31G(d) JloGaBrieHbI MOISPU3AIMOHHBIC 15
) (GYHKIMM TSI HEBOAOPOIHBIX
[6-31G ] aToMoB. Mcronb-3yercs B

OOJIBIIIMHCTBE Pacy€TOB CUCTEM
cpenHei cinoxxHocTH. (Bkintouaet
6 KOMIOHEHTOB GyHKIUH d-

THIIA. )
6-31G(d,p) JloGaBiieHbI TaKKe 15
. NOJIIPU3AIMOHHBIC (DYHKIINU
[6-31G ] BOJOpoa0B. Vcrionb3yercs B

cilydae, KOrja yyacTue
BOJIOPOJIHBIX aTOMOB BaKHO
(mpuMep - BBIYUCIIEHUE SHEPTU
CBSI3M) U ISl OKOHYATEIHHBIX,
TOYHBIX BBIYUCIICHUIA SHEPTUH.

6-31+G(d) JloGasnens! nuddy3Hbie 19
. dbynkuuu. BaxkHo nmst cuctem ¢
[6-31+G ] HMOHHBIMU [TapaMu, AaHHOHOB,

BO30YKJIEHHBIX COCTOSIHHM.

6-31+G(d,p) | JloGaBieHs! p-pyHKIHH 19
" BoJiopoja. Mcnonb3yrores,
[6-31+G ] KOTJIa HeJlb3s IPUMEHUTH 6-
31G(d,p) u HEOOXOAMMBI

b dy3Hbie QyHKIMH.

6-311+G(d,p) | TpexdKCHOHEHIMATbHBIH 22
o 0a3ucHbIil Ha0op. JloOaBieHBI
[6-311+G ] BaJICHTHbIE (PYHKIMH (110 TPH S-
u p- bynkun) k 6-31+G(d,p).
(crnonp3yroTcs msATh YUCTHIX d-
byHKITHI)

Hcnonp3oBanue ocTambHBIX 0a3UCHBIX HA0OPOB MTO3BOJISIET



BBITTIOJTHUTD

HanOoJIee TOYHBIC BEIYHMCIICHUS

6- Bxrowaet 2 d-pyHkimm 27 9
311+G(2d,2p) | HEBOJIOPOJHBIX ATOMOB (ILIHOC

muddysabie GyHkIMN), U 2 p-
(bYHKIIMM BOJOPOJIOB.

6- Bxurouaer 2 d-pyukiuu u 1 - 34 14
11+G(2df,2pd) | pyHKIIMIO HEBOAOPOIHBIX

aToMoB (Tutroc T dy3HbIC

bynkuun), u 2 p-gyskuu u 1 d-

(GyHKIHIO BOJIOPOIOB.

6- Bxutouaer 3 d-dynkiun u 1 f- 39 18
1++G(3df,3pd) | byHKIHIO HEBOJOPOIHBIX

aToMoB, u 3 p-pyskimu u 1 d-

(GYHKIMIO BOJIOPOJIOB, TAKKE

b dy3Hbie GyHKIME 000UX.

Tabnuma 2.12. Paccuntannbie B pa3inuHbIX 0a3ucax v SKCIIEPUMEHTAIbHbIE
xapaktepuctuku Mojekyisl CO.

Re O e D W I'panuent
ANEKTPUYECKOTO TOJIS Ha
0azuc =1 cm OB JleOaii sape
C 0]
Dz 2.175 2003 10.196 +0.259 0.745 0.637
DzD 2.137 2179 11.817 -0.076 0.819 0.661
DZDF 2.136 2183 11.914 -0.072 0.845 0.700
TZ 2.182 1985 10.329 -0.060 0.921 0.606
TZD 2.139 2154 11.785 -0.230 0.985 0.676
TZDD 2.135 2152 11.808 -0.218 0.983 0.693
TZDF 2.132 2170 11.911 -0.197 1.001 0.730
TZDDF 2.132 2167 11.929 -0.220 1.002 0.730

QZ 2.177 2012 10.502 -0.104 0.858 0.571



QZDDF 2.132 2173 11.966 -0.243 0.980 0.744

YuclieHHbIH 2.128 2174 12.084 -0.241 0.9691(5) | 0.7559(5)
HaGop X® 2.13 2170 12.0 -0.24
AKCIIEPUMEHT 2.132 2170 11.2 -0.122

Re — paBHOBECHOE MEXBSIEPHOE PACCTOSTHUE,
® ¢— COOCTBEHHAs YacTOTa KOJCOaHMHA,
D¢ - aHEprUs IUCCOLMAIINH,

W 0" — IMIONBHBIA MOMEHT.

2.17. Poab 6a3uCHBIX (PYHKIM B ONIMCAHUM CBOCTB MOJIEKY.JI

A

Ep lau)

- 01

Tabnuua 2.12 u pucyHok 2.5
JIEMOHCTPUPYIOT, HACKOJIbKO BaXKEH MPaBUIIbHBIN BHIOOP 0a3MCHBIX (QYHKIUI JUIs
NpeJCKa3aHus CBOMCTB MOJIEKYI.

2.16. lloayymMmnupuyeckass KBAHTOBAS XUMHUSA




[TpuHIMIIHATBHO HHOE HAIPaBJIEHUE, CHITPABIIIEE OTPOMHYIO POJIb B COBPEMEHHOM
Pa3BUTHH XUMHH, COCTOUT B OTKA3€ OT BBIUYMCICHHUS OJTHOAICKTPOHHBIX 1
JIBY3JICKTPOHHBIX MHTEIPAJIOB, (GUTypHUpyIomKX B MeToge X®P. BmecTo TouHOTO
orepaTopa Poka UCIONIb3yeTCs MPHOIMIKEHHBIN, 3JIEMEHTBI KOTOPOT'O MOJIYYaloT U3
SMIIUPHUYECKUX JaHHBIX. COOTBETCTBYIOIIHE ITApaMETPhI ITOAOUPAIOT I KaXKI0TO
aToMa (MHOT/IA - C Y4ETOM KOHKPETHOT'O OKPY)KEHHS) M JUIS ITap aTOMOB: TaKHM
00pa3oM, OHH SIBJISIOTCS JTHOO (PUKCUPOBAHHBIMU YHCIAMH, JTHOO 3aBUCIT OT
paccTostHuS Mex Iy atoMamu [Ipu 3ToM yacTo (HO He 0053aTeIbHO - CM. HHXKE)
IPEJIIOJIAraeTCs, YTO MHOTORJICKTPOHHAS BOJTHOBAS (DYHKIIMS SIBJISICTCS
OJIHOJICTEPMHHAHTHOM, a 0a3uCHbIC PYHKIUU N | — CHMMETPUYHBIMHU
oproroHanbHeiMu KoMOuHanusAMu OCT {y ; }. Takue koMOMHALMN NTOTy4YarOTCA HX
ncxoaaeix OCT ¢ momompio mpeoOpazoBaHus N = SY2 e S-— MaTpuIa
UHTETPAJIOB MEePEKPhIBaHUs (3Ta MPOIIeaypa Ha3bIBaCTCS OPTOrOHA3U3AIMEH 110
Jlesmuny). Pacayer MO npoBoauTCS OOBIYHBIM HTEPAITHOHHBIM ITyTEM.

[TomysMmuprdecKre METOIb OOBITHO Ha MHOTO TIOPSJIKOB BEITMYMHBI OBICTpEE, YeM
HEAIMITUPUYECKUE, TPUMEHUMBI K O0JIBIITUM (4aCTO K OUY€Hb OOJIBIINM, HAIIPUMED -
OMOJIOTUYECKUM) CUCTEMAM U JIJIsl HEKOTOPBIX KJIACCOB COSIMHEHU OHU Jal0T Oosiee
TOYHBIE pe3yJibTaThl. Cieayer, 0JHaKO, TOHUMATh, YTO 3TO JIOCTUTAETCS 3a CUET
CIEIMAIBHO MOI00PaHHBIX IMTApaMETPOB, CIIPaBEUIMBBIX JIMIIb B MIPEAeiax Y3KOTO
Kjacca coeaquHenui. [Ipu mepenoce Ha ApyTrue KiIacchl, T€ kK€ METOIbI MOTYT 1aTh
abCoI0THO HEBEPHBIE pe3ysibTaThl. KpoMe Toro, mapaMeTpsl pacuera 4acTo
MOOWPAIOTCS TAKMM 00pa30oM, YTOOBI BOCIIPOU3BOIUTH T€ WU MHBIC MOJICKYJIIPHBIC
CBOMCTBA, IO3TOMY NpHUAABaTh GPU3HMUECKUI CMBICI OTJCIBHBIM ITapaMeTpaM He
cnenyeT. OCHOBHBIC TPUOIUKEHUS, HCTIOIB3YEMbIE B TIOTYIMITMPUIECKUX METOJIAX,
CIEAYIOLIHE.

1. PaccmaTpuBaroTCs TOJIBKO BaJICHTHBIE 3JIEKTPOHBI: CUUTAIOT, UTO 3JIEKTPOHBI
ATOMHBIX OCTOBOB JIUIIb YKPAHUPYIOT A7Ipa, IOATOMY ITH JIEKTPOHBI
BKJIIOYAIOT B YHKIIMH, OTIMCHIBAIOIINE SHEPTUIO OTTATKUBAHUS OCTOB-OCTOB (B
KOTOpOE BKJIOUAETCs siAepHOE oTTaskuBaHue). [lonspuszanueii octToBoB
npeHeOperaror.

2. B MO yuutsiBatoT To16K0 AO ¢ TJIaBHBIM KBAHTOBBIM YHCIIOM,
COOTBETCTBYIOIIUM BBICUIUM 3aCEJICHHBIM OpOUTAISIM U30JIMPOBAHHBIX ATOMOB
(MUHUMAJIbHBINA 0a3MC), MPUYEM CUMUTAIOT, UTO Oa3UCHBIC (PYHKIIUU 00pa3yIoT
Habop opToroHaNbHBIX AO.

3. Jlst MBYX3JCKTPOHHBIX HHTETPATIOB BBOISAT NMPpHUOIMKeHUe Hyieeoeo
Hughgepenyuanvrozco Ilepexpwvieanus (HI)

yu(r)yv(r)dr=0.pu=v(2.44)

CUMTarOT, 4TO M3-3a IKCIIOHESHITUATLHOTO YObIBaHUSI AO IBYX3JCKTPOHHBIMU
KYJIOHOBCKUMH 1 OOMEHHBIMH UHTETPAIaMH, COJICPKAIIUMU TPOU3BEICHHS
Pa3IUYHBIX aTOMHBIX OPOUTANICH, 3aBUCSAIIUX OT OJTHOTO apTyMEHTa, MOKHO
npeHeOpeyn:



v Ilre)=@vIrc)dpuvoro=(up | A1) (2.45)

910 HpI/I6HI/DKeHI/Ie IMMO3BOJIACT PE3KO YMCHBIIUTD YHCJIO ABYXIOJICKTPOHHBIX
HHTCTPAIOB, KOTOPLIC HGO6XOI[I/IMO BBIYHCJIATD, IOOTOMY OHO B TOM HJIM HHOM BH/IC
HCIIOJIb3YCTCS BO BCCX ITOJTYOMITMPHUYCCKUX METOAAX.

B npubnmxennn HJII, mpuanmaemom uist Beex nap AO, ypaBHenus Pyrana

UMEIOT BU:

Ciy ':Pm _EiE',m-:' =0
Z (2.46)

DIeMEeHTHI MaTpUIbI doka 3anuChIBalOTCS Kak

1
Fr =1 = 5Paulittod + 2P, (aph)

1
Fly =B = 5B, ()

=

4. PesynpTaT pacueTa HE IOJDKEH 3aBUCETh OT BHIOOPA IEKAPTOBOM CUCTEMBI
KOOPJIU-HAT, B KOTOPOH OMPEIEIIIOTCS OpUeHTanuu p-, d- u t.a. AO. HITII
HapyIIaeT 3To TpeboBaHue. PaccMoTpuM ABYXIIEHTPOBBIN KYJIOHOBCKHIA
uHTerpan (Px Pe | 52), TIe Px U pe - AO 0JIHOTO U TOTO k€ aToma. B
npubnmxenun HJIIT stoT uaTerpan qomxeH ObITh paBeH Hymto0. [loBepHEM
Teneph ACKapTOBY CUCTEMY KOOPJAMUHAT BOKPYT OCH Z Ha yroi O : Toraa

P’ x= PxC0SO + py Sin6 (2.48)
p’y= Px SiN6 - p, COSO .

Nuterpan (p' x P’ e | SZ) B MOBEPHYTOM CUCTEME KOOPJIUHAT PaBEH

(O xP el ) =- (2| s?cososind + (p 2 | s?) cosd sind + (py pe | $2)( cos® - sin?

):
=[(p?% | s% - (2 | s7) 1 cose sind (2.49)
(yureHo, uTo s-AO npu NOBOPOTE HE MEHAETCS U UTO Py U Pe AO OpTOrOHaNbHBI).

[Tocnennee paBEeHCTBO HE PAaBHO HYJIIO NP MPOU3BOJILHBIX 3HAYEHUAX yTiia O -
TOJIBKO TIpH O , paBHOM 0° wmm 90°. D0 03HAUACT, UTO paccMaTpuUBaeMbIil HHTErpall
KYJIOHOBCKOTO OTTaJIKUBAHUS HE HMHBAPUAHTEH OTHOCUTEIHHO MTOBOPOTA CUCTEMBbI
koopauHaT. Takoe HapylIeHne BpauaTeIbHOM HHBAPUAHTHOCTU UMEET MECTO
KaXIbIN pa3, KOTla ABYX3JIEKTPOHHBIE HHTETpaJlbl BKIIIOYAIOT MEPEKPhIBAaHUE IBYX



AQ oanoro u Toro e aroma. [Io3ToMy B TakuX CiIy4asix BBOJAUTCA €I OJTHO
MPUOIMKCHUE: CIUTAIOT, YTO ABYXDJEKTPOHHBIE HHTErpasIbl (L [l | A ) 3aBUCSAT
TOJIBKO OT MPUPOJIbI aTOMOB, HAa KOTOPBIX IEHTPUPOBAHBI OPOUTAIINA ¥ L U X, A , U HE
3aBUCAT OT KOHKPETHOTO BUJIa OpOHUTAIICH. DTO COOTBETCTBYET CHEPUICCKOMY
YCPEIHEHHUIO pacipeiesieHus] BaJICHTHBIX AJIEKTPOHOB Ha AO pa3IMyHBIX aTOMOB
MOJIEKYJIbI TIPY pacueTe B3aUMOJICUCTBUS U 00€CTIeUnBACT UHBAPUAHTHOCTh PEILICHUS
OTHOCUTEJILHO IMOBOPOTA CUCTEM KOOpAUHAT. [[1s1 ycpeAHEeHHOTo uHTerpana (pL | &
A ) HCTIONB3yeTCS 0003HAYEHHE ¥ ap , TTI€ A 1 B 0003Ha4arOT aTOMBI, Ha KOTOPBIX

ueHTpupoBaHbl AO MHTErpasbl | U A ; BbIUUCsAETCs OH ¢ S-AO COOTBETCTBYIOUIUX
aTOMOB

Y AB= (52A| SZB) (2.50)

Uto KacaeTcst OJHOANEKTPOHHBIX HHTETPAJIOB, TO JUISl HUX TaK)KE BBOJATCS
pa3TuYHbIC TPUOIMKEHHS, KOTOPBIE MBI pACCMOTPHM HIKE TPUMEHHUTEIILHO K
KOHKPETHBIM MeToaaM. OCTaHOBHUMCS 3]1€Ch JIUIITb HAa CTAaHIAPTHBIX METOJIAX,
MTOJTYYHBIIIMM HauOOJIbIIIEE PACIIPOCTPAHCHHE.

2.17. Metoa Iloanoro Ilpeneope:xenus luddepenunanbubiM IlepekpbiBannemM
(II1AIT um CNDO).

B stom metone npubmkenne H/{IT npunumaercs ans Becex nap AO, Kpome OJHUX U
Tex ke AQO, mpuHaIexXalmx 0JHOMY aToMy. MaTpu4HbIe 3JIEMEHTHI ONlepa-Topa
doka UMEIOT BUA:

1
E, =H, ~=Byvs* DP
Ty i 2 |_|,|_|_'}"I-J'JJJ.. — BB'F-J".B I_.LE.:.'I:IL

_]'P
e THe 73R e s e

riae Pgg =2 Py p (L € B) — mosiHast 371eKTPOHHAS 3aCeJIeHHOCTh BaJeHTHBIX AO
atoma B.

[Tpubnrxenus, Kacaromuecs 0IHOIEKTPOHHBIX HHTErpajioB hil v, Ha3bIBaeMbIX

OCTOBHBIMH, COCTOAT B caexytonieM. [IpencraBuM quaroHanabHbIe 3JIEMEHTHI hy |\ B
BHJIC:

2

ez
= (] - —vf‘ "““‘mm me °“B| n

IF—E,l fuk Y

e~ DV W)

= Ewd, PLE A



Up 1 MOXHO paccMaTpuBaTh Kak SHEPTHUIO 3JIEKTPOHA Ha BaJIGHTHOM opOuTtamu y |
cBoOoIHOTO atoMa A. MaTerpansl (| | V3| JOIHUCHIBAIOT 3JIEKTPOCTATUYECKOE
B3aMMO/ICHCTBHE AJIEKTPOHA, ONUCHIBAEMOI0 OPOUTAJIBIO ), L , TIOKAJIM30BAaHHOM Ha
aToMme A, ¢ aToOMHbIM 0cTOBOM B. [IpuHuMarot, 4to B3aumoieiicTBre ar000ro
aJIeKTpoHa aToma A ¢ octoBoM B oaunnHakoBo, T.€. (L | Vg| u)= Vap: 3TOT UHTETpAI,
B [IPUHIIUIIE, MOYKHO BBIYUCIINTD, 3a1aB BuA AO. OIHaKO Ha IPAKTUKE UCIIONIb3YIOT
npubnmxenue ['ennepr-Maitep u Cxiisipa, 3anucbiBas

2
ocT B

(bt | =22 o) = Qv
wlve)= FEal (2.53)

IIepBrpIil WieH 3TOM CyMMBI HA3bIBAETCA HHTErPAJIOM NPOHUKHOBEHMS: OH
ONUCHIBAET SHEPIUIO KYJIOHOBCKOTO B3aUMOJACHCTBUSA AJIEKTPOHA, OITUCHIBAEMOIO
opOuTaNbIO Y L , JIOKAJIM30BAHHOW Ha aTOME A, ¢ HENTpainbHbIM aToMoM B. Bropoii
YJIEH OIUCBIBAET KyJIOHOBCKOE B3auMOJeiicTBHe 3apsaaa Ha atoMe B Qg = Z,; 5 — Ppp
C 2JIEKTpOHamMu Ha aTome A. OKa3ajock, 4YTO UHTETPpaibl MPOHUKHOBEHUS, KaK
MPaBUJIO, MaJIbl IO BEIMYMHE U MU MOXKHO MpeHeOpeus (3T0 MpUOIIKEeHNEe He
TOJUTCS JJI CUCTEM C TE€TepOaTOMaMHU U MPHU pacyeTe ONTUYECKUX CIEKTPoB). Toraa
(n | Vi | u) = Vas~ - Qpyas ( 3aMeTbTe: Vg # Vpa !). B urore nnaronansueie
anemMeHThl oneparopa ®oka B (2.51) MOXKHO mepenucaTh CIeAYIOIMHIM 00pa3oM:

1
EEE 5(,_4.-,-1 D]+ D (Prp ~Zy) tips € A

F.u;u - U.J-'P-‘ * ZPAA[(.K*':V*'"
A 2 (2.54)

OOpatuMcs Teneps K HeAMaroHaabHbIM 3JeMeHTaM onepatopa Poka. B

npubnwxennn HJIIT uaterpanst hy v uist (L ¥ v , IEHTPOBAHHBIX HA OJHOM U TOM K€

aToMme, paBHbI Hy1r0. OHAKO 17151 OpOUTANIeH, IEHTPOBAHHBIX HA PA3HBIX aTOMax,

npudmnkenue H/IT npu Beruncnennn hp v He npumensiercsi. imes 3To B BULy,

3aMIIEM Il 3TOTO Cydasi:

he ST T - Swlv

. , SES M D (2.55)
[Tocneansist cymma BKJIIOYAET YIEHBI, OTUCHIBAIOIINE TPEXLIEHTPOBBIE
B3aumoercTus Tuna A-B-C: umu npeneOperaroT, a OCTaBIINIICS YJIEeH CUUTAIOT
AMIMPUYECKUM MapameTpoM. OH Ha3bIBaeTCs Pe30OHAHCHBIM HHTErpajioM U
obo3Hauaercs B v . B Merone CNDO asist Hero npuHUMArOT clieayomiee
npUOIMKEHUE:

hpv=Buv=p%*'Suv.(2.56)
ITapametp B ™V He 3aBHCHUT OT THIIA B3aHMO/ICHCTBYIOIIIX OPOUTATIEH, OH
XapakTepu3yer Juilb aToMbl A 1 B. ImenHo cnocobamu BeIOOpa 3TOT0 nMapameTpa u
oTJIMYaroTcs paznuunbie BapuanTbl Meroga CNDO. C yyetom (2.56)
HeJMaroHajabHbIe 3eMeHThI onieparopa Poka B (2.51) umeroT BuA



1
= 0 —_
Fr =P v EPM'FAB y,?fv(2_57)

[Tomuepkuem, uto TpebOBaHNE 0OECIEUNTh HHBAPUAHTHOCTh METOA TOCTUTACTCS B
CNDO myteM cheprdeckoro yCpeaHeHHUs AIEKTPOHHOM TUIOTHOCTH BaJICHTHBIX A Q.
ITpupona AO (yrioBas 3aBUCHMOCTb) IIPOSABIAETCS UMb B BesmunHax Up ,u Spv .

[Tonnast sneprust Mosekybl B mpubiamxeHnn CNDO 3anuceiBaeTcs CleayONIM
obpazom:

Ern:um = ZER + ZZEEB
A b

T (2.58)

T'JI€ OJHOATOMHBIE

_ 12 1 2
B, SR, TR v S SR
= T (2.59)

H IBYXaTOMHBIC

1 Ly L
Eu= ZZPI-NBI-NSFV Y S i B e P L L —EFMZZPSJ + ZASE

PR Hedu=E E AR

(2.60)
YJICHBI pa3aCICHEI.

Paccmotpum teneps Ha npumepe CNDO nmpuHUUMITBEI TapaMeTpu3anuu
noyiyamnupuueckux MeronoB. [Tapamerpamu CNDO siBnsitoTcst uHTErpaisl B v, y
AB Ul 1 Vg, IPHYEM OCHOBHBIM SMIMPUYECKUM IIAPAMETPOM, KaTHOPYIOIUMCS
JUISL BOCIIPOU3BEACHUS OIPEICIICHHBIX CBOMCTB MOJIEKYJI, SIBIISIETCS PE30HAHCHBIN
uHTeTpaT P UV =P A =P 0 5SaAB. [TapameTpsr 3 0\ 3aBUCAT TOJIBKO OT TUIIA
cocenHux aToMOB A u B u onpenensitorcs mo gpopmyiie

B “as=(L/2)k(B °s +5°s)- (2.61)

Benuunnst B °4 moaGuparoTes TAKMM 06pa3oM, 4TOOHI B PE3ysIbTaTe pacuera
merogoM CNDO BoCHpOHM3BOAMINCE PA3HOCTH OPOUTANBHBIX JHEPIUHA € j- € j I
OCHOBHOI0 COCTOSIHUS, a K03(ppuumenTs! paznoxernuss MO no AO HamTydIIum
00pa3oM COBMaJaIH ¢ pe3yIbTaTaMU HEAMIMPUUECKHUX PacyeTOB B TOM ke Oazuce
(T.c. MApaMeTPU3yeMbIM CBOWCTBOM SIBJISIETCS DJIEKTPOHHAS MJIOTHOCTD).
Koaddunuent k pasen 1 map s s- u p-3memeHnToB U 0.75, eciiu OAUH aTOM U3 Maphl
sBisiercs d- snemenTom. 3nauenns B 5 1 aTOMOB 2-TO psia MepHONUECKOit
TaOIUIIB TPUBEACHBI B Ta0muIe 2.13.

1]
Tao0mura 2.13 3Hauenus BRB, ucnonbzyembie B MeTosie CNDO.



ATOM H Li Be B C N @) F

B 9 9 13 17 21 25 31 39
,9B

Jnst ouenku BenuyuH UL , HCHIONB3YIOT BBIPAKEHUS, OMUCHIBAIOILHUE YaTICHUE U
PHUCOEMHEHUE JIEKTPOHA, CBA3aHHOTO C OPOUTAIIBIO L

lu=E"-E=-Up  ~(Z ocr. a-1)7 an
A“ = _Ul"t n -Z oct. Ay AA (262)

3neck E" u E u E” - sHeprum HeliTpaibHOrO M HOHM3MPOBAHHOIO aToMa, I -
NOTEHIMAJ MOHU3AINH, AL - CPOJICTBO K DJIEKTPOHY HEBO3MYIIEHHOM opOuTanu | .
Y1oObl IMETh BO3MOKHOCTh OIMCATh OJTHOBPEMEHHO yAalleHUE U MIPUCOEAMHEHUE
IEKTPOHA, IPOBOASAT YCPEIHECHHE:

(2)(In + Ap) = Upy+ (Z oer. a=1/2)7 an (2.63)

1 UCnogb3yoT (2.63) ans ouenku Up . 3Hadgenus (1/2)(Ipn + Ap ) ains atomoB 2-ro
psifia IepUoANYECKOM TabJIUIIbI TPUBEICHBI B Ta0IuIIE 2.14.

Ta6numa 2.14. TlosycyMMbI TOTEHIIMATIOB HOHU3AIMH U CPOJICTBA K DJIEKTPOHY.

Atom H Li Be B C N O F
Yo(Is+tAs)  7.176  3.106 5.946 9.594 | 14.051 19.316 25.390 32.272
Va(Ip+Ap) - 1.258 2.563 4.001 5.572 7.275 @ 9.11 11.080

KynoHOBCKHME MHTETPAJIBI ¥ aAg PACCUUTHIBAIOT TeOpeTHUECKH ¢ moMonipto 2s-OCT no
dopmyie (2.50). UaTErpaibl Vg OIICHUBAIOT C TIOMOIIBIO COOTHOIICHUS

Vag=Zocr.BY AB - (2-64)

[IpuBenenHas mapamerpusaiys BechbMa nomyssipHa u HassiBaeTcss CNDO/2.
JnaronanbHele 351eMEHTHI oniepaTopa dDoka B 3TOM CXeMe UMEIOT BUJL:

1

F =ps -_P
= PP TR s 65)

HenuaronanapHbie 371€MEHTHI OMUCHIBAOTCS (hopmyTioi (2.57).

Meton CNDO/2 naet xopoiire 3Ha4eHHsI TEOMETPUIECKUX XapaKTEPUCTHK MOJICKYJT
(I7uH CcBs3€, BAJIGHTHBIX YTJIOB), TUIMOJIBHBIX MOMEHTOB, CUJIOBBIX MOCTOSIHHBIX,
xumudeckux caBuroB AMP, GapbepoB BHyTpeHHETo BpaieHus. YToobl



pacIpoCTpaHUTh €r0 Ha pacyeT CIICKTPOB MOJICKYJI, TPUMEHSICSTCS MHAS
napamerpu3aius, a Mmeto Ha3siBaeTcss CNDO/S ([lens bene u xadde, 1968). 3a
CYET COOTBETCTBYIOIIETO MO00pa MapaMeTpOB ITOT MeTO1 3P (HEKTUBHO YUNUTHIBACT
AJIEKTPOHHYIO KOppemsinio. Pe3oHaHCHBIC HHTETPaIbl Pa3IeisSIIOT Ha OTACIbHbBIC
TPYIIBI IS G - U T -3JIEKTPOHOB U ONPeAeISIOT 1o opmyiie (2.61), B kKoTopoi
kod(dunment k st m -35mekTpoHOB Oepercs paBHbIM 0,585, yMEHBIIAs TEM CaMbIM
BKJIAJ] B SHEPTHUIO B3aMMOJCHCTBHUS T -3JIEKTPOHOB C ATOMHBIMHU OCTOBAMHL..
OOHOLIEHTPOBBIE KYJIOHOBCKUE MHTETPANIBI Y A4 HAXoIAT 10 opmyite [Tapuzepa-
[Tappa:

Y aa = lpu-Ap, (2.66)

II€ BEJIUYUHBI [[L 1 AL OTIpEenstOT U3 CIEKTPOCKONMMYECKUX JAHHBIX JJIs
BAJICHTHBIX COCTOSTHMH aTOMOB. /[ByXIIEHTPOBBIE HHTETPAJIbI ¥ Ag PACCUUTHIBAIOT 10
dbopmynam Marara-Humumoro:

yae=(uv+auv)®,auv=2(yp,+yvv)'(267)
i OHO:
Y ag = (7 + @)1 (2.68)

O1u PpopmyIibl ObUTH MOTYYEHBI HA OCHOBAHUH TOTO, YTO UHTETPAIBI Y A JOJDKHBI
3aBUCETh OT MEXATOMHBIX PACCTOSIHUH Tl V TaK, 4TOOBI YIOBIETBOPSATH TPAHUYHBIM
YCIIOBHSIM

YHy=YHRufuv=0

Yo eArpvrpy — o . (2.69)

LN
15

10

2 7 & 5FRA

N3 TOIO, 4TO Ha OONBIITNX PaCCTOAHUAX OTTAIIKUBAHUC JIBYX PACIIPCACICHHBIX

[Tocnennee ycinoBue cienyer



AJIIEKTPOHHBIX 3apsI0B OJU3KO K OTTAIKUBAHUIO TOUEYHBIX 3apsioB. @opmyisl (2.68)
1 (2.69) HECKOIBKO 3aHUKAIOT BEJIMUYHUHY Y aog TIO CPABHEHHUIO C TEOPETUUECKOU
o1eHKOM (puc.2.6)

Pe3ynbpTaThl pacuera CIIEeKTPaIbHBIX XapaKTEPHUCTUK MOJICKYJI HIUTFOCTPHPYET
tabmuma 2.15.

Tabauma 2.15 Pacuetsl cnektpoB metogom CNDO/S.

CoennHenue Pacuer OKCIIEpUMEHT [Tpupona
DHeprus nepexojia [IHeprus nepexojia nepexona
Ea 5B E, »B
bensoun 4.7 4.7 n—r*
5.2 6.1 e
[Mupuana 4.3 4.3 N—yr*
7.1 7.0 T
7.3 7.4 Tt
Dypdypor 3.2 3.5 R
4.9 4.6 T
5.7 6.2 T

2.18. Metox Hactuunoro (uau Ilpomexxkyvrounoro) Ipenedopexenus

JInddepenunaabaniM [epexkpoiBanuem (INDQO).

N3-3a ITHOpUPOBAHMS OTJIIMYNN B KyJIOHOBCKOM OTTAJIKUBAHUH 3JIEKTPOHOB C
napajuiesIbHbIMU M aHTUNapauieabHbIMU ciiHaMu MeTtog, CNDO He BOCIIpOU3BOIUT
npaBuwio XyH/a, COTJIACHO KOTOPOMY JBa 3JIEKTPOHA Ha Pa3IMYHBIX OpOUTAIISIX
OJIHOTO aTOMa, UMEIOIINE MapalieJIbHbIe CIIUHBI, OTTAIKUBAIOTCS ciiabee. OH Takxke
IUIOXO OIKCHIBAET CUCTEMBI, B KOTOPBIX 0OMEHHBIE HHTETPAJIbl UMEIOT OOJIBIIYIO



BEJMYMHY, TapaMarHUTHbBIE MOJIEKYJIbl U CBOOOHBIEC paAUKaIbl. DTH HEAOCTATKU
yactuaHo npeojoiieHsl B Metoqe INDO (Ilomn ¢ cotp.,1967), rae oqHO-11eHTpOBBIE
oOMeHHbIE UHTETpaJibl (L V | L V) COXPaHSIOTCS U BBIYUCIISIFOTCS aHATUTUYECKH,
SIBHO YYMTHIBas YTJIOBYIO 3aBUCUMOCTbh AQO. DTO NO3BOJISET yAOBIETBOPUTEIBHO
PacCYUTHIBATh CUCTEMBI C OTKPBITBIMU 000JI0YKAMH, T/I€ MOTHBIA CIIUH OTIUYEH OT
HYJIA, U, TAKAM 00pa3oM, paCCUUTHIBATh CIMHOBBIE IIIOTHOCTH (PA3HOCTh MEXKIY
IUIOTHOC-TSIMU 3JIEKTPOHOB C MPOTUBOINOJIOKHBIMU CIIMHAMU), OTBETCTBEHHBIE 32
MarHUTHbIE CBOMCTBA, U apameTpsl ciekTpoB AMP u OIIP. imenHo »tu
XapaKTEPUCTHUKU SIBIIIOTCA IMapaMeTpu3yemMbiMu cBorictBamu B INDO.

Tabmuna 2.16 Xapaxrepuctuku noaysmmnuprdecknx CCIT meronos MO JIKAO,

Meton;
BOJTHOBas
pyskuus

CNDO:;

JletepmMuHaHT
Crnelitepa

INDO,
MINDO:
JerepMuHaHT
Crnenrepa

TIIIIT;

JerepMuHaHT
Crnenrepa s
OCHOBHOTO
COCTOSIHHS +
JICTePMHUHAHTBI
TUIst
OJTHOKPATHO
BO30YKICHHBIX
COCTOSIHUM; T -
AIIEKTPOHHOE
npuOIIKEeHNe

HUCIONb3VIOMuUX npudmkenne HJIT.

Marpuunsie 31eMeHThI oniepatopa @oka O003Hau
1 o1
F.u&u =U.J-su + (PM _EPM) XV BZA(PBB Yim _T"r_ug:', = U.J-'P-‘ B I(-'("'l _ET‘
i - A g’
F_=h _—-=-F_ 2, o2 V, = - o
v ™ 2 N'?ﬂ"f& A |r_RA
1
F.=U,* EPM[(,;J;;J: Al - E(,m M)+ é(PBB L) tig. 47€ A D - > P
1 o=l
F =h _--F =
A A 2 'w'j'B.ﬂE-t‘ﬂa- e B
S s = 64150
3 o1 a2
F'm. = EP'EP (I.ﬁ'-.ﬁ‘| I.i"f-.j"} - EP'EP {I.ﬂ';.ﬁ'-| .5".5":' I,{J.',,J'-"E _._"1",_ -?’J".B I:SJ'J. | SBj
1 Vg = (| V|,
F,=U,~+ EPM T T D2 Py = Z,) P
Ay
—f ol
h.w =B = B—“-BS.L
1
F.m' =E.m's.m- _EP.W kg

2.19 Metox Momuduuuposanaoro Yacruunoro (mjau IlpoMe:xyTouHoro)




IIpeneopexkenus InddepenummnaianbubpiM [lepexkpbiBannem (MINDO).

[Tapametpuzanusa meto 0B CNDO u INDO He 1o3BoJiIeT BOCIPOU3BOAUTE C UX
MOMOIIBIO TEIJIOTHl 00pa30BaHus, OpOUTATbHBIE SHEPTUU U CHEKTPHL. [loaTOMY 3TH
METO/1bl HE MPUTOJIHBI /1711 HOCTPOEHUS IOBEPXHOCTEN MOTEHIMAIBHON YHEPTHUH, T.€.
JUISL KCCIIEJOBAHUSI OTHOCUTENBHOM YCTOMYMBOCTH MOJIEKYJI M MEXaHU3MOB pEaKIUil.
Hwroap c cotp. (1975) mogudurmposanu meron INDO, uamMenuB napaMmeTpu3aluio
UHTETPaJIoB B L V U ¥ ag TAKUM 00pa3oM, YTOObI 00ECIEUNTh BO3MOXKHOCTD pacueTa
NEPEYUCIIEHHBIX CBOUCTB. Tak, pe30HaHCHbIE HHTETPAIbI B L V PACCUNTHIBAIOTCS B
MINDO 1o popmyne B v =Gag (I +lp )Sp v, rie Gag — 6e3pa3mepHblit
AMIIMPUYECKUI apaMeTp, XapaKTepU3YIOLUI TUIbI B3aUMOIEUCTBYIOIIUX aTOMOB.
JIByX2IeKTPOHHBIE KYJIOHOBCKHE HHTETPAJIBI ¥ aog BBIYUCIISIIOTCS T10
MoauduimpoBanHo popmyie (2.68). Kpome Toro, oTTanknBanue aTOMHBIX SIEp
BBIYHCIIAETCS C YUETOM UX SKPaHUPOBAHUS JJIEKTPOHAMU OCTOBOB.

Matpuunsle 35eMeHThl oniepatopa @oka B metoge MINDO st cuctem ¢ 3aKpbIThIMU

000JI0YKaMH B HpCHC6pC)KCHI/II/I HHTCTPpaIaMU IIPOHUKHOBCHUA IIPUBCIACHBI B Ta6HI/IL[C
2.16.

CymiecTBy10T pa3nuuHbie nmapamerpuzanuu meroga MINDO, u3 kotopeix Hanboee
n3BecTHOU sBisieTcst cxema MINDO/3. TTapameTpu3yeMbIMy CBOMCTBAMH 3/1€Ch
CITy>KaT TeTIOThl 00pa30BaHuUsl, IPUYEM IMapaMeTPhl 3aBUCST OT CBOMCTB KaK aTOMOB,
TaK U WX MapHbIX komMOuHanui. Kpome Toro, opOuTanbHbIe SKIIOHEHIIUATHHBIC
MHOXXHTEIHN, UCTIONB3YEMBbIE /ISl pacueTa WHTErPaioB, TAKXKE SIBISIFOTCS
napamerpamu. B utore, Terora o6pazoBanus Bocipoun3Boautcs B metoge MINDO/3
C “XMMHYECKON TOYHOCTHIO ~ 4 KKaJ/MOJIb a MOTSHIHAJIBI HOHU3auu - ~ 0.35 3B.
["'eoMeTpust MOJIEKYT TaKXe MPEICKa3bIBACTCS TOBOIBHO TOUHO (Tadd. 2.17). B Toxe
BpeMsi, CIEKTpaIbHbIE XapaKTEPUCTUKH, BOJIOPOIHBIE CBSI3U U ONHUCAHUE
OTTAJIKMBAHUS HETMOICTICHHBIX AJIEKTPOHHBIX Map OCTAIOTCS CIa0bIM MECTOM

MINDO/3.

Tabnuma 2.17. TernoTsl aTOMU3ALUY U T€OMETPUUECKHE XapaKTePUCTUKH HEKOTOPBIX
MOJIEKYJI

MouJexyJia AH Teomerpus. A u rpagycsl
pacueTHasi JIKCIEPUMEHTAJIbHASA |[YIJIbI U pacuyeTHasi [IKCIEePUMEHTAJIbHAS
KKaJ1/mMoJb | KT/ | kkan/mouas | KL/ B3
MOJIb MOJIb
CH3;—CHz3 19.8 — -20.2 —384.8 CC 1.486 1.532
83.1 1.108

CH 112.8° 1.107




~ CCH 111.1°

H,C==CH, 192 |s06]| 124 52.0 CC 1.308 1.336
1.098

CH 124.8° 1.103

Z CCH 121.6°

HC==CH 578 [242.7] 543 228.0 CC 1.101 1.205
1.076

CH 1.059

H,C=C=CH,| 420 [176.4] 459 192.7 CC 1.311 1.308
1.099

CH 118.4° 1.087

Z HCC 118.2°

8 581 |244.0] 711 298.5 C==C 1.344 1.340
7 ﬁ 1.466

_ c—C 1.109 1.476
115.7°

CH 148.3° 1.100

4 Z HCC 117.6°

,\3

G 0 136.9°

! 34.1 143.2 34.6 145.3 CN| 1.335 1.340
1.407

43 C,Cs 1.406 1.395

54/ \>2 C; C, 1.394

N 80 |-336] —83 [ —348 co| 1.343 1.371
1.367

C,C; 1.455 1.357

C; C, 1.440

2.20. Metoax Moauduimuposanuoro Ipeneopexenus InddepeHumnaibHbIM

IlepexpoiBanuem (MNDO).

Yto06nb1 6oJiee KOPPEKTHO yUECTh OTTAIKUBAHUE HEMOIETICHHBIX AJIEKTPOHHBIX Map,

Hbroap ¢ cotp. (1977) npeanoxui BKIIOYUTH B PaCYET BCE JBYXAIEKTPOHHBIE
UHTETrpaibl, cosepxamiue napsl AO, nmpuHaIeKaniye 0JHOMY U TOMY K€ aToMY;

nepekpbiBanre AO pa3IMYHBIX ATOMOB MO-TIPEKHEMY UTHOPUPYTCS (MPUOTMKECHHE
JIBYXaTOMHBIM TU(GEepeHIaTbHBIM MepeKpbiBanrueM ). Moaudukanms KOCHyIach
nanee crocoba Beioopa mapametpos: B otanuue or MINDO/3, oHr 3aBUCST TOJIBKO OT



CBOMCTB OTJIEIbHBIX aTOMOB, @ HE OT UX MapHBIX KOMOWHAIIMKI. DTO MO3BOJISET
napaMeTprU30BaTh METOJ IO OOJBIIIEMY YHUCITy COCTMHCHUHN, PACIIIHPSISI TAKUM
obpazoM cepy ero mpUMEHUMOCTH.

B pesynbrate pa3BUTHS 3TOr0 METO/1a TIOSBUIIUCH Pa3IHYHbIC CXEMbI, OTJIN-
qaroriuecs BeiobopoM napameTpoB: AM1, AM3 (Austin Model), PM3 (Parameterised
Model 3) u ap. OHu obOecreunsii BO3MOKHOCTh pacueTa BogopoaHou cBsizu (AM3), a
TaKXe YHEPTUU 00pa30BaHMS OPTaHUIECKUX MOJICKYJI M IEPEXOIHBIX COCTOSTHUM
opranndeckux peakuii (PM3) ¢ ommbkoit MeHee 5 KKain/MoJb.

2.21 Pa3jejieHye G - M T -3JIEKTPOHOB. T -3JICKTPOHHHOE MPUOJINKEHNE

H % 7 2
7 3 R 7 ? !
a § 0 ¢
Prc. Brg MO 3tAnena:

. ; 8§ — OpPOCTPAHCTRACHHOS CJICHHE;
o e m:l i.?..m';: ﬁ; ""PrAO yraepoza P Tpu
KBAaHTOBOXMMHUYECKHUX UCCIIEOBAHUAX HEHACBHIILIEHHBIX U APOMATUYECKUX MOJIEKYI,
Yalle BCETO SBIISIOIINXCS INIOCKUMU, KaK MPaBUIIO, UCTIONb3YIOT G , T -
NpUOJINAKEHHEe, COCTOSIIEE B CIETYIOIIEM. J{JIs TITOCKUX MOJIEKYJ BCE BaJIEHTHBIE
AO MoxHO pa30ouTh Ha ABe rpynnbl. OHA U3 HUX COEPKUT OpOUTAIH,
CUMMETPUYHBIE OTHOCUTENIBHO OTPAKEHUS B INIOCKOCTH MOJIEKyJIbl ( G -AQ ), npyras
- OpOMTAH, AHTUCUMMETPUIHBIC OTHOCUTEIBHO TaKoTo oTpakeHus (7 -AQ). Puc.2.7
WITIOCTPUPYET TO Ha MPUMEPE ITHIIEHA. G -3JIEKTPOHBI UMEIOT MAKCUMAIIbHYIO
BEPOSATHOCTh HAX0X/IEHUS B INIOCKOCTH MOJIEKYJIBI M TI03TOMY JIOKAJIM30BaHbI OJIN3
ee, BEpOSATHOCTb HaX0XACHHUS 3]IeCh T -3JIEKTPOHOB, HA00OPOT, PaBHA HYIIIO. T -
AIIEKTPOHBI cllabee CBA3aHbl C OCTOBOM MOJIEKYJIbI, 00Jiee MOABMKHBI, Jerde
MOHU3HUPYIOTCS U 00Jiee aKTUBHBI BO B3aUMOJICHCTBUSIX.

CBolicTBa HEHACHIIIICHHBIX M ApOMATHYECKUX CUCTEM — BBICOKAs pEaKIIMOHHAS
CIOCOOHOCTb, 3aBUCUMOCTD OT JIOHOPHBIX U aKIIENTOPHBIX 3aMECTUTENICH, CTIEKTPHI U
T.J1 — ONPENIENISIOTCS, B OCHOBHOM, UMEHHO 3JIEKTPOHAMH, OTUCHIBAEMBIMU T -
op6urtansmu. [ToaTomy npu perienun ypaBHeHuit Pytana 1uist Takux cucteM BBOJST T
-3JIeKTPOHHOEe nMpuoImKeHne (Xwkkenb, 1931): o -AO cuutarot



HEIOJISIPU30BAHHBIMU U BKIIFOYAIOT B ATOMHBIA OCTOB, a JBUKEHHUE T -3JIEKTPOHOB
paccMaTpHUBaIOT B MOTEHIIMAIBHOM I10JI€ TAKUX OCTOBOB. BoHOBast pyHKIMs
MOJIEKYJIBI IIPX DTOM IPEJCTABIACTCA KaK NPOU3BEACHUE Y = Y Gy, TAE Y C U Y T -
HOPMUPOBAHHbIE aHTUCUMMETPHYHBIE IO OTHOLLIECHHUIO K G - U T -3JIEKTPOHAM
(bYyHKIMH, COOTBETCTBEHHO. IX MOKHO Pa3iokKHUTh MO CICHTEPOBCKUM
JETEPMUHAHTAaM, COCTaBJIEHHBIX TOJBKO U3 G - U TOJbKO U3 T -MO. BonHoBas
(GYHKIMS Y G OAMHAKOBA KaK JIJIsl OCHOBHOT'O, TaK U U1 BO30Y>KICHHBIX COCTOSHUI U
BCE U3MEHEHMS CBSI3bIBAKOTCS C T -3JIEKTpoHaMU. CyIeCTBEHHO, YTO pACCMOTPEHHE

TOJIBKO T -3JIEKTPOHOB yIOBIETBOPSIET BapualmoHHOMY nipuHIuny (Mak-Bunu,
1954; Jlaiikoc u [1app, 1956).

B pesynbTare pa3MepHOCTh ypaBHEHUN PyTaHa CHIIBHO COKPAIIAETCS: HATPUMED, IS
ATUJIEHA BMECTO 12 BaJICHTHBIX JIEKTPOHOB HEOOXOUMO YUUTHIBATH TOJBKO 2 T -
AJIEKTPOHA.

2.22. Metoa Ilappusepa-Ilomaa-Ilappa

O6beaunenue HyaeBoro nuddepeHIanTbHOro MePEeKPHIBAHUS U T -JIIEKTPOHHOTO
npudmbkeHus npuBoaut k Merony [lappusepa-Ilomna-ITappa, garomiero npekpacHbie
PE3yNbTAThI AJIA T -3JIEKTPOHHBIX CUCTEM. MaTpuyHbie 31eMeHThI oniepatopa Doka
JJIs1 9TOr0 METOJa npuBeieHsl B Ta0m. 2.16. Up |, paBHO NOTEHIIMATy HOHU3ALUN
aTOMa B COOTBETCTBYIOIIEM BaJCHTHOM COCTOSIHUU, B3SITOMY C OOpaTHBIM 3HAKOM: -
I . OTHOLEHTPOBBIE KyJIOHOBCKME MHTETPAIBI ¥ L |, OLICHUBAIOTCS 110 (hopMyIIe
ITapusepa-Ilappa (2.66). Bennuunel In n Ap, Heobxonumsle uist pacuera Up  uy p
u OIIPEZIENAIOT U3 CIIEKTPOCKONMYECKUX JaHHBIX JIJIsl BAJICHTHBIX COCTOSHUM aTOMOB,
UCIIOJIb3YSI MOJIENb JIOKATM30BaHHBIX CBsI3€H. J|BYXIIEHTPOBBIE UHTETPAIIBI | AR
paccuuThIBaroT 1o popmynam (2.67)-(2.68). Benmuunsr hyw v cuurarorcs
napameTpaMH U BBIOMPAIOTCS 0 Pa3HOMY JUIsl pacueTa CBOMCTB OCHOBHOTO (METOT
[Torma) u Bo30yxkaeHHBIX (MeToa [lappuzepa-Ilappa) cocTosHUMA.

1. Jlist ocHOBHOTO COCTOSTHHS h|l V SBIISIFOTCS PE30HAHCHBIMHU MHTETpAJIaMH 3 L V
= kSu v, rne k mogbupaetcst Tak, 4TOOBI HAMITYYIIUM 00pa3oM
BOCITPOU3BOJIUTH TEIJIOTH 00pPa30BaHus B MPEACTABUTEIILHOM KpPyTe
COEIMHEHUH (CYIIECTBYET U PsJl APYTUX MapameTpu3aiuii).

2) [Anst BO30YKIEHHBIX COCTOSIHUM CIIEIyET YUECTh, UTO BOJHOBAsS (DyHKIIUS
MOJIEKYJIBI IOJDKHA OBITH CyMMO#M BOJTHOBBIX (DyHKIMI ocHOBHOTO W (1
B030y)meHHBIX WV i, ¢ cocTostamii: ¥ =W g+ 2. ai_, ky iy k. OOBIYHO YUHTHIBAIOT
HECKOJIbKO OJTHOKPATHO BO30YKICHHBIX dJICKTPOHHBIX KOHPUTYpAIHil 3aJaHHOM
MYJIBTUIIETHOCTH U UITYT KOA(DPUIIMEHTHI a;_, kK BAPUALTUOHHBIM METO/IOM.
Marpuunsie snemenTs (W o] hw | ¥ 0) J1al0T SHEPTUI0 OCHOBHOTO cocTosiHus Eg, a
aneMenThl (Wi, k| hw | ¢ j—1) IMEIOT BUJI:

(Wi hm | Wis)=hmiskisi=8 kek -8 iei +2(KI 1i)-(k | il). (2.70)

B npu6bmmxennn HITT



hr i—>k,j—>|=8ij6kl(8k'8i) +Z [2(1-R)C},leM|CViCVk-CMjCMiCVkCV |], (2.71)

rae R=0 s cuHreTHsix cocTostHuM U R=1 — 17151 TpUIUIETHBIX.

A 7y ¢
i n
*b * * *
T 1| t| 1
[ o] = = =
n
n
Lo
PHc.2.8. BO3MOHEBE THITEBI AJIEKTP OHHBIX

I1epeX0/0B.
Pacuer npoBoauTcs Mmeroaom

CCII, nmpuyem BHavasie onpeaessitoT MO 1711 OCHOBHOTO COCTOSIHUSA, a 3aTeM,

UCIIOJIb3YSI X, CTPOSIT BOJIHOBBIE (DYHKITUU BO30YKIEHHBIX COCTOSHUM.

Mertop Iappusepa-Ilonna-Ilappa Bximrodaer B cedst metoa KB u ouens xoportio
3apEKOMEHIOBAJ ce0s KaK MPH ONPEeIeICHU TeOMETPUH, TOTEHIIMAIOB MOHU3AIUU U
CPOJICTBA K AJIEKTPOHY, TaK U MPH pacueTax ONTUYECKHUX CIIEKTPOB MOTJIOIICHUS
CONPSKEHHBIX OPraHUuYeCKUX MoJieKy1. CHEeKTp MOTrJIOMIEHUS COCTOUT U3 HECKOJIbKUX
TMI0JIOC, CBSI3aHHBIX C ONPEICIICHHBIMHU 3JIEKTPOHHBIMHU NepexoiaMmu. JJIsi IIOoCKuX
Mosiekya MO MOKHO pa3fenuTh Ha TpHU IPYNIbL: G , T U n . HaGornee BEPOSITHOE
OTHOCHUTEJIbHOE PACIOJI0KEHHUE COOTBETCTBYIOIIUX SHEPTETUUECKUX YPOBHEHN U
pa3pelIeHHbBIC TTPaBIJIaMH 0TOOPA THIIBI AJICKTPOHHBIX IMEPEX0A0B MOKa3aHbI HA PHC.
2.8. Jlnaronanususanus MaTpuusl hm i, i j_, | Ha3bIBAEMOI MATpHIei
KOH(PUTIyPAIIMOHHOI0 B3aMMOJAEHCTBHUSA, JACT SHEPTUU CIEKTPAIbHBIX NEPEXOIOB U
Beca BO30YK/ICHHBIX KOHPUTYpaIHii a;_, . OpUEHTUPOBAHHBIN HA T -3JICKTPOHBI,
meton [T xopomo onuceiBaer © -n . nepexoibl (puc. 2.9.): TOUHOCTh OLIEHKU
CUHTJIET-CUHTJIETHBIX Tiepexoa0B cocTaniseT 0,1-0,2 5B unu 3-5% .
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PHc.2.9. DHepIHH ITePEXON OB ITUTHEHOR B CHHINETHRIE
PO30Y:KIeHHbIE COCTOSHHSL

MHTEHCUBHOCTD
MTOJIOCHI TIOTJIONICHUS f ompeensaeTcst KBaapaToM JUIIOJIBHOTO MOMEHTA TIepexo/1a U
paBHa f =Kv 33 ai,kCViCVk x| 2. Ona onennBaetrcst Metoaom I ¢ ommbkoit
40-50%.

2.23. Metoag MO X1okkeJjs

OtoT upe3BblyaitHo npoctoit He-CCII MeTo1, mepBOHAaYaNbHO MPEATI0KEHHbBIN 115
YTJIEBOI0POI0B (XFOKKEh, 1931), o0CHOBaH Ha HECKOJIBKUX OYCHBb CHITHHBIX
MPUOTUKEHUSIK

1) [IpuHUMAaeTCS T -3JIEKTPOHHOE MPUOIMKEHUE; CUUTAIOT, uTO AO 00pa3yroT
OpPTOHOPMAaJIbHBIN 0a3uc, T.. SHV=O U V.

2) MexaneKTpOHHBIMH B3aUMOJICHCTBUSMU (T.€. BCEMH JIBYXDJIEKTPOHHBIMU
KYJIOHOBCKMMU ¥ OOMEHHBIMH HHTETpaIaMK) TIpeHeoperaroT. M3-3a 3Toro pemieHue
ypaBHEHUI MeTO/1a HE TpeOyeT urepauii ¥ NPOBOAUTCS B OJIUH IIIar.

1. Matpuunsle a51eMeHThI onepaTopa Poka OLEHUBAIOTCS HA OCHOBAHUU
AMIOMPUYECKON HH(POPMALIUU U ABISAIOTCA (PUKCUPOBAHHBIMU:

hpp=op,

huv=kBuv.(2. 72)

Ol |l Ha3bIBAETCS KYJIOHOBCKUM MHTETPAJIOM (€T0 HE CIeIyeT MyTaTh C
JIBYXAJICKTPOHHBIMU KYJIOHOBCKHMH WHTETPAJIAMU Y ag), OH IPUHUMAETCS PAaBHBIM
MNOTEHIIMATy HOHU3AIMH 3JIEKTPOHA HA OpOUTAJIH |L B CBOOOIHOM aTOMe.

4) Ilpunumaercs, uto B 1 v =0, eciu AO 1 U v HE NPUHAJIEKAT KOBAJIEHTHO
CBSI3aHHBIM aTOMaM.



CoOTBETCTBYIOIINE 3TUM MPUOIMKEHUSIM ypaBHEHUs PyTana nuMmeroT Buj

Deylhy,, —58,)=0
w (2.73)

M HAa3bIBAIOTCA YPABHCHUAMMU XIOKKCJIH, HMCIOIIMMHA HCHYJICBBIC PCIICHUA ITPH
PaB€HCTBC HYJIIO ACTCPMHUHAHTA

| huv-si5uv| =0.(2.74)

ITonnas OHCPIHA B 3TOM METOAC €CTh IIPOCTO CyMMa Op6I/ITa.]'II>HI)IX BHGPFHﬁ

E =Zni£i

i ,n=0, 1 wmm 2, (2.75)
IJI€ N — YKUCIIO AJeKTpoHOB Ha MO.

VYpaBHeHUST XIOKKES MOTYT OBITh JIETKO 3aITMCAHbBI ¥ PEIICHBI JJIS JTIOOOW CHCTEMBI.
Paccmorpum npumep mostekyabl 3TuiieHa CoH,, nveroreit 2 © -31eKTpoHa (CBsHKEM
ux ¢ ¥ (p,) -AO aToMoB yriepoa, HampaBIeHHBIMH EPICHANKYIPHO IIOCKOCTH
Mosekybl). Uarerpanst o ¢ = -11,0 3B, B ¢c —2.,4 3B. Jletepmunant (2.74) umeer Bua

1
= =1

(2.76)

(3mech BBemeHbI 0003HaYeHH X=( ¢ - € )/P cc). PackpsiBast onpeaenuTenb, UMEEM:
x*~1=0ux =+ 1, T.e. e1=dctBcc,e2=ac- P cc

B npuHsATHIX 0003HaUEHUAX cCUCTEMa ypaBHEHuUl (2.73) numeer BUJ

c1x+tc,=0

c1tcpx=0,(2.77)

[ToacraBum tenepsb x =+ 1 B (2.77). [Ipu x= -1 umeem c; = ¢, . cnonb3ys ycioBue
HOPMHPOBKHU BOJIHOBOM (DYHKIHH STHIEHA C1° + ¢,° = 1, momydaeM ¢, = ¢, = 1N 2,
Takum 06pa3zoM, oaHa u3 © -MO 3TUIEHAa UMEET BU]L

©1= 1N 2 (x 14y 2). (2.78)
[Ipu x = 1 umeeM ¢; = - C, ¥, MOBTOPSASI pacCyKIEHUS, MoaydaeM apyryro © -MO.

@2=1N2 (3 1-%2)- (2.79)



Tak kak B cc <0, To € 1 <€ ,IPUIEM, £ 1 - € = 23 cc. DTO 03HavaeT, yto MO ¢ ;
0oJiee SHEPTeTUIECKU CTa0MIIbHA.

[Tonunr, Yamnang, Ctpeitsusep, proap u Apyrue npeaioKuiin pa3andHble
MoaAU(UKALUKA MeTOAa XIOKKEJSI, pACIPOCTPAHUB €T0, B YaCTHOCTH, HA CUCTEMBI C
rerepoaToMaMH B 1ukie. Moaudukanus, B OCHOBHOM, Kacajiach crocoba BeIOopa
nmapaMeTpoB o 1 3 u moapoOHo omnmcana B qutepatype (M. [Iproap. Meton
MOJICKYJISIPHBIX OpOUTANICH B OPTaHUYECKOU XUMHH ).

MeTton Xrokkens, 6€3yCI0BHO, SIBISETCS JIUIIb KAY€CTBEHHBIM: OH OTpaHUYEH
npeackazanueM sHepreTuk MO comnpsiKeHHBIX CUCTEM U HE CIIOCOOEH AaTh
uHGOPMAIUIO O MOJIEKYJISIpHOM cTpyKType. OHAKO 3a CUeT yIauHON
napameTpU3aIii 3TOT METOJT MOKET JaBaTh XOPOIIME OTHOCUTEIbHbIC OpOUTATBHBIC
SHEPTUM IJIS PAIOB T -AIEKTPOHHBIX OPTAHUYECKUX U METAIIOOPTAHUYECKUX CUCTEM.
DTO NO3BOJISIET, B YACTHOCTHU, UACHTHU(PUIIUPOBATH MOJIOCHI B JJIEKTPOHHBIX CIEKTPaxX
MOTJIOIIEHUS TAKMX MOJIEKYJI, OTOXK/IECTBIISAA PA3HOCTH OPOUTAJIBHBIX SHEPTHUM € k - € |
C DHEPTUSAMU NIEPEXOIOB.

2.24 PaciiipeHHbBIN MeTOA XIOKKeJIs

Haubonee panukanbHas MoguQUKaus MeToaa XIOKKes MPUHAAISKUT P.
Xobhdmany (1963). On npeaoKuiI COXpaHUTh OPUTHHATIBHYIO CXeMYy XIOKKEIs, HO
BKJIFOYHUTH B PACCMOTPEHHE BCE BAJICHTHBIC (@ HE TOJBKO T ) OPOUTANIN U SIBHO yUeCTh
WHTErpaJibl IEPEKpbIBaHUS. B UTOre ypaBHEHUsI METO/1a, ITOJTYYMBILIETO HA3BaHUE
pacumpeHHbIi MeToa X10kkeJs1 (PMX), popmanbHO coBnagaroT ¢ ypaBHEHUAMHU
Pytana (2.13), ogqHako coaep:kaHne MaTpUIHBIX 3JIEMEHTOB COBEPIIIEHHO MUHOE.
Marpuunsie anemMenTsI oneparopa ®@oka Fu v = hy v sBisitorest mapamerpaMu mim
OIICHHUBAIOTCS C TIOMOIIIbIO COOTHOIIICHUH, BKJIFOUAIOIINX 3TH MapameTpbl. Hanbonee
4aCcTO UCIOJIB3YIOTCS CJIELYIOLIUE OLICHKU:

hpp=-1In.,

huv=05K(hp n+hvv). (2.80)
B Bapuante Bonbdcoepra-I'ensmronsua K=1,75. Mnrerpansl nepekpbiBaHUs
BbIYMCIAIOTCS aHaTryecku co OCT.

DHeprusi MOJIEKyJIbl € 3aKpbITO 00070uKOl B MeToae PMX siBisieTcst yIBOEHHOM
CyMMOM 3Hepruii 3aHATbIX MO U OnuChIBa€TCs BBIPAKEHUEM

E= 2( Z Z Cziu h“ K +ZZZCiu Civ h”* v )1 (281)

B KOTOPOM WJIEHBI, OTBETCTBEHHBIE 32 MEKAIEKTPOHHOE U MEKbAJIEPHOE
B3aUMOJICHCTBHE, HE YUNUTHIBAIOTCS. B crcTemMax ¢ paBHOMEPHBIM paclpeesieHueM
AJIEKTPOHOB BhIpakeHHe (2.81) maet Xxopouime OTHOCUTENIbHBIE OLIEHKH YHEPTHUH B
psanax coeauHeHuil. ['eTepoaTomMbl HapyIAIOT PABHOMEPHOCTh 3JIEKTPOHHOTO
pacnpeaenenusa 1 PMX 3nmech yacto HEnpuroZeH. Tem He MEHee paClIpEeHHBIN



MeTOJ XIOKKEIS IaeT 3a4acTyIO Jy4llne PE3ybTaThl, YEM €TI0 IPOCTOM aHAJIOT, IPU
M3y4eHUH KOH(GOPMALN HUKIMYECKUX MOJIEKYJI, 0apbepOB BHYTPEHHETO BpaIlCHUS,
OTHOCHUTENBHBIN MOPSAIOK YPOBHEH SHEPIUH.

YMECTHO OTMETUTH POJib, KOTOPYI0 PMX chirpan B pazsutuu xumuu. FIMeHHO ¢ ero
MOMOIIbIO OBLIO YCTAHOBJIEH MEXaHU3M CBSI3bIBAHUS B METAJUIOLCHAX,
chomynupoBaHo npasmio BynBopaa-Xoddmana, nccieqoBaHbl CBOMCTBA OCHOBHBIX
COCTOSIHMI MHOTHX aTu(paTHUYECKUX U apOMaTUUYECKUX CUCTEM U JIp.

[Iporpamma, peanusyromiasi pacliMpeHHbIN MeTO1 XIOKKes uMmeercst B MIHTepHeT:
gopher: //infomeister.osc.edu:73/11/software/SOUR CES/FORTRAN/EHT

2.25 ToYHOCTh KBAHTOBOXMMHYECKHX PACYE€TOB XUMHUYECKHX CBOMCTB MOJIEKY.JI

a)TO‘-IHOCTB HCOMITMPHUYICCKOT'O paCuCTa

OmunbKky BceX HEAMIUPUIECKUX KBAHTOBOXUMUYECKUX METOJIOB BO3PACTAIOT MPHU
HCIIOJIb30BAaHUH “KOPOTKUX 0a3uCHBIX HAOOpoB. Crenyromue OleHKH TOYHOCTH
pacuera Mmerogamu X® nnu MP2 cripaBeyivBbI 151 OpPraHUYECKUX MOJIEKYJI IIPU
6asuce, He xyxe yem DZP nwnmu 6-31G*:

- ITTMHBI CBs3er onpeaessitorest ¢ TouHOCThIo 0.01 - 0.02 A ( i1t 25IeMeHTO- 1
METAJTIOOPTAaHUICCKUX COSTUHEHU HECKOIBKO XYKE);

-OeKTpOHHAS MIOTHOCTH -10%, JUIMHBI CBSA3€H U BaJIeHTHBIC YIUIBI - ~ 1 %0;

-OHepruu KOH(PpOPMAIMOHHBIX TIEPEX0/I0B (BpallleHne U Oapbepbl UHBEPCUH)- < 2
KKaJI/MOJIb (MCIIOJIb30BaHHUE IMUPOKOTO 0a3mca 00s13aTeIIbHO);

-UacToTs! KotebaHuii 171 OOJIBIIMHCTBA KOBAJIGHTHBIX CBSI3€H, CICIYIOIINE U3
metona XD, cucremarnuecku 3aBbiieHsl Ha 10-12 % u3-3a npeHeOpexkeHus
AIIEKTPOHHOU KOPPETSIUei U aHTapMOHU3MOM (OYeHb HU3KUE YACTOThI KOJeOaHu
UMEIOT 00Jiee BHICOKHKE OIMOKM): KaIupytouuit MHOkuTenb 0.89 + 0.01 mo3Bosser
MOJYYUTh MPEKPACHOE COTJIACUE C dKCIIEpUMEeHTOM. MP2 NMpUBOAUT K TaKUM ke
pe3yabTaTam 0e3 MIKAITUPOBKY;

-OHepruu HyJleBbIX KoeOaHui ~ 1 KKaa/Mob;

-DHepruy U30JJeCMHUUECKUX PEaKInil - 2-4 KKaJl/MOJIb;

-OuTponuu ~ 0.5 suTponuitHoi enquHuLb! (kkai/K Mob);
-IIpucoeaunenue/oTierIeHUe NPOTOHA (C UCTIOIB30BAHUEM CMEILIAHHOTO 0a3uca, C
BKJIIOUEHHEM aHHOHa) - ~ 10 Kkai/mMoiib (B ra3oBoit ¢ase);

-Peakimm aroMu3anuy 1 TOMOJIMTHYECKOTO Pa3phbiBa CBS3H OIMUCHIBAIOTCS C OOJIBIION
ommoKoit (25-40 kkan/MoJb);



-bapbepbl akTUBALIMK PEAKIM TAKKE UMEIOT OOJIbIINE OIIHOKH.
6)TouyHOCTH MOTYIMIIUPUUECKUX METOIOB

Kak y»xe orMedanoce, moiny3MIupruueCKUe METObI NAPAMETPUIYIOTCSI TAKUM
00pa3om, 4TOOBI BOCTIPOM3BOANTE T€ WIIM HHBIE CBOMCTBA MOJIeKy1. [loaToMmy pacuet
BCEX CBOMCTB Ha OCHOBAaHWH OJIHOTO HAOOpa mapaMeTpoB O€3yCIOBHO HAICKHBIM
NpU3HaH OBITh HE MOXKET. DTOT OOIINI 1 HanboJIee CyIIeCTBEHHBIA HEOCTATOK
MOJIYSMITUPUYECKON KBAHTOBOM XMMUH.

Jnst Mmoneky ¢ 3akpbIThiMu o0osioukamu Mmeto MNDO ¢ napamerpuzarmusimu AM1
u PM3 BrnojiHE IPUTOZIEH, T.K. JAET XOPOILINE PE3YAbTAThI AJI1 MOJIEKYJIIPHOU
CTPYKTYpBI U TEIUIOTHI 00pa3oBanus. OTMeTum, yto Metod PM3 napamerpusoBan ais
OO0JIBIIETO YKCIia JIEMEHTOB, OJTHAKO MapaMeTphl TOIyUEHBI 0 OYEHb
OTpaHUYCHHOMY HaOOPY IKCIIEPUMEHTAIBHBIX JaHHBIX. CpenHsst a0CoIOTHAs
omuOKa Jy1si HeBOAOpOoJHbIX aToMOB B PM3 coctasisieT 0.036 A; oHa HECKOJIBKO
6ombiie B AM1. Ommbku B BaJICHTHBIX YIJIaX paBHBI 3-4 rpamyca. DTo XyKe, YeM B
HEAIMITUPHUUECKUX pacueTax Jdake HU3KOTO YPOBHS, HO BpeMs pacueTa HeCOM3MEPUMO
menbIe. Omubka PM3- pacuera sHeprun 06pa3oBaHusi OPraHUYECKUX MOJIEKYIT U
MEPEXOAHBIX COCTOSTHUIN OPraHMYECKUX PEaKIUi COCTABIISIET MEHEE 5 KKaj/MOJIb.
TOYHOCTH OLIEHKH CUHIJIET- CHHIJIETHBIX T -7 i nepexooB metoaom IIIIII cocrasisier
0,1-0,2 3B (3-5%). st pacdera ¢ -m ¥ n-T  [EePEXOI0B 3TOT METOJ HEIPHTOACH
JUTst 9TOM 11enu uctnonb3yetcs meto CNDO/S, narommii ommoky ~ 10%.

TenaeHnuu B KoJie0aTEIHHBIX YaCTOTaX B psAAaX OMM3KUX COCAMHEHUM MOTYT OBITH
BBISIBJICHBI C TIOMOIIIBIO TMOTYIMITUPUIECKUX METOJIOB, OJTHAKO OTKJIOHEHUS (OIIMOKH)
HE HOCSIT CUCTEMATHYECKHUI XapaKTep U MO3TOMY MX HE YIAETCA CKOPPEKTUPOBATb.

3.1. OpOuTajibHAsA KAPTHUHA XMMUYECKOH CBSA3H
3.1.1. KoHCTPpYKTHBHAs M 1eCTPYKTUBHAs UHTepdepeHus opouTaiei

OOpa3zoBaHre XUMUYECKON CBA3M MOKET OBITh 00BSICHEHO KaK pe3yJbTaT
AJIEKTPOCTATUICCKOTO B3aUMO/ICHCTBHUS AIEKTPOHOB U SACP, IEPEKPHIBAHMS AaTOMHBIX
AIIEKTPOHHBIX 00JAKOB U JEMCTBUS KBAHTOBOMEXaHUYECKUX 3P (HEKTOB
UHTEPPEPEHIIMH BOJTHOBBIX (DYHKIINM, JJIEKTPOHHOM JIeJoKanu3anuu 1 ooMeHa. B
Teopurt MO XUMHUYECKas CBSI3b OMHICHIBACTCS C MMOMOIIBIO CBSA3BIBAIOIIINX,
AHTHUCBS3BIBAIOINX (Pa3PBIXJIAIONINX) U HECBSA3BIBAIOIINX OpOUTANICH, BOBMOKHOE
YHCIIO ¥ THUIT KOTOPBIX onpeaensercs npuHiunom [laymu. [Tpubmmkenne MO JIKAO
MO3BOJISIET HHTEPIIPETUPOBATH XUMUYECKYIO CBS3h B TEPMHHAX OPOUTAITBHBIX
npenctasieHnii. MO ¢opmupyroTes B pe3ynbraTe nepekpbiBanus AO, npuueM
unTepdepeniys AO MOKET HOCUTh KaK KOHCTPYKTUBHBIN (niepekpbiBanue AO
OpOUCXOauT B (haze), Tak U_IeCTPYKTUBHBIN (epekpbiBanue AO B npoTtuBodase)
xapaktep. COOTBETCTBEHHO, 00pa3ytoTcs cBs3biBatoirie MO, sHeprus KOTOPbIX
HUXKe, 1 paspeixistonue MO c 6onee Bbicoko# 3Heprueil. CkazaHHOE UIUTIOCTPUPYET
puc. 3.1, rae nokasansl HekoTopble MO, NOCTPOEHHBIX U3 18-, 2py- u 2py- AO.




OtMetnM, uTo paspeixisitonias MO uMeeT Ha OJTHY Y3JI0BYIO IIJIOCKOCTh OOJIbIIIE, YeEM
COOTBETCTBYHOIIAs CBsA3bIBaromas MO.

HecaszpiBaroiue MO GopMUpyIOTCS IPEUMYIIECTBEHHO U3 OpOUTalield aTOMHOTO
XapakrTepa: 3TH OpOUTaIN OMKUCHIBAIOT, HAIPUMEP, OCTOBHBIE JIEKTPOHBI U
HEMO/IEJICHHBIE 3JIEKTPOHHBIE TapBhI.

B MHOroaromHsIx cuctemax ogHa v Ta xe MO MOKeT UMETh KaK CBSI3bIBAIOIINIMA, TAK
Y Pa3pBIXJSIOLIANA XapaKTep B Pa3HbIX TOUYKAX IMPOCTPAHCTBA, B 3aBUCUMOCTH OT

IPUPOABI IEPEKPBIBAHMS COOTBETCTBYOIMX AQ.

3.1.2. MoJjekyJasapHbIe OPOUTAJIN M UX CHMMETPUIHAA KJaccudukanus.

Bolunciienne MoneKyJIIpHbIX OpOUTaeil, a ¢ UX MOMOILBIO Pa3IMYHBIX
XapaKTEePUCTUK MOJIEKYJI - IEPBOHAYANIbHAS 1IE€JTh JIFOOOTO KBAHTOBOXHUMHYECKOTO
pacuera. 3aTeM BO3HUKAET HE MEHEee Ba)KHas poOieMa XUMUYECKON TPaKTOBKHU
pe3ysbTaToB. YT0OBI 00€CeYnTh pelleHne NOociaeIHeN 3aa4u, paCCMOTPHUM, YTO
npeacTaBisAioT co6oit MO 1ByXaTOMHBIX MOJIEKYJI, COCTABJIEHHBIX U3 3JIEMEHTOB
BTOPOTO MEPHOJIa IEPHUOTUIECKOM TAOTHUIIHI.

MunanmansHabIi JIKAO 6a3uc g pacaera MO mpou3BOJIBHOM TOMOSIAECPHOM
JIBYyXaTOMHOM MOJIEKYJIbl COCTOUT U3 18, 2s ¥ 2p BAJICHTHBIX aTOMHBIX OpOUTANIEH,
MOJIHOE YHCIIO KOTOPBIX PABHO JAECSATH: TO MATh Ha KaXKblil aToM. YTOOBI HailTH
k03¢ dunmenTs! ¢, paznoxenus MO no AO, He00X0IUMO PEIIUTh CEKYIIPHOE
ypaBHEHHE JiecaToro nopsaka. B pesynsrate OyayTt momydens! 10 paznuansix MO,
3aM0JIHEHHE KOTOPBIX OMPEEISETCS YUCIOM JIEKTPOHOB B MOJIeKyJie. PacueTsl
MOKa3bIBAIOT, YTO B Kaxa0i MO roMosiiepHON ABYXaTOMHOW MOJIEKYJIbI HECKOIBKO
K03 pHUIHEHTOB BeIUKH (0OBIYHO /1BA), OCTAJIBHBIC WU PABHBI HYJIIO, UK OJIM3KHU K
Hemy. Jliist Toro yto6s1 AO Bxoaunu B MO ¢ 601b11MM BKJIaZA0OM, HEOOXOAUMO
BBITNIOJIHEHHUE CleAyIomuX yciaoBuil: 1) sneprun AO 101KHBI ObITH CPABHUMBI 110
BenmuuHe; 2) AO TOJDKHBI IMETh OTIIMYHOE OT HYJIS TTIePEKpPhIBaHKE, T. €. 00J1a1aTh
OJIMHAKOBBIMH CBOMCTBAMH CUMMETPUU OTHOCUTEIBLHO OCH MOJIEKYJIBI.

[Tpumep. s-AO MOTYT KOMOUHHUPOBATH C S-, Px-OYHKIUSIMH, €CIIH OCh X CUCTEMBI
KOOPAMHAT U OCh MOJIEKYJIbI COBIIAJIAIOT, HO HE C Py-, P,~AO (puc. 3.2): unrerpan
TIEPEKPBIBAHUS S- U Py ~PYHKLUI OTIIMYEH OT HyJIsl, B TO BPEMS KaK JUIA S- U Py- U Pz~
AO ¢yHKIUI OH paBeH HYJIIO.

PacueT 0cHOBHOTO COCTOSIHUSA MOJIEKYJIBI Li, Mo MeTony PyTana B MUHIMaJIbHOM
6azuce OCT AO naet crnenyroniye B NOpsiake Bo3pactanus sHepruu 3anarsie MO (a
U 6 0003HAYAIOT 5/7Ipa):

1= 0.7048(15,+155)+0.0095(25,+255)+0.0003(2Pxa+ 2Pxs):
02 = 0.7054 (155-15)+0.0209(25,-255)+0.0032(2pxa+2Pss); (3.2)

@3 = - 0.1440(1s,+1sp)+0.5298(25,+25,)+0.1144(2pxat+2Pxs)-



Bunano, uro umMeHHo komOuHanus cxoqublx AO naet HanOoJbni Bkiag B MO.
OTTankuBasch OT ITOTO (haKTa, MOKHO, HE IPOBOS TOUHOT'O PacyeTa, pacCMOTPETh
OCHOBHBIE KaU€CTBEHHBIE 3aKOHOMEPHOCTHU 3JIEKTPOHHOTO CTPOCHUS JIBYXaTOMHBIX
MOJIEKYJI IIEPBOTO MEPUOA.

Paccmotpum BHauaze kinaccudukanuio u oo6o3HaueHuss MO roMosiiepHbIX MOJIEKYJI.
[Ipu 3TOM NPUHUMAIOTCSI BO BHUMAHUE:

1) cummeTrpuss MO OTHOCHUTEIHLHO OCH MOJICKYJIBI;

2) cummeTtpusi MO OTHOCUTENBHO MJIOCKOCTH, IEPHICHAUKYIIPHON OCH MOJIEKYJIBI;
3) Tun AO, B koTopsie nepexoaiaT MO npu yBeTUYEHUH MEXKbAIEPHOTO PACCTOSIHUS;
4) cummetpus MO OTHOCUTEIBHO LIEHTPA MHBEPCUH MOJIEKYJIBI.

MO, cuMMeTpUYHBIC OTHOCUTEILHO OTPAKECHUS B TUIOCKOCTH MOJICKYJIbI, HA3BIBAOT G
-opOUTAISIMH, aHTHCUMMETPUYHBIC OTHOCUTEIILHO TaKoro oTpaskeHuss MO Ha3bIBatOT
T -OpOUTATSIMH.

MO AByXaTOMHBIX MOJICKYJI XapaKTePU3YIOTCS KBAHTOBBIM YHCJIOM A , aHAJIOTHYHBIM
KBaHTOBOMY YKICITy M B aTOME: A ONPEJCIISICT BEIMYUHY IMPOCKINN OpOUTATIBHOTO
MOMEHTA 3JIEKTPOHA Ha MOJICKYJIAPHYIO 0Ch. MO ¢ A # 0 SIBISIOTCS JBaXIbI
BBIPOXKJICHHBIMU, T. K. IPOEKITUS MOMEHTA Ha OCh MOJICKYJIbI paBHa + A 71 . [IJid G -
MO A =0, gua © -MO A =1. Aganoruuyno, nmerorcs MO ¢ A =2, 3, ..., Ha3bIBacMbIE,
COOTBETCTBEHHO, O -, ¢ -, ...MO.

Hanee, Bce MO xapaktepusyrorcs uHaekcamu ¢ (gerade - yetHsiii) u U (Ungerade -
HEYETHBIN). T 0003HAYCHUS 3aBUCST OT TOTO, MHBapranTHa MO (Q) i MeHSeT
3HaK (U) Ip¥ HHBEPCHH OTHOCUTEIILHO LIEHTPAa CUMMETPUHU. UETHOCTh M HEYCTHOCTh
MO nexat B OCHOBE MpaBwil 0TOOpA pa3pEeIICHHBIX JIEKTPOHHBIX MEPEXO0JIOB:
BO3MOYKHBI ITIEPEXOJIbI U <> § ¥ HEBO3MOXKHBI IIEPEXObI U <> U 1 § <> Q.

AnTHCBs3bIBatoME (paspbixisitoniue) MO, k koTopbiM oTHOCATCsS MO,
AHTUCUMMETPHUUYHBIE OTHOCUTENIBHO TUIOCKOCTH, MEPIIEHIUKYISIPHON OCH MOJIEKYJIBI,
0003HayaT CUMBOJIOM *: ¢ *, m *, 8 * u T. 1. MO onpexnensercs taxxe Turnom AQ,
13 KOTOPBIX OHA ITIOCTPOECHA U B KOTOPBIE OHA MIEPEXOAUT IIPU YBEIUYCHUU
MexXbsJIepHoro pacctosuusa. Hanpumep, 3anuck G s o3HauaeT, yto ganHas ¢ -MO
noctpoeHa u3 1s-AO u nepexoaut B HUX NpHU Ry, 00. IHOT @ MOJIE3HO Tak»Ke 3HaTh,
B Kakyto AO nepexoaut nanHas MO npu cnusiHuu siaep. Takoe COCTOSHUE MOJIEKYJIbI
Ha3bIBAIOT COCTOSIHUEM OOBEAMHEHHOI'O aToMa.

Jlnarpamma, mokasbIBaroIasi, B KAKUe COCTOSAHUSI 00bETUHEHHOTO U Pa3beAMHEHHBIX
aToOMOB nepexoauT JanHasgs MO npu U3MEHEHUHN MEXBbAIEPHOTO PACCTOSHUA,
HA3BIBAIOT KOPPEJSIIMOHHON auarpammoit. [Ipu ee moctpoeHnn He0OX0AMMO




YUYUTBIBATh MIPABUIIO HenepeceueHnus Burnepa—HelimMana: ypoBHU OAMHAKOBOM
CUMMETPUHU, HAIPUMED, G , T, ... U J, U, HE IEPECEKAIOTCS.

Koppensunonnas nuarpamma MO roMosiiepHOil MOJIEKYJIbI, TOCTPOEHHAs Ha
OCHOBAaHHUH TOYHBIX TEOPETUUYECKHUX pacyeToB 3HEPrur MO roMosIEpHbIX MOJIEKYJI B
3aBUCUMOCTH OT MEXbSIIEPHOTO pacCTOSHUS, IOKa3aHa Ha pucC. 3.3.0TH pacyeThl B
COTJIACHUHU C JAHHBIMH MOJIEKYJISIPHOM CIEKTPOCKOIIMH JIAI0T CJIEAYIOIINI TOPSII0K
sHepruil MO 11 IByXaTOMHBIX MOJIEKYJI, TOCTPOCHHBIX U3 aTOMOB IEPBOT0 U
BTOPOI'O MEPUOJIOB:

6415< 6% 15< 6,25<6" 25<1T,, 2P= My 2P<6,2P<mz 2p=n* 2p< 625 (3.3)

MO c ¢2p n BeipoxaeHHBIE MO T 5(y),2p HMEIOT OJIM3KUE SHEPTUU U MOTYT MEHATBCS
MECTaMH B 3aBUCHUMOCTH OT KOHKPETHOUN MOJIEKYJIBI.

Puc. 3.3. Koppemsiunonnas nuarpaMmma MO roMosIEpHBIX IByXaTOMHBIX MOJIEKYJI

AOcomoTHbIe 3HaUeHus dHepruit MO 111 Kak10i MOJIEKYJIbl pa3HbIe, IOATOMY
KOPPEJSLUOHHBIE JUarpaMMbl MOTYT ObITh HCIIOJIb30BAHbI TOJBKO JJI1 KAUECTBEHHBIX
BBIBOJIOB, HAIIPUMED, I aHAJIU3a U3MEHEHUS! OpOUTAIIBHON YHEPTUU IIPU U3MEHEHUU
MEXbAJIEPHOTO paccTosiHud. Tak, puc. 3.3 MOKa3bIBAET, YTO SHEPIHUs CBA3BIBAIOIINX
MO ¢ yMEHbBIIEHUEM MEKbAIEPHOTO PACCTOSHUSA MOBBIIIAETCS, B TO BPEMSI KaK
SHEPTUs pa3phIXJSIOUMX opOuTaneil noumxkaercsa. Kpome toro, cesassiBatonme MO
KOPPEIUPYIOT C COCTOSIHUEM OOBEMHEHHOTO aToMa, UMEIOIIUM TO K€ KBAHTOBOE
yucio, 9ro u nanHasg MO. Paspexistomue MO koppenupyroT ¢ 00beTHHEHHBIM
aTOMOM, Y KOTOPOTI'0 KBAHTOBOE YMCJIO HA OJIHY WU JBE €AUHUIIBI OOJIbLIE.

[Togo6HO TOMyY, KaK 3TO UMEET MECTO aToMax, CYIIECTBYET Ki1acCH(PUKaIUs
AJIEKTPOHHBIX TEPMOB TOMOSIJIEPHBIX ABYXATOMHBIX MOJIEKYJI. OTHUM U3 OCHOBHBIX
MIPUHITATIOB KJIaCCU(HUKAIIMKA aTOMHBIX TEPMOB ObLJIa KJITACCU(UKAITUS 110 3HAYCHUSIM
MIOJIHOTO OpOUTANBHOTO MOMeHTa. OYEeBUAHO, YTO B MOJICKYJIaX IMOJA00HAs
KJIacCH(UKAIMsI HEBO3MOXKHA, TaK Kak IoJIe sSaep He 00IagaeT IEHTPaTbHOM
CUMMETpPHEH U, CIIeI0BATEIHHO, TOJHBINH OPOUTAILHBI MOMEHT MOXET HE
coxpaHsaThcs. OHAKO aKCUaIbHAs CUMMETPHS TIOJIS siiep 00yCIOBIUBAET
COXpaHEHHE MPOESKITUHU TTOJTHOTO OPOUTATFHOTO MOMEHTA Ha OCh MOJIEKYJIbI, UTO
MO3BOJISIET KIACCU(PUIIUPOBATH SJICKTPOHHBIE TEPMBI TI0 3HAUCHUSIM STOM MPOESKIIUU.
Mp1 He OyJ1IeM OCTaHaBJIMBATHLCS HA 3TOM BOIPOCE MOAPOOHO.

3.1.3. DjieKTpOHHBbIEe KOHQUTYPALMH ABYXATOMHBIX MOJICKY.JI

JI71st moTy4yeHus ANEKTPOHHON KOH(PUTYpallMU ABYXaTOMHOM MOJIEKYJIbI HEOOX0IMMO
Pa3MECTUTh COOTBETCTBYIOLIECE YUCIIO IEKTPOHOB HAa MO ¢ yyeToM npuHnuna
[Taynu. PaccMoTpuM 35eKTpOHHBIE KOH(UTYpaIlMi FOMOSICPHBIX MOJIEKYJI THIA Ay,
IIOCTPOEHHBIX U3 IIEMEHTOB IIEPBOrO U BTOPOIO MIEPUOJIOB.




VYkaxeM, uto ['eprioepr BBes MpuOIMKEHHOE YUCIOBOE OMPEACIICHIE KPATHOCTH
CBSI3U, KOTOPOE COTJIACyeTCsl C XUMUICCKUMH TPEICTABICHUSIMH O XapaKTepe CBsI3eH
B rOMOSIZIEpHBIX MoJieKyIax. KpaTtHocTs cBs3u P ecthb

]
R

2 ,(34)

F =

IZ1€ 1 U 1™ — YUCII0 3JIEKTPOHOB Ha COOTBETCTBEHHO CBA3BIBAIOILUX U
pazpoixisitonux MO. Mbl OyzneM ucnoib30BaTh 3TO ONpPEIEIICHUE.

Mouaekyaa H; nmeer aBa 31ekTpoHa Ha cBs3biBaoie ¢ IS-MO u koHduryparus
OCHOBHOT'O COCTOSIHHSI 9TOH MOJIeKyJibl (o IS)2. J[Ba 971eKTpoHa 06pasyioT MpoCTyIo
CBS3b,

IIPUYEM PACIPEACIICHUE DJIEKTPOHHOU INIOTHOCTH B MOJIEKYJIE CAMMETPUYHO
OTHOCHUTEJIBHO LIEHTPA MEXbSIACPHOTO pacCTOAHMS. Takasi CBA3b HA3bIBACTCS
KOBaJIEHTHOU. DHeprus auccounauuu Hy paBHa 4.75 3B, paBHOBECHOE paccTOsiHUE
0.74 A.

Moueky.a He, ¢ korduryparueii (15)(c 1s)? imeer 1Ba CBA3HIBAIOLINX U 1Ba
Pa3pBIXIISIONIUX ANEKTPOHA, KOTOPBIE B CyMMe (hOpMajbHO HE JTAIOT CBSI3H.
JeiicTBUTENBHO, MONeKy1a He, HeycToiunBa (paBHOBecHOE paccTosHue 1.587 A) u
He HabJr0/1a71ach B OCHOBHOM COCTOSIHMM. B TO e BpeMmsi, €clii OJIMH U3 AJIEKTPOHOB
BO36YIHTh ¢ (G 1s) MO Ha CBS3BIBAIOIIYI0 OPOUTAIIE, HAIPUMEP G2S, TO B MOJIEKYIIC
He, okaxeTcst TpH CBS3BIBAIOLIMX U OJAUH Pa3phIXJIAIOMINNA AMEKTPOH. Bo30y Xk 1eHHbIE
coctossaust He, cTaOMIIbHBI U CIEKTPOCKOMMYECKH HaOMI0aanch. IoH MOJIEKYITBI
renus He,” ycroiiums, ero sHeprus auccoluanuu 3 3B u paBHOBECHOE PACCTOSHUE
1.08 A 6nu3ku ananornuHsIM Xapaktepuctukam Hy. Jlns ctabunbHoi Monekynst Hy
AJIEKTPOHHAS TJIOTHOCTH BO3PACTACT B MEXKbBAIEPHOM MPOCTPAHCTBE, IS
HEYCTOWYMBOUN MoJieKyibl Hey MexbsiiepHOE MPOCTPAHCTBO XapaKTepU3yeTcs
MOHM>KEHHOMW AJIEKTPOHHOM MIIOTHOCTHIO.

Mouaeky:a Li, . Kongurypanumus ocaosHoro coctosaus (615)%(o 15)%(c 25)%, nBa
CBSI3BIBAIOITUX DJIEKTPOHA Ha BaieHTHOW MO 00pa3yroT OpJIMHAPHYIO CBS3b C
CUMMETPUYHBIM paclpeie/ieHUeM JIeKTPOHOB. Mosekyina Li, ctabuiibHa, SHEpTrHs
nucconuanuu pasHa 1.132 2B, paBHoBecHOe paccTosiHue 2.67 A (u3-3a s dexra
DKPAHUPOBAHHS SIPa BHYTPEHHUMH DJICKTPOHAMH 3TO HAMHOTO Oouiblie, yeM B Hy).
[Ipu o6pazoBanuu MoJeKymsl Is-AO IUTHA TEPEKPHIBAIOTCA HE3HAUUTEIHHO,
nosTomy sHeprus G IS-MO 6nm3ka k sHeprun 1s-AO, a cymMMa pacrnpeaecHui
CBsI3bIBAarOLIEN U pa3peixisironieil MO mpakTHuecKy COBIAIAET € MPOCTHIM
HAJIOKEHUEM aTOMHBIX TIOTHOCTEH. [103TOMY 1S 351€KTpOHBI Ha3BIBAIOTCS OCTOBHBIMU
WM BHYTPEHHUMU.

MouJiekyaa Be; ¢ anekTpoHHON KOH(UTYpalieid OCHOBHOTO COCTOSTHUS

20 *1\2 *
(cls)’(c71s)%(c 25)? (o "25)? sKCIepHMEHTAIBHO HEe 0OHApYXeHa (BO30YKICHHBIC
COCTOSIHUSI 3TOM MOJIEKYJIbl HAOIIOAAUCH CIEKTPOCKOITMYECKH ).



Mouiekyaa B; ctabuipna. B ocHoBHOM cocTossHuM T-MO BBIpOXKAEHBI (TTy2p=T,2p) U
KOHKPETHOE PACIOJIOKEHUE FJICKTPOHOB TAKOBO, YTOOBI MYJIbTHILICTHOCTh COCTOSIHUS
2 * *

6bu1a MakcuMaiTbHa (paBmto Xyrna): (c1s)*(c 1s)*(c 25)*(c "2s)*(m,2p) (m,2p)".
OnekTponsl Ha (Ty2p)- U (7,2p)-MO UMEIOT napasenbHble CIIMHBL;
IKCTIEPUMEHTAIBHO O0OHApPY’KEH MMapaMarHeTu3M MOJIeKyJbl By, OTMeTnM, oHaKo,
4TO UMEIOTCS JAHHBIE O TOM, YTO BO3MOKHO MUHHMYM SHEPTHH 3TON MOJICKYJIbI
JOCTHTaeTCs JJ1s JICKTPOHHON KOHPUTYpaIiu

2( *1\2 2( *nyl 2 1.
(ols)* (o Is)*(c2s)*(c 25)"(my2p) (m;2p)”: ITOT BOMPOC 0 KOHLA EILE HE SICEH.

Mouiekyaa C; nmeeT KOHQUTypaLUIO C YETHIPEMS CBSI3bIBAIOIIMMU AJIEKTPOHAMU
BaerTHbIMH (015)%(0 15)%(625)% (0 25)*(n2p)*(n,2p), BCencTBrE dero obpasyercs
JBOIHAs CBA3b. JHEPruu T 2p- U ¢ 2p-MO Onu3ku 1o BEIMYHUHE, U, Ka3aJI0Ch Obl,
BO3MOJKHA U MHAs KOH(QUTYpaIHsi, 0IHAKO UIMEHHO MPUBEJCHHAS KOH(DUTYpaIHs
OTBEYAET IKCIEPUMEHTAIHLHO YCTAHOBICHHOMY JAMaMarHeTu3mMy MojieKybl Co.

MouJiekyaa N, 06magaeT eCThi0 BAJICHTHBIMU CBS3BIBAIOIINME dJIEKTPOHAMH U
uMeeT KOH(HTypaluio (G|S)Z(G*IS)2(628)2(0*28)2(GZpX)Z(RZpy)Z(n2pZ)2,
CBUJICTEIILCTBYIOIIYIO O CYIIeCTBOBAaHU TPOUHOU :N= N: -CcBsI3u. DTO MOATBEPKIAET
(OTORIIEKTPOHHASL CIEKTPOCKOIHS, U3MEPSIOIIAsl JHEPTETUYECKUI CIIEKTP
AJIEKTPOHOB, BBIOUTHIX U3 BEILIECTBA IOTOKOM MOHORHEPTEeTUUECKOT0O U3IyUEHUS WU
YacTUll. AHAIA3UPYS 3TOT CIIEKTP, MOKHO orleHUTh sHeprur MO B BemecTBe. Ha
puc. 3.4 npeacTaBieHbl AUarpaMMa MOJIEKYJISIPHBIX YPOBHEHN MOJIEKYJIbI a30Ta U €€
¢dboTorneKTpOHHBIH criekTp. BumHo, yTo kKauecTBeHHbIe npeacTaBieHus o MO 3T1oi
MOJIEKYJIbI TOCTATOYHO XOPOLIO COTIACYIOTCS C ONBITHBIMU JAHHBIMHU.

Mouekyaa O,. Kondurypaims OCHOBHOTO COCTOSHUSI MOJIEKYJIbI Oy UMEET BU
(GIS)Z(G*I5)2(023)2(G*ZS)Z(GZpX)Z(7t2py)2(7t2pz)2(n*2py)1(n*2pz)1. CIeKTpOCKOMUIECKH
oOHapyskeHo, uTo B MoJsiekyie O, (u B F,) (62p)-MO nexut amxe MO (n2p)-MO u
YeThIpe CBSA3BIBAIOIINX BAaJICHTHBIX AJIEKTPOHA 00pa3yIOT IBOMHYIO CBsI3b. J[Ba
anekTpoHa Ha Tt *2p MO umMeroT, coriacHo npasuily XyH/1a, HapajuiesIbHbIE CIIUHBL,
T.€. OCHOBHOE COCTOSTHUE MOJIEKYJbI Oy SBIISETCA TPUILUICTHBIM. JTO 03HAYAET, UYTO
mouiekyiia O, o01aiaeT MarHUTHBIM MOMEHTOM, CBSI3aHHBIM CO CITHHOM, T. €.
MOJIEKYJISIPHBIA KHCJIOPOJ TIPECTaBIsET OO0 mapaMarHeTHk (AeMCTBUTENBHO,
KUIKANA KUCIIOPOJ] MPUTATUBACTCS K MOJTIOCAM MarHuTa Tak K€, KaK MPUTITUBAIOTCS
Kene3Hble onuikn). Takum obpazom, metor MO oueHb TPOCTO OOBACHSET
napamaraeTusm mMoJiexyisl Oy.

Mouekyaa F, nuMeer a1eKTpOHHYI0 KOH(UTYpalnio
(o1s)?(715)3(625)(c 25)4(02p)*(n2p)*(n*2p)*t.¢., B Heil peanu3yercst OpAHHAPHAS © -
CBSI3b.

Mouekyna Ne,, nmeromiast popManbHO HyJIEBYHO KPaTHOCTh CBSI3H, HECTAOMIIbHA.

Cxema BaneHTHbIX MO romosiiepHbIX JByXaTOMHBIX MOJIEKYJI IIPUBEIEHA Ha puc. 3.5.
B Ta6n. 3.1 nmpuBeneHbl SHEPTUU TUCCOLIMALIMHU, PABHOBECHbBIE PACCTOSHUS U
KPaTHOCTH CBSI3€U TOMOSIIEPHBIX MOJIEKYJI MEPBOro nepuojia. OTMETUM Clieytoliee.



DHEpPrus IUCCOLMALMN YBEIUYUBAETCS, @ PABHOBECHOE PACCTOSIHUE YMEHBIIAETCS
IIPY YBEIUYEHUU KPATHOCTHU CBsi3H. KpuTeprem Toro, CBA3bIBAIOLICH WIIN
paspeixJstoel seusercsa ganHass MO, MOXET CITyKUTb SHEPIUsl AUCCOLUALIUY.
Hanpumep, Boicias 3ansitas MO B N siBiisieTcsi cBsi3bIBaronieil. JleicTBUTENbHO,
sHeprus auccormanuu N, 6ombine sHeprun auccormarmu Ny . Jlns O, Beicmias MO
Pa3phIXJISIONIAs, YTO TAKKE BUJHO U3 CpaBHEHMS sHepruu auccoruanuu O, u O,

Taoaunna 3.1.

XapaKTepI/ICTI/IKI/I OCHOBHOTI'O COCTOAHHA 'OMOAACPHBIX MOJICKYJI

Mounekyna KpatHocts | D, = Re, Monekyna KpatHocts| De | Re,

cesuP | °B A cessu P | 9B A
H," 1/2 2.8 1.06 C, 2 6.4 1.24
H, 1 475 1.74 N,* 21/2 89 112
He," 1/2 3.0 1.08 N, 3 9.9 110
He, 0 — | — 0, 21/2 6.6 | 1.12
Li, 1 1.132 2.67 0O, 2 52 121
Be; 0 — | — F, 1 14 142

B, 1 3.0 1.59 Ne, 0 - -

[TonHast sHEPTUs MOJIEKYJIBI HE MOXKET CIIYKUTh KPUTEPUEM CBS3BIBAKOLIUX WIH
pa3peIxJisitomux cBOMCTB MO: Kak Te, TaK U APYTMe YMEHBIIAIOT MOJHY SHEPTHUIO
MOJIEKYJIBI.

PaccMoTpuM Temeps AeKTpOHHBIE KOHPUTYPAITUH HEKOTOPBIX FETEPOSACPHBIX
Mosekya Tuna AB, MOCTPOEHHBIX U3 AIEMEHTOB NIEPBOTO U BTOPOTO MEPUOOB.

Mouiekyaa LiH — mpocrelinee rerepoaToMHOE COEMHEHUE C dHEpTUen cBsizu 242.4
k/J[x/Moub, nexamen mexay sHeprusmu Lip u Hy. [[Ba Is anextpona Li oOpasyror
HecBsi3bIBarolyo MO, skpanupyuryto aapo Li, torga kak 2s AO Liu 1s H,
NEePEKPHIBAsICh, 00Pa3yIOT CBA3bIBAOIIYIO0 6-MO s-Tuna, obecrneunBaronme
opJuHapHYIO cBs3b. [Ipu 3TOM simpo H cunbHee BIUSET Ha JIEKTPOHHOE
pacnpeneneHue 1 3JIEKTPOHBI CMENIAtTCs B MoieKyJie K anpy H. B pesynbrate
MOJIEKYJIa IprOoOpeTaeT AUMOIbHBIN MOMEHT 5.9D. Takue cBsi3u ¢ aCHMMETPUIHBIM
pacrpeesieHueM AIEKTPOHHOM MIIOTHOCTU U AUMOJILHBIM MOMEHTOM Ha3bIBAIOTCS
MOHHBIMH (YACTHYHO UOHHBIMHU) CBI3SIMHU.

MouJekyaa HF umeer konguryparmro (1sF)Z(ZSF)Z(ZpF)Z(ZpF)Z(GsH_szp)Z, npuyemM
TOJIBKO OJ{Ha OPOMTAIIb GsH-ppxF ABJIAETCS MOJIEKYJIAPHOM: OCTaJIbHBIE COXPAHAIOT
CBOM aTOMHBIN XapakTep. IJIEKTPOHBI HECKOIBKO CMEIIEHBI K aToMy F (IunosibHbIM
MoMeHT paBeH 1.8 D) u cBsi3b B HF — yacTuuHO noHHast opJinHapHasl.



Mousekyna LiF umeer konduryparmio (1s.;)*(15£)%(2r)*(2Pr)*(2Pr)*(OsLi-zpx) > TIE
TOJBKO OZIHA OPOMUTAIIb G| j-opxF - MOJIEKYJISAPHAA. DIIEKTPOHBI CUIBHO CMEILEHBI K
atomy F (nunonbHbiil MOMeHT paBeH 6,3 D) u cBs3b B LiF — noHHas opauHapHasi.

B tabnuiie 3.2 naHbl 37€KTPOHHBIE KOH(PUTYPALIMU U XapaKTEPUCTUKUA HEKOTO-PhIX
JIPYTUX TeTEPOsAIEPHbIX MOJIeKyJl. Ha puc. 3.6 npuBeneHa cxema ypoBHEW SHEPruun
BasieHTHBIX MO Mozekyibsl CO u npocTpaHCTBEHHOE pactpeaenenue 3tux MO.

Taoauna 3.2.

DeKTpOHHbIE KOH(PUTYPALMU U XapaKTEPUCTUKN HEKOTOPBIX T€TEPOsICPHBIX
MOJIEKYI.

Monexyna Kondurypanus Jnuna  KpatHocTth | DHeprus
CBA3U CBsI3H,
BajieHTHbIX MO CBs3H, kJIx/MoIb
A
CN (rn 2p,)*(n 2p,)°(c = 1.18 2112 785.8
2px)1
CO (n 2p,)*(m 2p,)*(c 1.13 3 1070.1
2Px)2
NO (m 2p,)°(n 2p)°(c = 1.15 21/2 677.2

2py)°(m *2p)

3.1.4. AHaJu3 3acejieHHOCTel opOuTaJieil mo MajuinKeHy.
IHonsiTue 0 3apsiiax U NOPSIAKAX CBSI3E.

Cy1ecTByeT BO3MOKHOCTh KOJIMYECTBEHHO OLICHUTH KJaJbl paznudabix AO B MO.
Kak yxe otmeuanocs, ucnonb3ys pazinoxenue MO no nuHeiHsIM koMOuHausM AO
@ i= 2 Ciyy u(2.12), y10OHO BBECTH MaTpPHILy INIOTHOCTH (MATPHUILy 3apsiJOB-MOPSIIKOB
cBs3eit) P ¢ snementamu Py, = X j ¢j, ¢jy (CymmupoBaHue Beziercs 1o 3auaTeiM MO).
DHeprusi MOJIEKYJIbI C 3aKPBITBIMA 000JI0YKAMH 3aITUCHIBACTCS C IIOMOIIBIO ATOU
MaTpHULbl BECbMa KOMITAKTHO:

LR W RS 3RO o))

(3.5)

A .'.7}? - % {I.f:'-'x']

Marpuia mI0OTHOCTH OMUCHIBAET PaCTIPEICIIEHIE AIEKTPOHHON TNIOTHOCTH 110
MOJIEKYJIE CJIETYIONTUM 00pa3oM (3aKpPBIThIE 000JI0YKH):



pir) =2> > > ey ey x, Ox, 1) =22 > Py, 0, @)
ip v TR (3_6)

[Tepernuiem mocneaHee BeIpaXEHUE TaKUM 00pa3oM, 4TOOBI BBIIETUTH BKIaAsl AO
atomMoB [ 1 J,

p@) =23 S S SP @ T, (0, )
T T = &

, ael,Bpel(3.7)

Y IPOMHTETPUPYM JIEBYIO U TipaByto 4yactu (3.7). YuutsiBas, utro AO HOpMUPOBAHBI,
UMEEM:

I = EZZZ;PEE LIS, 4, = EZZPW (I1+ 2212221% T.TS,, D

(3.8)

(unrerpan nepekpbiBanus Sqp(LJ)=1, ecin o= , I=J). Takum ob6pazom, nonHoe
YKCIIO 3JIEKTPOHOB MoJieKyabl N B mpubamxenun MO JIKAO oxasbiBaercs
(dbopMalibHO pactpe/IeCHHBIM [0 aTOMaM M CBA3IM Mexay HuMH. Bennunna P (1)
€CTh DJIEKTPOHHAS 3aCEJICHHOCTh OpOUTAIM O , IEGHTPUPOBAHHOM Ha atoMme I, a
2P4p(1,3)Sep(1,J) —a1exTpoHHAs 3aCENEeHHOCTD EPEKPBIBAaHMS OpOouTaneil o u 3,
LEHTPUPOBAHHbIX Ha aTomax [ u J.

MasnkeH npeayiokus OLEHUBATh dJIEKTPOHHBIE 3aCETIEHHOCTH aTOMOB, €T
3aCeJIEHHOCTH NIEPEKPBIBAHUS OpOUTAIEN MEXKAY paccMaTpUBacMOM Mapoil aTOMOB
MIOPOBHY.

Toraa mogHOE YKCIIO ANEKTPOHOB, MPUITUCHIBEMOE aToMy |, paBHO

Q=22 P @+> >P A0S, 1D
= = 7 ,1<J, o < B (3.9)

[Tonuerii 3apsa Ha aToMe q; (3)PEeKTUBHBIN 3apsi) BEIYUCISIETCS KaK pa3HOCTb

q= 2, - Qi, (3.10)
rae Z, — 3apsan aapa aroma l.

SIcHO, 4TO ONMMCAHHBIN METO/ aHaIM3a JIEKTPOHHBIX 3acelIeHHOCTEN opouTanieil jaer
JUIIb NPUOIMKEHHYIO OIIEHKY paclpeesieHus 3aps/ia Mo MOJIEKyJIe: Mody4aeMble
BEJIMUYMHBI 3aBUCST OT UCIIOJIb3YEMBIX TIPU pacyeTe MeTo1a U 0asuca, a IeieHne
AJIEKTPOHOB MEXIYy aTOMaMH 0e3 ydeTa Ux mpupoabl HempaBoModHo. Kpome Toro, B
OpPTOTOHAIBHOM 0a3Hce BCE IEKTPOHBI OKA3bIBAIOTCS (POPMATIBLHO pacipeieICHHBIMU
TOJIBKO MEXKIy aToMaMu. TeMm He MeHee, aHaJu3 3aCeJICHHOCTE opOuTaiel mo
MainkeHy NpoOBOJUTCS IIPU BbIJIAY€E PE3yJIbTATOB pacyeTa 10 BCEM COBPEMEHHBIM
KBaHTOBOXMMHUYECKUM ITPOrpaMMam.



Bemmunnsl 2Pg , cnenys Koyicony, Ha3pIBalOT OpOMTANbHBIMY 3apsaaamu, a 2Pgg -

HOPAJKAMM CBA3EH: OTCIO/Ia M IPOMCXOANT Ha3BaHue MaTtpuusl P. 3nak 2P g
ornpezensieT KOHCTPYKTUBHAS WK JECTPYKTUBHAS UHTEPPEPEHIIUS UMEET MECTO NPU
B3auMoJericTBUM JaHHOU napbl AQO. [ToaHBII NOPAIOK CBSA3U MEXKAY aTOMAMH
HaxOJT KaK CyMMY BKJIaJIOB OT HEpEKphIBaHUsA cOOTBEeTCTBYroImMX AO.

Hcnone3ys matpuily 3apsiioB-TIOPSIKOB CBSI3€H, JIETKO BBIYUCIUTD TUITOJIbHBIN
MOMEHT MOJIEKYJIbI:

b= [ Z, Aell ~R,) ~ P (01AV = X Z, R, ~2> > Py, [rx, @), ()Y
o (3.11)

JIunobHBIN MOMEHT HEUTpaJIbHOW MOJIEKYJIBI HE 3aBUCUT OT BBIOOpA Havalia OTCcUeTa.

JlunosibHbIE MOMEHTBI MOJIEKYJT OTIPEEIISIIOTCS M3MEPEHNEM KOMITJIEKCHOMN
JTMRIIEKTPUUECKON MPOHUIIAEMOCTH KaK (PYHKIIMU YacTOTHI U Temreparypsl, u3 MK
CHEKTPOB U C MOMOILBIO IPYyTrux MeTo0B. CpaBHUBAs PE3yJbTAThl pacuera u
W3MEPEHU, MOKHO OLICHUTh HaJIeKHOCTh MPOBEACHHOTO UCCIEIOBAHMS.

3.2. [IpocTpaHCcTBEHHOE pacipe/eieHne 3IeKTPOHHOM MJI0THOCTH

Amnanu3z snexkTpoHHo# ioTHocTH (D11) maeT mpsaMon METo UCCIeT0BAHUS
XUMU4ecKoi cBs3u. OIHAKO, paccMaTpuBasi HerocpeacTBeHHo QyHkiwmio p (1) (3.1),
TPYJIHO Pa3JIMYUTh ACTAIU 3JIEKTPOHHOTO paclpeesieHns Ha (JOHE TOMUHUPYIOIIETO
BKu1asia atoMHbIx OIT (puc.3.7,a). [ToaToMy 11 aHaIM3a UCIOJIB3YIOT HEKOTOPBIE
BCIIOMOTATEIbHBIE (PYHKITMH, KOTOPBIE MBI H PACCMOTPHUM.

3.2.1. le¢popMmaninoHHAS 3JIEKTPOHHAS MJIOTHOCTH

PaccMoTpuM KOHLIENIIUIO TaK Ha3bIBaeMOM ehOpMalinOHHON 3JIEKTPOHHOM
IUIOTHOCTH. OTa (PyHKIHUA & p NIOMOTaeT B KOHIIECHTPUPOBAHHOM BUJIE NIPEACTABUTD,
KaK U3MEHWJIOCH IEKTPOHHOE paclpeieieHne Ipyu o0pa30BaHUH MOJIEKYJIbI U3
aTOMOB:

8 p (N=P wox() - 2 P arom (1), (3.12)

2 P arow 9ACTO HA3BIBAIOT IPOMOJICKYIIOH P ppoy (ATOMBL B 2. P 470y PACTIOTIOKEHBI TAM
e, TJE U siipa B peasibHOM MoiekyJie). Eciau nmpomosiekyia ecTb COBOKYITHOCTb
aTOMOB c0 cepruecku ycpeaHeHHbIMU D11, To & p Ha3bpIBaeTCS CTaHIAPTHOU
nehOopMaIIMOHHOMN 3JIEKTPOHHOM MIIOTHOCTHIO (pHC. 3.7,0). XOTS MOJICKYJIBI U
KpHUCTaJIbI 00pa3yroTCsi UMEHHO U3 aTOMOB, €JMHCTBEHHOTO ONPEACIICHUS
MIPOMOJIEKYJIBI HE CyLIECTBYET. M0XHO BBIOpATh MPOMOJIEKYJTY B BUJIE COBOKYITHOCTHU
aTOMOB B T€X WJIN UHBIX BAJICHTHBIX COCTOSIHUAX, HAIIPUMEDP, HAIIPABUTH 3aHATHIE



OJIHAM 3JICKTPOHOM G -OpOMTAI aTOMOB BJIOJIb MEXKbSJICPHBIX BEKTOpOB, a D11 Ha T -
, 0 - U T. . OpOUTANSX YCPETHUTD.

Cnedyem umemu 6 8udy, 4mo, He3a8UCUMO ON ONPeOeleHUs], NPOMOJIEK)YLY Helb3s.
onucams 0emepMUHAHMOM U3 AMOMHbIX OJIHOGLIX (PYHKYULL, OJisl Hee MAaKH#Cce
Hecnpaseoaugsl meopemvl supuana u I enomana-Peinmana (cm. Hudxce), a maxaice
npunyun Ilayau u m. 0.

YroOb! Jiydllie MOHATH, Kakas nHbopMaius coaepx utcs B nedpopmanmonnoit J11 B
KaXJIOM cllydae, npoananusupyem Ol oTnenbHbix aToMOB. B mpomornekysne atom
JOJKEH B MIPUHIIUIIE HAXOAUTHCS B HU3IIEM YHEPTeTHUYECKOM (OCHOBHOM) COCTOSIHUU.
[Tpu 5TOM HY’XKHO UMETH BBUJY, YTO BOJHOBAs (PYHKIIHUSA CBOOOAHOIO aTOMa MOXKET
OBITH TPOCTPAHCTBEHHO HEBBIPOKAeHHOM (aTombl H, Li, N u 1p.) unu n-kpaTHo
MPOCTPAHCTBEHHO BBIPOXKICHHOM, €CITU TpeHeOpeydb CIIMH-0pOUTATBLHBIM
B3auMmojericteueM (atomsl B, C, O, F, rae n=3 u np.). Korna Beipoxienue
cyiiectByeT, I aToMa B OCHOBHOM COCTOSTHUM TEPSAET CPEePUUECKYI0O CUMMETPHIO.
Hampumep, COOTBETCTBYIOIIME aTOMBI BTOPOTO psija Tabnuisl MeHeneeBa MMEIOT B
ATOM CJIy4ae YaCTUYHO 3aMOJIHEHHYIO 3JIEKTPOHAMH P-TI0J000JI0UKY U B UTOT€ OHH
npuOOpETAIOT KBAIPYNOoiabHYI0 Aedopmanuto D11, OnHako 3KCHEpUMEHTaIbHO
OTIPEICINTh, KAKKNE UMEHHO P- OpOUTAIN B 3TUX aTOMaX 3aHATHI JIEKTPOHAMH,
HEBO3MOYXHO, IO3TOMY COCTOSIHUSI aTOMOB C IPOCTPAHCTBEHHBIM BbIPOKICHUEM
CJIEIyET ONUCHIBATh KAK CMECh UYHCTBIX OCHOBHBIX COCTOSIHUN C OJJMHAKOBOM
SHEpPTHUei, HO C Pa3IMYHBIM Pa3MEIICHUEM JIEKTPOHOB Ha BHIPOKIACHHBIX OPOUTAIIAX.
OII Takux aTOMOB cliey€eT paccMaTpUBaTh Kak craTuctTuueckoe cpeanee 11 aucToix
COCTOSIHHIA, IPUYEM 3aCEIIEHHOCTH OPOUTAJICH B “yCpeTHEHHOM aTOME 3aBUCST OT
TEMIIEpaTypPbl K MOTYT OBITh HEIIEJIOUYNCICHHBIMH.

[To Mepe cOnMkeHUst aTOMOB JIPYT € APYTOM HMX 3JIEKTPOHHAs CTPYKTypa
nepecTpanBaeTcs. Yke Ha O4eHb OOJIBIINX PACCTOSHUAX JajIbHOJEHCTRYIOLIEE
BJIUSIHUE KaXKJIOTO U3 COCETHUX aTOMOB IIPUBOJUT K CHATHIO BBIPOXKICHUS U aTOM
OpUEHTHpPYETCA B M0JIe coceied TakuM 00pa3oM, YTO MapluaibHbIe
AIIEKTPOCTATUYECKHE CUJIbI, IEUCTBYIOIINE HA €T0 SJIPO, OKA3bIBAIOTCS
HaNpaBJIEHHBIMU B CTOPOHY aTOMOB, co3jatonux mnoue. K takomy ke addekry
IPUBOJAT 3JIEKTPOCTATUYECKOE B3aUMOJACHCTBUE “)KECTKUX~ aTOMOB, a TAKXKE
NOJISIPU3AIMOHHOE U AUCIIEPCHOHHOE B3aUMOECHCTBUS, KOTOPbIE MOKHO PacCUUTaTh
no Teopuu Bo3myieHui. Ilocnennue aBa 3¢hexra BBI3BIBAIOT TaKKE THOPUAU3ALUIO
opOuTaneil 1 MpPOMOTHPOBAHKUE aTOMa B HEKOTOPOE BajieHTHOe cocTosiHue. [locne
TOT'0, KaK aTOMBI COJIM3ATCA HA PacCTOSIHUE MeHee 7A, HAUMHAIOT MPOSIBIATHCSA
KBaHTOBOMeXaHn4eckre 3 (HeKThl: UHTepdhEepeHIUs BOTHOBBIX (PYHKIIUH,
nenokanuzanus 11 u oOMen. Takum 00pa3oM aToM “TOTOBUTCS K 00pa30BaHUIO
XAMHUYECKOU CBSI3H.

[Tpomornekyna u3 cepuuecknx aTOMOB U COOTBETCTBYIOIIASI €M CTaHIapTHAS
nedopmarrontas I11 npumensitorcss Haubosee yacto. [IpuunHa 3TOro coCTOUT B
TOM, YTO MPU ITOM CHUMAETCS BOIPOC BHIOOpA TOM WIIM MHOW OpUEHTALINU
Hec(epUUYECKUX aTOMOB, HETPUBUAIBHBIN B CIIOKHBIX T€TEPOJIECMUUECKUX CHCTEMAX.
BaxxHO Takxke, 4TO KJIacCCHYECKast dJIEKTPOCTaTUYECKask SHEPTUS B3aUMOIECHCTBHS



chepuueckux atoMoB (kpoMe atoMoB H) oTpuratenpHa; Takum 00pa3om, CHIIHI,
JEUCTBYIOLIUE HA siipa B IPOMOJIEKYJIE, CBA3BIBAIOLIUE U MPOMOJIEKYJIa BCEria
cTabuiIbHA OTHOCUTEIILHO aTOMOB, YJAJICHHBIX Ha OecKoHEeYHOCTh. CTaHmapTHas
nedopmariontas D11 naet monHoe (BHYTPU- M MEKaTOMHOE) TIepepacipeieiCHue
2JIeKTPOHOB. B TO ke Bpemsi, cTpos Aedopmanmonnsie I11 ¢ mpomonekynoi us3
aTOMOB B Pa3JIMYHBIX BAJICHTHBIX COCTOSHUSIX, MOKHO BBISIBUTD JICTAIH
B3aMMOJICHCTBHSI MIOJTOTOBJICHHBIX aTOMOB.

Uto0b1 yHU(DUIIMPOBATH METOIUKY MOCTPOEHUS Takux aegopmannoHHbIx DIl u
pacIpoCTPaHUTh €€ Ha CIy4Yal aTOMOB B BBICIIMX W HECTAHIAPTHBIX BAJICHTHBIX
COCTOSIHUAX, OBLIO TIPEATIOKEHO PACCUNTHIBATH IPOMOJIEKYITY M3 HeCHEPUIECKUX
aToMHbIX DI, aganTUpOBaHHBIX K CHMMETPUM OKPYKEHHUsI. Pa3HOCTh MEX 1y MOJHOM
OIT u OI1 npoMoneKybl, pACCYHUTAHHOM IO MOJYYEHHBIM ITapaMeTpaM, Ha3bIBaeTCs
XUMHIeCcKon edopmarmorHoi D1, DTta GyHKIHS XapaKTEPU3yeT MEKaTOMHBIC
B3aMMOJICHCTBUS U JIMILIb B MUHUMAJIbHOW CTEIIEHU 3aBUCUT OT BHYTPUATOMHBIX
B3aNMOJCHCTBUMU.

KapTel crangapTHbIX 1 XuMudeckux AepopmannoHHbix 11 1y1s opaArHApHBIX,
JIBOMHBIX U TPOWHBIX KOBAJIEHTHBIX, a TAKXKE POJIAPHBIX (MOHHBIX) CBSI3E B
MOJIEKYJIaX, COCTOSIIIUX U3 JIETKUX aTOMOB MpuBeieHbl Ha puc. 3.8 —3.11. Onu
BBIYHCIICHBI C UCTIOJIB30BAHUEM PACIIMPEHHBIX 0a3MCHBIX HA0OPOB, BKIIFOUAIOIINX
MOJISIPU3aMOHHbBIC (DYHKITUH, 1 UMEIOT TOrpentHocTh He Bhime 0.05 3A3. MoxHo
BUJICTh, YTO U3-3a NIEPECTPONKH IIEKTPOHHBIX 000JI0UEK P 00pa30BaHUU
XUMHUYECKOM CBSI3U “TOATOTOBJICHHBIX aToMOB B 1 C B0JIb OCH MEXbBSIAEPHOTO
BekTopa DIl oka3piBaeTcs BhIIIE, UeM B C(pepruyecKu yCpeTHEHHOM aToMe, a B
HaIpaBJICHUH, IEPIEHANKYISIPHOM 3TON OCH, HUXKE. Y MOATOTOBIEHHBIX aTOMOB O 1
F nabmogaercs obpaTHast kaptuHa. B utore, BeTMYMHBI TOJIOKUTEIBHBIX
MaKCUMYMOB U OTPHULIATEILHBIX MUHUMYMOB B 00JIaCTSIX G - U T -CBsI3el Ha
CTaHJApPTHBIX KapTax aedopmarmonnoi DI oka3pIBarOTCS 3aBUCSIIIMMH OT
COOTHOIICHHS BeTUYUH YPPEKTOB MEPEKPHIBAHNS ATOMHBIX (CHEPUIECKUX)
AJIEKTPOHHBIX 00JIAKOB ¥ KBAHTOBOMEXaHUYECKUX P (HEKTOB UHTEpDEpEHITUU
BOJTHOBBIX (DYHKITUH, DJIEKTPOHHOU JeoKanu3anuu u oomena. [Ipu 6onee yem
HAIOJIOBUHY 3aIIOJIHEHHBIX 000JI0UKaX B3aUMOJICUCTBYIOIIUX aTOMOB OTTAJIKUBAHUE
ANIEKTPOHOB BeieacTBue 3 dekra [laynu npuBoaut k ymenbiuenuto JI1 B
MEXbAJIEPHOM MTPOCTPAHCTBE MO MEPE YBEIUUECHUS YUCIIA BAJICHTHBIX 3JIEKTPOHOB.
OaHOBPEMEHHO BCJIEACTBHE KOHCTPYKTUBHOM MHTEP(PEPEHIINU TPOUCXOAUT JHUIIIb
HeOOoJbIIas IO BEJIMYMHE KOHIIEHTPAIIUs 3JIEKTPOHOB B 3TOi o6nactu. [Toatomy
pesyabpTupytoiiee nepepacnpeaencaue 11 BA0Ib MEXbSIIEPHOTO BEKTOPA MOXKET
0Ka3aTbCsl MEHbIIIE, YeM cyMMa cepuueckux atomubix JI1. Tak, BenuunHa
MOJIOKUTENIbHON AepopManinoHHoM D11 Mexny siapamMu ymeHbiaeTcs B psiay No—
0,—F,, cTaHOBsICH B MTOCIIEIHEM CITy4ae Jake OTPULIATEILHOM, TPUYEM BCE ITU
MOJIEKYJIbI CTaOUIIbHBI.

Manast u naxxe oTpuLaTeNbHas IIIOTHOCTh O P HAOMI0JaIach HAa CTAHJAPTHBIX KapTax
nedopmarronnoi D11 Ha cBsa3sx N—N npou3BoaHbIX ruApa3uaa, Ha cBa3six O—O B
nepekucu Bogopoaa, C—F B terpadroprepedranomuautpmie, O— O, N—N, C—O,



C—N B TeTpaazoTeTpaoKcaTpuluKIoTeTpaaekane, cBszax M—M (M=Cr, Mn, Mo) B
OUsIIEpHBIX KOMILJIEKCAxX U JIp.

Baxxnoe Bnusiaue Ha xapaktep pacnpeaencaus J11 oka3pIBarOT TakKe y3IIbI
BOJTHOBBIX (yHKIHH. [To Mepe yBenndeHus uncia y3jioB y G -opOuTasieii TpedboBaHme
OPTOTOHABHOCTH MEPEKPHIBAIOIITUXCSI BOJTHOBBIX (DYHKIIUNA B COBOKYITHOCTH C
npuHiunoM [layny cHMKaeT BEIMUMHY G -TUIOTHOCTH 3JIEKTPOHOB. B TO ke Bpems
Bo3pacTtaeT poib DI, cBA3aHHOM C T -, O - U T. . OpOUTATISIMH, CO3IAFOIITUMU
CTAOMIM3UPYIOIIEE AICKTPUUECKOE MoJie Ha siapax. M3-3a 3TOro KoBajaeHTHAs CBSI3b C
yuactuem atromoB C, N, O, F 6osee nmpouna, uem ¢ yaactuem aromoB Si, P, S, C1. ITo
ATOM K€ MPUUYMHE B TOJIUSICPHBIX KOMILJIEKCAX TIEPEXOIHBIX METAJUIOB HanboJiee
Ooraras neransiMu KapTuH D11 mposBISIETCS B CTOPOHE OT JUHUHU CBSI3W METAJLI-
METaJll.

Mo3KHO 3aKJIFOYUTh aHAIu3 KapT aegopmarorHon D11 ciaeayronmmMy BEIBOIaAMH.
OneKkTpoHbl OOBIYHO KOHUEHTPUPYIOTCS TaM, TJI€ B MOJIEKYJIE UMEET MECTO
KoHCTpykTHBHAs uHTepPepennns AO. B paiioHe 3aHATHIX AIEKTPOHAMHU
paspeixisitonux MO u 6;1m3 y3n0Bbix noBepxaocteir MO JOI1 ymensiaetcs mo
CPaBHEHHUIO C CyNEpHo3uLend aToMoB. Ha Xxopomio JIokaIm30BaHHbIX
HecBs3biBatomx MO, Harmpumep, MO, onUCHIBAIOIIMX HEMOIEIEHHBIE JIIEKTPOHHBIE
napbl, ¥ B HEKOTOPBIX 00J1acTAX pa3phixiisitomux MO, MOTHOCTHIO 3aHATHIX
anekTpoHamu, DI Takke Bo3pacraet. [Ipu B3auMoneiicTBUM aTOMOB Pa3HOro cOpTa
OII cmemaercs k 0oJiee AMEKTPOOTPUILIATETLHOMY aTOMY, YTO OTBEYAET CIyUaro
MOJIIPHOM KOBAJIEHTHOM CBSI3U.

3.2.2. Tomosoru4yeckasi TeOpust

NHoM noaXox K aHaIM3y XUMUYECKOM CBSI3M TAET TONMOJIOTHUYECKAS] TEOPUS
MOJIEKYJIIPHOM U KPUCTAJUIMYECKOU CTPYKTYpHI, pazpadboranHas beiinepom. 1ot
MOJIXO], B OTJIMYKE OT KOHLenmu nedopmarmonnoit J11 u ee pasHOBUIHOCTEH,
MMEET CYLIECTBEHHOE NPEUMYILECTBO: I0Jy4aeMbI€ PE3YyJIbTAThI HE 3aBUCST OT
UCIIOJIb3YEMOW MOJIETN IPOMOJIEKYJIBI.

[TonoxeHus: TOMOIOrHYECKON TEOPHUH, CYIIECTBEHHBIE ISl pACCMaTPUBAEMBbIX
BOIIPOCOB, cienytouue. CTpyKTypa MHOTO3JIEKTPOHHOU CUCTEMBI NP SAEPHON
KoH(purypammuu R MoJHOCTHIO OnpeeNisieTcss HAOOPOM B COPTaMH KPUTHUECKUX TOUYEK
3l p (r,R), Touek r¢, rae rpaauent D11 V p (r,R) paBen Hymto. Bropsie
npousBoaHbIe D1, BEIYMCIEHHBIE B 3TUX TOYKAX, COCTABIIAIOT IEUCTBUTEIBHYIO
CUMMETPHUYHYIO MaTpHILy pa3MepoM 3x 3 (reccuan). [ 1aBHbIE KOMIIOHEHTHI
kpuBH3HBI D11 B TOUuKE I (COOCTBEHHBIEC 3HAUEHHUS TECCUaHAa A j) ONPEAETSIOT PaHT p
U MPHU3HAK (| KpUTHUECKO# Touku {P,(}; paHr €CTh YHCIIO HEHYJIEBBIX COOCTBEHHBIX
3HAYCHUM, TPU3HAK-aNTeOpandecKkas CyMmma uX 3HaKOB. BO3MOKHBI BCETO UETHIPE
HEBBIPOXKACHHBIC KpuTHdeckue Touku JII: (3, -3), (3, -1), (3, 1), (3, 3).

Kputnueckue Touku (3, -3) oTBeUaroT JoKaibHbIM Makcumymam Jl1, koTopsie
COBIANAIOT ¢ TOJOKEHISIMHE siep. HTerpanbhbie KpuBbie F(S)=ro+ |V p [r(t),R]dt
(TpaaMieHTHBIE TPACKTOPHH) COCTABIISIOT Ha0Op pemieHuii qudepeHImaiILHOro



ypasrerns dr(s)/ds=]V p [r(t),R] npu vagansroM ycmosuu r(0)= ro. Bee
TPAEKTOPHH, KOTOPbIE 3aKAHUMBAIOTCS HA HEKOTOPOM SI/IpE, ONPEEIISAIOT 00J1acCTh
MPOCTPAHCTBA XMMHUECKOU CUCTEMBI, KOTOPasi Ha3bIBAETCSl OACCEMHOM 3TOTO sifipa.
CoBokymnHoCTb s1pa u JI1 B penenax ero 6acceiiHa onpeaenseT aToM B XUMUYECKON
cucteme. [locneansist oka3zpIBaeTCs pa3AesieHHON Ha 0acCcelHbl, KaXIbli U3 KOTOPBIX
COJEPIKUT TOJIBKO OJIHO s1ipo. Kaxas mapa cMexxHbIX 0acCeHOB pa3ensieTcs
MEXaTOMHOW MOBEPXHOCTHIO S(I), MOTOK BEKTOpa V p uepe3 KOTOPYIO PaBEH HYJIIO:

V () - n(r) =0, ¥r< S(r). (3.13)

3nech N(r)-eAMHUYHBIN BEKTOP, HOPMAJIbHBIN K TIOBEPXHOCTH B Touke I. biaromaps
ycnoBuio (3.13), mobas MekaToMHasi TOBEPXHOCTh 00pa3yeTcsl TpaJiMeHTHBIMU
TPaeKTOPHUSMH, KOTOPbIC 3aKAaHYMBAIOTCS B KPUTUYECKOH TOUKe CBsi3H (3, -1),
Jexanieit Ha 3Tol ke nosepxHocT. Ee nonoxenue o6o3navaercs . CoOCTBEHHBIN
BEKTOP I'€CCHAHA, OTBEYAIOIINUN MOJIOKUTENBHON KPUBU3HE B TOUKE Iy, 3aa€T
VCXO/IHBIEC HAMPABJICHUS JBYX I'PAJUEHTHBIX TPAEKTOPH, KOTOPBIE 3aKAHYMBAIOTCS B
JIBYX coceaHuX saapax. OHU ONpeaeNstoT JUHUAIO CBS3H: BAOJIb 3TOM JIMHUU D]
MaKCHUMaJIbHA 10 OTHOIICHHIO K JIOOBIM MaJIbIM OOKOBBIM CMEIICHHSIM.
Cy1iecTBOBaHME JTUHUH CBS3U SIBISETCS HEOOXOIUMBIM U IOCTATOUHBIM YCIOBUEM
00pa30BaHMsI CBSI3U MEXKy aTOMaMHU.

CoOCTBEHHBIE BEKTOPHI, OTBEYAIOIINE ABYM IOJOKUTEIHHBIM COOCTBEHHBIM
3HAYCHUSM Fe€CCUaHa, BBIYMCICHHBIM B KpUTUYECKOU Touke (3,1), reHepupyroT
MMOBEPXHOCTh, HA KOTOpOU DII MUHMMaNbHA UIMEHHO B 3TOM TOUuKe. Takas cuTyanus
peanusyercs B IUKJIMUECKUX MOJIEKYJIax, To3ToMy Touka (3,1) Ha3biBaeTCs
UKIINIECKON KpUTHIeCcKor Toukoil. Touka (3,3) COOTBETCTBYET JTOKAITLHOMY
MuHUMyMY OI1: coOOCTBEHHBIE BEKTOPHI, OTBEHAIOIINE TPEM €0 TOJIOXKHUTEIHHBIM
COOCTBEHHBIM 3HAYEHUSM, TTOPOKIAIOT OECKOHEYHOE YHCIIO TPaTUEHTHBIX
TPaeKTOPHH, 3aKITFOUCHHBIX B 00JIACTH MPOCTPAHCTBA, OTPAHNICHHON HECKOJILKUMU
[UKJIAMH; 3TO UMEET MECTO B KJIETOYHBIX MOJIEKYJIaX.

[Tnockas muknudeckas mosekyia SyN; (puc. 3.12) sBnsieTcss IpUMEPOM CUCTEMBI, B
KOTOPOH peanu3yoTcs BCE TUIIBI KpUTHUECKUX TOUEK, KpoMe TOUKH (3,3).
KpuTtndeckue TOUKM CBSI3M JeKaT HAa TUHUAX S-N, KOTOpbIEe TAaKUM 00pazoM
ABJISIIOTCS CBA3aHHBIMU, OJTHAKO Ha JUHUAX S-S U N-N Takux Touek HeT. B neHtpe
nukita 11 MUHUMAaNbHA, 3/16Ch HAXOIUTCS KpUTHUECcKas Touka (3,1) u 3To
eIMHCTBEHHOE MECTO, TJIe CONTPHUKAacaroTCsi 0acCeHbI Maphbl aTOMOB S U Mapbl aTOMOB
N, xumudeckas CBsI3b MEXAy KOTOpbIMU OTCyTCTBYET. Ha puc. 3.12 xopoio BUaHO,
YTO y aTroMa ¢ OOJIbIIEH 3IEKTPOOTPUIATEIbHOCTHIO PACCTOSIHUE OT siApa J0
KpUTHUYeCKOM ToUkH (3, -1) BIOJIb MTUHUU CBA3M Oosbiie. TakuM 00pa3oM, pazmep
OacceifHa 1 AEKTPOOTPHULIATEIHHOCTh aTOMa KOPPETUPYIOT. Y CTAHOBIIEHO, YTO
3Hauenue DIl B kputnueckoi Touke (3, -1) koppenupyer ¢ JUIMHON JTMHUM CBsi3U L
(xoTOpas B o0LIEM Cily4yae HE COBIMAJIAET C IJTMHON MEXbAIEPHOTO BEKTOPA) U C
HOPAJIKOM CBsi3U 110 JIproucy n. OTH 3aBUCUMOCTH UMEIOT BU/L:

p(rp)=aL+b,



n=exp{A[p(r,)-B ]} (3.14)

(BenmmuuHbBI KO3PPUIMEHTOB a, 8, 4 U B 3aBUCAT OT 0a3uca, B KOTOPOM pacCcuuTaHa
OII 1 OT copTa CBSI3aHHBIX AaTOMOB) U JIJIsl CBSA3EH YIJIEpOA-yIIIepo/l IPUBEACHBI Ha
puc. 3.13 u 3.14.

OIl G - u T -opOuTaNeil MPOCTPAHCTBEHHO HE Pa3CIAIOTCS U KPUTHUECKHE
ToukH (3, -1) HabMIOJAI0TCS KaK HA IPOCTHIX, TaK U HA KPaTHBIX CBSA3SIX.
Omnako gopma pacripeaenerus J11 B monepeyHOM CEUCHUH JJI TUX CBSI3EH
pa3IM4YaeTcs; COOTBETCTBEHHO passinyaeTcs 37ech U KpuBu3Ha DIl B pa3HbIX
HanpaBieHusIX. 11 oneHku accuMMeTpuu pacnpenenenus D11 B aToi
TJIOCKOCTH, TIPOSIBIIAIONICHCS Ha KapTax O P B BUJE yJIMHEHUS U30BITOYHOTO
MMKa, B TOTIOJIOTMYECKON TEOPHUH UCTIONB3YETCS TapamMeTp JIUIITUIHOCTH:

£=M/ha— 1, | M[>| M. (3.15)

OII ObicTpee yMeHbIIAETCS B0 HAMpPaBlIeHUs HanOobiel KpuBu3HbL. Eciu
npeHeOpeysb B3aMMHBIM BIUSHUEM CBSI3€H M MEXXMOJEKYJISIPHBIM B3aUMOJICHCTBUEM,
TO MOKHO OXUJATh JJIs1 OpJIMHAPHBIX CBsI3er A 1=A » 1 € =0. Ecnu 1151 KpaTHBIX
CBSI3€H € OTVIMYHO OT HYJIsA, TO 3TOT MapaMeTp aeT OLICHKY T -XapaKTepa CBS3U.
Hanpumep, B Mmosnekyie SoN; € (S-N) =0,572 (pacuet B 6a3uce 6-21G*). Onnako
HaJIMYKE IBYX YKa3aHHBIX ()aKTOPOB NPUBOAUT K € >0 111 popMalibHO OpIMHAPHBIX
cBs3el, HarpuMep i cBsA3u C-O B MOJIEKYJIE O -IIABEJIEBOU KUCIOTHI, B KOTOPOI
cymecTBeHHBI 2 PeKkThI conpspkeHus, U cBsa3u C-C B KpUCTaIe dTaHa, T/Ie
MPOSBIISIETCS BO3ACHCTBUE Ommkaimux cocenet. Takum 00pa3oM, afeKkBaTHaS
UHTEpIIpeTalns IPUIUH HEHYJICBON JUTMIITUYHOCTH CBSI3U TpeOyeT yueTa MHOTHUX
00CTOSITEBCTB.

[{eHHy10 XMUMHUYECKYI0 HHPOPMAIIUIO COAEPKUT namtacuan 11 V 20 Ecmm DIl B
JTAaHHOM TOYKeE MpeBBIIaeT cpeanee 3HaueHue I B coceqHux Toukax, To V 20 <0; B
MPOTUBHOM ciydae V 20>(). Pasuuma MEK/]Ty JIOKQJIbHBIM 3HAYE€HUEM U CPEIHUM B
OnmmKalIIe OKpeCTHOCTH MakCUMalbHa B KpuTndeckux Toukax Jll. Takum oOpazom,
3NIeKTPOHBI KOHIICHTPHPYIOTCS B pernoHax, rae V 2 <0 u eKOHIEHTPUPYETCS TaM,
rae V % >0. Kak BugHO 13 puc. 3.12, r, oTpULIaTENbHBIE 3HAYEHUS V 2 IIPOSIBJISIIOTCS
B MEXbSIJICPHOM IPOCTPAHCTBE BJIOJIb JUHUU KOBAJIEHTHOM CBsA3U S-N, re
HAJIMYECTBYET Majas MoJoKuTeabHas KpuBuzHa D11 BIob 3TOM TUHUYN U OOIbIIast
OTpHUIlIaTeIbHAs KPUBU3HA B IPYTUX HANIPABJICHUSX, a TAKKE B 00JIACTH
HEIOJEIEHHBIX AJIEKTPOHHBIX Map aToMOB N.

Jlammacuan DI npsmo cBA3aH € JIOKaTbHBIMH BKJIAJIAMU B 3JIEKTPOHHYIO SHEPTHUIO
MOJICKYJIbI M KPUCTAJUIA TIOTHOCTEH KMHETHUECKOM g(I) ¥ OTeHIHaIbHOM V()
DHEPIUi:

(h%/4m)V 2p(r) = 2G(r) +V(1). (3.16)



[Tockonbky g>0, a v<<0, TO B 00J1aCTAX, TJI€ MPOUCXOTUT KOHIICHTPALIUS SJIEKTPOHOB,
IUIOTHOCTh MOTEHLUAIBLHOM SHEPTUH BBIIIIE.

BaxHol xapakTepUCTUKOM ABJISICTCS 3HaUeHUE Jlariacuana DI B KpUTUYECKOM TOUKe
cBs3u. OHO onpenensaeTcsi COOTHONIEHUEM MEXKTy OTPULIATEIIbHBIMU U
MOJIOKUTEIILHBIMU COOCTBEHHBIMHU 3HAUYEHUSMHU Fe€CCHUaHa A 1, A 2 Ml A 3, ¥, TAKUM
00pa3om, 3aBHCHUT OT XapaKTepa XUMHUUECKOM CBSI3U. ITa XapaKTEPHUCTUKA TTO3BOJISCT
€CTECTBEHHBIM 00pa30M pa3JelIuTh BCE aTOMHBIC B3aMMOJICHCTBUS Ha JIBa Kjlacca, B
3aBUCUMOCTH OT pacnpeaenenus I mexnay sapamu. Ecnu muist D11 31eck xapakTepHO
JIOMUHUPOBAHKME OTPULIATEILHON KPUBU3HBI, TO 3TO O3HauyaeT, yTo DI
KOHIICHTPHUPYETCS BOKPYT KPUTHUECKOM TOUKH (3-1) ¥ B3aMMOIEHCTBHE aTOMOB
MOYKHO OTHECTH K KOBAIEHTHOMY TuIly. [[oTeHIIMabHAsE SHEPTHsI JIEKTPOHOB B
00J1acTH, OKpY>KarOIIeH TOUKY Iy, IO MEHBIIICH Mepe, B IBa paza OyIeT MPEBOCXOANTh
KMHETUYECKYIO SHEpruto. Ecim ke nmonoxxurenbHas kpuBuzHa DI toMuHUpPYET B
TOYKe Iy, TO D11 OKa3pIBaETCA CMEIICHHOM K KOXKIOMY U3 B3aUMOJICHCTBYIOIITUX
aTOMOB U CKOHIICHTPUPOBAHHOM B aTOMHBIX OacceliHax. DTO OoTpakaeT ACHCTBUE
npuHuuna [laynu. Takne aTOMHBIE B3aUMOIEMCTBUSI CYUTAIOTCS B3aUMOACUCTBUSIMU
HMOHHOTO THUIa. B 001acTu, okpyskaroniei KpUTUIeCKyto TOUKY CBS3H, JOMUHUPYET
KHHETHYECKas SHEePrusl, a 00J1acTH, TJIe JOMUHUPYET MOTEHITHATbHAS SHEPT U,
OKa3bIBAIOTCS MIPOCTPAHCTBEHHO-pa3ieIeHHbIMU. KOHEUHO, MPUBEICHHOE pa3/IeJICHUE
HOCHT O4Y€Hb IpyObIil XapakTep, a Ha3BaHUS B3aUMOJICUCTBHUI HE OTPAXKAIOT
peaJbHOrO0 MHOr0oOpa3us ux nposiBjieHuil. Tem He MeHee, Kak BUJIHO 13 Tabi. 3.3 u
3.4, Tie MpUBEACHBI paCUETHBIC JaHHBIC, OTO Pa3/ICJICHNE OXBATHIBACT OOJIBITMHCTBO
Pa3HOBUIHOCTEW XUMUYECKUX CBSI3EH.

Tabnuma 3.3. XapakTepucTHKH AaTOMHBIX B3aMMOAEHCTBHIA B TEPMHHAX JIOKAIbHBIX
CBOMCTB 3JIEKTPOHHOH IVIOTHOCTH

Ta6numa 3.4. Tonosiornyeckue U YHePreTHYECKNe XapaAKTEPUCTHKH KOBAJIEHTHBIX CBsI3ei
B TEPMHHAX JIOKAJIbHBIX CBOMCTB 2JIEKTPOHHOI 1 YHEPreTHYECKOi MIOTHOCTH

BreaeM noHATHE MUIOTHOCTH JIOKAJIBHOW SJICKTPOHHOW SHEPTUU:
H.(r) = G(r) + V(r) (3.17)

3Hak H, 01HO3HAYHO MOKa3bIBAET, UYTO KNHETUYECKAsl WU OTCHIUAIbHAS SHEPTUs
JOMHUHHUPYET B TOW WM MHOW TOUKE MPOCTpaHcTBA. Eciu B MexbsiepHO obnactu
noMuHupyet V(I), TO 3T0 CBUIIETENIbCTBYET, YTO aKKYMYJISLIUS JIEKTPOHOB 3/1€Ch
ABIIsIeTCS cTabmIn3upyomei. B npotuBHoM cityuae pacnpeaenenue D1l B
MEXBSIACPHON 001acTH ecTaOMIN3UpPyET cUcTeMy. TakuM 00pa3oM, JoKanbHast
DHEPTHUS IEKTPOHOB H CIy>)KUT BaXKHOM XapaKTEPUCTUKON CBSI3bIBAHUS B
MHOTOJIEKTPOHHBIX CUCTEMAX.

DOMIUpUYECKuii MaTepua, coopannslil B Tab6m. 3.3 u 3.4, mo3Bonmi chopMyITUpOBAThH
MPU3HAKY HAJIMYKS KOBAJIEHTHOW XUMUYECKOM CBSI3U MEXKy Tapoit aToMoB. CBsi3b
o0pazyeTcsi, eciu:



1) MexIy aTOMaMH CyIIeCTByeT KpuTudeckas Touka (3, -1) (HeoOxoaumMoe ycioBue);

2) IUIOTHOCTB JIOKAJIBHOM 3JIEKTPOHHOM 3Hepruu H, B 3T0# TOUKe OTpHIIaTeIbHA
(mocTtatogHOE YCIIOBHE).

JlaTh aHaJIOTMYHBIE ONPEACIICHUS HOHHOM, BOJOPOIHOM U BaH-/Aep-BaaabCOBOM
CBA35IM, OTIENSAS UX JIPYT OT Apyra, He yaaercs. [ 3Tux cBsa3eil XxapakTepHbl
MOJIOKUTEJIbHBIE 3HAYEHUS TUIOTHOCTH JIOKAIbHOM 3JIEKTPOHHOM SHEPTUU B
KPUTUYECKOM TOYKE CBSI3U, IOITOMY B paMKaX TOMOJOTHYECKOTO aHAIN3a X
NPUXOJUTCS O0BbETUHATH MO OOIIMM Ha3BaHUEM B3aUMOACUCTBUN MOHHOTO
THUIIA.

3.3. DyleKTPOCTATHYECKUI U IHEPreTHYECKNH ACTIEKThI ONMCAHUS
XUMHYECKOH CBSI3H

["amMuIbTOHMAH MHOTO3JIEKTPOHHONW MHOTOSIZICPHOM CUCTEMBI B IPEHEOPEIKEHUN
PEAATUBUCTCKUMHE I(P(HEKTaMH COCTOUT M3 YJICHOB, OITMCHIBAIOIINX KHHETHYECKUE U
MMOTEHITNAJIbHBIC SHEPTHH YJICKTPOHOB | sifiep. CII0OKUIUCH B MOIX0/1a K OTTMCAHUIO
B3aMMOJICHCTBHI B TAKMX CUCTEMaX — 3JICKTPOCTATUYECKUNA WiIu critoBo# (binding) u
snepretudeckuii (bonding). Cuibl, ASHCTBYIOMIME B TAKHX CHCTEMaX, IO TINHSIIOTCS
3akoHy KynoHa, mpuaeM MeX3JIeKTPOHHBIE B3aUMOIACHCTBHS TPOUCXOIAT TAKHUM
00pazoM, 9ToOBI yIOBIETBOPsUICS NMpuHIMT [laynu. BausHue MarHUTHBIX CHII,
00yCJIOBIIEHHBIX HAJTMYUEM DJICKTPOHHOTO U SJEPHOTO CIIMHOB, HA TIOJTHYIO YHEPTHUIO
MPEHEOPESIKUMO MaJjlo, HEe TOBOPS YK€ O TPABUTAITMOHHBIX CHJIAX.

DICKTPOCTATHYSCKUHN TIOIXO UIET OOBSICHEHUE XUMUICCKOU CBS3H B TEPMHHAX CHJI,
JEHCTBYIONUX B MOJIEKyJIax. B aHepreTnyeckoM moixome st 3TOro aHaJIu3upPyIoT
U3MEHEHUS] KWHETHYECKOH U MOTeHIIUaIbHON dHepruii. 06a moaxo/a siBIsiFoTCsI
B3aMMOJIOTIOJTHSIOIUMHI U BO MHOTOM OIMPAIOTCS HA JBE CICAYIONIUX BaXKHBIX
TEOPEMBI.

Teopema supuana yCTaHABIMBAET COOTHOLICHUE MEXK/1y MOJTHOM SHEeprue
MHOTO3JIEKTPOHHOUN U €€ KHHETHYECKOH 1 MOTEeHIHAJIbHON KOMIIOHEHTaMHU. M0OKHO
10Ka3aTh, YTO IUIOTHOCTH KHHETHYeCKOU () M MOTeHIMaIbHOM V() SHEpTHii U
DIICKTPOHHAS IUIOTHOCTE P (I) B CUCTEME C MPOU3BOJILHOM SJCPHON KOH(DUTYpanueit
CBsI3aHBI COOTHOIIICHHUEM:

Hﬂ
w(r) - gxa 'F, + 2g(r) =Ev2p(r:| 19)

31ech MmoJiHast MII0THOCTh MmoTeHIanbHoU 3HepruH V(I)=Vyn(R)+ Vne(R, 1) +Vee(r),

R, —xoopaunara sinpa a, R=(X, y, z), F, — cuna (Bektop), neicTBYOIIAs Ha 3TO SIIPO.
DX, F, )

Bennunna » HA3bIBACM.CS BUPUATOM CUJL, TEACTBYIOIIUX HA SIpa CUCTEMBI.

Ecnu crctema HaXoUTCsl B PABHOBECHUH, CHJIBI, ICUCTBYIOIINE HA SIIPA, PAaBHBI HYJIIO.




[Ton noHsiTHEM “BUpAT”’ UMEIOT BBUAY CyMMa NPOU3BEICHUI BEKTOPOB CHJI Ha
BEKTOpPA HAPABIECHUH UX AeicTBUA. CaM BUpHAI — BEJIMYMHA CKAJSIpHAS U
U3MEPAETCS B €IMHNLIAX SHEPTUU.

HNuterpupyst ocraBuirecs: wieHsl B (3.18) mo BceMy MpOCTPaHCTBY, JIETKO MOJTYUYUTh
CJIEYIOIIee COOTHOIICHUE JISl CPEHUX 3HAYEHUN KOMIIOHEHT MOJIHON SHEPIUU:

V +2G =0 wm -V = 2G (3.19)

(ucnonb3oBana Teopema Octporpaackoro-I'aycca, corimacHo KOTOpoit 00 beMHBIN
urTerpan ot V % (r) o BceMy mpOCTPaHCTBY paBeH Hyitio). IloHast sHeprus
CUCTEMBI paBHa CyMME MOTEHLUAILHON 1 kKuHeTnueckoit sueprun E=G+V, orcrona
CJIElye€T COOTHOUICHHE:

E=-G.(3.20)

Cootnomenus (3.19) u (3.20) Beipaxaror cojepkaHue TEOPEMbI BUpHUaa,
XapaKTepU3yeT CUCTEMY B COCTOSIHUM paBHOBecHs. OHM CIIpaBeIMBbI KaK ISl
MOJIHOM CUCTEMBI, TaK U I YaCTeH, U3 KOTOPBIX OHA 00pa3yeTcs; sl MOJIEKYI U
aToMOB. IMEHHO MIOTOMY OHM MOJIE3HBI IPU aHATU3€ MPUPOABl XUMUUECKOU CBSI3H.

Paccmotpum ¢ 3THX no3uiuii o6pazoBaHue MoyIeKyJIbl. J{s 0eCKOHEUHO yalleHHBIX
aToMOB (cocTosiHue 1) u i cTabUIBbHOM MOJIEKYJIBI (COCTOSIHUE 2) BBIIOTHSIOTCS
COOTHOUICHHS:

Gi= -(12)V1, G,= -(1/2)V,. (3.21)

V3MeHeHne KOMIIOHEHT SHEPTUH MPU 00Pa30BaHUN MOJICKYJIBI (IIPH a0COTIOTHOM
HYJIE) paBHO:

AG=-(1/2) AV. (3.22)
CoOTBETCTBYIOIICE U3MEHEHUE TIOTHOM SHEPTUH
AE=AG+AV (3.23)

MOYHO CBSI3aTh, UCIIOJIb3YSI TEOPEMY BUPHANIA, C ©3MEHEHUEM KMHETUYECKOU 1
MOTEHIIMAJIbHOW SHEPTHI:

AE=AG+AV = -(112)AV+AV = (LI2)AV,
AE=AG+AV =AG-2A G =-AG. (3.24)

OTtcroa BUAHO, YTO U3MEHEHHUE TTOJTHOM SHEPTUU UMEET TOT e 3HAK, 4TO U
W3MEHEHHE MOTEHIIMaIbHOU sHeprun. [1ocKkombKy pu 00pa30BaHUN MOJIEKYJIBI
TIOJTHAS SHEPTHUS IOHMKAETCS, TO 3TO COTPOBOXKIAETCS MOHMKEHUEM TIOTSHIIUATBLHOM
sHeprur. OTHOBPEMEHHO KMHETHYECKAasi SHEPTHS MMOBBIIIACTCS, HO €€ YKBUBAJICHTHOE
M3MEHEHHE BABOC MeHbIIe 1Mo BeanuuHe (G > 0!). TakoB o0muii 0amaHc U3MEHCHUIH



SHEPTHH, COMPOBOKIAAIONINX 00pa3zoBaHre MojeKybl. Ha aTom dyHmaMeHnTe nomkeH
CTPOUTHCS JATBHEHIIAN JETAIbHBIA AHAJIN3.

Teopema ['enbmana-®eliHMaHa I71aCUT, YTO JJI TOUHOM U XapTpU-(HOKOBCKOM
BOJIHOBOM (DYHKIIMU CIIPaBEJIMBO COOTHOIICHUE

JdE « H

— =y — wd¥
aa I XS . (3.25)

rZie A - HEKOTOPBIN MapaMeTp, OT KOTOPOro 3aBUCHUT SHEPT .

[Tpumenue cootHomieHus (3.25) K U3yUEHHUIO CUJI, IEUCTBYIOMIUX B MOJIEKYJIE
(I'enbman, 1936, ®@eiinman, 1939) u3BecTHO 10/ HA3BaHUEM JIEKTPOCTATHYECKAS
TeopeMa. B xauecTBe mapameTpa UCIOJIb3YIOTCS sIICPHBIE KOOPAUHATHL: A =R,.
Kunerndeckas 3HEpTHst SJIEKTPOHOB W MEXXAJICKTPOHHOE B3aUMOICHCTBUE OT
KOOPAHWHAT SACp 3aBUCAT He SBHO. [loaToMy B 3TOM citydae (3.25) maet mis siapa a
MOJIEKYJIbI:

& -7 E-%
_ﬁ|3 ZZEZ.ER—3E

aF J* —
ez, oy e W TR (326)

rae piFy= ¥*¥ — onekTpoHHas MIOTHOCTS.

dF
HpOI/I?;BOI[HaSI BRE OIINCBIBACT CUITY, I[GﬁCTBYIOHIYIO Ha AApO0 B MOJICKYIJIC. Ee
KOMITIOHCHTA 110 OI[HOﬁ u3 oceu KOOpAWHAT paBHA

(x, —x) X —x
R 2l =
= =5 (3.27)

MOo’KHO 3aKJIFOUHTh, YTO CHITY, JCHCTBYIOIIYIO HA SJIPO d, MOKHO pacCMaTpUBaTh
KJIACCUYECKU KaK CYMMY 3JIEKTPOCTATUYECKOTO B3aUMOJICHCTBUS s]Ipa a C
AIIEKTPOHHOM TUIOTHOCTBIO P U € ApyruMu sapamu. [lostomy Tteopemy I 'enbmana-
®eitHmana, 3anucanuyo B hopme (3.26), Ha3bIBAIOT TAKKE 2IEKMPOCMAMUYECKOU

meopemou.

W3 cka3aHHOTO clielyeT MHTEPECHBIM U BaXKHBIN BbIBOJ. B Kilaccuueckon
AIIEKTPOCTATUKE NOKA3aHO, YTO CTAaTUYECKasi CUCTEMA DJIEKTPUUECKUX 3apsI0B HE
MOXeET ObITh B paBHOBecuH (TeopeMa UpHiioy). Tem He MeHee, eclii SHeprust
CTallMOHApHA U MOJIy4YeHa C OMOIIBIO BAPUAIIMOHHOTO NMPHUHIINIIA, TO €€ 3HAUeHUE
BBIYKCIIEHHOE KaK CpeJHee OT FaMIIbTOHUAHA (Kak TpeOyeT KBaHTOBAsi MEXaHUKA) U
TaKOBOE, BEIUUCIEHHOE MHTEIPUPOBAHUEM CHJI, IEUCTBYIOIIMX Ha A1pa, IO MEPE UX
cOMKeHns: 3 6ECKOHEYHOCTH B PABHOBECHOE TMOJIOKEHHUE (T.€. KIIACCUYECKH ),
HKBUBAJIEHTHBI. JTO 03HAYAET, YTO KBAHTOBOXUMHUYECKH “TIPABWIbHAS JIEKTPOHHAS



INIOTHOCTD, OTBCUAIOIIAsA MUHUMYMY OHCPI'HH, B IIPUHOUIIC, ITO3BOJIACT IMOJYYHUTDH
KOPPCKTHOC 3HAYCHUC DHEPIUH KIIACCUYCCKHN C ITIOMOIIBIO COOTHOIIICHUA

E-= Wm>—22u(pm +J‘| :FI;'L:I",_?L:' |)dﬁfd?'« (3 28)

(A o xapakTepu3yeT 3HaYCHHE, HUKE KOTOPOT'O CUCTEMa MEPECcTaeT ObITh CTAOMIILHOI).

B paBHOBECHBIX cHCTEMax CHIIbI, IEUCTBYIOIIKE HA Spa, PaBHbI HYJIIO U aHAIU3UPYS
COOTBETCTBYIOIIEE JIEKTPOHHOE PACIPEeICHUE, MOKHO BBISIBUTH HEKOTOPBIE YEPThI
xumuyeckoit cBsizu (bepnun, 1951). PaccMoTpuM npuMeHEeHUE CUIIOBOTO MOAX0/1a K
JIByXaTOMHBIM MoOJieKyJiaMm. BBenem Bennunny

& 4
f(= i cos0; + r cos0, , (3.29)

SABJISIIOLLYFOCS] IPOEKLMEN Ha MEKbBSIEPHYIO OCh MOJHOM KYJIOHOBCKOM CHJIBI,
JICUCTBYIOIIEN B TOUKE I HA sApaA C 3apaaamu Z;i CO CTOPOHBI EAMHUYHOTO
OTPHULIATETIHLHOTO 3apsiia. O - yroa Mexay HampaBJIeHUEM KyJIOHOBCKOM CHIIBI,
JeUCTBYIOMIEH Ha sApo | uinu 2 u MexbsaepHoi ochl0. C MOMOIIBIO 3TOW BEIUYUHBI
cuiy F(R), nelicTByroliyto Ha sifjpa, pa3felieHHbIE paccTossHueM R, MOXHO 3anucarthb
yepes Ol B Buze:

ZZ, 1
FR)= & - 27 f)pn)dV (3.30)

B paBrHoBecun R=R, u F(R¢)=0. Eciu npunstsh, 4to p (r)>0 (OTBJIEKIIKCH OT TOTO,
4TO 3Ta (YHKIHS OMUCKHIBACT paclipeiesieHne OTPULIATEILHOTO 3apsiia), TO 3HAK
BKJIa/1a B 3HaueHue cuiibl F(R) B ka0 Touke T onpeaeseTcs 3HaKOM MPOSKITUH
noiHo# cuitbl f(r) B 3T0# Touke. OTpHUIaTENbHBIN 3apsi B 00sacTsx, rae f(r)>0,
ymenbInaeT 3HadeHue F (“‘cBsa3piBaet” sifpa), a B oomactsx, rae f(r)<0, yBennunBaet
snauenue F. O6nactu, B kotopsix f(r)>0 u f(r)<0, Ha3pIBaIOTCS CBA3BIBAIOIINMU U
AHTUCBSA3BIBAIOIIMMU, COOTBETCTBEHHO.

B urore, npocTpaHCTBO MOJIEKYJIBI MOKHO Pa3/I€INTh Ha CBS3BIBAIOLIYIO 00JIaCTh, B
koTopoit DI co3naeT 3meKTpoCTaTUYECKUE CUITbI, IEHCTBYIOIIUE HA sApa MO
HaNpaBJIECHUIO IPYT K APYTY, U Ha aHTUCBA3BIBAIOLIYIO 00JIACTh, B KOTOPOM CHJIBL,
JIEHCTBYIOLIME HA SIApa, CTPEMSTCS UX Pa3ABUHYTh. [ paHUYHAs MOBEPXHOCTb,
pa3zensonas CBA3bIBAIONIYIO0 U aHTHCBSI3bIBAIOILYIO 001aCTH, ONpeAeTseTC s
yCIIOBUEM

Fyxa=Fxb (3.31)



J171st roMosiiepHOM IByXaTOMHOM MOJIEKYJIbI 3Ta OBEPXHOCTh UMEET BU/T
JBYXIUIOCKOCTHOTO runiepooiona. O0sacTu CBA3bIBAaHUS U AHTUCBSI3bIBAHUS Ha
MJIOCKOCTH JJIsl HEKOTOPBIX MOJIEKYJI IMOKa3aHbl Ha puc.3.15 u 3.16.

B3aumozeiicTBre apel aTOMOB CONPOBOKIAETCS MHAYLIMPOBAHUEM Ha KaXKIOM U3
HUX JIUIIOJIBHOTO MOMEHTA; JIEKTPOHHBIE INIOTHOCTA aTOMOB IIPU 3TOM HECKOJIBKO
CMENIAoTCs APYT K Apyry. OueBUIHO, UYTO JJIsl CTAOUIBHOCTH CUCTEMbI HEOOXO0IUMO,
yto6b! DI B cBsi3bIBaromieit oo6nactu npu R=R, co3naBana cuibl, koMneHcupymoume
OTTaJKUBaHUE siiep U AeiicTBre Ha siapa DIl B aHTUCBSI3BIBAIOIIMX 00JIACTSX.
Hccnenxyem sToT Bompoc. B GonblInHCTBE CilyyaeB, OKa3aHHbIX Ha puc. 3.8-3.11,
o0Opa3oBaHHe XMMHUYECKOH CBSI3U COMPOBOXKIaeTcs HakorieHueM D11 B mpocTpaHcTBe
MEX]Ty sIIpaMH, KOTOPOE U OTOKIECTBIISIETCS CO CBA3BIBAIOIIEH 00IACThIO:
AJIEKTPOHHBIH 3apsiji B 3TOM paiioHE CTPEMUTCS MPUOIU3UTH SApa APYT K APYTY.
DNEeKTPOHBI, HAXOSIINECS BHE MEXbSIIEPHON 001acT, HA0OOPOT CTPEMSITCS
YAQIUTH 1pa IpyT OT Apyra, IO3TOMY 3TH 00JIaCTH 4acTO ONPENEAIOT KaK
aHTUCBsI3bIBatOIME. Ha OCHOBaHMM 3THX apryMEHTOB PAHEE CUUTAIOCH, YTO
TpeboBanue O p >0 B CBA3BIBAIONIEH 00JIACTH SIBISAETCS HEOOXOIUMBIM (HO
HEJ0CTaTOYHbIM) JIsi 00pa30BaHUsI CTA0OMIbHOM cucTeMbl. OTHAKO UMEIOTCS
IPUMEPHI TAKUX PEaIbHO CYIIECTBYIOIINX CUCTEM, KaK MojeKya Fy, 11 KoTopbix
XapaKTEPHO HATMYKME MUHUMYMOB O P B MEXKBSJIEPHOM MTPOCTPAHCTBE. MOKHO
MIPUBECTH M 00paTHBIN puMep. By ctanaapTHOM KapThl O p JJIs1 HEYCTONYMBOM
MoJieKyJibl Be, Tonorpaduyecku aHajgoru4eH KapTam JUIsl CTAOUIIBHBIX JBYXaTOMHBIX
MOJIEKYJI, TakuX Kak 0, ninu N.

[ToMuMO 3TOT0, MOKHO CUUTATh TBEPAO YCTAHOBICHHBIM, UTO B HEKOTOPBIX
JIBYXbSJIEPHBIX MOJIEKyJax O p >0 HE TONBKO B MEXbSIEPHOM MPOCTPAHCTBE:
MaKCHUMYMBI O p KOHIICHTPUPYIOTCS, HapuUMep, 3a siapaMu. Jpyrumu cioBamu, npu
00pa3oBaHUU CHCTEMBI U3 ATOMOB 3JICKTPOHBI TIEPETEKAIOT U B HECBA3BIBAIONIYIO (C
TOYKH 3PEHUSI CUIIOBOTO 10x0/a) obnacth. Takoe nepepacupenenenne DI ans
JIBYyXaTOMHBIX MOJIEKYJI TOATBEPKAAETCS U SKCIIEPUMEHTAIbHBIMU JIaHHBIMU 110
nupakivy SIEKTPOHOB Ha MOJIEKyJIaX B ra30BOH (hase.

Taxum 00pa3oM, BOSHUKHOBEHHUE CTAOMIILHOM CHCTEMBI 00€CTIEUNBaeTCS BEChMa
TOHKUM OajaHCOM CHJI, IEHCTBYIOIIUX Ha Spa, U COOTBETCTBYIOIINM
nepepacnpeaencarueM D11, Ananu3z stux cui ¢ no3unuu nepepacnpeaeneaus Jll,
MPOUCXOASIEro Ipy 00pa3oBaHUK XMMHUYECKOH CBsI3M, BBIABUI cieaytoiee. Cuiy,
JENCTBYIOLIYIO Ha SIAPO B IBYXaTOMHOW MOJIEKYJIE, MOKHO 3anucath yepes Ol
IPOMOJIEKYJIBI P ppow ¥ €POpManonnyto JI1 & p B Buze

22z, 1 1
FR)= & - 27 f@pmon(NdV — 2" f©)dp(r)dV . (3.32)

ITockonbKy QYHKIHSA P ppoy 3HAKOIIOCTOSHHA (IIOJIOKUTENBHA C yYETOM paHee
MPUHATOTO 3HAKA JUISl P ) BO BCEM MPOCTPAHCTBE, a O P — 3HAKOIEPEMEHHAs
byHKLIMA, COBMAJEHUE 001acTel, B KOTOPHIX f U & p IMEIOT OJJMHAKOBbBIE 3HAKH,
JIOJKHO CTIOCOOCTBOBATH CTa0MIM3aluu cucTeMbl. [10 3TOl nmpuyurHe, B 4aCTHOCTH,



o0actu & p <0 B aHTHUCBSA3BIBAOINEH B CHIIOBOM CMBICIIE 00JIACTH 32 aTOMHBIMH
SpaMH Ha CaMOM JIeJie OTBEYAIOT CBI3bIBAHMIO. W, IeliCTBUTEIILHO, HAa KapTax O p
MHOTHX MOJIEKYJI HIMEIOTCS MUHHUMYMBI 3a sI[paMH Ha TIPOAODKEHUAX TUHUH CBSI3U
(cMm., Hampumep, puc. 3. 9 - 3.11).

IIpoanamu3upyem pasnuuue B MPUPOAE CBSA3bIBAHUS B MoJieKyiax N, u Fy. B iepBon
u3 HUX (puc. 3.8) Ha KapTe CTaHAAPTHOM O p HAOMIOAACTCS CYIIECTBEHHAS
KOHIeHTparus u30brTouHor D11 BOIM3M MeXbsIepHON OCH U Ha €€ IPOJOKEHUH 32
anpamu. Bo BTopoit mosexyse (puc. 3.8) UMEI0TCI MUHUMYMBI O p MEXKIY U 0331
afiep. DTO MPUBOAUT K PA3JIMYUSM B MOABIHTEIPATBHBIX BHIPAXKEHUSX B MOCJIEIHEM
yjieHe B BbIpaxkeHuu (3.27), koTopele wumocTpupyet puc. 3.17. B N, ocHOBHO# BKI1a
B [IOJIOXKHTEIbHOE 3HaueHue nuTerpana | f(r)d p (r)dV, oTBedaroee CBI3bIBAHHIO,
BHOCHUT CBsI3bIBarolas 001acth Mexay siapamu, rae f(r)>0 u & p (r)>0. Haobopor, B
MoJiekyJie F, OCHOBHOE 3HaYeHHUE 3TOr0 MHTErpasa OnpeaenseTcs 00IacTIMU 10331
Aqep ¥ 00JIaCTAMH, TOPOUJAIBHO OXBATHIBAIOIIUMHU JTUHUIO CBSI3U BOJIM3U SiAEp, T1Ie
f(r) <0 u & p (r)<0. B o6eux Moiekynax BakHOE 3HaUYCHHE UMEIOT nedopmaru D11
BOJIM3U aTOMHBIX SIAEP, TJI€ UX XapaKTep COBEPIIECHHO pa3iandeH. OTcroa ICHO, YTO
NP aHAJIM3€ XUMUYECKOH CBS3M HYKHO PACCMATPHUBATh HE TOJIBKO MEXbSIIEPHOE
POCTPAHCTBO, HO U pacmpeaenenue D11 Bo Bcex 001acTsIX UCCIeayeMO CUCTEMBI.

Henocrarkom ananusa, OCHOBaHHOTO Ha BbIpakeHuu (3.27), aBisercs
UCIIOJIb30BAHUE HE TIOAYMHSAIONMXCSA BAPHALMOHHOMY NIPUHIMIY QYHKLIUH P ppoy B O
p , TO3TOMY BBIUUCISIEMBIE C UX TTIOMOIIbI0 KOMIIOHEHTHI CHUJIbI MOTYT OKa3aThCs
¢duznyecku 6eccMBICICHHBIMU. B CBSI3U € 3TUM MHOT/IA 11€51€3000pa3HO PACCUUTHIBATD
bynkuuu (3.27) mist OTACTBHBIX MOJIEKYJISIPHBIX OpOUTAJIEH: 3TO TTO3BOISIET
COOTHECTH MX CO CBSI3bIBAIOIIMMHU, HECBSI3bIBAIOIIMMHU U aHTUCBsA3bIBatouumMu MO.
COOTBETCTBYIOIINE CUIIBI UMEIOT B 3TOM CIIy4ae SICHBIM CMBICI.

Jlpyroii cyiiecTBeHHBIH nedeKT CUIIOBOTO MOAX0/1a B TOM, YTO €CIIH SIBHO y4€CTh, YTO
OII cuctemsl p Be3Jie OTpULIATENbHA (a HE TOJI0KUTENIbHA, KaK 3TO MPEANoarajoch
BBIIIIE), TO CBSI3BIBAIOIINE U AaHTHCBSA3BIBAIOIINE 00JIACTU CIEAYyET TOMEHITh MECTAMH,
MOCKOJIbKY 3apsi/i IIEP OCTAETCS CTPOTO MOJIOKUTEIbHBIM.

VYkaxeMm, 4TO CHIIOBOM MOIXO0]T HEMPUTOJEH VIl pACCMOTPEHUS METaCTa0MIIbHBIX
COCTOSIHUM, SJHEPTUs KOTOPBIX BBILIE SJHEPIUU OTACIIBHBIX ATOMOB: BEJlb 3HAYCHUE
CHJIBI, IGMCTBYIOIIEH Ha PO, U B TOM CIIydae MOKET ObITh paBHBIM HyI 0. Ha
BEpILMHE SHEPTETUYECKOTO Oapbepa XUMUYECKON pEaKIMU, Pa3AESIOIEr0 HCXOIHbIE
Y KOHEUYHBIE ITPOAYKTBI, CUJIA TAKXKE paBHA HYIIIO.

KoHuenuus cuaoBoro cBs3bIBaHUS HE MOXKET UCUEPIBIBAIOIINM 00pa3oM OOBSICHUTH
BO3HUKHOBEHUE WJIN OTCYTCTBUE XMMUYECKOW CBSI3H, MMOCKOJIBKY OHA HE MO3BOJISET
c/eNaTh KaKue-JI1u00 BBIBOIbI OTHOCUTEILHO N3MEHEHUS KHHETHUYECKOW SHEPTUH TIPU
oOpazoBanuu cBs3u. [lepepacnpenenenue 11, ogHaKo, MPOUCXOAUT TAKUM 00Pa30M,
4YTO MUHUMM3HUPYETCS MoJIHAs S3Heprus. YToObl onucaTh 3TOT MPOLECC, HE0OX0UMO
IPUBJIEUEHNUE NHOTO, JHEPIreTHYECKOr0, IT0IX0/1a K AaHAJIN3Y PUPOIAbl XUMUYECKOU
CBSA3U.




[IepBbIil 0OCTOATENBHBIN 3HEPreTUUECKUI aHAIN3, KaCAIOUIUIICS IPUPOIbI
KOBAJICHTHOM CBsI3U, pUHAANEKUT Progendepry, paccmaTtpuBasiiemMy Mosiekyiny Hy u
1oH H,". Ero BBIBOZIBI KPaTKO MOTYT OBITH CyMMHPOBAHBI CIIEIYIOIIUM 00Pa3oM.
KonctpyktuBHas untepdepeHinss aTOMHBIX BOJHOBBIX (DYHKLIUN IPU YMEHbIIEHUH
PACCTOSIHUS MEXy aTOMAaMH MPUBOAUT K YMEHbBIICHUIO KHHETUYECKON SHEPTUU
AJIEKTPOHOB OTHOCHUTEILHO OT/IEIbHBIX aTOMOB BCJIE/ICTBUE YMEHBIICHUS IPaUeHTa
COOTBETCTBYIOIUX OpOHUTaNeii. DIEKTPOHHBIN 3aps/] IPU 3TOM CMEIAETCS U3
obnactelt 61u3 anep, rie NOTeHIKaI HU30K, B MEeXbSIACPHOE MPOCTPAHCTBO (CM. pHC.
3.7), yBenuuuBas NOTEHIUAIBbHYIO SHEPrut0 cucteMbl. OqHoBpemenHo JI1 B
HEMOCPEACTBEHHOM OJIM30CTH OT SiZiep BO3PACTAET, B PE3yJIbTAaTe Yero KHHETHUeCKast
HHEPTHUsl COOTBETCTBYIOIIUX AJIEKTPOHOB YBEIMUMBACTCS, a MOTEHIIMAIbHAS -
yMmeHbliaeTcsi. CymmapHasi S3HEpIrHsi CUCTEMbl OKa3bIBACTCS HIKE, YEM Y
COBOKYITHOCTH MCXOJIHBIX aTOMOB, MPUYEM OOIIHI BHIUTPHIII B SHEPTUU 00YCIIOBJICH
MOHIKCHUEM KUHETUYECKOM SHEPTHH BCIICICTBUE XMMUYECKOTO B3aUMO/ICHCTBUS.

[Tocnenuuit BEIBO/, OHAKO, HE COTTIACYETCA ¢ TpeOOBaHUEM TEOPEMbI BUpHAIA,
COTJIaCHO KOTOPOM IpH 00pa30BaHUM CTAOUIBLHOM CHCTEMBI U3 aTOMOB U3MEHEHHE
KMHETUYECKOU SHEPTUU B CPEIHEM IOJIOKUTEIBLHO, @ TOTEHIIUAIBLHOM -
OTpHULIATEIBHHO.

Pacnpenenenne mioTHOCTEN KHHETUYECKOW U TOTEHIHAIIBHOM SHEPTUH DJIEKTPOHOB B
oO1eM ciryyae umeeT 0oJiee CIoKHbIN XapakTep. M3ydas sToT Bonpoc, beitnep
0OHAPYXUII, UTO IJIOTHOCTh KHHETUYECKOW YHEPTHH TTPH OPTOTOHAILHOM
npeoOpa3zoBaHuy Oa3uca MOJIEKYJISIPHBIX opOuTanei ( mpu nepexoae K 0azucy
€CTECTBEHHBIX OpOUTANICH, B KOTOPOM MaTpHIla INIOTHOCTU JUAroHajibHa ) UMEET BH/I:

lg
T(r)=-4 2%p(r)+G(r). (3.33)

lz A ,ﬁ:‘-“

3necy G(r)= 27 1

1 1 ¥pir) Vp,ir)
()Y ()= 2[7- 7T (r, r)]y=p="5 1 p;(r)

pi(r)=Xi #1 (r) 1 (1), (3.34)

A i - UMCIIa 3aCEIICHHOCTH €CTECTBEHHBIX opOuTasieii. Bemmuunna g(r) ecth
KBa3HMKJIACCHUYECKAS MOJIOKUTEIbHASI INIOTHOCTh KHHETHYECKOW YHEPTUH,
¢durypupyromas B Teopeme Bupuana (3.18). Bropoii unen B (3.33) onuceiBaeT
KBaHTOBOMEXaHMUYECKUH BKJIAJ B IOJIHYIO INIOTHOCTh KHHETUYECKOH 3Heprud t(I): oH
UMEET Pa3HbIM 3HaK B Pa3HbBIX 00JIACTIX MpocTpaHcTBa. Kak MbI Teneps BUANM, B

Teopemy Bupuania (3.18) BxoasT oba 3Tu kuHeTHueckux wiena. Uurerpan ot (%
2/4m)V 2 (r) o BceMy IPOCTPAHCTBY PaBeH HYIIIO, TOITOMY CPEIHEE 3HAUCHIE
KHUHETUYECKOW dHeprun T paBHO CpeHEMY 3HAUYCHHUIO g, 0003HauaeMoMy Kak G.

I[J'I}I aHaJIn3a KOMIIOHCHT SHCPIrun CBA3H BBCIACM MAaPAJICIbHY IO
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COCTABJIAIOIINE CPEAHEH KHHETHIECKOM sHeprun. st ceprueckoro
(m30mupoBaHHOTO) aToma T | | = (1/2)TLud=(TL- Tl | )/T =1/3. JIns cBsI3aHHBIX
CHCTEM OTKJIOHCHHE MHJICKCa AedopMaluy G OT aTOMHOTO 3Ha4eHus 1/3 Moxer
CIIyKUATh MEPON U3MEHEHUN KOMIIOHEHT KUHETUYECKOU SHEPTUH, MPOU3OIIEIIIAX
npu 00pa3oBaHUU XUMUYECKOU CBSI3H.

T,= (3.35)

a:  af

Bl 8}»‘2#

(3.36)

Kak BUIHO U3 BeIpaxkenus (3.34), 11 0JHO3IEKTPOHHOI Monekysl Hy™,
KMHETUYECKAasi SHEPIHsl MOJHOCThIO onpezensercs rpaauentoM D11 V p . Ognako yxe
JUIS IBYXAJIEKTPOHHOM MOJIeKyJibl Hy pa3noskeHue mo eCTeCTBEHHBIM OpOUTAIISIM JaeT
b 98% nonuoit O u e€ kuHeTHYecKas YHEPTUs TOJIBKO MPUOIMKEHHO
onpenensiercs V p . U3-3a nakoruienus D11 mexnay siapamu B Mmosekyne H,
KOMIIOHEHTa V p , mapajijiesbHasi JIMHUU CBSI3U, Maa, BeanurHa g(I) B 3TOM pailoHe
YMEHBUIAETCS M0 MEpe NPOABUKEHUS OT JEP K LEHTPY CBsA3H (puc. 3.16);
COOTBETCTBEHHO YMEHBINACTCS U BKJIaJ B T mapaiiebHOTO JJUHUH CBSI3H TPaIUCHTA
OIl. IepnienaukynsipHas coctapisitomas rpaauenta Il 31ecs HaMHOro OoJIBLIE
napajujienbHON n3-3a cxkatus D11 no HampaBieHHIO K TMHUM CBSI3U. 3a siApaMu 00e
KOMITOHEHTHI V p AaroT 60mbiioi Bkian B g(I), Tak kak Ol 31ech yBenuunBaeTcst
MPUMEPHO OJIMHAKOBO MIPH MpUOMKeHnu K sapy. Usmenenue G(r) mo OTHOIIEHHUIO K
OTZIETTFHBIM aTOMaM MEXIY AJIpaMH OTpHUIATeNIbHO. Takoe MoBeIeHHe KOMIIOHEHT
IJIOTHOCTH KMHETUYECKOM SHEPTUU OTPAXKAeTCsl U Ha UX CPEHUX 3HAUYCHUsIX. B
pasroBecroil Moiekyie Hp T | (Re)<(1/2)TL (Re), Torma xak T| | (Re)<(1/2)Tl | (o)
u TL (Re)<(1/2)TL (o0 ). Unnexc nedopmarmu ¢ =0.4740, T.e. B Moniekyse H, oH
Oompire aromHoro 3HadeHus 1/3. [lpumedaTenbHO, 4TO HAMMEHBIIICE 3HAUCHUE T |
orBevaeT B Hy He paBHOBecHOMY paccrosiHuto (1.4 a.e.), a 3Hauenuto 2.0 a.e. Tem He
MEHEE, U IIPU PABHOBECHOM COCTOSIHUH T | =0.3043 a.e., T. €. MEHbIIIE ATOMHOT'O
3HaueHus 0.3333 a.e. Ognako npu R<2.0 a.e. HaunHaeT 3aMETHO BO3pPACTATh
BennunHa T_L . [Toatromy B cTabuibHOM Monekyne Hy kuneTnueckas sHeprust Oyner
yBEJIMYMBATHCS 3a c4eT yBenudeHue G , a B CHITy TEOpEMBbI BHpHaja 3TO TIOBJICUET
3a co00i yMEeHBIIIEHUE TOTEHIIMAILHOM sHeprun. Progenbepr ke paccmaTpuBal
TOJIBKO COCTABJISIOLLYI0 KHHETUYECKOW SHEPTUH, MapaIeNIbHYIO JTUHUU CBSI3H, U €r0
BBIBOJIbI, CJIEIOBATEIbHO, HEMOJIHBI.

Kak BriocieicTBuu 0ka3aioch, aHaIN3, OCHOBAHHBIN Ha IBYX CIIEIU(DUICCKUX
cucteMax - Monekynax Hp u Hy',-, BOOOIIE Hesb3s IIepeHecTn Ha Apyrue, 6osee
CIIO’KHBIE CHCTEMBI. B 3THX MOJIEKyJlax B OCHOBHOM COCTOSIHUU DJIEKTPOHBI 3aHUMAIOT
TOJILKO CBsi3bIBaroriie MO, He UMEIOIIUE Y3TI0B, B HUX HET T -CBsI3€H, HETIOIeTICHHBIX
nap u 1.1. [loaToMy paccMOTpuUM HECKOIBKO O0siee O0IIMX CITy4aes.



B necTabunpHoit cucteme He, anekTpoHaMu 3aHATHI CBSI3BIBAIOIIAS U PA3PBIXJISIONIAS
MO u nepopmanmonnas D11 B mpocTpaHCTBE MEXKAY SAPaMU, OTpakasi ICHUCTBUE
npuniuna [laynu, oTpunarensHa. B aToit o6mactu kak g| | (r), rak u g1 (r), a 3HAUUT
uTl | uTL YBEJIMYEHBI 110 CPABHEHUIO C ATOMHBIMH 3HAYEHUSAMHU, IPUYEM T |
YBEJIMYHMBACTCS TIPU COMMKEHUN aTOMOB HECKOJIbKO cuibHee, ueM T.L . M3-3a aToro
uHaekce aedopmarmu npu R=2.0 a.e. PaBen 6 =0.290, T. €. MEHbIIIE aTOMHOTO
3Ha4eHus 1/3, ¥ MIIOTHOCTh KMHETUYECKON YHEPTUHU B MEXKbSIICPHOM MPOCTPAHCTBE
He, cucrematndecku BhIle, 4eM y OTIAEIBHBIX aTOMOB. TakuM 00pa3om, B He, Her,
kak B Hy, oOmacreii mpoctpancTBa, T11e akkymyJisius D11 moHu xaeT MOTEeHIUATbHYIO
SHEPTUIO U OJHOBPEMEHHO JA€T HU3KYI0 KUHETHYECKYIO SHEPTHUIO.

Mosnekyna N, maet npumMep MHOTORJIEKTPOHHOM CUCTEMBI 001ero Buaa, rie g(r)
HEJTb3s U MPUOJIMKEHHO CBsi3aTh ¢ V p (I), MOCKOJIBKY CyMMa OpOUTAIbHBIX
IPaJMeHTOB IUIOTHOCTH HE CBOJIUTCS K IPaJMEHTY UX cyMMbl. Pacnipenenenue g(r) B
MEXBbSIACPHOM NPOCTPAHCTBE ONPEACIIAETCS KaK CBA3bIBAIOLIUMU, TAK U
paspeixistomuMu MO, 3aHsATbIME 351eKTpoHamu (puc. 3.19). Hanuuune y310BbIxX
MOBEPXHOCTEN Yy pa3prIxiisitonux ¢ -MO B IIEHTpe MEXBbSIACPHOTO PACCTOSHUS
MPUBOJUT 3/1€Ch K 3aMETHOMY BKJIQJly X TPaJUeHTa B KOMIIOHEHTY IJIOTHOCTH
KHHETHYECKON SHEPTHH, IIapallie/bHy 0 THHUIO cBs3n. T -MO TakKe 1aeT BKIaj B g

| (r). Takum 06pasom, pasmsirderue V p B TAKHX CHCTEMAX €lile He 03HAYaeT MATOCTH
KOMITIOHEHTbI [NIOTHOCTH KHHETHYecKoM sHeprud g | (r).

[Mpoduse pazaoctH & g(I)= g(I)mox -2 Garon(F) MOKA3BIBACT, YTO & g B LICHTPE
MEXBSICPHOTO MPOCTPAHCTBA, TJIE B Ny aKKyMYJIUPYIOTCS SJIEKTPOHBI,
YBEIUYHUBACTCS [0 CPABHEHUIO C OTJC/IbHBIMU aTOMaMH. B OKpECTHOCTSX siiep
KapTHHA pacrpeieiCHus & g CI0KHEE: MIIOTHOCTh KHHETUYECKOM SHEpT U
OKa3bIBACTCs OTPHUIIATEILHOM Kak B 001acTH yMeHblieHus 11, co cTOpOHBI
CBSI3BIBArOINECH (B CHIIOBOM TOAXO0/Ie) 001aCTH, TaK ¥ B 001acTsAX KOHIeHTpanuu DI 1
103314 sIJIEP, T. €. B AaHTHCBS3BIBAIOIINX 001aCTAX, OTOXKICCTBISCMBIX C IMOJIOKEHUEM
HETIO/ICJICHHBIX 3JICKTPOHHBIX ap aroMoB N. Takum 00pa3oM, KOHIICHTpAIIHs
AIIEKTPOHOB BJIOJIb OCH JBYXaTOMHOM MOJICKYJIbI B @HTHCBSI3BIBAIOIINX 00IaCTSIX
MOHM)KAET KHHETUYECKYIO SHEPTUI0 OTHOCUTEIBHO OT/ICIbHBIX aTOMOB. IHTEpecHO,
YTO TaKOE CJIOXKHOE pacrpe/ieieHne MIIOTHOCTH KMHETHUECKOW SHEPTUU TIPUBOIUT B
UTOTre K TOMY, 4TO B MojieKyie N, unaexkc aedpopmanuu 6 =0.3331, 1. €. oH
NPaKTUYECKH HE OTIUYACTCS OT AaTOMHOTO 3HAYCHUSI.

Takum 00pa3oM, KHHETUYECKasi JHEPTUSI B MHOTO3JICKTPOHHBIX CHCTEMAax
pacripe/iesieHa COBEPIIICHHO HHaue, HeXeau B MoJiekyJiie Hy. Pasmsiruenue rpaarenTa
DI BAOJb TMHUU CBSI3H HE SIBIIACTCS CYIIECTBEHHBIM (DaKTOPOM PH 00pa30BaHUU
ces3u. CliiefioBaTeNibHO, MOJIeKyia Hy He MOXKET CITy>KUTh 00pa3IioM MPU H3YYCHUU
IPUPOBI XUMHUECKOU CBs13U. bojiee TOro, Kak BUIHO U3 MPUBEICHHBIX BBIIIIE
BBIpKEHUH, TUIOTHOCTh KHHETHUYECKON 3HEepruu g(I) 3aBUCHT HE TOJIBKO OT
IPaJIeHTOB €CTECTBEHHBIX OpOuTane, Ho u oT yiamacuana Jl1. B HekoTopoii Touke
npoctpasctsa 3uaku V 2 (r) u g(F) MOTYT KaK COBIA/aTh, TAK M OTINYATHCS, IPHICM
3HaK g(I) 3aBHCUT OT 3HaKa rpousBeacHus V ¢ -V ¢ *. [lis oOpazoBaHus



XUMUYECKOU CBSI3M He0OXoAuMa OaronpusiTHasi KOHTparpajgueHTHOCTh OpOUTAIIEH,
OMHCHIBAIOIINX CBSI3b.

Jlst aHanmM3a MPUYIMH BO3HUKHOBEHHSI XUMHUYECKOM CBS3H HEOOXOUMO
paccMaTpuBaTh HE TOJBKO IICHTPAIbHBIC 00JIACTH BJIOJIb MEXbSIICPHBIX BEKTOPOB, HO
u OI1 BOu3m siaep. D11 UMEHHO B 3THUX 00JIACTSAX B OCHOBHOM ONPE/IENISICT BETHUNHBI
CHJI, IEUCTBYIONIMX Ha Spa, a 00IIas KapTUHa O P OTpakaeT U3MEHEHUs moTHOM DI,
MPUBOJISINNEC K 00CYKIABIIIMMCS BBIIIIC H3MEHEHHSIM dHEpruu. ProgeHOepr BbIcKasal
MHEHHE, YTO BOJIM3H sIep MPOoUcXoauT cxarue DI, yBenuuunBaroiiee KHHETHICCKYIO
SHEPIHIO 3JICKTPOHOB B 3TOM 00sacTH. OHAKO 1MO3Ke ObLIO YCTAHOBJICHO, YTO TaKOE
C)KaThe XapaKTePHO JIUIIb JIst MoJieKynbl Hy. B 00miem ke cirydae, B MoeKyax,
COCTOSIIIUX M3 JIETKMX aToMOB OT H 110 F, G -III0THOCTh aTOMHBIX OCTOBOB
MOJIAPU3YETCS B HAIIPABJICHHUH, TPOTHBOIIOJIOKHOM JIUITOIBHOM JehopMariu
BaJICHTHBIX DJICKTPOHHBIX 000J1049eK. B Takux MoJIeKyJiax pe3yabTUpPYIoIee ACHCTBUE
AIIEKTPOCTATUIECKUX CHII, TOPOXAaeMbIX T -MO, mouT paBHO HyIt0. B cornacuum ¢

STUM BBIBOJIOM UMEHHO Takoe pacnpenenenue D11 nalineno y o -MO monekyisl N»
(puc. 3.20).

Cuiibl, ICHCTBYIOIINE HA sJIpa, CUIBHO 3aBUCAT OT YKCIIA BAJIGHTHBIX 3JIEKTPOHOB BO
B3aMMOJCHCTBYIONINX aTOMaX U COOTBETCTBEHHO OT XapaKTEPUCTUK BOJTHOBBIX
(YHKIM, OTIICHIBAIONINX TH AJIEKTPOHBI: TJIABHOTO, OPOUTAILHOTO U MATHUTHOTO
KBAHTOBBIX Yncel. IMEHHO 3TH XapaKTEPUCTHKH BO MHOTOM OTIPEICIISIOT
0COOCHHOCTH pacrpezieNieHus O P , KOTOpble OOBIYHO U MBITAIOTCS COOTHECTH C
XapaKkTepoM XUMHUYECKOU cBs3U. [Ipu B3auMoIeiCTBUM aTOMOB, UMEIONTNX 3s- 1 3p-
AJIEKTPOHBI BO BHEIIHEH 000710YKe, KOHCTPYKTHUBHAS HHTEPPEPEHIIMS B 00IACTH © -
cBsi3u OyzeT Oosiee caaboi, ueM aToMOB BTOPOTO Niepuoa Tadauis MeHeneena.
[TprumHa 5TOTO KpOETCs B OOJIBIIIOM YHCIIE Y3JIOB Y paIHaIbHBIX BOJHOBBIX (DYHKIIHIA
y MEPBBIX U3 HUX. B TO e BpeMsi, T -B3aUMO/ICHCTBIE aTOMOB B 000X CITyJasix He
JIOJHKHO CYIIECTBEHHO oTinuaThes. [IpudeM, eciiu B cucteMe eCTh 3aHsThIe
AJIEKTPOHAMU T -OpOUTAIIN, TO OHU, B OCHOBHOM 00€CIIEUMBAIOT CBSI3bIBAHNE,
MOCKOJIbKY BIIUSIHUE G -OpOHUTANIel B 3HAUUTEIHLHOUN CTETIEHN B3aUMHO
KOMIICHCUPYETCS.

B taGnuue 3.5 npuBeseHb! 3HaUeHNs KoMIoHeHT g | (re) u gL (Fe) B KpUTHYECKHX
Toukax (3, -1) B MOJIEKyJIax C pa3HbIMU TUIIAMU XUMUYECKOH CBsI3U. OTHOILIEHHUE STUX
BEJINYMH OTPaXaeT OTHOLIEHNE KOMIOHEHT KpUBU3HBI DII B KpUTHUECKOU TOUKE
cBsi3u. OKa3alioCh, YTO ISl ATOMHBIX B3aHMO/ICHCTBHIA KOBalIeHTHOro THma g | (r) <
gL (r.), Torma Kak s B3auMoeiicTBmii morHoro Tuma g | (re) > gL (r.). Kpome
TOT0, MJIOTHOCTh KUHETUYECKOU SHEPIHid, MPUXOAIIAsiCs B KpUTHUecKon Touke (3, -
1) Ha eMHUILY AIIEKTPOHHOTO 3apsina, g(r.)/p (r.)>1 mwis B3aumoieiicTBU HOHHOTO
tuna u g(re)/p (re)<l mmis B3auMoaAeHCTBHI KOBAJICHTHOTO TUIA. DTO 03HAYAET, YTO
€CJIM NoJIokKuTeNbHas kpuBru3Ha JI1 Benuka B pesynbrare cxxarus I11 k ssapam, To
Benmunna g(r.)/p (r.) Takke 10CTaTOYHA BEJIMKA, IPHYEM BEIMYHMHA €€ KOMITOHEHTBI,
napaieIbHOW JIMHUY CBS3H, TIPEBHIIIACT BETMYNHY TTEPIICHIUKYIISPHON
KOMITOHCHTHI. J[J151 KOBaJICHTHBIX B3aMMOICHCTBHIA HAOF01aeTCsl 0OpaTHAsI KapTUHA U



otnomenue g(r.)/p (r.) mano. 3nauenue g(r.)/p (r.) wis monexkysl H, aHoMaabpHO
MaJio: 3Ta MOJICKYyJia HETUIIMYHA U B 3TOM CJIydae.

HuTepecHoe moBeieHNE IEMOHCTPUPYET INIOTHOCTh KHHETUYCCKOM SHEPTHH
mosekyis F,. B kpurrueckoit Touke cssu V 2 (ro)= 0.233, A 1=A ,=-0.731, A
3=1.694 a.e. Otomenue g(r.)/p (r.) pauo 0.86, kak u B Mosiekyse Ny, ogHako gl
(rolgl | (rd)=0.751, 4T0 3HAYNTEIHHO MEHBIIE, YEM B CIIy4ae aTOMHbIX
B3aMMOJECHUCTBUM KOBAJICHTHOTO THIIA.

Pestomupysi, cneayer moauepKHyTh, YTO IEKTpOCcTaTUYECKHe () (PEKTHI MOKHO
CUMTATh NMEPBONPHUUNHON 00pa30BaHUs XUMHUYECKOUN CBSI3M M3-3a CBSA3BIBAIOIINX CHII,
JEWCTBYIONUX Ha siApa B mpoMoJekyie. OqHako KOHKPETHBIN THI 00pa3yroIieics
XUMUYECKOU CBSI3H, ONPEIEIIEMbI COPTOM U YHCIIOM B3aUMOJCHCTBYIOIINX aTOMOB,
dbopmupyeTcs o1 KoHTposieM npunnumna [laynm B pesynabTaTe
KBAaHTOBOMEXaHWUYECKOW MHTEPPEPEHIINN IIEKTPOHHBIX aTOMHBIX 00JIaKOB, KOTOpas
MOET HOCUTh KaK KOHCTPYKTHUBHBIHN, TaK U JECTPYKTUBHBIN XapakTep.
PesynsTupytomee pacnpenenenue D11 orpaxkaeT COBOKYITHOCTh 3TUX (aKTOPOB U
OTIPEICIIICT SHEPTETUIECKIE OCOOEHHOCTH 00pa30BaBIICHCS XUMHUIECKON CBSI3H.
HmenHo mosTomy xapakTepucTiku D11 ncrmonb3yroTes A1 nASHTUDUKAITH
XUMHUYECKUX CBA3ECH.

3.4. MHOTrOoaTOMHBIE MOJIEKYJIbI

Monexkyiibl, 06pa3oBaHHbBIE U3 HECKOJIBKHUX aTOMOB, XapaKTepPU3YyIOTCs, B 00IIeM
cilydae, HeTMHEHHOUW U HeTJIOCKOU simepHoi koHpuryparueit. MO 3Tux MOJeKy
IPEJICTaBISIOT COO0H /1eJ0KaTM30BaHHbIE OJTHOZJIEKTPOHHBIE (DYHKIIUH,
noctpoeHHble U3 AO pa3Hbix aToMOB (kaHOHHYeckue MO). OTu pyHKIUU HE
MO3BOJISIOT OOBACHUTH CTPOCHHUE MOJIEKYJI, TpaHCc(epadeabHOCTh U aAIUTUBHOCTD
CBOMCTB (yHKIIMOHAIBHBIX TPyMI. YTOOBI MPOAHATU3UPOBATH CTPYKTYPY U
XUMHUYECKYIO CBSI3b B TAKUX MOJIEKYJaX, CYyIIECTBYET Psi/l MOIYKOINUYECTBEHHBIX WIIN
KaueCTBEHHBIX MOHATUN. PacCMOTpUM OCHOBHBIE U3 HUX.

3.4.1. Jlokaauzauus ¥ rudpuan3anus opouraien

PaccmatpuBas meton Xaprpu-®Poka-Pyrana, Mbl y:ke OTMEUaIIH, YTO MOJTy4aeMble
MHOTOAJICKTPOHHAS BOJTHOBAsI PYHKITUS U DHEPTUU MHBAPUAHTHBI OTHOCUTEIHHO
JMHENHOTO OPTOTOHAJILHOTO ITpeoOpa3oBanus A (mpeoOpa3oBaHusl, HE MEHSIIOLIETO
JUIMH BEKTOPOB U YTJIOB MEX/1y HUMH U MEPEBOISIIETO OJJUH OPTOHOPMUPOBAHHBIN
0a3uc B Apyroil OpTOHOPMUPOBAHHBIN) 3aHATHIX SJIEKTPOHAMH CIIMH-OPOUTAIICH.
Bocmnons3yemcs 3TUM CBOWCTBOM U IIOCTPOUM M3 KaHOHMYECKUX MO ¢; ¢ momomipio
OPTOTOHAIBHOTO IpeoOpa3oBaHust Apyroit Habop MO ¢; =2 Ajj, j, IpHUIeM
notpedyem, yToObl HOBbIe MO oTBe4au KpUTEPHIO

[1¢2WAan e ory) ¢ 2= min, (3.37)

JUIS K&KJOU Mapbl 3JIEKTPOHOB 1 U j. DTO SKBUBAJICHTHO MEPEX0/y K JOKAIN30BaHHBIM
MoJIeKyJIsipHBIM opOutassim (JIMO), onuchiBaOmKUM 3J€KTPOHBI OCTOBA,



JIOKAJIM30BAaHHBIC HA CBA3AX 3JICKTPOHLI, HCIIOACIICHHBIC 3JICKTPOHHBIC IIAPBI U T. .
KylioHOBCKO€ B3auMOJEHCTBHE AJIEKTPOHOB HA OJITHOM U ToM ke JIMO MakcumanbHO,
a O6M€HHO€ BSaHMOIlefICTBHe MECXKAY SJICKTPOHAMM Ha pPa3HbIX JIMO MUHUMAIBHO.
Paccmotpum npumep mosiekysibl metaHna CHy. UeTbipe CBS3BIBAIOIINE BAJICHTHBIC
kanoHnyeckrue MO B MUHUMAIbHOM 6a3I/ICG OXBaTbIBAIOT BCC ITATH AACP MOJICKYJIBI U
HMEIOT BU.

4 @ 1= a(C2s) + b (1sH;+1sH,+1sHs+1sH,)

3 ¢ o= a(C2p)+ b (1sHy+1sH,-1sHa-15H,)

L ¢ 3= a(C2p,)+ b (LsH;-1sHy+1sHs-1sHy) (3.38)

4 ¢ ,= a(C2p,)+ b (1sH;-1sH,-1sH5+1sH,)

Jlokanu3oBanHekle Ha cBA3dx C-H nByxuentpoBsie MO, nmokasanssie Ha puc. 3.21,
UMEIOT BU:

¢ 1=(al2)[ C2s+ C2py+ C2p,+ C2p,]+ blsH,

¢ 2=(a/2)[ C2s+ C2px- C2py - C2p,]+ blsH;

¢ 3=(a/2)[ C2s - C2py + C2p,~- C2p,]+ blsH; (3.39)

¢ 4=(al2)[ C2s - C2py - C2py+ C2p,]+ blsH,.

Puc. 3.21

MoskHo 3amMeTuTh, uTo BKiIaasl oT aroma C B JIMO npeactaBnsitor co0oii TUHEHHbIE
KOMOMHAILIMK BaJICHTHBIX 2 U 2Dy, 2Py, 2P, AO. Ilockonbky Monekyna CHy

BBICOKOCUMMETpHUYHA, a=1 u 3Tu AQO, Ha3bIBaeMble THOPUIHBIMU, SKBUBAJICHTHBI U
HarpasiieHbl BJ0JIb cBsi3eil C-H:

h,=(1/2)[ C2s+ C2p,+ C2py+ C2p,]

h,=(1/2)[ C2s+ C2p,- C2p, - C2p,]

h,=(1/2)[ C2s - C2py + C2py- C2p,] (3.40)

h,=(1/2)[ C2s - C2px - C2p,+ C2p,]

TIpuBe/IeHHbIC OPOUTAIIN H3BECTHBI KaK Sp -ruopunbie AO.

Konnenmus rubpuauzamnuu opoutaneii — ya100HbIi MaTeMaTUYECKUNA TPUEM, IITUPOKO
NPUMEHSIOIIUICS B CTPYKTYPHOM XMMHHU TIPU TPAKTOBKE 00pa30BaHMs KOBAJICHTHBIX

cBszeil. B obmem ciydae rubpuanasie AO HedkBUBaeHTHBI. KOHKpETHBIN THIT
ruOpuan3anun AO TUKTYyeTCs TeOMETPHUE MOJIEKYJIbI (He Hao00poT!), a TaKkxke



OPUHIIMIIOM MaKCUMaIbHOTO MepeKkpbiBaHus opouTaneit. CoriaacHO 3TOMY MPUHIUITY
HanOoJee MPOYHbIE CBI3U 00pa3yIOTCs B HANIPABICHUU HAMOOIBIIIETO MEPEKPhIBAHUS
ruOpuaHbix AO. Tabnuima 3.6 WuTroCcTpUpyeT pasinyHble ciydan rudpuausanun AO.

Taoauna 3.6.

['uGpugHbIe OpOUTANH ISl pA3HBIX CIIy4aeB CTPOCHUSI MOJIEKY T

['ubpunnas | ®opma MOJIEKYJIIbI npumep

opbuTab

sp Jlunennas BeH,

sp? [Tnockas TpuronansHas | BCls

Sp3 Terpaspuueckas CH,

dSp2 [Tnockuit kBampaT K,PtCl,

d?sp® OxTasrapuyueckast SFg

dsp® TpuronanbHast PCls
ounmpamuaa

d*sp? Honexasap K4sMo(CN)g

3.4.2.MO}IeJIb OTTAJKHUBAHHUSA JICKTPOHHBLIX IIap I'mianecnu u CTPOCHHUE MOJICKYJI

Cumxsuk u [Taysm, ocHOBBIBasch Ha pubamxeHuu JIMO, 3aHATHIX TapaMu
AIIEKTPOHOB, NPEIOKWIH B 1940T. MOJEIs OTTAIIKUBAHMS JIEKTPOHHBIX I1ap,
KOTOpas BHOCIEACTBUM Obuta pa3BuTa [ miiecriu. OCHOBHBIE UIEU ITOTO MOAXO0AA,
IPUJIOKMMOTO TOJBKO K COEIMHEHUSAM HEMEPEXOAHBIX JIEMEHTOB, CBOIATCS K
CIIEYIOIIEMY.

1. Kondurypanus cBsazeil, 00pa3yeMblx MHOTOBAJIEHTHBIM aTOMOM, OOYCJIOBJIEHA
YHCJIOM DJIEKTPOHHBIX Map €r0 BAJICHTHOM 000JIOUKH, CYIECTBYIOIIUX KaK Ha
CBS3BIBAIONINX, TaK U Ha HecBs3bIBatonux MO.

2. OpuenTanus 006J1aKOB TUIOTHOCTH JIEKTPOHHBIX Map, OMUCHIBAEMBIX
BaJICHTHBIMH OpOUTAJISIMU, OTIPEEIISIETCS UX MAKCUMAJIbHBIM B3aMMHBIM
OTTAJIKUBAaHUEM.

Pemenue 3a1aum o pa3MenieHn MAaKCUMAJIbHO YAAJIEHHBIX IPYT OT
Jpyra TOYeK, CHMBOJIM3UPYIOIINX IIEHTPHI TSHKECTH 00JIaKOB
AJIIEKTPOHHBIX Map, IIPU YHUCIIE TOYEK OT 2 10 12 mpuBOIUT K
BO3MO>KHBIM KOH(UTypaIusm cBsizei, mepeunciaeHHbM B Ta0m. 3.6.
COOTBETCTBEHHO, JIETKO MPEACTABUTH T€OMETPHUIO MOJIEKYJI, UMEIOIINX
TaKO€ PacIOJI0KEHUE DIICKTPOHHBIX Tap.



Tao6auna 3.7.

Kondurypauus cBszeil ieHTpaabHOro aToMa A B 3aBUCUMOCTH OT YHCIIa
AJIEKTPOHHBIX Map (] HA €r0 BaJICHTHBIX OPOUTAIIAX

q Kondurypauus q Kondurypamus
2 | Jluneiinas wiu yronkoBas = 8 KBagparnas antunpusma
3 PaBHocTOpOHHUI
TPEYTOJbHUK 9 TpeyrospHas npusma c TpeMs
JIOTIOTHUTETFHBIMU BEPIIUHAMU
4 Tetpasap
TpuronansHas
KBanparnast antunpusma c IBymst
5 | ounmpamuma, kBaapataas | 10
JIOTIOTHATETFHBIMU BEPITUHAMU
nMpamuia
6 OxkTtasrap .
11 Hkocasap 6e3 o HO# BEPIIUHBI
OxkTasap ¢
7 JIOIIOJHUTEIBLHOMI 12
BEPIIMHOMN Hkocasap

Tabnuua 3.8. 'eomeTpust cTpyKTypbl MoJiekya Tuna AX,E, 6e3
KPaTHBIX CBS3€M B (aiine cb_t3_8

CyIecTByIOT MPOCTHIE TPaBUIIA, JIENAIOINE MOJIEeNb | niecny BechMa
3¢ HeKTUBHOM.

a) HemonenenHas 2eKTpoHHAS TTapa 3aHUMAET OOJIBIINA 00BEM, YeM
CBSI3BIBAIOIIAS TIapa OPJIMHAPHOMN CBSI3U.

0) Cuiia OTTaNIKMBaHUS AJIEKTPOHHBIX Map B IaHHON BaJICHTHOU
obonouke noHmkaercs B cinexyromem nopsake: E-E; E-X, X-X (E-
HEMoJIeTICHHAs AJICKTPOHHAs Tapa, X- CBI3bIBAIOIIAS DJICKTPOHHAS
napa).

B) OO0BEM CBSI3BIBAIOIIEH ANEKTPOHHOM Mapbl YMEHbBIIAETCS C
YBEJIMYECHHUEM 3JIEKTPOOTPUIIATEIbHOCTH JIUTAH/A.

) DJIEeKTPOHHBIE Mapbl IBOMHOMN WK TPOUHOM CBSA3EH 3aHUMAIOT
OonbIINi 00bEM, YeM JIEKTPOHHASI ITapa OpAUHAPHOH CBS3M.

Mogenb OTTaIKMBaHUS AJIEKTPOHHBIX Map AaeT NPUOIMKEHHBIN
KAaueCTBEHHBIN METOJI IPEICKa3aHus CTPYKTYphl MOJIEKyJl. B nocnennue



IoJbl 3Ta MOJCJIb Hallllla 000CHOBAHHE B TOIOJIOTHYCCKOM TCOPHUHN

AJIEKTPOHHOM TIOTHOCTH.

3.5.XumMuueckas cBsizb B KOOPANMHAIIMOHHBIX COCAUHCHUAX

K K0OpIMHALIMOHHBIM COEIMHEHUSIM OTHOCST TAKKE, I/1I€ MOKHO BBIICIUTh
LEHTPaTbHBINA KOMILIEKCOOOPA3YIOLIUI aTOM, CBSI3aHHBIN C OKPY>KAIOLIUMU €T0
HECKOJIbKUMM IpymnaMu aToMoB. [lociaenHue Ha3bIBatOTCS IUraHaaMu, IPUYEM UX
YHUCJIO MPEBBIIIAET YUCIIO CBS3EH, KOTOPhIE MOKET 00pa30BbIBAThH LIEHTPAIBHBIN aTOM
3a CUET CBUX HECHAPEHHBIX JIEKTPOHOB. YHUCIO aTOMOB, HEMIOCPEACTBEHHO
OKPY’KaIOILKX [IEHTPaJIbHBIN, Ha3bIBAETCSI KOOPAUMHAIIMOHHBIM YKciIoM. OCHOBHbIE
THUIIBI KOOPAUHAIIMOHHBIX MOJM3IPOB MpuBeeHbl B Ta0. 3.9. Koopaunannonusie
COEIMHEHUS MOTYT 00pa30BbIBATHCS KaK HEMEPEXOAHBIMU, TaK U epexoaHbMU (d- 1

f- ) snemenramu.

Tao6auma 3.9.

OcHoBHEBIC KOOPAWHAIMUOHHBIC ITOJINSAPBI B KOMIIIICKCHBIX

COCAUHCHUAX IICPCXOJHBIX MCTAJIJIOB C K4 HCHTPAJIBHOI'O aTOMa 2—8

Kondurypanus
CBsI3eM
K4
LEHTPAILHOTO
aToma

2 Jluneiinas
Yrnosas
3 TpeyronbHas
[InpamuansHas
4 Terpasapuyeckas

IInockas

TpuronanpHas
ounupamua

KBagparHas
nupamMuia

6 Oxrasapudeckas

TpuronanpHas
IpU3Ma

ITentaronannpHas
ournpamua

Tun rubpuau3anuu

sp, dp
Ds
sp?, ds% dp?
dp
sp, ds
Dsp?
d,%sp®, d’sp
dy’-y’sp®, d’sp,
d’s
d?sp®
d*sp, d°p, d°p®

D%p?

[Tpumep
CTPYKTYpPBI

[Ag(NHa)]";
ZnCOZ(CO)g

Fe[N(SiMes),]s;
Ni(CO)3

Mo(CO)3

Ni(CO)s;
[Co(NH3),]**
[Ni(CN)4J*

Fe(CO)s

[MnCls]*

Cr(CO)s;
[Co(NHs3)g]**

RG[(thCzSz)]3

[Mo(CN)7]*;
[UO,Fs]*



OHOIIATOYHBII 5 42 Mo[(CN(tpert-
7 d’sp, d’s
OKTadIp P, 0'SP C4Ho))le
8 Jonexasap d*sp® [Mo(CN)g]*
ellillsTaéxr;I)aTHaa d5p3 [TaF3]3'
pu3Ma

XuMuyeckas CBsi3b B KOOPAMHALIMOHHBIX COEIMHEHUSIX 00pa3yeTcst Tubo npu
UHTEPPEPEHIIMH IBAXK/IbI 3aHATHIX dJIeKTpoHaMu AO MUranjoB ¥ BakaHTHBIX AO
LEHTPAIbHOTO aTOMa (IOHOPHO-aKLENTOPHAs CBsI3b), TMO0 IpU 00pa30BaHUU
MHOTOLEHTPOBBIX CBs3bIBaOIIUX MO, eoKann30BaHHBIX B IIpeaeaax
KOOPJAMHALMOHHOIO y3Ja. B 3aBUCUMOCTH OT IPUPOABI B3aUMOIECUCTBYIOIIUX
aTOMOB, BO3MOXKHBI Pa3JIMYHbIE CIIOCOOBI OMMCAHUS XUMHUYECKOH CBSI3U B
KOOPJMHALMOHHBIX COEIMHEHUAX. MBI OyJ1eM paccMaTpuBaTh J1ajee rI1aBHbIM
00pazom coenuHEHUS d-2JIEMEHTOB.

3.5.1.Teopusi KpUCTA/LIHYECKOIO MOJISI M TEOPHUS IOJIsI JIUTAHI0B

[Ipocreiimuii cnoco6 ONMUcaHus XUMUYECKOHN CBSI3H B KOOPAMHAIIMOHHBIX
coenMHeHusAxX aaet teopus kpuctamwtnaeckoro mois (TKID). B ee pamkax
AJIEKTPOHHOE CTPOEHUE KOMILIEKCA OOBSICHAETCS B TEpMUHAX Bo3MyLeHuss AO
LEHTPAJIBHOI'O aTOMa 3JIEKTPOCTATUYECKHUM I10JIEM JINTAaHA0B. DTO BO3MYIICHHUE
M0JIAraeTCsl MaJIbIM M MPUBOJIUT JIMII K PACIHICTVICHUIO SHEPTETUYECKUX ypOoBHEH d-
wnu f-anementa. PacnipeenieHre BaleHTHBIX JIEKTPOHOB MO PACIIECINIEHHBIM
DHEPreTUYECKUM YPOBHSAM LEHTPAILHOTO aTOMA OINPENEIIAETCA €r0 COPTOM,
BEJIMYMHOMN OTTAJIKUBAHUS ITUX JIEKTPOHOB OT JIUTaHJAOB, CUATAKOIINXCS
OTPULIATENBHBIMU TOUYCUYHBIMHU 3apsIIaMH, B3AUMOJACHCTBUEM JIEKTPOHOB MEXKTY
coboii. Takum 00pazoM, dIEKTPOHHAST KOHPUTYpaIus IIEHTPAIBHOTO aToMa a
paccMaTpHUBaETCs SIBHO, TOT/Ia KaK JIMTaHbl — eHOMEHOJoTuYecku. Bo3myiienue
OIIMCBIBAETCS ONEPATOPOM BO3MYILICHUS

Vo= Z’nqi
i 4 Hlh (341)

TJIE T4 — PACCTOSIHUE OT fAJipa LIEHTPAJIbHOrO aTOMa @ JI0 JIMTaHa 1.

JIJ1s1 KOOpAMHAIIMOHHBIX COSIMHEHUH HOHOB, UMEIONUX B 0-000J104YKEe OJIUH 3JCKTPOH
(Ti**, V*) xapakTep pacmiemeHus ypoBHeil MOXKHO YCTAHOBHTD, HE IPOBOIS TOUHBIX
pacuetoB. Bce AO cB0OOOIHOTO HOHA SHEPTETUUECKH PABHOIICHHBI, OHU COXPAHSIOT
CBOIO PKBHBAJICHTHOCTD ¥ B THIIOTETHYCCKOM CPEPHUCCKU-CHMMETPUIHOM I10JIC
JMTaHA0B (B 3TOM T0JIe UX OOIIHUN YPOBEHB JIUIIIb ITOJHAT B CHITY B3aUMOJICHCTBUS C
OTPUIATEILHO 3apsKCHHBIMU JIMTAHIaMH HaJl YDOBHEM B CBOOOHOM MOHE Ha
HEKOTOPYIO BEJIMYUHY € ). B OKTa’ipuveckoMm moJie JINTaHA0B paarialibHbIC YacTH
MoJTHOM BoJIHOBOU (pyHKITMHU BeeX d-AQO oauHaKOBBI, OJHAKO IO YTIIOBBIM
XapaKTEpPUCTUKAM OHH JIEJIATCS Ha JIB€ HepaBHOIIEHHBIE rpymibl. K o1HOM U3 HUX,
TPIKIBI BRIPOJKACHHON M 0003Ha9aeMOil tyg, TpuHaanekar dyy-, dy,- 1 dy,~AO. Eciu
CIMHCTBCHHBIN d-3JIEKTPOH pacCMaTPUBAEMOTO IICHTPAJILHOTO HOHA OCTACTCs B



KOMILJIEKCE Ha OJIHOM U3 ATUX OpOuTaseil, OH oka3bIBaeTcs 0oJiee yIaJeHHBIM OT
PaCIOJIOKEHHBIX IO KOOPAUHATHBIM OCSIM OAHOUMEHHO 3apSKEHHBIX JTUTAaH0B, YEM
B TOM CITyuae, ecii Obl d'-3JIeKTPOH 3aHMMAI JIBAY/IbI BEIPOIKICHHbIC eg-opouTaIH

(dxz-yz " dzp).

Paciueruienue tyg U €g -ypOBHEHN pacCMaTPUBAECTCS KaK HEKOTOPBIM SMIIMPUYECKUM
napameTp u obo3znauyaetrcs A unu 10Dq:

E(eq) — E(t2;)=10Dg. (3.42)

[IpuHKUMas 3a HyJIb OTCUETA SHEPTHUIO MATUKPATHO BHIPOKICHHOTO YHEPTEeTUYECKOTO
ypoBHS d-3JIEKTPOHOB B ChEPUIECKU-CUMMETPHUIHOM T10JIC JTUTAHIOB €, MOKHO
OLECHUTh OTHOCHUTEJIBHYIO CTAOMIIM3ALUIO JJIEKTPOHOB Ha fog M IECTA0OMIIM3ALUIO HA €y
-ypOBHsIX B enuHMIax Dq.

Ecnu Bee Tpu tyg 1 1Ba €3-ypoBHs d-3JI€KTPOHOB LIEHTPAIBHOTO HOHA 3aCEJICHBI
DIIEKTPOHAMH, COXPAHSAETCS CPEPUICCKOE PACTIPEICTICHIE MICKTPOHHOHN TUIOTHOCTH
IIEHTPAJILHOT'O MOHA M BBIITOJIHSICTCS COOTHOIICHUE, M3BECTHOE KaK TeopeMa IIeHTpa
TSDKECTH:

AE (84)+6E(tg)=10go. (3.43)

KOB(I)(I)I/II_[I/IGHTBI B JICBOI YaCTH TOIr'0 YpPaBHCHUA COOTBCTCTBYIOT KOJIUICCTBY
9JICKTPOHOB, KOTOPBIC MOKHO pasMCCTUThL HA t2g - " €y ~YPOBHIIX.

BBOI[;I JJI1 DHCPTUH CTa6I/IHI/I3aHI/II/I 151 I[eCTa6I/IJ_H/I3aHI/H/I 0003HaYCHUS
X=¢&y — E(tzg) U y:E(eg) — &0, (344)
IIoJIydacm:

2 3
x=SA=4Dg, y=2A=-6Dyg
5 5 (3.45)

ITpu TeTpasapuyeckoll KOOPAUMHALNMHU LIEHTPAIBHOTIO MOHA TAKXKE TPOUCXOIUT
paciuerieHue ypoBHeil d-opouraneil, 0THaKo IPU 3TOM MOJI0KEHHUE AIEKTPOHA Ha e-
opOHTaNAX OKa3bIBaeTCs 0oJiee BBITOIHBIM, YEM Ha t-OpOUTaISIX. DTO MOKHO
HarJasAHO OOBSICHUTH TEM, UTO B TETPadApe JINTaH (bl HAXOIATCS HAa JUAroHaIsAX
BIIMCAHHOTO B c(epy KyOa, a B OKTadIpe - Ha €ro rpaHsix:

Ay =~ A

8 "™ (3.46)

[IpencraBiieHHBIN KaUECTBEHHBIN MTOAX0/, OCHOBAaHHBIN HA PACCMOTPEHUHN
B3aMMOJICHCTBUI 3IEKTPOHA HA OTNIEIbHBIX d-OpOUTaNIX C 3apsiiaMU JIMTaH[IOB,
MO3BOJISIET MOJYYUTh KAPTUHY PACLICIUICHHUs YPOBHEH B MOJAX IPYroil CHMMETpUN



(puc. 11.4). OTHOCHUTENBHBIE 3HAYEHUS PACIIEIUICHUHN OTACIBbHBIX YPOBHEN MOYKHO
MOJIYYUTh JIUIIb ITPU KOJTUYECTBEHHOM PacyeTe.

B ta6mn. 3.10 gansl npencraBineHus cuMMeTpuu d-opOuTaneil s TOUeYHBIX TPYII
CUMMETPHUH, OTBEUAIOIINX HanboJiee BaXKHBIM KOH(UTYpaIUsIM KOOPAUHAIMOHHOTO

Yy3J1a KOMILJICKCOB.

Ta6suua 3.10 Ipeacrasiaenust cummerpuu 1t d-opouTaseii npu
Pa3IHYHBIX CIy4asX CHMMETPHHU

AO u ux cuMMmeTpuiiHbIe

TOYEeYHAs
KOOPJAMHAIIMOHHOE obo3HaueHns
KOH(UTyparus
HHETO cummerpus | 2 d 2
dz XZ- dxy dxz dyz
y
4 Terpasap Ty ele b to to
4 KBampar Dan a1g big bag e e
KBanparnas
5 Cav a; b1 bz e|e
nupamMuIa
TpuronanrHas
5 p D3h a]_ e! e! e!! e!!
ounupamuga

3.5.2. CieKTpOXMMHYECKHUH PSAJ

BaxxHo nonyunth npencraBieHue o nopsake senuund A= 10Dq. Otu 3HaueHus
MOTYT OBITh B3SIThl U3 SKCHEPUMEHTAILHBIX JAHHBIX O CIIEKTPAX MOTJIOLIEHUS
OKTa’ApUYECKU KOOPANHUPOBAHHBIX HOHOB, 00JaJal0NINX OAHUM 3JIEKTPOHOM B d-
060I104Ke (TepM OCHOBHOTO COCTOSHES “D). BOIIbIION SKCIIepUMEeHTAIbHbII
MaTepural 1o 3JIEKTPOHHBIM CIIEKTpaM IMOTJIONIEHUS KOMIUIEKCOB U OLIEHOYHBIE
pacyeTsl MO3BOIIIN CHOPMYIUPOBATH PSAJ MPABWII O 3aBUCUMOCTH BeanunHbl 10Dq
OT THUIIA IIEHTPAIILHOTO NOHA ¥ Juranaa. Hanbosee BaykHOE M3 HUX MPABUIIO
CHEKTPOXUMHUYECKOTO psjia:

Bennuuna 10Dq Bo3pacTtaet cieBa HampaBo B CIACAYIONIEM Psiy Haubolee
XapaKTEPHBIX JIMTaHO0B, IPUYEM YKa3aHHBINA MMOPSAAOK HE MEHSIETCS ISl Pa3IUIHbIX
LHEHTPAJIbHBIX HOHOB:

I"'<Br <SCN <Cl <NO3 <F <OH <H,O<NCS <

<CH3;CN <NH3<Py<En<NO, <CN <CO, (3.47)



rae Py - mupuaun; En - sTunenanamMuH.
OTMeTHM el1le IBa JOCTATOYHO OOIIUX MOJI0KEHUS.

1) ITpu oguHAKOBOM JIMTAaHAHOM OKPY>KeHHH HanOosbias Benuuraa 10Dq

COOTBETCTBYET KOMIUIEKCAM LEHTPAIbHBIX HOHOB C HAMOOJIBIIUMHU 3apsIIaMHU.

Hanpumep, 10Dq wis [Co(H,0)e]** paBra ~20 000 e 2, a amst [Co(H,0)g)** ~9700
-1

CM .

2) Bennuuna 10Dq 1151 KOMIUIEKCOB MOHOB NEPEXOJIHBIX METAJIOB, IPUHAJICKAIINX
K pPa3HbIM MEPUOJaM TTEPUOINICCKON CUCTEMBI, HO UMEIOIINX OJUHAKOBYIO
AJIEKTPOHHYIO 000JI0YKY, MPUMEPHO MOCTOSIHHA MPY OJTHOTUITHOM JIUTaHTHOM
OKpY>KEHUHU.

3.5.4 KoMILIeKChI CHJILHOTO U ¢J1a00ro mnoJieii. MarHuTHbIe CBOWCTBA
KOMILICKCOB

Onenka Benuuunbl 10Dq 1 OTHOCHTENBHBIX YHEPTUH paciierieHuit d-opouTaneit
MO3BOJIAET MOJONTH K MPOCTOMY, HO JJOCTATOYHO HAJEHKHOMY OIHCAHUIO
pacnpeeneHus] HECKOJIBKUX 3JIEKTPOHOB 10 d-0pOUTaIsiM HEHTPAIbLHOTO HOHA. SICHO,
YTO pe3yJIbTaT ITOr0 paclpeaeeHHs 3JEKTPOHOB B HE3aMKHYTOM 000104Ke
ONPEIEIIUT YUCIIO HECIIAPEHHBIX JJIEKTPOHOB B KOMIUIEKCE U, CIEA0BATEIBHO, €T0
MarHuTHbBIE CBOWCTBA.

Kak u B citydae MHOTO2JIEKTPOHHBIX aTOMOB, HEOOXOIUMO Y4ECTh M KOJTUYECTBEHHO
OIICHUTH JIBa TJIaBHBIX 3P (deKTa, IEHCTBYIONIUX YaCTO B MPOTHUBOMOIOKHBIX
HaNpaBJIEHUIX: CTPEMIICHHE AIEKTPOHOB 00pa30BaTh MOJHOCTHIO 3aIIOJTHEHHYO
000JI0YKY U TEHJCHIINIO K 00Pa30BaHHUIO AIEKTPOHHON KOH(PUTYpaIuH C
MaKCHUMAJIbHBIM YMCJIOM HECITAPEHHBIX CIIUHOB.

PaccmoTpum BHauase mpaBMIIbHYIO OKTadJPUUYECKYI0 KOHPUTYPAIUIO JIUTAHI0B
OTHOCHUTENILHO LIEHTPaJIbHOro HoHA. Paciienienue ypoBHeil aHepruu d-opOutaneit B
ATON KOH(UTypaluu nokazaHo Ha puc. 11.2. HerpyaHo BuaeTh, 4TO AJIs CIIy4aes
OJIHOTO, IBYX U TPEX 3JIEKTPOHOB BO3MOKEH TOJILKO OJMH BapUAHT Pa3MEICHUS
3IIEKTPOHOB, TIOKa3aHHEIH cxemaTHaeckn B Tabm. 11.5. s kordurypamii d® i d°
(xax u 151 d*°) ecTh TONBKO OMH CMOCO6 PasMEIEHHS IEKTPOHOB Ha tog U €4
YPOBHSIX, IPU KOTOPOM TPEOOBaHUS MAKCUMATbHOU MYJIbTUILIETHOCTH U
MaKCHMAaJIbHOTO KOJIMYECTBA AIEKTPOHOB HA HU3IIEM SHEPreTHYECKOM YPOBHE
yIOBICTBOPSIOTCS onHOBpeMenHo. Oxnaxo ws d*-, d°-, d®-, d’-snexrponnbix
KOH(UTrypaiuii BO3MOXKEH BIOOP MEXy IByMs criocobaMu pazMenieHust. OHu
OTJIMYAIOTCS TEM, YTO B IIEPBOM CIIydae HU3MINH tyg -ypOBEHb 3aCENAETCA HACTOIBKO
MIOJTHO, HACKOJIBKO ATO JIOMyCKaeT 001iee YuciIo 3IeKTPOHOB. Bo BTopom BapuanTe
OTPEIEISIOUIUM CIIYKHUT TpeOOBaHNE HAMOOJBILIETO YUCIIa HECTIAPEHHBIX
AIIEKTPOHOB. SICHO, YTO BBIOOP MEXYy STUMH IBYMSI BO3MOKHOCTSIMU 3aIIOJIHEHUS
AIIEKTPOHHOM 000JI0YKHU IIEHTPAIBHOTIO HOHA OyAET B OCHOBHOM 3aBUCETh OT
BEJIMYMHBI PACILETICHUS t- U e-ypOBHEU (TPHKIBI U JIBAXK b BEIPOKICHHBIX COOTB.),
T. €. oT nmapamerpa 10Dq, Ecnu sTa Bennumna Oosbliasi, Kak AJ1s JIMTaH[OB,



HAXOJIAIUXCS B MPABOM YaCTH CIIEKTPOXUMHUYECKOTO PsiJia, TO IIEHTPAIbHBINA HOH
chopMHUPYET IEKTPOHHYIO 000JI0UKY ¢ HAMOOIBIITUM YUCIIOM JJIEKTPOHOB Ha
HWKHEM t-ypoBHE. DTOT BApUAHT COOTBETCTBYET CHIIBHOMY 3JICKTPOCTATHYCCKOMY
TIOJTIO JIMTAHJIOB, CAMHM JIMTaH/Ibl, CO3JIAIOINE TAKOE TI0JIe, Ha3bIBAIOT JINTaHIaMH1
CHJIBHOTO ITOJISI, @ KOMITJICKCHI - HU3KOCITUHOBBIMH.

[Ipy OTHOCUTENHHO MAJIBIX BETUYMHAX PACIICTUICHUH, BO3HUKAIOIINUX B CJIA0BIX
MOJISIX JIMTAHJ0B (JIeBasi YaCTh CIIEKTPOXUMHUECKOTO PsiJia), TEHACHIUS K
00pa3oBaHUIO TEPMOB C MAKCUMAJILHON MYJIbTUIIIICTHOCTHIO OKAa3bIBACTCS
npeo0iafaniie. DTOT BapHaHT OTBEYAET CIy4aro CJ1adoro MoJis JIUTaH OB,
KOMILIEKCHI TAKOT'O TUIIA HA3bIBAIOTCSI BICOKOCTIMHOBBIMH.

HpI/IBCIIeHHBIe B Ta6xd. 3.11 TCOPCTUICCKH O KUAACMBIC BCJIIMINHBI MAIrHUTHBIX
MOMCHTOB PaCCUHUTAHBI B ITPCAIIOJIOKCHNH, YTO OHN UMCIOT YHUCTO CIIMHOBYIO
npupoay U 3aBHUCAT TOJIBKO OT YHCJIda HECIIAPCHHBIX 3JICKTPOHOB. 5 3 CpaBHCHUA C
NPUBCACHHBIMHU SKCIICPUMCHTAJIIbHBIMUA BCIIMYWMHAMMU JJIA PA3JIUIHBIX JIMT'AHAHBIX
OKPY)KCHI/Iﬁ BHUIHO, YTO, XOTs B KOMIIJICKCAaX HNCHTPAJIbHBIX HOHOB C OOJIBIIINM YHCIIOM
d'SHeKTpOHOB n Ha6J'HOI[aIOTC$I 3aMCTHBIC OTKJIOHCHUA BCJIICACTBHUEC CIITMH-
Op6I/ITaJ'IBHOFO B33HMOI[CIZCTBPI$I, TEM HE MCHCC 110 BEJIMYMHC MAarHUTHOI'O MOMCHTA
KOMIIJICKCA IIPAKTUYICCKH BCCTIa MOKHO YCTAHOBUTDH KOJIMYCCTBO HECITAPCHHBIX
QJICKTPOHOB HEHTPAJIbHOI'O HOHA K OTHCCTU KOMIIJICKC K BBICOKOCIIMHOBOMY HWJIHN
HHU3KOCIIMHOBOMY THITLY.

Tak, HarpuMep, I KOMIUIEKCOB [FeFe]3 MarHUTHBIA MOMEHT ~6,003 \,
OTIpe/IeIICHHBINA IKCTIEPUMEHTAILHO B PACTBOPE, COTTACYETCSI C MArHUTHBIM
MOMEHTOM, 0’KMIa€MbIM I BBICOKOCTUHOBOTO KOMIUIEKCA C MThIO HECTAPEHHBIMU
AJIEKTPOHAMHU, a TaKXKe ¢ TeM, 4To BenuuuHa 10Dq m1s ¢pTopa, HaXoAsSIIerocs B JIEBOM
YaCTH CIIEKTPOXUMUUECKOTO psifa, paBHa 13 900 cm . [lmst apyroro kommiekca
xenesa [Fe(CN)g]® 10Dq ~30 000 cM ™ 1 ero MarHHTHBIH MOMEHT paBeH 1,8 w.

s TeTpa’ApuUecKuX KOMILIEKCOB TAKKE BO3MOKEH MPOCTON aHAU3, AaHAJIOTMYHBIH
ONMCAaHHOMY BBIIIE I OKTa3APUUECKUX KOMIUIEKCOB. XOTs 11 HEKOTOPBIX
KoH(purypanuii d-31eKTPOHOB B TETPAIAPUIECKOM TIOJIC JIMTAHIOB TEOPETHIECCKU
MOYHO OKHUJIaTh HU3KOCITMHOBBIE COCTOSIHHSI KOMIUIEKCOB, OJTHAKO CJIEIYET UMETh B
Buay cooTHoieHue (11.7). OHo yka3bIBaeT, YTO TETPadIPUUECKOE MOJIE JIUTaHI0B
SBJIIETCS BEChMa CJIA0BIM TI0 CPABHEHUIO C OKTAdAPUIECKUM. JIeHCTBUTENBHO,
HU3KOCIUHOBBIE TETPASAPUUECKAE KOMIUIEKCHI HEU3BECTHBI Ja)e JJIs JIUTaH/OB,
HaxOJSIIMXCS B CAMOM MPABOM YACTH CHEKTPOXUMHUYECKOTO PAJIa.

TeTparoHaibHOE UCKaKEHUE OKTA3APUUECKON KOHPUTYpaIUU KOOPAMHAIMOHHOTO
y3Jla CHUMAET, KaK BUIHO U3 puc. 11.4, BeIpokaeHHe eq-opOnTaein okTasapa.

3.5.4. JHeprust cradWIM3auuy KPUCTAIMYECKUM I10JIeM

[IpencraBiieHns O CUIIBHBIX U CIA0BIX MOJISX JIMTAH/I0B, a TAaKXKe JaHHbIE 00
OTHOCHUTEINBHBIX 3HEprusix d-opOurtasneil B Moysx pa3inyHON CUMMETPHUH
npusiekatorcs B pamkax TKII mist oObsicHEHUs TPEANOYTUTEIBHOCTH TOTO WITH



MHOTO THUIa KOOPAUHALIMY B 3aBUCUMOCTH OT 3JIEKTPOHHOU KOH(UTypaluu
HEHTpaIbHOTO noHAa. C 3TOH 11eJIbI0 BBOAST MOHATHE SHEPTUU CTAOMIIU3AIIUN
kpuctasmnyeckum nosiem (DCKIT). DCKII orieHuBaeTcsi o OTHOIIEHUIO K
HEPACIICTIEHHOMY 3JICKTPOHHOMY YPOBHIO B TI0JIC JIUTAHI0B CHEPUIECCKOM
cummMetpun (Tad. 3.12). Heo6XxomuMo yCTaHOBUTH 3JIEKTPOHHYIO KOH(DHUTYpaInio
[EHTPAILHOTO HOHA B CHJILHOM WJIHM CJIA00M IT0JI€ JTUTAHI0B U TIOJICYUTATh OOIIYIO
DHEPTHIO JICKTPOHOB. Pe3ynbTaThl TakMX MOACUETOB CBeAeHBI B Ta0u. 3.13. Ilpu
MCIOJIb30BAaHUM 3TUX JAHHBIX CJIEYEeT UMETh B BUYy UTO HEJb3s MPSIMO CPABHUBATH
OCKII aJ1st HU3KO- U BBICOKOCIIMHOBBIX KOMILIEKCOB. B mociieineM cityyae Hy>KHO
YYECTh, YTO 3JEKTPOHBI LICHTPAIBHOTO MOHA CTPEMSITCSI 3aHUMATh OTACIIbHBIC
OpOUTaIM U HA KK/ 3JIEKTPOH BBIMTPHIBACTCS SHEPTHUs, paBHAsE OOMEHHOMY
uHTerpany Kijj, 4T0 4acCTH4HO KOMIIEHCHPYET MJIM JIa’K€ MIPEBBIIIAET IOTEPIO B
opbutansHoii sHeprun. Kpome Toro, He00X0MMO MOMHHUTD O MPUOIMKEHHOCTH
ocHoBHbIX nonoxkenuid TKII, moatomy npu onienke DCKII Gonee BaKHO yUYUTHIBATh
HE YHMCIICHHBIC Pe3yJIbTaThl, a TCHICHIIUU.

Ta6aunna 3.13. CKII 111 KOMIIEKCOB HEHTPAJIbHBIX HOHOB € Pa3JIMYHBIMH
3JIEeKTPOHHBIMH KOHQUTypauusamMu (B etuHuIax Dq) B pa3JIM4HBIX MOJISX JIMTAH/I0B

HOCKOJIbe TETPAIAPUIECCKUEC KOMIIVIEKCHI CUJIBHBIX noJien HEU3BECTHLI, JaHHBIC pacueTra
AJIsi HUX HE IPUBOAATCH.

N3 tabn. 3.13 sicHo, uto juist d°-, le-I)JICKTpOHHBIX KOH(MUTypalui, a TaKxKe A
koHpurypammu d° B ciygae ciaboro mous nurannoB DCKII pasro Hymo. [TosToMy
JUTSl KOMIUIEKCOB COOTBETCTBYIOLIUX LIEHTPAIbHBIX HOHOB XapaKTEPHBI JIUIIb OKTad-
puYecKas U TeTpadapuueckas (YeThlpe JUraHaa) KOOpAUHAIIMM, 0KUIAEMbIe Ha
OCHOBAHHUH MOJIEIH OTTAIKUBAHUS JIEKTPOHHBIX Map. TeTrpasapudeckyio
KOOPMHALINIO UMEIOT HOHBI [F eCl4]1‘, MnO,, [Cd(NH3)4]2+. Boo06mie
TeTpadIpuuecKasi KOOpAUHAILUS - OTHOCUTENIBHO PEIKUi (110 CPABHEHUIO C MIIOCKOM)
Clly4ail CTpyKTypbl KOOpJIUHAIIMOHHBIX coequHeHuil. Hanbomnee xapakrepHbie
TIPUMEPBI H3BECTHBI TS KOMIUIEKCOB IIGHTPAIbHBIX HOHOB THIa d’, HarmpuMep
[CoCl,]* .Crabumsarus TeTpadapuIecKOro KOOPAHHAIIMOHHOTO y3I1a /TS HOHOB
noHsTHa u3 cpaBHeHUs: DCKII Takoro y3na ¢ OKTadApuueCcKUMU U TNIOCKUMHU B
ciabom mosie. Ta6:1.3.13 moka3bIBaeT Takke 0COOYI0 YCTONUHUBOCTh OKa3APUIYECKOTO
nomaapa s HoHoB d° B CHIBHOM MOJIE U TLIOCKOTO — [Ist HOHOB d°.

3.5.5. Teopusi moJist IMraHa0B

Teopus KpUCTAIIMYECKOTO OIS, paccMaTpuBaroias ToJIbko AO HEHTPaIbHOIO HOHA
B 10JI€ TOUYEYHBIX JINTAHJI0B, HEIPUMEHHUMA K T -KOMIUIEKCAM, K JOHOPHO-
aKIIETITOPHBIM CBSI35IM, K aHAIM3Y JIeTajeil CBA3BbIBaHM B KOMIUIeKcax. Hanbonee
0011 TOIX0T K PACCMOTPEHHUIO SJICKTPOHHON CTPYKTYPhI KOMITJIEKCOB CBSI3aH C
pacyeTamMu BOJHOBBIX (DYHKIIMI KOMILIEKca Kak 1esaoro. [{jisi KoopAMHAIIMOHHBIX
coeMHeHn 00001IeHNs, TOTydeHHbIE Ha OCHOBE MeToAa MO, Ha3bIBarOTCS TeOpUen
10JIsl TUTaH/I0B. [ 1aBHast 0COOGEHHOCTh €€ COCTOUT B TOM, YTO BBHUIy OOBIYHO
BBICOKOW CHMMETPHUH KOOPIUHALMOHHOTO y371a MO MoseKybl Wi HoHa




KOOPJIMHAIIMOHHOTO COSMHEHUS KIACCU(ULIUPYIOTCS IO CHUMMETPUHHBIM CBOMCTBAM
Y IPUHIMIHAIIBHYIO CXEMY UX 00pa30BaHus U3 opOuTaseil IMraHaoB 4acTO MOYKHO
MOCTPOUTH, HE MIPOBOSI KOHKPETHBIX PACUETOB.

MO KOOPJAMHALIMOHHBIX COSIMHEHMH C JIUTaHAaMM, UMCIOILMMU G -OD6I/ITaJ'II/I.

PaccMmoTpuM BHavalie ciydai KOMILIEKCOB, 00pasyembix jurangamu L tuna (CH3)sP,
MH3;, H,O, OH', H', koTOpbI€ UCTIOJIB3YIOT JIJIsl CBSI3BIBAHUS C LIEHTPaIbHBIM aTOMOM
MeTajljla HeMoAeIEHHON TMOPUIHOM Haphl SJIEKTPOHOB WJIM Taphl JIEKTPOHOB Ha S-
opOuranu (rubpun-non). Hanbosee xapakTepHbIN TUIT KOOPAWMHAIUY -
okta3apuueckuii. KoopauHamoHHbie CBsA3HU B KomIuiekce ML, roe M -
NEPEeXOIHBINA MeTalI, 00pa3yOTCs MPU JOHUPOBAHUH JIEKTPOHOB C G -OpOuTaNiei
JUTaHAO0B Ha BakaHTHBIC 3d-, 4S-, 4p-opOuTanu MeTaia (JIjIs1 aToMa MeTasiia
TpeThero nepuozaa). Utoosl paccuntath BasieHTHBIE MO KoMIiekca, BIOEpeM
KOOpJIMHATHBIE OCH, KaK MOKa3aHo Ha puc. 11.11, pacnoyioxkuB BOJIb HUX JIUTaH/IBI.

[Tonnbiit 6a3uc BaneHTHbIX AO cocTouT u3 15 opOutaneii: 1eBATH - MeTaslIa, IIECTH -
auranaoB. Tonapko Takue koMOuHanuu urasanbix AO 6yayt dopmupoBats MO ¢
pasnMuIHbBIMA opOuTasiMu MeTauia. CoOOTBETCTBYIOMIKME KoMOuHau ¢ -AO
JIMTaHJI0OB HA3bIBAIOTCS TPYNIOBBIMU opOuTansimMu). OHU MIpeacTaBieHbl B Tabm. 3.14.

Taoauna 3.14.

BanenTHble OpﬁlflTaJIl/I ME€TaJ/l/iIa 1 IpynmnoBbI¢C OpﬁI/ITa.HI/I JJUT'aHI0B B
k+

OKTaYApHYeckoM Komiuiekce ML? (cBsi3pIBalomme KOMOMHAIIMN)

Merami Jluramn [IpencraBnenue
CUMMETpUU
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Puc. 11.12,a unnrocTpupyeT BIOOP TPYIIIIOBOI OpOUTANIN €-CUMMETPHH,
KOMOMHUpYIoLEeics ¢ dyyyo-opoutanso meranna. M3 puc. 11.12,6 sacHo, nouemy
mobast komOuHaIms ¢ -AQO TUTraHaoB JaeT HyJIeBOE MepeKpbiBanue ¢ d-opOuTansiMu
MeTajia TUna tyg.

Ha puc. 11.13 noka3zana kauecTBeHHasi KOppeiasiuuoHHas quarpamma MO
OKTa3IPUIECKOT0 KOMIUIEKCA, COTIACYIOIIAsACS ¢ JAHHBIMU MPSMBIX PACUCTOB
SIIEKTPOHHOI'O CTPOCHHMSI Pa3HOOOPa3HBIX KOMILIEKCOB MLg"". 113 Hee ciemyer, 4To B
KOMILIEKCE, 00pa30BaHHOM G -JIMTAHJIaMH U LICHTPAJIbHBIM aTOMOM MEPEXOAHOTO
MeTajljla, UMEEeTCs HIECTh CBA3BIBAIOINUX (a1g, {41, 18g) ¥ TP HECBs3bIBAIOIIMX (t2g)
BAJICHTHBIX JJICKTPOHHBIX YPOBHS, HA KOTOPBIX MOYKHO Pa3MECTUTh 18 3JIEKTPOHOB.
Ecnm xaxapIii U3 mecT JTUraHa0B OKTadAPUIECKOr0 KOMIUIEKCa BHOCUT 1O 2 G -
AIEKTPOHA, TO YCTOMYMBOM KOH(PUTYypaIel eHTpaJIbHOTO0 HOHA WK aToMa OyieT 6-
AIIEKTPOHHAS.

B cornacuu ¢ Teopueit KpuCTaUIMUECKOTO OISl TPAHUYHBIMUA OpOUTAIISIMU
KOMILIEKCA SBJISIOTCS OPOUTANH trg M 2¢4-Tnna. OQHAKO €CIH trg-OpOUTaNy B Cirydae
KOMIUIEKCOB C G -JINTAHJaMH JICUCTBUTEIHHO TIPEACTABIISAIOT COOO0H JIOKATM30BaHHBIC
d-opOutany HEHTPaNIbHOTO aTOMa, TO 2€3-0pOUTaNy JeI0KaIu30BaHbl U COAEPKAT
BKJIaJl opOuTanei muranaa. [1ockoybKy 3TH OpOUTaIM HUMEIOT AaHTUCBSI3BIBAIOIIIUIA
XapakTep, UX 3aCEeNeHUe BEAET K pa3phIxJIeHUIo cBa3er M-L. Tak, mis
HuskocrmHosoro komiiekca [Co(NH;3)6]3", B kotopom 2eg-opOuTany He 3aceseHsl,
anunsbl csaseit Co-N pasubl 1.94 A, Torna kak B BEICOKOCIMHOBOM KOMITIIEKCE
[Co(NH3)s]*, rae 3t opGuTaiy 3anonHsroTCs, IHHbI cBsizeit Co-N yBeINIHBAIOTCS
mo 2.11A.

MO KOOPAMHAIIMOHHBIX COGI[I/IHeHI/Iﬁ C JUuraHaaMu, UMCIOIITUMHU P- U TT -OD6I/IT8,JII/I.

B o6mem cnyuae nuranasl L, HanpuMep rajioreHsl, MOTYT 00pa30BBIBaTh CBS3H C
LHEHTPAJIbHBIM HOHOM TaKKe 3a c4eT cBouX p-AQ, 0CH KOTOPBIX OPUEHTUPOBAHBI
MEPIEHIUKYJIAPHO CBA3IM M-L. [Ipu 3TOM co3/1aeTcst BO3MOXKHOCTB T -CBSI3bIBAHMS
nByx tumnoB. Ha puc. 11.14, noka3ansl ABa BUAa rPyIIOBLIX T -OpOUTaNEH TUTaHIOB.

['pynnoBsie opOuTany nNepBoro Tuna cnocooHsl 00pazosatk © - MO komIuiekca npu
nepekpbiBanuu ¢ p-AO metamna. ['pynnoBeie OpoUTANN JIUTaHAOB CIIOCOOHBI K
HIEPEKPBIBAHUIO C frg-AO MeTa/uia. Y4er 7 - CBA3bIBaHUS NPUBOJMT K BKIIOUECHHUIO
5THX opOuTaieil B kommiekcax trma [CoFg]® B CBA3BIBAIOIIME U aHTHCBS3BIBAIOIINC
KOMOUWHAIIMU C OPOUTANIIMH JIUTAHJIOB, TOT/Ia KaK B KOMILIEKCaxX TUIIA [CO(NH3)6]3+
tog — opOuTaIM UMEIOT HeCBA3bIBatoNMi XapakTep. MMeHHO 3TOT 3QdeKT 00bsicHAeT
BO3MOXHOCTh 00pa30BaHMs JaTUBHBIX CBA3CH MeTalljIa C TUTaHIaMH,
00yCIIOBIMBAIOLIMX NEpeady 3J€KTPOHHOM INIOTHOCTH € 3aIIOJIHEHHBIX tog -AO
MeTajlla Ha BaKaHTHbBIE P- U T *-OopOUTau JIUraHjia.

Jpyras 0ocoO0eHHOCTh 00pa30BaHus CBSA3EH LEHTPAIHLHOIO aTOMa MeTalljia ¢
JUTaHiaMu, 00JadatoIMMU P-OpOUTAISIMU, COCTOUT B TOM, YTO MOCIIETHUE 00pa3yIoT
OTJIEJIbHYIO CUCTEMY PT -opOuTaneil ty,-cummerpun. OHU BMECTE C G -OpOUTATISIMU



TOM K€ CUMMETPUU MOTYT B3aMMOIEHCTBOBATH ¢ p-AQO (ty,) IIEHTpaTHHOTO aTOMa
Metaia. [Tockonbky G -TiepekpbIBaHHE HAMHOTO OOJIBIIE, YEM T -TIEPEKPHIBAHUE,
MO>KHO B MIEPBOM MPUOIIKEHUU MTPEHEOPEYb T -B3aUMOJICHCTBUEM U OTHECTH PTL -
PAI IUTAHAHBIX OpOUTAlIeH t;, -CHMMETPUHU K HECBSI3bIBAIOIIEMY THITY. JTO Ja€T
BO3MOKHOCTb PaCCMAaTPUBATh KOMILJIEKCHI C 3aII0JIHEHHBIMU AJIEKTPOHAMH P-
opOuTansiMu (TajJoreHsl) B paMKax CXeMbl, IpecTaBIeHHOM Ha puc.11.13).

Haubonee Baxen 3¢ ekt B3aumoaeiicteust d-AQO LeHTpaIbHOIO aToMa METaJIa C
BakaHTHBIMU Tt *-opouTtansimMu TuranioB CO u CN B kapOOHUIBHBIX U IUAHUIHBIX
xoMmiuiekcax. Ha puc. 11.15 nokasana cTtpykrypa onHo# u3 tyg -MO rexcakapOoHuIa
xpoma Cr(CO)g, 0Opasyromelics mpu nepexpbiBaHuu dyy-AO MeTania ¢ aHTUCBA3bI-
BaroruMu 1T *-MO okcuna yriepona. Llentpanpasiii atom B Cr(CO)g ISKHAT B LICHTPE
MOYTH UACATBHOTO OKTadApa u3 aroMoB O 1 00pa3yeT ¢ IUrangaMu Kak G -, Tak U T -
cBs3u. Ha puc. 11.16 nana koppensunonHas auarpamma MO rekcakapOoHuia xpoma,
MOCTPOEHHAs C YYETOM T - U T *-opOuTaneul nurania.

J{ns1 GompIeld SCHOCTH G -OpOUTANI Pa3IMYHbBIX THIIOB JaHBI B BUAC OJTHOTO OOIIETO
ypoBHsl. Paciiierienus, BeI3biBaeMble B3aumoaericTBuaMu AO metaia ¢ . -
OpOUTAJIAIMU JINTAHI0B, KOTOPbIE MOKHO CKOMOMHHPOBATH B TPYIIIIOBbIC OpOUTAIIH,
MOJIB3YSICh COOOpaKEHUSIMU CHMMETPHUH, CPAaBHUTEIHLHO Mautbl. Kak 1 B cimyuae
JUTAHIOB C P-OpOUTAISIMHU, MOKHO pacCMaTPUBATh ATH B3aUMOJCHCTBHS (3a
UCKIIIOYEHUEM tpq-T0 -B3aMMOJICHCTBUA) KaK BTOPOCTENICHHBIE 10 CPABHEHUIO C
B3aumoielicTBusiMU d-G -Tuma. B To jxe BpeMs 3 ekt npumemmBanus w*-
opOuTasel JMrana K ty;-opOUTaIsIM METajlla HIpaeT BaKHYIO POJIb, OH IIPUBOJMT K
YBEJIMYEHHIO PaCIICIUIEHHs fog- €q ypoBHEH. Illects CO-Tpynm rexcakapOoHmna
Xpoma BHOCST 12 3JIEeKTPOHOB HEMOEIECHHBIX AJIEKTPOHHBIX Map, 24 7 -3JeKTpoHa, a
aTOM XpoMa JaeT 6 37eKTpoHOoB. Takum oOpaszom, 21 cBs3eiBatomas MO B
reKcakapOOHMIIe Xpoma 3aHsTa 42 JIeKTPOHAMU.

JleTanu XUMUYECKOU CBS3H B KOMIUIEKCHBIX COSMHEHUSX XOPOIIIO BBISBIISIOT KapThl
nedopmarronnoi JI1. BeiOpas okambHYy0 CUCTEMY KOOPAUHAT Ha IIEHTPATLHOM
aTOME KOMILIEKCA M COTIOCTABJISISI MPOCTPAHCTBEHHBIE XapaKTEPUCTUKH BAJICHTHBIX
AO ¢ NOJ0XKEHUSIMI MAKCHMYMOB 1 MUHUMYMOB O P , MOXHO JIaTh KQUe€CTBEHHYIO
TPAKTOBKY KapT & p B TEPMUHAX OpOUTAIBHBIX MpeACcTaBleHNH. Takas TpakTOBKa
HOCHT, KOHEYHO, JIUIITh TIPUOJIMKEHHBIN XapaKTep, TOCKOIbKY MOJICKYJISIpHbIE (WK
KPUCTAJUIMYECKHUE) OPOUTAIN HE SBIISIOTCS TOYHOM CYNEPIO3UINEH MaJIOTO Ynciia
BaJICHTHBIX AQO.

PaccmoTpuM paccunTaHHyIO HEAMIIUpUYECKUM MeToAoM Xaptpu-Doka B
pacuIMpeHHoM Oa3uce cTaHAapTHyo Aedopmannonnyto Il rekcakapOoHmIa xpoma
Cr(CO)g (puc. 3, a ). B monekyne CO, sBistomieics 3/1eCh JUTaHI0M, YUCIIO
BaJICHTHBIX AJIEKTPOHOB PaBHO 10 1 B OCHOBHOM COCTOSIHUM 3JIEKTPOHHAs
KOH(UTrypanus 3Toil MOJIEKyJIbl IpUBEACHA BbIlIE (pa3zaen 3. .). B HecBsa3bIBaOIIYIO G
-MO OGonbmiuii, Bki1ag BHOCUT AO atoma C, 4TO MpOSIBISIETCS] HA CTaHJAPTHOM
nepopmaronHoit D11 B BUie MOJI0KUTETHHOTO MAKCUMYMa 1103311 3TOr0 aToMa
(puc. 10, n). B Cr(CO)g mporCcXOaUT CMEILIEHUE MAPHI JIIEKTPOHOB OT JUTaHAa K HOHY



MeTajlia 9yepe3 G - CBs3b (O - JIOHUPOBAHKME WJIU JIOHOPHO-AKIICIITOPHAS CBS3b) U
YaCTUYHBINA 0OpaTHBIN MEPETOK ICKTPOHOB K JTUTAHAY uepe3 m*-CcBsi3b (00paTHOE G -
U T - TOHUPOBAHHE WJIM JIATUBHAS CBA3b). ONMcaHHas KapTHHA XOPOIIO COrIacyeTcs
C PEHTI'CHOCIIEKTPAJILHBIMU JTAHHBIMH.

Cranmaptaas kapta aedopmarmonHoi 11 Cr(CO)g moka3bIBaeT, 4To I G -CBSI3H,
opueHTupoBaHHOU B1oyb TuHUU Cr-CO, XxapakTepHO HATUYKME MUHUMYyMa O P ,
nexarero Bomu3u aroma Cr u nepexodiiero ompke k atromy C B MAKCUMyM. DTOT
MaKCHMYM HECKOJIBKO BBITSHYT nepneHauKyasspHo JuHUU Cr-CO. I1u KapThl Op
IIPEKPACHO COTJIACYIOTCS C OTIMCAHHOM BBIIIE KAPTUHON XUMHUYECKON CBA3U B
Cr(CO)g. Omnako cnernuduka J0HOPHO-AKIIENTOPHOM XUMHUYECKOM CBS3U Ha
CTaHJAapTHOM KapTe Op He MposiBseTcs. BoisicHuM Tenepsb, kakas yactsb Ol
akkymyiupyemas mexay aromamu Cr u C, cBsizaHa ¢ 00pa30BaHUEM CBSI3H, a KaKas
OTHOCHUTCS K HETIOJEJICHHBIM AJIEKTPOHHBIM napaM atoma C. [{s 3Toro paccMorpum
“parmentryro” aedopmarmonnyto JI1 (puc.3. ,0) - paznocts Mexay II1 Cr(CO)g
dparmentamu Cr(CO)s u CO npu To# xe reoMeTpun. ITa QyHKIUS JODKHA
OTpaXkaTb UMEHHO JIOHOPHO-AKLENTOPHOE B3auMoeiicTBue. 1 nelicTBUTENbHO, HA
COOTBETCTBYIOIIEH KapTee MUK Op UMEET CYIIECTBEHHO MEHBIIIYIO BHICOTY U €T0
MAaKCHMYyM 3aMETHO CMELIEH K cepelnHe MexXbsaepHoro paccroaaus Cr-O. OH Takxke
BBITSHYT neprneHauKkyisipHo tuaun Cr-CO, T. €. oTpa)kaeT HAJIMYUE T -KOMIIOHEHTBI
BO B3aMMO/JICHCTBUU IEHTPAJIbHBIN aTOM-JIUTaH]I.

PacueT noka3beIBaeT, 4To 3JEeKTPOHHBIC 3acelieHHoCTH 3d opouraneit atoma Cr B
Cr(CO)g, mokassiBaroT (1a011.3.15), uro t)-AO aToma Cr 1eCTBUTENBHO UMEIOT
OOJIBIIYIO 3aCENIEHHOCTD, 4eM €4-AO.

Tao6auna 3.15.

dyieKTpOoHHBbIE 3acejieHHOCTH opouTalieii Cr B Cr(CO)g

Op6uranb C bes Teopus |Chepuaeckuit
y4eTOM ydera aToMm
4s-A0 4s-A0O Xa -
METOJ
€g 1.42(5) 1.37(7) 1.12 2
tog 3.40(5) 3.32(8) 3.26 3
Cymma 4.82(9) 4.69(9) 4.38 5
4s 1 - -0.085 1
4py - - -0.011 -
4py - - -0.011 -
4p; - - -0.011 -




3.5.6. IIpaBuiio 18 371eKTpOHOB

O0600111eH1E paCUETHBIX PE3YJIbTATOB U SKCIIEPUMEHTAIBHBIX JaHHBIX MO3BOJIMIIO
chopMyJIHPOBATH CIICAYIOINIEE MPABIIO: B YCTOMYMBBIX KOMITJIEKCAX MEPEXO0THBIX
MeTaiioB ML, oO1iee 4uciio 31eKTpoHOB Ha CBsI3aX M-L 1 HecBs3bIBAIOIIUX
AJIEKTPOHOB IIEHTPAJIBLHOTO aToMa paBHO 18.

JleificTBUTEIBHO, PACCMOTPUM JUArpaMMy OpOUTAIBHBIX B3aMMOACHCTBUN BaJ€HTHBIX
s- p- u d-AO (o6miee unciio paBHO 9) ¢ N CHMMETPU30BAHHBIMU G -OpOUTATIIMHU
muranzioB L B kommuiekce ML, (puc. 3.). [loaxoasmue no cummetpun N AO
LHEHTPAIbHOTO aTOMa 00pa3yIoT ¢ OPOUTAIISIMU JIMTAHIOB N CBSA3BIBAIOLIUX U N
paspeixiisitoriux MO. (9-n) opOuTaneil IEeHTpaIbHOTO aTOMa, UMEIOIIHUX WHYIO
CUMMETpHIO, 00pa3yroT HecBs3biBaromue MO. SICHO, 94To Ha CBSA3BIBAIOIINX U
HecBa3bIBaroX MO MOXHO pa3MeCTUTh Kak pa3 18 aeKTpoHOB.

puc. 3. MunkuH c. 452, puc.11.22

CymiecTByeT HeMajio OTKJIOHEHUH OT npasuiia 18 snextponoB. Hanpumep, miockue
TETPAKOOPAUHUPOBAHHBIE U TPUKOOPAMHUPOBAHHBIE KOMIUIEKCHI IIEPEXOIHBIX
METAJJIOB YCTOWYHUBBI NTPU 1 6-37IEKTPOHHON KOOPAUHALUU.

dddexT Ana-Tennepa

[Tpubnmxenue bopra-OnmnenreiimMepa MO3BOJIAET, PA3ICIUB IBIKEHHUE SJICKTPOHOB U
A71ep, UCTIONB30BATh I aHATN3a XUMUYECKUX MPOOIIEM TOJIBKO IEKTPOHHOE
ypaBHenue lIpenunrepa. CyiecTByeT, OJHAKO, BaXKHBIN CIy4yal, KOTJ1a HOBEPXHOCTH
MMOTEHIUAJIBHOW SHEPTHUH, OTBEYAIOIIME PA3JIMYHBIM JIEKTPOHHBIM COCTOSTHUSIM,
HACTOJILKO ONM3KH (MM JIaXKe KacaroTCsl IPYT APYTa), UYTO JIEKTPOHHBIE COCTOSTHUS B
pe3yiabTaTe SIAEPHOTO ABMKEHHSI CMEIIUBAIOTCS (BBIPOKICHUE COCTOSTHHM).
Bo3HukaroT 00beIMHEHHBIC STIEKTPOHHO-S/IEPHBIC COCTOSHUS, Ha3bIBAEMbIC
BUOPOHHBIMU, U SJIEKTPOHHOE JABMKEHHUE YKe 00JIee HEOTASIUMO OT SIIEPHOTO.

AHanm3 OKa3bIBAET, YTO CUCTEMBI, T/Ie BOJTHOBAs (PYHKIIMS BBIPOXKIEHA (HApuMep,
OKTa3ApUYECKUE U TUIOCKUE KOMIUIEKCHI d-31eMEHTOB), CTPYKTYPHO HEYCTONYNBBI:
BCET/Ia CYNIECTBYIOT JeopMaIi SACPHON KOHMUTYpAIIUH, TOHWKAIOIIUE €€
CUMMETPHIO U CHUMatoIne BeipokaeHue (3ddexr fAna-Temnepa).

[Tepeceuenne agunadaTuueckux noBepxHocten (3pdext Ana-Temnepa nepBoro
NopsJIKa) UMEET MECTO B BLICOKOCUMMETPUYHBIX CUCTEMAaX C YACTUYHO
3a0JIHEHHBIMU CBSI3BIBAIOIINMU U HeCBs3bIBarouMu MO. Berpedaercs Takxke
CUTYaIHs, KOTJIa BBIPOKICHUE JIEKTPOHHBIX COCTOSIHUM OTCYTCTBYET, HO
opOuTanbHOE BBIPOXKACHHUE coXpaHseTcs - nceBnodPpdekt SAna-Temnepa.

CrpykTypHbIe neopManuu BBICOKOCUMMETPUYHBIX KOOPIAUHAIIMOHHBIX MOJIUIIPOB
MHOTHX KOMIUIEKCHBIX COeIMHEHUI 13-3a 3¢ (ekToB Ana-Temnepa MOryT HOCUTh Kak
CTaTUYECKHM, TaK U TMHAMUYECKUHN XapakTep. B nepBoM ciryyae mpoucxoauT
CTaOUIU3ALMSI CTPYKTYPHI 32 CUET MOHMKEHUS cUMMETpun. Bo BTOpoM nckakeHue



CPaBHUTEILHO MaJIO ¥l IPUBOJIMT K CTPYKTYpaM, 3aHUMAIOIIAM HETTyOOKHe
MUHIUMYMBI Ha [1I1D cucTeMbl: 3TH CTPYKTYPBI COBEPIIAIOT OBICTPHIC TIEPEXOIbI
MEXIy HECKOJIbKUMH SKBUBAJICHTHBIMHU SICPHBIMH KOH(PUTYPAIUAMU, T.€. HAXOIATCS
B COCTOSIHUM BBIPOXKIACHHOTO JUHAMHYECKOTO paBHOBeCHUS. CTaTMUECKUN UITH
JTUHAMUYECKHUM XapakTep ucKaxeHus SHa-Temrepa 3aBUCUT OT TOr0, HACKOJIBKO
CWJIBHO YMEHBIIICHUE SHEPTUH CUCTEMBI 3aBUCHT OT JepopMannu SaepHON
KoH(purypammu. Ecnu 5Ta 3aBUCUMOCTD 3HAUUTEIbHA U 00ECIIEYMBACT JOCTATOUYHYIO
CTAOMJIM3ALIMIO TIPU TOHMKEHUY CUMMETPHUH KOMITJIEKCa, COOTBETCTBYIOIIEE
CTPYKTYPHOE UCKAKEHUE UMEET CTATUYECKUN XapaKTep.

[Tpumepom cratuueckoro 3gdexra Ana-Temrepa ciaykaT OKTasApudecKue
KoMIuIekchl noua Cu®*. JleBsith d-3JIeKTPOHOB [EHTPATBHOTO HOHA MOTYT
Pa3MECTUTHLCS Ha OPOUTAIIAX tyg- U €g-THIIA IBYMs PABHOLICHHBIMHU CIIOCO0amMHu (pHC.
11.23) 1 OCHOBHOE 3JIEKTPOHHOE COCTOSTHHUE KOMILIEKCOB Cu®' B OKTa3IpUYE€CKOM
OKPY>KEHUU SIBJISIETCS JBAYK/bl BBIPOKIECHHBIM (zEg). Db dext Ana-Tennepa nepBoro
MopsAJIKa MPUBENET MO0 K yATUHEHUIO, JTUOO0 K CKATHIO OKTad/Apa - TAK HA3bIBAEMOE
TeTparoHaiabHOE UcKakeHue (puc. 11.24). 1o uckaxeHne MOKET ObITh JIETKO
00BSICHEHO C TIOMOIIBIO aHAIN3A YIEKTPOCTATUYECKUX B3auMoieiicTBuil. Tak, eciu B
3JIEKTPOHHON KOH(QUIypaluy YaCTHYHO 3aII0JIHEHHOM OyIeT dy).yo-0pOnTass,
JIUTaH[Ibl B TOJOXKEHUsIX 1, 2, 3, 4 OynyT cuiibHEe MPUTATUBATHCS K IEHTPAIIBHOMY
MOHY, YTO IPUBEAET K YBEJIMUYEHUIO paccTossHuil M-Ls, M-Lg o cpaBHeHu10 ¢
ocTalibHbIMU. TeTparoHaabHOE UCKAKEHUE UMEET MECTO B OKTAdAPax, OKPY KAFOIINX
WOH Menu B kpuctayundeckoi perretke (CuCl,),, 1 BO MHOTHX JIPYTHX CUCTEMaXx.

Hpyroii mpumep cratuyeckoro s¢dexra Ana-Temnepa gaet cTpykTypa
KOOPIMHAIIMOHHOTO Y3112 BRICOKOCIIHHOBOTO kKommekca [MnFg]® B kpuctamie MnFs.
[Tonmusap 31ech pOMOMYECKH UCKAXKEH BCIICACTBUE IBYKPATHOTO BBIPOXKICHHUS
(tgg)S(eg)-KOHcpHrypauHH Y XapaKTEPU3YEeTCs TPEMS Pa3INIHBIMU JTHHAMHU CBSI3CH
Mn-F (1.79, 1.91 u 2.09 A). B Tpanc-anieTunaneronare Maprasia Jise csizu Mn-O
umerot ey 1.948 A, a uetbipe npyrue-2.0 A.

ITpy 511EKTPOHHOM BBIPOKIEHUH, 00YCIOBIEHHOM 3all0JHEHHEM tyg- OpOHUTAIIEH,
s dexr Ana-Temrepa BeIpakeH 3HAYUTEIBHO cllabee U HOCUT 0OBIIHO
JTMHAMUAYECKHUIN XapaKTep.

XuMH4YecKHe peakunu B ra3oBoii ¢ase

KBaHTOBas XrimMus, MO0 CPABHEHUIO C KUHETUKON U TEPMOXUMHUEN, TPETOCTABIISIET
HOBBIC BO3MOKHOCTH JJISl U3YUYEHUS XUMUYECKUX PEAKIH, TO3BOJISISL PACUECTHBIM
MyTeM BOCCTAHOBUTH HEHAOIOaeMO€ IKCIIEPUMEHTAILHO JIBIKEHUE Pearupyromiei
CUCTEMBI MKy peareHTaMu u npoaykramu. Criennduka KBAaHTOBOXUMUYECKOTO
MOJX0JIa COCTOUT B TOM, YTO PEAKIIMOHHASI CTIOCOOHOCTh CUCTEMBI XapaKTepU3yeTCs
3/1€Ch PA3HOCTHIO SHEPTUN OCOOBIX TOUEK HA MOBEPXHOCTH MOTCHIIMAILHON YHEPTHH,
TOTJIa KaK B TEPMOXUMHUH ¥ KHHETHUKE — N3MEHEHUEM TePMOIMHAMUYECKHUX (QyHKIIUN
Y KOHCTAHTOW CKOPOCTH PEAKIIUK, U3MEPEHHBIMU MPU OMPEACICHHBIX YCIOBUSX.
CxeMa cpaBHEHUS JJAaHHBIX 3TUX MOJX0JI0B MpecTaBiieHa Ha Puc. 1 mis peakumii
MEXK]Ty MOJIEKYJIAMH UIC€TbHBIX Ta30B.



PaccMoTpuM, Kakvue BETUYMHBI U KaK CIIETyeT paCCUYUTHIBATh, YTOOBI OMKCAThH
XMMHUYECKUE PEAKLIMHA U KOPPEKTHO CPABHUTH PE3YJIBTATHI TEOPETUUECKUX PACUETOB C
DKCIEPUMEHTOM.

[Ipexxne Bcero mpuHUMaroT npuommkenne bopHa-OnmnenreliMepa 1 OnpeaeisoT
NMOBEPXHOCTH MOTeHUMAIbHOM d3Hepruu (III1J) xumMudeckoi peakinu Kak
COBOKYITHOCTb TOUYEK, XapaKTePHU3yEMbIX OMPEICICHHON Y3HEPTUEH CUCTEMBI MTPU
(UKCHUPOBAHHOM TIOJIOKEHUH sA1iep. PazMepHOCTh MPOCTPaHCTBA, B KOTOPOM
onpeaensercs [1I19, nus N B3auMo1eMCTBYIOIIMX YaCTHI] 33]1a€TCA YUCIOM
KOOPMHAT, IIPUHATHIX B Ka4eCTBE cTeneHel cBo0o bl mmoc 1 (3ueprus): 3N — 5 (3N
—4). VI3 Bcex 3THX KOOPAUHAT MOXKET OBITh BBIJICJICHA OJIHA, 3a4af0IIas MyTh
XUMHYECKON peakunu - MUHUMAJIbHBIN 110 YHEPTUHU My Th, HEMPEPHIBHO
COCJMHSIIONINI JOJIMHY UCXOJAHBIX BEIIECTB U JOJHUHY HNPOJYKTOB YEPE3 TOUKY
JIOKJIbHOTO MaKCUMyMa — MePeX0HOe COCTOSTHNE WJIY AKTUBHPOBAHHBIH
KOMILIEKC. DTa KOOpAMHATA HA3bIBACTCS KOOPAHHATOM peaKIum.

YpaBuenue lllpeaqunrepa /s 3J1eKTPOHOB
U Aaep

Ipubnuoscenue bopua-Onneneeiimepa

JuiekTpoHHOe ypaBHeHue Illpenunrepa. YpaBHeHnust
Xaprpu-Doka.

Teopus monexynspuvix opoumaneu

DOyHKUMSA NOTEHIHAJIBHOM JHEPTUM OCHOBHOI'O COCTOSIHUS
pearupymoiei cucreMbl.

OanMMS’dT/!M}Z ceomenpuu

I'eomeTpus u 3Heprus I'eomeTpus u 3Heprus
PAaBHOBECHOI'0 COCTOSIHUA MePexXoHOro COCTOSTHUSA
pearupymoiei CucTeMsl. pearupyrouei CucreMsl.

Pazoenenue xonebanuii u epawenuii

MomeHTBI HHepUuHn CunoBbie
MOCTOSTHHbIE
BpamareabHbie KoaebaTenbHbie
JHepreTu4YecKue ypoBHU JHepreTu4YecKue ypoBHU

pearvpyroiei CuCTEMbI pearupyroinei CuCTeMbl



Cmamucmuyueckas mepMOc)uHamuKa

Tpancasunonnas BpamarenbHas KosebdareabHas JHeprus
byHxkuus bysxuus byHxkuus HYJIeBBIX
pacnpejesieHusi | pacrnpejesieHUs | pacnpefejeHuss = KoJeOaHU
pearu pywiueii | pearMpyliueil = pearupymouieid  peardpyromiei

CHCTEMBI. CHCTEMBI CHCTEMBI CHCTEMBI
DHTAJbINNSL, JHTPOIHS, OHTAJbLINS AKTUBAIUH,
TEIJI0EMKOCTb,... JHTPONUA AKTUBALNMH,...

Memoowr mepmoxumuu Memoowvl Kunemuxu

Puc. 1. [IpubnnxeHHas cxema BbIUUCICHUS TEPMOJMHAMUYECKUX U KHUHETUUECKUX
apaMeTpoOB PEArupyrolnX MOJIEKYJ HACAIbHBIX Ta30B 10 UX MOJIEKYJISIPHBIM
cBoiicTBaM. JKupHbIM HIpu(TOM BBIACIICHBI MPOMEKYTOUHBIEC PE3YIHTATHI
BBIYMCIICHUN, KyPCUBOM — IPUOIMKEHUS WK (M) METOJbI UX MOJTYYEHUSI.

JIns1 KOTMYECTBEHHOTO ONMCAHUs PEAKIIMI UHTEPEC IPEACTABIAIOT OJJHO- U
nsymepHsie ceuenus 1113, Yacro noctatouno uapopmatuBusl Aetanu [1I13 Baons
KoOopAuHaThl peakuuu. Paccmorpum cedenue 1119 Boosib KOOpAUHATEI peakuu
AIIEKTPOPHUILHOTO 3aMEILIEHUSI B ApOMAaTHYECKOM KOJIbIIE B Mapa-TMoJI0KEHUH I10
OTHOIICHHIO K 3aMecTrTeno X (Puc. 2).
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TC-KOMILJIEKC Tl-KOMILIIEKC
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-

Puc. 2. Dueprerudeckuit mpoduins [111D B1oms KOOpAMHATHI PEAKIIUN 3aMEIICHHUS B
apoMatuyeckoM Koublie. L{udpbl HyMepyIoT 4eThIpe CTaluu peaKiuu.



Munumymsl TII13 cooTBETCTBYIOT HaOMIOAAEMBIM B X0/I€ PEAKIIMA PABHOBECHBIM
COCTOSIHUSIM -O0€CKOHEYHO yJaJIEHHBIM peareHTaM M MpOAyKTaM, a TaKkKe
HECTaOWJIbHBIM UHTEPMEAUATaM, OJHOMEPHbBIE MAKCUMYMBI (CEAJIOBbIE TOUKHU) —
nepexoaHbIM cocToaHUM. [1o konnuecTBy ceannoBbix Touek 11110 MOXKHO BbLAEINUTH
YyeThIpe CTaIMM paccMarpuBaemon peakuuu. Ha craguu [ Mexnay m -351€KTpOHHOU
CHCTEMOli apOMaTHIECKOro KoJblia H snekTpoduiom E* nporcxoaur o6pasoBaHue
Hecnenu(pUueckoro 1 -KOMIUIeKca TIOHOpHO-aKienTopHoro Tuna. Ha cragum 11
oOpa3yercs cnelupuueckuil G -KOMIUIEKC (MHTepMeauaT Yaanaa), B KOTOPOM aToM
yrjiepoia apOMaTH4ECKOTO KOJIbLIA B apa-IMoJjI0KeHUU 110 OTHOLIEHUIO K
3amectuTeno X cBsA3aH, u ¢ »ekrpodunom E', u ¢ yxoasmum nporonom H. Ha
craauu 111 Mexay T -3JIEKTPOHHOW CUCTEMOW 3aMELIEHHOTO apOMAaTUYECKOI0 KOIbLA
1 yxosimum npotonoM H' npoucxomut o6pasosanue Hecrelu(puuecKoro m -
KOMIUIEKCa JOHOpHO-akuenTopHoro tuna. Ha craguu IV 7 -komIekc pacnagaercs
Ha IPOJYKThl pEAKLINHU.

DJIeMEeHTAPHBII aKT XUMHUYECKOH peaKIum.

B KBaHTOBOI XUMUM KaXYIO CTaJUI0 PeaKIIUK MPUHATO pacCMaTPUBATh Kak
AJIEMEHTapHBIN akT. [IpuMep Takoro pacCMOTPEHUS IS AIEMEHTAPHOTO aKTa
HEKOTOPOIl MHOTOCTaAuMHOM peakiuu npeacrasieH Ha Puc. 3. Ceuenne 111D Bnons
KOOPJIMHATBI PEAKLMU JIsl 3JIEMEHTAPHOTO aKTa (B 00IEM clydae) COAEPKUT 5
0COOBIX TOYEK :

1. BeckoneuHo YAAJIICHHBIC pCAarcHThI,

2. IlpenpeakimoHHBIN KOMILJIEKC — BaH-/1€p-BaaJIbCOB WJIH CO CIICIIUPUICCKUMU
B3aUMOJCHCTBUSIMU;

3. IlepexoaHOE COCTOSIHHUE;

4. TlocnepeakIMOHHBIA KOMITJIEKC — BaH-JE€pP-BaajbCOB WIN CO CICIUPUICCKUMU
B3aUMOJICUCTBUSIMU;

5. beckOoHEeUHO ynaieHHbIE TPOAYKTHI.

XapakTepucTUKaMH PEaKIIMOHHOM CIIOCOOHOCTH CUCTEMBI SBJISIFOTCSI PA3HOCTH
SHEPTUi ATUX 0COOBIX ToueK, oTHOCsmHecs k T = OK:

1. DOueprus aktuBauuu A E* - pa3HOCTb MOJIHBIX HEPTHUM EPEXOTHOTO
coctosirmst AB” 1 npeapeakioHHoro kommiekca AB (1 6eckoHedHo
yAaJICHHBIX PEareHTOB);

2. DHeprusi akTUBAINH E.-AE*c y4eTOM PHEpPruM HyJeBbIX KojeOanuil By ;

3. TemnoBoit 3 dext xumudeckoi peakiuu A H - pa3HOCTh TIOTHBIX SHEPTUH
ocJe- U npepeakiinoHHoro komiuiekcoB CD u AB;

4. TemnoBoi 3¢(HEKT XUMUYECKON peakiuu A Hp* - Pa3HOCTB MOJHBIX SHEPTUMN
npoayktoB C + D u pearentoB A + B;



5. TemmoBoii addext xumuueckoii peaximn A H- A H ¢ ydgetoM sHepruu
HyJEeBbIX Kosiebannii Ey, mocie- u npenpeakimonHoro komruiekcoB CD u AB;

6. Tennosoii ekt xummuaeckon peakuun A Hy - A Hp* C YY4E€TOM DPHEPruu
HyJeBbIx konebanuit E mponykroB C + D u pearenros A + B.

E.x — pa3HOCTb SHEPTUIl HU3IIETO KOJIEOATEIIBHOTO COCTOSIHHSI TAPMOHUYECKOTO
ocuMJUIATOpa (TIPY 3HAYEHUU TOJTHOTO KOJIe0aTEIbHOTO KBAHTOBOI'O YKCIIA, PABHOM
0) u munumywma [1113, cooTBETCTBYIOIIETO paCCMAaTPUBAEMOMY COCTOSIHUIO CHCTEMBI.

DTU SHEPreTUYECKUE XapaKTEPUCTUKH PEarupyIoLei CUCTEMbI OOBIYHO UCTIONb3YIOT
JUISL pacdyeTa TEPMOJIMHAMUYECKUX U KUHETUYECKHUX MMapaMeTpoB. PaccmMoTpum CBs3b
pacueTHOW PHEPrUH aKTUBALIUY C MOTy4aeMOi KOCBEHHBIM 00pa3oM U3
SKCIePHMEHTA BeINUHHOi E,' - mapamMeTpoM ypaBHeHHs AppeHnyca. ITo ypaBHEHHE
OTIpeIeISIET YCTAHOBICHHYIO 0000IIEHUEM IKCIIEPUMEHTAIBHBIX IAHHBIX
TEMIEPATypPHYIO 3aBUCUMOCTh KOHCTAHThI CKOPOCTH XuMuueckoi peakimu k(T):

k(T) = A * exp(-E,"/ RT), 1)

R — yHuBepcasbHas razopas noctostHHasi. C Apyroil CTOpOHbI, B TEOPUU a0COTIOTHBIX
CKOpPOCTEW XMMHUYECKUX peakiuuit (cormacHo Dvipunry) k(T) onpenensercs
ypaBHEeHHEM (cMOTpH, Harpumep, Imany1b H.M., Kunoppe. [.I'. Kypc xumuaeckoit
kuHeTuKy, 1984, M: Briciias mikona, 463 c.):

k(T) = (ksT/h) * (Q'(T) / Qar(T)) *exp(-E," / RT) , (2)

rie h — mocrosianas [lnanka, kg - mocrostauas bonsumana, Q (T) u Q AB(T) - HOJIHBIE
CTATUCTUYECKUE CYMMBI IEPEXOTHOTO COCTOSIHUS U MPEIPEAKIITMIOHHOTO KOMITJIEKCa
cooTBeTcTBEHHO. QAp(T) mpubIMKeHHO MOKET OBITH 3aMEHEHA MPON3BEICHUECM
CTaTUCTHUYECKHX CyMM cBOOOAHBIX peareHToB IT Qi(T).



MepexonHoe cocToAHue A B ™
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Puc. 3. Dueprernueckuit npoduis [1I1D Broms KoOpAMHATHI pEAKIUH IS
3JIEMEHTAPHOI0 aKTa HEKOTOPOW MHOTOCTaAUMHOMN PEAKIIUU.

B TCPMOAUHAMUKE CTATUCTUICCKUMU CYMMAaMU IIPUHATO XaPAKTCPU30BATh
BCPOATHOCTD Hpe6BIBaHI/IH CHUCTCMBI B OIPCACIICHHBIX MMOCTYIIATCIIbHBIX,
Koe0aTeJIbHBIX U BpallaTCIbHBIX COCTOSHHUAX, IIPUICM

Q(T) = QHOCTy]‘I.(T) QKoneG.(T) QBpaIJ_I.(T), (3)

1€ Qnocryn.(T), Qxones.(T), Qupan (T) - MOCTynaTenbHast, KonedaTenbHas U
BpallaTe/IbHas CTATUCTUYCCKUE CYMMBI, PACCYMTHIBAEMBIC IO CTAHAaPTHBIM
dbopmynam (cmotpu, Harpumep, Kpacuos K.C. duznueckas xumus. Y. 2. 1997, M.
Bricias mikona.)

E," B (2)- SHeprus aKTHBAIUH, PACCIUTHIBAEMAs KAK PA3HOCTb MEXKIY HU3IIHMHE
HHEPreTUYECKUMU YPOBHSIMHM IIEPEXOHOTO COCTOSIHUS U PEar€HTOB C YYETOM
TEMIEPaTypHOU MOMPaBKKU U SYHEPTHH HYJIEBbIX KojeOaHuit By (cMm. Puc. 3).

Comoctasnss (1) u (2), MOXKHO 3aKTIOUHTE, 4To mapameTp E,' ypaBHeHHs Apperuyca
JUIsl TEMIIEPAaTypPHOM 3aBUCUMOCTU KOHCTaHThI ckopocTH k(T) nMeer cMmbicn sHepruu
AKTMBAIINN XMMHYECKOH peakiy. CpaBHEHHE SKCIIEPUMEHTATBHON BeTH4HHbI B, ¢
pacueTHOU BeanunHOM A E* MokeT ObITh OCYIIECTBIIEHO C YYETOM TeMIIepaTypHOU

HOTPAaBKU:

E,'= AE*+ o RT (4)



(o0 =1 77151 MOHOMOJIEKYJIAPHBIX M S JUIsi GUMOJEKYJIAPHBIX peakiuii). CpaBuenue E, '
C pPaCYETHOM BEIUYUHOU E.” BO3MOXHO ¢ YUYETOM IIONPABKU Ha SHEPTUIO HYJIEBBIX
KOJIeOaHW TTePEX0HOTO COCTOSTHHS EHK* Y MPEIPEeaKMOHHOTO KomIuiekca AB EHKAB
(1 0ECKOHEYHO YJaJIEHHBIX PEareHTOoB) :

AE*=EL+E, -E."%, (5)
EL=U"-U"® (6)

*
3necs U, U™ — moTeHmuanpHas SHEpPrus IepexoaHOro COCTOSHUS U
IpeIPeaKkIIMOHHOTO0 KOMIUIEKCa B PABHOBECHON KOHGUTYpALIUU SAEP.

3Hepr W1 HYJICBBIX KoJieOaHui OIpCACIIACTCS YPABHCHUCM !

Exx=Na*Zhvi, (7)

rae Na — uucio ABaraipo, v j— 9aCTOThI TAPMOHUYECKHUX KOJIeOaHUN TTPH 3HAYCHUH
MOJTHOTO KOJI€0aTeIbHOTrO KBAaHTOBOTO Yucia, paBHOM 0.

VYpaBuenus (1)-(6) mo3BONSAIOT 3aKIIOYUTh, YTO SHEPTUS AKTUBALUU XUMHUYECKOM
peakiyy E,', moTyueHHas KOCBEHHBIM MyTeM H3 SKCIIEPUMEHTA, JI0JDKHA
CPaBHUBATHCA C BEJIMYUHAMU E. u A E*, IIOJIYyYEHHBIMU B pE3yJIbTaTe
KBAHTOBOXMMHUYECKHX PACUCTOB M HCIIPABICHHBIMHA Ha Hynesbie KoxeOauus (E,°) u
Ha Temneparypy mnpouecca (A E*).

CoBpeMeHHast SKCTIEPUMEHTaIbHAS TEXHUKA JTa3ePHON UMITYJIbCHON CIIEKTPOCKOTIHU
NPEI0CTABIISET BOBMOKHOCTh TPSIMOTO U3MEPEHUsI dSHeprun akTuBanuu. [Ipasna, B
HACTOSIIIIEe BPEMS OHA MPHUIIOKUMA JIHITH K BECbMa Y3KOMY KPYTY peakiui,
CBSI3aHHBIX C Pa3pPbIBOM BBIJICIICHHOMW JIOKAIN30BAaHHOMN CBSI3M B MOJICKYJIC (Hampumep,
ICF; (hv) = I" + CF3 ). Jlasep na CO, Mo3BONSIET OCYIIECTBIISTh HAKAUKY
OTIPENICIICHHOTO KOJIEOATEIIbHOTO COCTOSIHUSI MOJICKYJIBI (B pacCMaTprBacMOM
npuMepe — BaJIeHTHOTO KoJieObanus cBs3u Cl). B aTom citydae sHeprus akTHBaIuu
peakiuu pa3pbiBa cBs3u (Cl) xapakrepusyeTcs 4YucjoM KBAaHTOB 3JICKTPOMArHUTHOTO
U3ITy4EHHUs], TOocIie norioiieHust koroporo mosiekynoi (ICF3) nadbmonaercs
o6pazoanue mpoaykTos peaxiuu (I + CF3 ).

Pacyer moBepxXHOCTH NMOTEHIHAJTBbHOM JHEPIUM XMMUYECKON PeaKIMU_COCTOUT B
pacyeTe ONTUMaJIbHOM T€OMETPHUH U SHEPTUN PABHOBECHBIX U MEPEXOHOTO
COCTOSIHMM M yTH peakunu. Ha Puc. 4 - 6 npencrasiens! npumepsl ceuenun 1119
JUIS peakinii oOMeHa 1 uzomepuszanuu. M3onunnu Ha AByMepHbIX ceueHusix 11119
COCIMHSIOT TOYKH C OJJMHAKOBBIMU 3HAYCHUSAMU SHEpruu. [1yTh XumMuieckon
pEeaKIMK BO BCEX CIIydasiX MPOXOAUT yepe3 IHepreTudeckyto oxouny [1113. On
COEMHSET JBAa JOKAJbHBIX MUHUMYMa, OTBEUYAOIINX PEAr€HTaM U MPOAYKTaM
peakluy 4yepe3 OJHOMEPHBIA MakcUMyM. OTHOMEPHOMY MAKCUMYMY COOTBETCTBYET



NepexoaHOe COCTOHKE (Ha ABYMEPHBIX IJIOCKUX ceueHusx Puc. 4, 06) u Puc. 5, a)
NEPEXOIHOE COCTOSTHUE 0003HAUYEHO KPECTUKOM).

Ha Puc. 4 npeacrasnen o6mmii Bun [1119 npocTeitiieit peakuuu oOMeHa MEXTY
atoMoM A u mojekyioit BC : A + BC & AB + C. Ilpu ko/utnHeapHOM COMMKEHUH
pearenToB [1I1D onpenensoT Bcero 1€ BHYTPEHHUE KOOPIAMHATHI : MEXKbsIIEPHbIC
paccrosHust Rag v Rpe, 4TO IOMyCKaeT 1OCTATOYHO CTPOTHUE €€ PACUETHI.
OTHOCHUTENIbHOE PACTON0KEHHE JOKAIbHBIX MUHUMYMOB 1113, cooTBETCTBYIOMIMX
peareHTam M MpOJIYKTaM, U CEJJIOBOM TOUKH MEPEXOAHOTO COCTOSIHUS OMPEIEIAeTCs
TeM, SIBIISIETCS JIM paccMaTpuBaeMas peakiius 0OMeHa 3K30TEpMHUUECKOM (Harpumep,
F + H, 2 HF + H), sunorepmuueckoii wiu TerionendTpansHoi (Hanpumep, H + H,
- H, + H).

Ha Puc. 5 m3o6paxkena I1I19 sxciepuMeHTaIBHO [MOKa HE U3BECTHON MOJIEKYJIbI
a3alUKIO0yTaueHa, OTpaKAIoNIas ee MPEeJCKa3bIBAEMYIO BBIPOKICHHYIO
n3omepm3anuo. Ha asymepraom ceuenuu I[1113 B koopaunaTax Ry 1 R, (mmmHax
opauHapHou U aBoiHoM cBsizeit CN) (Puc. 5, a)) HaOnrogaroTCs ABa JOKaIbHBIX
MUHHMYyMa, OTBEUAIOIIHE CTAOMIBHBIM U30MepaM MoJieKyJbl. [1yTh peakimu
MIPOXOJIUT Yepe3 MEePEXO0IHOE COCTOsTHUE C BhIpaBHEHHbIMU cBa3siMu CN. Koopannara
peaxiuu (Puc. 5, 0)) ects dynkims koopauHat Ry u Ry,

Puc. 4 JIeymepnoe ceuenue [111D ms peaknun oomena A + BC > AB + C

a) o00beMHoOe, 0) TUIOCKOE.

Koopdunama peanyuy

a) 6)

Puc. 5 Ceuenus 1113 ayis peakiiuu u3oMepu3ainyi MOJICKYJIbI a3alMKI00yTaIueHa: a)
JTIBYMEpHOE 00bEMHOE M IUIOCKOE B KoopauHaTax Ry u Ry — nimmnax opauHapHoit u



nBoitHOM cBsizeit CN, COOTBETCTBEHHO. 0) OJJHOMEPHOE, BAOJIb KOOPAUHATHI PEAKIINU
— TMHEHHON KoMOMHAaMu KoopauHat Ry u Ro.

Ha Puc. 6 npeacrasnena [111D peanun nzomepuzanuu 2-QTopITUILHOTO KaTHOHA.
DKCHEPUMEHTAILHO OBLIO YCTAaHOBJIEHO, YTO KATHOHBI TAKOTO THIIA SIBIISTFOTCS
HECTAOMJIbHBIMU HHTEPMEIUAaTaMU PEAKIIUU AMEKTPOPHILHOTO TPUCOSTUHEHUS K
nBoitHOM cBsi3u CC npu NPOTEKaHUU €€ 110 MIOHHOMY MexaHu3My. TeopeTnueckue
WCCIIeI0BaHUs ObLIIM HAIIPaBJICHBI, TJIABHBIM 00pa3oM, Ha YCTAHOBJICHUE CTPYKTYPBI
ATUX KAaTHOHOB U OTHOCUTEIHHOU YCTOMYHUBOCTH MX M30MepHBIX (hopm. IT13,
n30oBpaxkeHHas Ha Puc. 6, 00Hapy>KHMBAaE€T MHTEPECHYIO OCOOCHHOCTb : MyTh PEAKIINU
COENIMHACT MUKINYECKYIO U HEIUKINIECKYIO (DOPMBI 2-(PTOPITUIHPHOTO KaTHOHA
4yepes /1Ba MOCIIEI0BATENbHBIX NEPEXOAHBIX COCTOSIHUA.

Pacuert oco0bix Touek IIIID OCYIICCTBIACTCA B IIPCAIIOJIOKCHUN O TOM, YTO

peareHTam, MpoayKTam, Ipea- U MOCIEPEaKIIMOHHBIM KOMIIJIEKCAM COOTBETCTBYIOT
JIOKaJbHBbIE MUHUMYMBI, & IEPEXOAHOMY COCTOSIHUIO - ceuioBas Touka 1113 (Puc. 7).

Puc. 6. II13 peakiuu nzomepusauu 2-QTopITUILHOTO KaTHOHA KaK (PYHKIIUS ABYX
YIJIOBBIX IEPEMEHHBIX O U ¢ .
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Puc. 7. Oco6sie Touku I1I13 : nokanbHBIE MUHUMYM a), CEJIOBast TOUKaA 0),
JIBYMEPHBI MAKCUMYM B).

OTH TOUYKH SIBISAIOTCS CTalMOHapHbIMU Toukamu [111D. B Munnmyme npousBoaHas ot
MNOTEHIMAJILHOM YHEPTUU MO BCEM KOOPAMHATAM (IpaJueHT SHEPTUH) paBHA HYIIIO:

oUBQi=0,i=1,2,..., 3N-6(5), (8)

a BC€ COOCTBEHHBIE 3HAYEHUSI MATPUILIbI BTOPHIX MPOU3BOAHBIX OT MOTEHIMAIBHON
SHEPruu Mo koopauHaTam (MaTpulsl ['ecce mnm reccuana) G MoJI0KUTEIbHBIL:

Gij=0UY0QinQ>0,i,j=1,2,.., 3N-6(5). (9)



Qi, Qj. — HOpManbHBIE KONEOaTENbHBIE KOOPIUHATHL.

Haubonee 3¢ hekTuBHBIMU METOJaMU TTOUCKA CTAIIMOHAPHBIX TOUEK SBIISIOTCA
MeTO/Ibl TPA/IMEHTHOT0 WM CKOPeHIero cnycka B MUHUMYM, TaAKUE KaK METOJ]
JaBunona-drneruepa-Ilaysmia, Hetotona, Hetotona-Padcona, nzydasmmecs B Kypce
BBIYMCIINTEIbHON MaTeMaTuku. CyTh MOMCKA CBOJUTCS K TOMY, YTO 33/1a€TCs
HavYaJIbHOE IPUOIMHKEHHE K TEOMETPUH MOJIEKYJIbI, KOTOpask 3aTeéM ONTUMHU3ZHPYETCS
UTEepalMOHHbIM ImyTeM. Ha kaxxaoi urepanuu kaxxaas i-ast BAppupyemasi KoopnHaTa
atoMma (o, B=X, y, z) MeHsieTCsl Ha BeJIMUMHY, Ha3bIBaeMy1o marom. Lllar npsmo
IPOIOPIMOHAJICH ITePBOi pousBoAHoi O U/0 o (rpaareHTy SHEpruu) u 00paTHO
IPOTIOPILMOHATICH CYMMe TI0 j deMeHToB reccrana % 6 U3 oj; Bj . HanmpaBnenue
CKOpEMIILIEero CIycKa OnpeessieTcsl 3HaKoM rpaauenta sHepruu. OTcroa 1 Ha3BaHue
MeTOJI0B. BeIuriciieHus 3aBepaoTcsi, Korjaa cymMmma aOCOIOTHBIX BEJIMYUH BCEX
nepBbIX Mpou3BOAHBIX O U/O 0 CTAaHOBUTCS MEHBIIIE HEKOTOPOTO MaJIOro 3HAYCHHUS € .
B coBpeMeHHBIX MPOrpaMMHBIX KOMIUIEKCAaX OOBIYHO MCIIOJIB3YETCS 3HAUCHUE 107,
Kpome Toro koHTposMpyeTcs BbinoJiHEHUE TeopeMbl [ enbmana-deitnmMana u
TeopeMbl BupHuana. PeanbHoe BpeMsl pacyeTa OIpeaesseTcs KaueCTBOM F€OMETPUU
HYJICBOTO TIPHUOIMKCHUS.

MHoroo6pa3ue BapMaHTOB METOAA CKOPEHILEro cirycka 00yCIIOBIEHO HATUUYUEM
pa3HbIX cIOCOOOB pacueTa rpaJueHTa U reccuana cKkansipabix ¢ynkiuid. Ha T1I13,
ONMU3KKX K MapaOOIUYeCKUM, BCE TPAJHEHTHBIE METO/IbI 00€CTIEYMBAIOT
KBaIPaTUIHYIO CXOAUMOCTD pe3ynbrara. CllyCKk B MUHUMYM HE3aBUCUMO OT (DOPMBI
[1I13 obecneunBaeT ToaHK0 MeTOA Hbl0TOHA (TpeOyromnii 3HAUNTENBHBIX 3aTpaT
MamuHHOro Bpemenu). Ecnu e 1119 umeer yyacTku ¢ Majioil KpUBU3HOM, YTO 4acTO
ObIBAa€T, HAIPUMEP, B OKPECTHOCTHU MEPEXOAHBIX COCTOSTHUN pEAKIUI C IEPEHOCOM
MPOTOHA, JI000H U3 METOI0B, Kpome MeToia Hpl0TOHA, MOXKET MPUBECTH K
PacXoAMMOCTH WIH K OCLHWJUIMPYIOLIEMY XapaKTepy UTEPALMOHHOTO MpoLecca.

Xopoiiee npuOIMKeHHE sl Ha4adbHON r€OMETPUH PABHOBECHBIX COCTOSIHUM
MOJIEKYJI U MOJIEKYJIAPHBIX KOMIUIEKCOB, YYaCTBYIOIUX B PEAKLIUH, TaIOT PEHTTEHO-
Y 3JIEKTPOHOCTPYKTYPHBIN aHAJIN3 WJIU CIIEKTPOCKOIINYECKHUE CTPYKTYPHBIE
uccienoBanud. ['eoMeTpusi nepexoAHOr0 COCTOSIHUSI MOKET ObITh, B IPUHIIMIIE,
II0JIy4€Ha METOJIOM UMITYJIbCHOTO CTPYKTYPHOI'O aHaJIM3a, UCIIOJIb3YIOIIET0
CUHXPOTPOHBI U KOOPAWUHATHBIE IETEKTOPHI.

IIyTh XUMMYECKOH pPeaKLuM.

HeonHokpaTHble MOMBITKY pa3paboTaTh OOIMIUN aITOPUTM JUIS JTIOKAIU3AlUU
MEePeX0IHOr0 COCTOSTHUS IPUBENH K KOHIETIUY IIYTH XUMHYECKOH peaKumu.
CornacHo kinaccuueckomy onpenenenuto Jiipunra u [lonsau (1931 r.), myTh
XUMHMUYECKOU PEAKLIUHU - TO IYTh MUHMMAJIbHOM YJHEPrUM PeaKUMu, COCIUHAIOINN
cocenHre MuHUMyMBI [1113 yepes ceIoByI0 TOUKY MEPEXOIHOT0 cocTosiHusA. 11y Th
MUHUMaJbHOM 3Heprun Ha cedeHusix 111D peakiun oOMeHa 0603HaUEH MITPUXOBOM
muauel (Puc. 4), peakiuu n3oMepu3aiii MOJIEKYJIbl a3alUKJIO0yTaTueHa — )KUPHOU
crutomHou auHuen (Puc. 5). Ha ceuenun 1113 peakuuun nzomepuzanuu 2-
dTopaTunsHOrO Katuona (Puc. 6) U3 psina albTepHATUBHBIX BAPUAHTOB MOXKET OBIThH



BbIOpaH €IMHCTBEHHBIN IMyTh MUHUMAJILHOW SHEPTUU, COCUHSIONINI JTIOKaIbHbIE
MUHHMYMBI JIBYX METaCTaOMIBHBIX U30MEPOB Yepe3 JBa MOCIIE0BATEIbHbIE
IIEPEXOIHBIE COCTOSIHUS.

Ha ocHoBe onpenienienrs: MyTH MUHUMAJILHOM SHEPrUH peakuuu ObLT pa3BUT
MeTO/ KOOPAUHATHI PEaKIMH : CJIOXKHBIM XapaKTEePOM peaklMy MPeHeOperaroT 1
BBIJICJAIOT OJIMH CTPYKTYPHBIN ITApaMETP, MOHOTOHHOE BAPbUPOBAHUE KOTOPOTO
JIOJKHO OIUCHIBATH X0 PEAaKIIUU YHEPreTUYECKUM IpoduiieM (Tura
npencTaBieHHoro Ha Puc. 5, 6)). OqHako okaszanoch, 4To 3TOT MeTo1 paboTaer
TOJIBKO B CJTy4a€ MOHOMOJIEKYJISIPHBIX PEAKIIUA TUCCOLMAIIMY UK 00pa30BaHUS
BbIJICJICHHOM JIOKQJTM30BAHHOM CBSI3U U B Cllydae OMMOJIEKYJISIPHBIX SN, PEakIuil, B
KOTOPBIX pa3pbiB U 00pa30BaHUE CBS3U MPOUCXOAUT CUHXPOHHO. B ocTanbHbIX
Clly4asix KOOpJMHATA PEaKLUU SBIACTCS TUHEHHON KOMOMHAIIMEH CTPYKTYPHBIX
IapaMeTPOB pearupyrouen cucremsl. [IpeacraBienue ee eTMHCTBEHHBIM
napaMeTpoM MOKET MPUBECTH K CEPhE3HOI OMMOKe : He UMeIoIIeMy (PU3NUecKOro
CMBICIIa TUCTEPE3NCY MyTeH MpsMOi 1 00paTHOM peakiuii ( Hanpumep, peakius CH,
+ H, € = CH,). CyTh cKka3aHHOTO MOSICHSIETCS Ha IPUMEPE THIOTETHYCCKOU
peaknuu A € - B.

Ha Puc. 8 npencrasiena nyxmnapamerpudeckas [1I19 peakiu A € —> B. Boibepem
B KQUECTBE KOOPAMHATHI pEAKIUU IMapaMeTp X. Eciin IBUratbCs U3 JOKaIbHOIO
MHUHMMYyMa A, Ha KOKJIOM [Iare yBeJIMYHBasi KOOPAUHATY X U MUHUMU3HUPYS SHEPTUIO
0 MapaMeTpy y, TO MbI MOJIYYHM SHEPTETHUECKYIO KPUBYIO, N300paXKECHHYIO KUPHOM
JMHUEW, KOTOPasi He MPOXOIUT Yepe3 MEPEX0IHOE COCTOsIHME. ECn aHaoruyHpIM
00pa3zoM ABUTATHCS B OOpaTHOM HaIpaBiICHUH U3 MUHUMYyMa B, mocTeneHHo
yMeHbLIasi KOOPAUHATY X, TO B MUHUMYM A MbI He nonazeM BoooOie. [1yTs peakium,
U300paKCHHBIN MyHKTUPHOMN JIMHUEH, SBISIETCS (PYHKIIHEH JBYX EPEMEHHBIX X U Y.

[To3xe, B Ka4eCcTBE MYTH PEAKIMHU [IPEJIarajiocb pacCMaTpuBaTh MYyTh
rPaJUeHTHOr0 WIH CKOPeHIero cnycka, BOSHUKAIONIUN TPU ONTUMHU3ALNN
TEOMETPUM PEATUPYIOLIEH CUCTEMBI 110 YIIOMSHYTBHIM BBIIIE METOIaM I'PAJUEHTHOTO
ciycka. Ha ocHoBe Tux npenacrasienuii 0bu1 pa3But Metoa Mak-HUBepa,
UCIIOJIb3YEMBIN B PAJIE€ COBPEMEHHBIX KBAHTOBOXUMHUUYECKUX MPOTrPAMMHBIX
koMIiekcoB, Takux kak MOPAC u GAMESS.
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Puc. 8. Bosmoxuue Myrh npasoi A--B (cnmomsas kpapas) H obpatHOl peax-
unn B—A (mTpuxoBas KPHBa®) HA MOLEJILHOH ABYXIapaveTpRIecKod
(IlepexofHoe cocToANHE O5O3HANEHO KPECTHKOM. }

B sToM MeTo e ToKanu3aius MepexoIHOTO COCTOSHUS OCYILECTBISETCS, UCXOS U3
TOTO, UTO €MY OTBEYAET TOYKA JIOKAJIbHOTO MakcuMmyMa Ha I1I19, yaosnerBopsitonias
ycaoButo (5.8). OCHOBHBIM OTIMYHEM TOTO MeToa oT MeToia [Bumona-dueryepa-
[Tayanma siBsieTCS N3MEHEHHE 3HaKa TPAJUEHTa B YPABHEHUAX METO/1a CKOPEHIIIETO
crycka, obecneunBaroiiee ApmxeHue k makcumyMmy I1I19. K coxanenuto, (8)
ABJIIETCSI HEOOXOIUMBIM, HO HE IOCTATOYHBIM YCIOBHEM TOTO, YTO HalCHHAS TOYKA
OyZeT oTBeuaTh OJHOMEPHOMY MakcuMyMy. Takum oOpazom, 6e3 onpeaeeHus
COOCTBEHHBIX 3HAUEHMI reccuana (9) 3TOT METO1 HE TAPAHTUPYET JTOKAITU3ALUIO
MEPEXOTHOTO COCTOSTHUSI.

KamHeM npeTKHOBEHHUS B pa3BUTHHU KOHUETIIMK MyTH XUMHUYECKON peaKlnK sIBUTIACh
oOHapy>KeHHass HEMHBAPUAHTHOCTH 3TOTO MyTH OTHOCUTEIILHO OPTOTOHAIBHOTO
npeoOpa3zoBaHusi KOopaAuHaT. [Ipu 3TOM HHBapUAHTHBIMU OKA3bIBAIOTCS TOJIBKO
craunoHapHbie Touku [1119. [loaTroMy B Hacrosiiee BpeMsi B KBAHTOBOM XUMUU
peakuuii purypupyeT Teopusi nepexoaHOro COCTOSIHUS, PaCCMaTPUBAOIIAS TOJIBKO
crauroHapHselie Touku [1113.

Teopus mepexogHOro COCTOSIHUA XUMUYECKON peaKIMu.



YToObI Epex0JHOMY COCTOSIHUIO OTBEYA OAHOMEPHBIH JIOKAJIbHbIH MAKCUMYM
win “rouka nepesaia’ Ha [1I12 HeoOxoauMo 1 10CTaTOYHO, YTOOBI Jj1st HAbOpa
HOpMaJIbHBIX KoopAuHAT Q; , B 0azuce KOTOpbIX MaTpuiia ['ecce quaronanpHa :

o U%0QisQ;=0, i (10)
BBIIOJIHSAIMUCH CICAYIOLINE YCIIOBUS:

1. ycnoBue crarmonapHocTtH (8);
2. W3 COOCTBEHHBIX YHMCEJ I'ecCUaHa OHO U TOJIBKO OJTHO JIOJDKHO OBITh
OTPHUIATEIILHBIM:

o U?/o Qr2 <0, 1 HeKoTOpoi KoopAuHATHI Q,, (11)
dUY0Q?>0, mpui=r

Koopnunara peakiuu Q, - eqMHCTBEHHAs (COMIACHO JOKa3aTeabCTBY Mappena u
Jleiianepa) HopMmasibHast KOOpAMHATA, B ceueHuu 11110 Bronb koTopoil nepexogHoe
COCTOSIHUE €CTh MAKCUMYM. B ogHOMepHBIX ceueHusx [111D Brnonaps ocTanbHbIX
KOOPAMHAT OHO - MUHUMYM. [I03TOMy nepexo/iHOe COCTOSTHUE TaK)Ke Ha3bIBACTCS
ceuioBoit Toukou (Ha [1119).

Martpuna ['ecce siBisieTcst MaTpullel CHIIOBBIX MMOCTOSIHHBIX. Ee coOOCTBEHHBIE
BEKTOPHI Q; ~-HOpMaJIbHBIE KOOPAMHATHI, @ COOCTBEHHBIEC YHCTIa — SHEPTUU KOJICOAHMIA
pearupyromiei CUCTeMbl (B TApMOHUYECKOM MPUOIMKEHNH ) TIPU 3HAYSHUU TTOJTHOTO
K0J1€0aTeTbHOTO KBAHTOBOI'O YUCIIA, PAaBHOM HYJII0. BeinosnHenue ycnous (11)
03HAYaeT, YTO OJHA U3 YaCTOT KOJI€OAaHUH TIEPEXOAHOTO COCTOSIHUS (OTBEYAIOIIAs
KoopauHaTe peakuuu Q) mopKHA ObITh MHUMOM. [Ipu pacdeTe konedaTenpbHOM
COCTABJIAIONIECH MOTHON CTATUCTUUECKON CyMMBI (3), a TaK)K€ SHEPTUU HYJIEBBIX
KoJe0anuii (7) nepexoqHOro COCTOSIHUS WIEHbI C MHUMOW YaCTOTOM UCKIHOYAOTCS.

PacueT nepexoHOro cocTosiHUsS MOXET ObITh IpoBeaieH o MeToay Mak-IBepa. Kak
YK€ 0TMEYaJIOCh, OH 00s13aTEIHHO JOJIKEH OBIThH JOMOJHEH PACYeTOM COOCTBEHHBIX
qucell reccuana B 0a3uce HOpMaibHBIX KoopAuHaT. HaiiienHas Touka MOKeT
CUMTATHCA TOYKOH OJJTHOMEPHOTO MaKCUMYyMa, €CJIM BBIMOJTHSAIOTCS ycnoBust (8) u (11).
UToOBI pacyeT mepexoJHOTO COCTOSHUS OBL YCIeleH, HE00X0IUMO 3a7aTh TaAKYHO
TEOMETPHIO HYJIEBOTO NMPUONMKEHHUS, U KoTopoid ycioBue (11) OyaeT BbINOIHEHO.
3aTeMm, UCTIONb30BAHUE OJIHOTO U3 IPAJIMEHTHBIX METOI0B MO3BOJISIET, KaK MPaBUJIO,
YIOBJIETBOPUTH U ycIIOBHE (8).

CrnenyeT npu3HaTh, YTO B HACTOSIIEE BPEMSI €IMHCTBEHHBIM CUCTEMATUYECKUM

METO/IOM TIOMCKa HYJIEBOTO MPUOIUKEHHUS T€OMETPUH MEPEXOTHOTO COCTOSHUS

ABJISIETCS LIEJICHAIIPABIICHHOE BapbUPOBAHUE BCEX CTPYKTYPHBIX XapAKTEPUCTUK
pearupytoleii cucteMbl. JTa npolieaypa TpedyeT ATUTEIbHOTO BpEMEHHU.

B ciydae BBICOKOVW CUMMETPHUU PEATUPYIOLIEN CUCTEMBI TEOMETPHIO MEPEXOTHOTO
COCTOSIHMSI MO’KHO TPYy0O Ipe/icKa3aTh, UCIOb3Ys J0Ka3aTeIbCTBO €AMHCBEHHOCTH



KOOpAMHATHI peakuuu. B kauecTBe npumepa paccMotpumM ceuenue 110 peakuumn
u30MepHu3aluu MoJieKkyibl o30Ha (Puc. 9). Konuentprueckue U30JIMHAN B BEPIIMHAX
TPEYTOJIBHOIO SHEPIETUYECKOIO KOHTYPa ONPEAEIIAIOT IIOJIOKEHNUE JTOKAIBHBIX
MUHUMYMOB 111D, cOOTBETCTBYIOIIMX TPEM SKBUBAJIEHTHBIM PAaBHOBECHBIM
COCTOSIHUSAM MOJIEKYJIbI O3. ECTECTBEHHO MPEANIOIOAKUTD, YTO IEPEXOJHOE COCTOSHHUE
JIOJKHO UIMETh BUJI PABHOCTOPOHHETO TPEYTOJIBHUKA C aTOMaMU KHCIOPO/a B
BepirHax. PaccMoTpum 00601 U3 JOKaIbHBIX MUHUMYMOB B KQU€CTBE peareHra.
Hocturnys Touku [1I19, oTBevaromen CTpykType paBHOCTOPOHHETO TPEYTOJIbHUKA,
MbI OOHApy»X UM, UTO C pABHON BEPOSITHOCTHIO MOYKEM OKa3aThbCs B JIIOOOM U3 IBYX
OCTaBIIMXCSA JOKaNbHbIX MUHUMYMOB [III3 — cymiecTByer 1Ba BEIPOXKACHHBIX T10
SHEPruu myTH peakuuu. Ho 3Toro 6bITh He MOXKET. 3HAUUT, HAIIE MPEANOI0KEHUE O
CTPYKTYyp€ MEePeXoaHOT0 cocTosiHus He BepHO. KpuBuzna [111D Baoas 06enx
BBIPOXKAECHHBIX HOPMAJIBHBIX KOOPAMHAT TPEYTOJIbHUKA MOJIOKUTEIIbHA.
CrnenoBarenbHO, TAKOW CTPYKTYpPE OTBEYAeT BTOpUUHbIA MUHUMYM 1113, a He
MEPEXOTHOE COCTOSIHME. EAMHCTBEHHBIN MMy Th pEaKUUU N30MEPHU3aLUHA MOJIEKYJIbI O3
IIPOXOJIUT Yepe3 TPU ACUMMETPHUUHBIX NEPEXOIHBIX COCTOSHUA (KUPHBIE TOUKH Ha
Puc. 9).

OnpeneneHHyo MOMOIIb B TIOMCKE HYJICBOTO MPHOIMKEHUS MIEPEXOTHOTO COCTOSTHUS
MOT'YT OKa3aTh MOJICJIbHBIE MTPEJICTABICHUS O MyTH XMMUUYECKON peakiuu. Toraa,
MOJIYYMB HA MEPBOM II1are MaTpuIily BTOPBIX MPOU3BOJIHBIX, UMEIOIIYIO0 00JI€€ OJTHOTO
OTPHIATEIFHOTO COOCTBEHHOTO 3HAYEHHUS A j , MOYKHO, Ka4€CTBEHHO aHATM3UPYS
KOMITIOHEHTHI Q;j ¢ A j < 0, BBIICAUTH U3 HUX KOOPJAUHATY peakiuu Q;, OTBEYAIOIIYIO
MOJENH peakuuu. [[BUrasch BJOJIb OCTAIBHBIX KOOPAMHAT Qj B CTOPOHY MUHUMYMa
SHEPTHH, YaCTO YAACTCS COKPATUTD YUCIIO OTPUIIATEIBLHBIX COOCTBEHHBIX UHCET
reccuana A j < 0 10 oJgHOTO.

Ecnu gopma IIITD 6am3ka k napaboinyeckoi, CyIEeCTBEHHYIO TOMOIIb MOXKET
0Ka3aTh MOCTYJIAT XAMMOH/IA, CBS3bIBAIOLINI T'€OMETPHIO TIEPEXOTHOIO COCTOSIHUS C
Ter1oBbIM 3 PexTom peakiun. [To XoMMOHITY IK30TEPMUUECKUM PEAKITUIM
COOTBETCTBYET PEareHTONO0I00HOE NEPEXOTHOE COCTOSHUE, SHAOTEPMUUECKUM —
POIYKTONOJ00HOE, TETJIOHEUTPATIbHBIM — JIEJKAIEE TPUMEPHO 1O CEPEIUHE MEKITY
peareHTaMu U npoaykraMu. [lomors 11 onpeneneHus: TeOMETPUH MEPEX0THOTO
COCTOSIHUSI MOTYT OKa3aTh M MOJICJIbHbBIC IIPE/ICTABIICHNUS, UMEIOIIME B KAUEeCTBE
KBaHTOBOXUMHUYECKON OCHOBHI :

1. Merox MO JIKAO ( mpaBuno Bynsopaa-Xodpdmana);

2. Teoputo BO3MYyIICHUH (METOI KOOPIMHATHI PEAKIIUU ¥ METOJT TPAHUYHBIX
MOJIEKYJISIPHBIX opOuTanein OyKyu, CBI3aHHBIE C pACYETOM MHJIEKCOB
PEaKIMOHHON CIOCOOHOCTH).

OTH MeTo/bl OYIyT pAaCCMOTPEHBI J1ajiee.
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Puc. 9. JIBymepHoe mnockoe ceuenue [1113 peakium nuzoMmepuszamnny MOJIEKYJIbl 030HA
B HOPMAaJIbHBIX KOJIeOaTeIbHBIX KoopauHaTax Q, u Qs.

KBanToBOXHMHMYECKOE OITUCAHUE XMMUYECKHX PeaKI Uil B )KMIAKOU ¥ TBepAOH
daze

N3no>xeHHble IPeICTaBICHUs ObLIM PA3BUTHI 711 PEAKLUN MEXAY UACAIbHBIMU
razamu. OHaKo OHU 0e3 CyIIeCTBEHHBIX H3MEHEHHUI MOTYT OBITh IEPEHECEHBI Ha
peaKkIny B KUIKOW U TBEpI0H ¢aze: BIUSHUE CPEAbl yUUTHIBACTCS
HEIOCPEACTBEHHBIM BKIIFOUEHUEM MOJIEKYJ PACTBOPUTEIIS UIIM TBEPON MaTPHULbI B
pearupyrouyro cucreMy. B KOHTHHYanbHBIX MOJENAX BIUSHUAE OKPYKAFOIINX
MOJIEKYJI YUYHATBIBAETCSA KaK BHEIIHEE M1OJIE U BKIIFOYAETCS] B TAMWJIBTOHUAH CUCTEMBI
KaK BO3MyIlleHUE. B nuckpeTHsIx Mozaeisix ypaBHenue [lIpeaunrepa pemaercs i,
TaK Ha3bIBAEMOM, CYTIEPMOJIEKYJIbI, COCTOSIIEN U3 pEarupyroniei CUCTEMBI U
OIIPEAEIICHHOTO YHCIIa MOJIEKYJ pacTBopurel. [lociennue cocTaBiIsoT COJIbBATHBIE
000JIOUKH, YUCIIO KOTOPBIX JOCTATOYHO JJIsl TOCTHXKEHUSI CXOJAUMOCTH pe3ylibTaTa. B
TBEPAOM TEJE YUUTHIBAIOT HEKOTOPOE KOJIUYECTBO YACTULL, JOCTATOYHOE IS
aJIeKBaTHOTO BOCIIpOM3BeAeHUS sHEPTHH YpOoBHS Depmu. CynepmMoieKyIsIpHbINA
MOJIXOJ] C TEOPETUUECKON TOUKH 3pEHHUS SBISIETCS] HAUOOJIee CTPOTHM, HO C
MPAKTUYECKOMN - MaJIOJIOCTYIHBIM, TaK KaKk TpeOyeT OOJIbIINX 3aTpaT MAIUHHOTO
BPEMEHH.

Posb opOuTaIBbHON CHMMETPHUHU

YacTto U1 onucaHus peakiuy JOCTaTOYHO CBEJCHUH O €€ CTaAMSIX, ONPEIEISIOIIX
cOJM-’)KEHUE PEeareHTOB U TUI MEPEXOJHOr0 COCTOSIHUS. MeTo T MOJIeKYISIPHBIX
opOuTtaneit (MO) urpaert 31ech BaxHyto poib. Bynsopa u Xopdman
copMyIMpOBaIN NPUHIUI COXPAaHEHUs] OPOUTAIbHOI cuMMeTpuu (1965 1.),
BBIMOJTHSIOMIMNACS U1 Peakiuii 6€3 MPOMEXyTOUHBIX MPOIYKTOB (CO21ACOBAHHBIX
peakyuii). DTOT MPUHIIMI MO3BOJIAET B PsJC CIydaeB MpPeCKa3bl-BaTh, OyIET JI
COEJIMHEHNE A pearupoBaTh C COEUHEHUEM B, 110 KakoMy IyTH MOWJIET peaK-1us U
KAaKUX MMPOJYKTOB CJIENYET OKUIATh. B 3TOM 1oaxoae paccMaTpUBarOTCs CTPYKTypa
akTuBHbIX MO pearupyromux BemecTs 1 3Haku AO, coctapistronmx MO.



Ipasuio Byasopaa-Xog¢pmana: peakuys Ha3bIBa€TCs pa3peLIeHHOM 110
CUMMETPHH, €CIIU B XOJI€ €€ CUMMETpHUs aKTUBHBIX MO coxpaHsieTcs.

K axmuenvim omunocamcesa ece yuacmeyrowue 6 peakyuu 3anamole u eaxanmuoie MO
peazenmos u npodykmos. [lenenue peakyuti Ha paspeuientvle U 3anpeueHHble no
CUMMEMPUU OCYWECMBIAEMCS C NOMOUBIO KOPPETAYUOHHBIX OUACDAMM.

[TpaBuno Bynsopna-Xodmana Hocut o0mmii xapaktep. PaccMoTpum ero
NpPUMEHEHHUE K OJTHOM U3 peakluil JUeHOBOro cuHre3a (peakuuu dunbca-Anbaepa) —
UKJIONIPUCOEAMHEHNUS TUC-0yTalueHa K 3TUJIeHY, B pe3yJibTaTe KOTOpoi oOpasyercs
LUKJIOT€KCEH. DTa peakKlysl OTHOCUTCS K YUCITy HEPULIMKINYECKUX, T.€. TAKUX
COTJIAaCOBAHHBIX PEAKIIN, KOTOPBIE MIPOTEKAIOT C 00PA30BAHUEM ITUKITUYECKUX
(“3aMKHYTBIX”’) IEPEXOAHBIX COCTOSIHUI, UTPAIOLIUX ONPEAEISIOUIYIO POJIb.

CumMMeTpus MpeApeakIMOHHOTO KOMITIEKCa PEaKIIMU IUKIOTPUCOSAMHEHUS YuUC-
Oytanuena k atwieny (Puc. 10) onpenensiercs miockocTbio cummerpuu P.
PaccMOTPHM BEPXHHE 3aHATHIC T U HIDKHHEE BakaHTHbIE T MO 3TOro KOMIUIEKCa.
Paznenum ux Ha cummeTpudHbie (S) 1 aHTUCUMMETPUYHBIE (A) OTHOCUTEIIBHO
IUIOCKOCTU P 1 pacnosnoxum B MOPsAKE BO3paCTaHUs SJHEPTUH, ONIPEACICHHOM
pacuerom (Puc. 11). Knaccudunupyem takum xe o0pazom aktuBHbie MO npoaykTa
PEAKIMA LEKIOTEKCEHA: BEPXHHE 3aHATHIC T , G M HIDKHUE BAKAHTHEIE T , 6 MO
BHOBb 00pa30BaHHBIX IBOMHOM U 1BYX opauHapHbix CC cszeit (Puc. 11). Cormacao
Byasopay 1 XodmaHy, KOppEeISIMOHHYIO JUarpaMMy B3aUMOJCHCTBUS MEKITY
peareHTamMu U MpoaAyKTOM CJIEIyET CTPOUTH MPOCThIM coeanHenrnem MO ¢
oauHaKkoBoii cummerpuei (S — S u A — A ), yuuTsiBas, 4T0 pa3HOCTh SHEPTHIA
MO pomxHa ObITh MUHHMAaNTbHA. ECJIM 3TO BO3MOKHO U HH 0JIHA U3 COETHMHSIIOIIMNX
JMHHI He NmepeceKkaeT HYJ1eBOr0 YPOBHA (MMPABWJIO HemepeceueHusi), TO peaKkius
“pasperieHa” mo cuMMeTpuM. B pesynprare, monydaeM KOppEIsILUOHHYO
muarpammy Byasopaa-Xoddmana mist peakinu unbca-Anbiepa, Ha KOTOpOn
cBs3biBatonIe MO peareHToB B3auMOAECHCTBYIOT TOJIBKO CO CBsI3bIBatoumMu MO
NPOJYKTa, a paspeixistonine MO peareHToB — TOJBKO ¢ pa3phixistomumu MO
MPOJIyKTa — PEaKIlusl pa3perieHa.






Puc. 10 IIpenpeakunonHbIil KOMIUIEKC peakuuu unbca-Asbaepa
HUKJIONPUCOSTUHEHUS IIUC-OyTaueHa K 3TUIICHY.
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Puc. 11. Koppensuponnas mmuarpamma Byapoppa — Xoddhmana ans PEAKUME OHKTONDH-
coenuueHRn GyTanueHa X FTwieHy Mo Jumkcy -~ Ambagpy

[IpaBuno Bynsopna-Xoddmana MoxKeT ObITh MPUITOKEHO U K PEAKITUSAM 3aMEIICHHBIX
MOJIMEHOB, KOT/Ia CAMMETPUS OTCYTCTBYET. B 3TOM cityuae paccMaTpuBaroTcs
Koppessinuu Mexy MO He3ameneHHbIX aHAJIoroB. Tak, ¢ TOUKM 3peHHs] IpaBuiia
BynBopna-Xoddmana cTaHOBUTCS TOHSITHO, TOUEMY TIPU TEPMUIECKOMN IUKIN3AIAN
3aMEUICHHOT 0 TeKcaTpreHa B IUKJIOTeKcaaleH o0pa3yeTcs ToJIbKO NpoayKT 11, a B
dboToxumuyeckoit peakiuu Toabko npoaykT III (Puc. 12). PaccMoTpum BepxHIOH0
3aHATYI0 MO He3aMeleHHOro reKcaTpueHa B OCHOBHOM AJIEKTPOHHOM COCTOSTHUU.
Oo6pa3zoBanue cBs3piBaromieid MO BO3MOXHO TOJBKO B pe3ysibTaTe AUCPOTATOPHOTO
(B pa3HbIE€ CTOPOHBI) MOBOPOTA KOHIIEBBIX IPYIII, YTO U MPUBOIAUT K MOTYUYESHUIO NPU
TEPMUYECKON peakinu TobKo npoaykra II. B poToxumudeckoil peakiyu BpaeHuIo
KOHIIEBBIX IPYNIH NPEIIIECTBYET MEPEXO] MOJIEKYJIbI TeKCATPUEHA B 3JIEKTPOHHO-
BO30Y>XJIeHHOE cocTosiHUE. [Ip1 3TOM 37€KTPOH MEePEXOUT C BEpXHEH 3aHATON Ha
HUKHIOIO BakaHTHYI0 MO, peoOpa3oBaHue KOTOPOM Mbl TENEPh U JOJIKHBI
paccmatpuBaTh. O6pazoBanue cBsi3biBatonieit MO BO3MOKHO TOJIBKO B pe3yJjibTare



KOHPOTATOPHOTO (B OJIHY CTOPOHY) NOBOpOTa KOHLEBbIX rpymi (Puc.12). Tloatomy
npu POTOXMUMHUUECKOM PEaKIUy MOIydaeTcsl TOIbKO NpoayKT IV.

3amMelleHHbIN 3aMeLleHHbIN
rekcaTpueH. LUKIorekcagmeH

P

ffg he
C,, ——

UL'U

m

Puc. 12. Iluknr3anus 3aMeIIeHHOTO FeKCaTPUEHA B IIUKIIOT€KCAIUEH: TEPMUYECKast
mucporatopras [ = 11 u horoxumudeckas kouporatopaas 11 2 V.
[IpeoOpazoBanue BepxHe 3anaror MO.

3anper peakiuy o CHMMETPUHU HE 0053aTeNIbHO 03HAYAET, YTO PEAKIIUS HE MOXKET
uaTu BoooOIe. [Ipu oTCyTCTBUYM alIbTEpHATUBHOTO “pa3pelieHHOro” 0 CUMMETPUN
IIyTH, OHA MOKET IPOTEKATH TOJBKO B )KECTKHUX YCIOBHUAX C MPEOJOJIEHUEM BBICOKOTO
aKTHBAIMOHHOTO Oaphepa. Tak, sHeprus akTHBAIIUN ‘‘3amperieHHon’” peakuun H, +
D, , HD + HD cocrasistet okoso 586 k/lx/Moib. OnHako, eciu peakuus
“pa3zpelieHa” o CUMMETPHH, ITO HE 00SI3aTEIHHO 03HAYAET, YTO €€ aKTUBALMOHHBIN
O0apbep HU30K. Hampumep, sHEprust akTUBAIIMU paCCMOTPEHHOMN BBIIIE PEAKIINU
Junbca-Anpaepa JOBOJBHO 3HAUMTENbHA U paBHa 144 kJ[>x/mMoib. bompmme
HHEPreTUYECKUE 3aTpaThl HA HAYAJILHON CTaJIMH PEAKIIMU BbI3BAHbI COTTIACOBAHHBIM
pacTsKEHUEM 3 TBOMHBIX CBSI3€M, KOTOPBIE TOJKHBI CTATh OPAUHAPHBIMU.

OMIUpUYECKU yCTaHOBIIEHHOE MTpaBmiio BynBopna-Xoddmana 6110 TeOpeTHUECKH
MOJITBEPKICHO BIIOCIEACTBUU HEAMIUPUUECKUMH pacieTaMu M0 METOTY
MOJIEKYJISIPHBIX OpOUTAJIEN U TPOAHATM3UPOBAHO C IMOMOIIIBIO anmapara TeoOpun
rpynmn. [Ipu 3ToM ToUkaM repecedeHus! JIMHUN Ha KOPPEISILIMOHHON TnarpaMmme
(cmotpu Puc. 11) 6sutn conoctaBnensl MO niepexonnoro coctosinus. [lomydenHoe
TaKUM 00pa3oM I0JIOKEHUE TIEPEXOJHOTO COCTOSTHUSI OTHOCUTENBHO PEAreHTOB U
MPOJYKTOB COTJIACYETCs C MPEICKa3aHUsIMHU, TOJyYeHHBIMUA HA OCHOBE MOCTYJIaTa
X3MMOH/J1a, 00CYXIaBIIMMUCS paHee.

NHaexcebl peakiMOHHOM CIIOCOOHOCTH.

HNunexcamu peakunonHoi cnocodnoctu (MPC) Ha3pIBalOTCS MOTYUYEHHBIE B
pe3yJibTaTe KBAHTOBOXUMUYEKUX PACUETOB AJIEKTPOHHBIE U SDHEPTreTUUECKUE
XapaKTEPUCTUKUA CUCTEMbI, KOTOPbIE KOPPEIUPYIOT C SKCIEPUMEHTATLHBIMU
JAHHBIMH O PEAKIIMOHHON CITOCOOHOCTH. M3 3TOTO 00111eT0 OTpeeieH s ICHO, YTO
TaKuX UHACKCOB CYLIECTBYET JOCTATOYHO MHOTO M C KaXbIM I'OJOM CTAaHOBUTCS BCE



oonsbire. [Ipaktuueckoe npumenenne MPC cienyer paccMarpuBath B IJIaHE
o0pa3zoBaHus HaA0Opa PACUETHBIX BEJIMYUH - IECKPUIITOPOB,- KOPPETUPYIOILIUX C
KOHKPETHBIMHU CBOMCTBAMU MOJIEKYJISIPHOW CUCTEMBI.

B 1990r. ucnonp3oBanue metoga MPC mis 6Moa0rndecky akTUBHBIX MOJIEKY T
npuBesio Kk popmyauposke Xanirem 3agaun QSAR (Quantitative Structure-Activity
Relationship). DTa 3amaua cOCTOUT B CO3/ITaHUN MO/IETIEH Ha OCHOBE KOJUYECTBEHHBIX
KOppessuid MeX1y CBOMCTBAMU (HarpuMep, OMOJIOTUYECKOW aKTUBHOCTHIO)
OOJBIINX MOJIEKYJI U CyMMON XUMUYECKUX JECKPUIITOPOB COCTABIISIFOIINX MX
dbyHKUHOHANBHBIX Tpymil. [Ipu 3TOM mpeanonaraercs, 4To J000e CBOWCTBO OOIBIION
MOJIEKYJIbI TPUOIMKEHHO OIPeesIeTCsl CyMMOW CBOMCTB BXOJSIINX B HEE
dbyHkIoHanbHbIX rpynin. Ceiiyac HAMOOJIBIINIM HHTEPEC MPEJCTABISIOT 0OpaTHbIE
QSAR-3a1aun, cocTosIME B TEHEPALIUUA HOBBIX CTPYKTYP C 3aJJaHHBIMU CBOWCTBAMH -
MOJIEKYJISIPHBIN JU3alH.

Paccmotpum Hambomee pactipoctpanerHnsie IPC. OHu aensTcs Ha ABE TPYIIIHIL.
[TepBbIc onpeaensatoTcs B MPUOIMKEHUN Pearupyromieil MoaeKyIbl (IpHOIMKEHUH
JIOKaJIN3aIiH ), KOT/1a YIUTHIBAIOT CBOMCTBA MTEPEXOHOTO COCTOSHHS XUMUICCKON
peakiuu. Bropsie - B mpuOIMmKEeHNN N30JIUPOBAHHON MOJIEKYJIBI C YIETOM
CTaTUYECKUX CBOMCTB JIMIIIb UCXOJHBIX BEIIECTB MUJIU MPEIPEAKIHMOHHOTO KOMILJIEKCA:
CTPYKTYpPbI U SHEpruu rpanuuHbix MO, 3aps0B, TOPSIKOB CBSI3EH U T. .

Crarnueckne MPC BO3HUKIIM KaK pe3yJIbTAaT JABHETO KEIaHUS XUMHUKOB ITPUITHACATH
10001 MOJIEKyJIe alpUOPHYI0 HH(OPMAIINIO, HEOOXOIUMYIO I TIOHUMAaHUS
peakuuii ¢ ee yuacTheM. DTO cTajo Obl peaJbHOCTBIO, €CIIM ObI 0Ka3aJI0Ch BO3MOXKHO
OTPENICIAUTD 711 MOJIEKYJIBI “pEaKIIMOHHOE M0JIe” WU “pEaKMOHHBIA MOTEHIINAT
MPUYEM STOT MOTEHIUAT 0053aTeTBHO JT0JKEH UMETh KYJIOHOBCKYIO U OOMEHHYIO
yactu. O1HaKO OOMEHHBIN TOTEHIA 3aBUCUT U OT CBOMCTB MapTHEPA M0 PeaKIluy,
U3 YETro Cpaszy e CIEIYyET OTPAHUYEHHOCTD UCIIOJIb30BaHUs CTATHYECKUX UHACKCOB.

PeakninoHHyt0 CIOCOOHOCTH MOJIEKYJI C JAaBHUX MOP OBLIO MPUHSATO XapaKTePU30BaTh
TakuMu ctatndeckumu MPC, kak BAJIGHTHOCTh aTOMOB M KpaTHOCTH CBsi3ei. B
KBAaHTOBOM XMMHUHU COOTBETCTBYIOIINE UHAECKCHI BAJICHTHOCTH V A Y TIOPSIAKA CBSI3H [ap
(nnzexcel Yaiibepra) onpenensrorces crpykrypoi MO, Tounee auaronanbHeiMu Py, 1
HeJMaroHajabHbIMU Py, d1ieMeHTaMu MaTpuLbl 3apsA0B U IOPSAKOB CBA3EH :

2
Va = Z(EPI-'# - Z|Puu| )

[T T (ll)
2
Lis = > [P
TRy (12)

BakHOl 0COOEHHOCTBIO 3THX UHACKCOB SBJISCTCS UX HHBAPHAHTHOCTH OTHOCHUTEIHHO
YHUTAPHOTO MpeoOpa3oBaHus 0a3UCHBIX OPOUTAIICH.



Nunekcel Yaitbepra npeaocTaBisiioT BO3MOXKXHOCTb Tpy00#l OIICHKHU JIJTUH CBS3EH B
Cyry00 KOBaJIEHTHBIX MOJIEKYJIaX B OCHOBHOM 3JIEKTPOHHOM COCTOsSIHUU [les10 B TOM,
YTO KBAHTOBOXMMHUYECKUI UHACKC Yalbepra He UyBCTBUTEJICH K JJIMHE CBS3H.
Hanpumep, nnaekce csizeit CC B MosieKyax 3TaHa , STUJICHA U alleTWICHA MpU
BAPbUPOBAHUU PABHOBECHOMU JUIMHBI CBSA3U OT OPAMHAPHOM 10 TPOUHOM COXPAHSAIOT
omm3ocTh k 3HaueHusM 1.0, 2.0, 3.0 (Tabmuma 1).

Taoauua 1.

Nunexcer Yaioepra Icc, BEBIYUCIEHHBIE TPU MEKATOMHBIX PACCTOSIHUNAX, PABHBIX
CC» )
PaBHOBECHBIM JUIMHAM CBA3€U Rcc B MOJIEKyIIax 3TaHa, TUJIEHA U alleTUIICHA.

Mounekyna Rcc=152A | Ree=134 A  Rcec=120A

H3;C-CH3 0.99 1.03 1.07
H,C=CH, 1.95 1.99 2.02
HC=CH 291 2.94 2.96

MouJieKkyJISIpHBIH JIEKTPOCTATUYCCKUNA MOTEHI[HA.

PacnipoctpanenHbiM 1 uHPopMaTuBHBIM cTaTnueckuM PC mMonekynsl siBnsieTcs
KYJIOHOBCKHI TOTEHIIMAT —MOJIEKYJISIPHBII 3JIeKTPOCTATHYECKH A MOTEH N A
(MDI). Ero ¢usznyeckuii cmpich crnenyromuid. [1ycTs 3apsia q; co3/1aeT B TOUKE
IPOCTpaHCTBAa ¢ paguyc-BekTopoM I MOII V(r). Ecau B 3Ty TOUKy IOMECTUTD
TOYEYHBIN 3apsif q, TO SHEPTUA PIEKTPOCTATUYECKOTO B3aUMOACHCTBUS MEKIY
3apsiioM q U 3apsiioM q; Oyaet paBHa qV (B OHOJIEKTPOHHOM MPHUOIIKEHUH 03
ydeTa MoJISIpU3allMOHHOM COCTaBIIAIONIEH). B KaXk 1011 TOUKE I' TpOCTpaHCTBA BHYTPU U
BHE MoJieKyJibl MOIT umeer Bup :

V) = o) oy 5 2l
[r-x 1 |r‘Ru|(13)

rae p (r) — 3JeKTpOHHAas MIOTHOCTh, ZoL | e| 1 Ra - 3apsaa U paguyc-BEKTOP sIpa o .

OcoObr1it uatepec st Hac MOII npeacrasiasieT HOTOMY, YTO HEOOXOAUMAs AJIs €r0
pacueTa 3JIEKTPOHHAS TUIOTHOCTD P (I) MOXKET OBITh HE TOJILKO pacCUUTaHa
TEOPETUUYECKH, HO ¥ MOJTyYeHa KOCBEHHBIM 00pa30oM U3 HKCIIEPUMEHTA TI0
PEHTTE€HOCTPYKTYpHOMY aHain3y. Kpome Toro, nmenno MOII onpenenseT cuisl
['enbmana-@eliHMaHa, IEUCTBYIOIIKE HA A/Ipa MOJIEKYJIbI IIPU UX OTKIOHEHUSX OT
MIOJIOKEHUS] PABHOBECHS.



Jlyammii cioco6 Buzyanuzaiuu MOIT cocTOUT B TOCTPOSHUH KOHTYPHBIX KapT

M30MOTEHIINAJIOB, CO3aBAEMBIX MOJIEKYJIaMU. PaccMOTpUM HECKOJIBKO MTPUMEPOB
(Puc.13, 14):

1) I'my6Gokue Xopo1o JOKaJIM30BaHHbIE MOTEHIIUAIbHbIE MUHUMYMbI TTOKa3bIBAIOT

(Puc. 13), yto monekyna opmamuga OyaeT NPOTOHUPOBATHCS MO HEMOAEIEHHBIM
2

AJIEKTPOHHBIM Sp -I1apam aToMa KUCJIOPO/a.

2) Kapter MOII yacTo mo3BOSIOT HHTEPIPETUPOBATH dNEKTPOPUIHHBIC U
HYKJICO(UIbHBIE CBOWCTBA MOJIEKYJI B OCHOBHOM U 3JIEKTPOHHO-BO30YKICHHOM
cocTosiHuAX. OHU UyBCTBUTEIBHBI J1a)K€ K MaJIbIM U3MEHEHUSIM MOJIEKYJIIPHOM
CTPYKTYpBIL. B mociieiHue rosl 3T0 NpUBENO K UcHoiab30BaHui0 MOII B kauecTBe
JIECKPHUIITOPOB PEAKIIMOHHON U CeNEeKTUBHOM crtocodHocTH B QSAR-3amauax. [Ipu
ATOM TOJIbKO OJIUH U3 PEareHTOB pACCMAaTPUBAETCS B SIBHOM BUJE, a BTOPOU
3aMEHSIETCS TOYCHYHBIM 3apsAIoM. VX sHeprust B3auMoIeCTBUSI pacCUUTHIBAeTCs 03
ydeTa ToJIIpU3alMOHHON cocTaBisitonieit. Ciydail B3auMoIeUCTBUS KpayH-3(pUPOB C
MOJIOKUTEJIbHBIMU MOHAMH JIa€T WILTIOCTpaALIMIO ckazaHHOMY. KpayH-3¢dupsl —
OpraHUYECKUE MOJICKYJIbl, UMEIOIINE HETIOCKUI MaKpOIIMKINYECKUN parMeHT
(“xopony”), oOpa3oBanHbIi uepeayromumucs aromamu C u O — o6manaror
Pa3IUYHOM CENEKTUBHON CITOCOOHOCTHIO MO OTHOIICHHUIO K Pa3HBIM MOJI0XKUTEIbHBIM
MOHAM, 3aXBaThIBasi HEKOTOPBIE U3 HUX BHYTPh MOJIOCTH MOJIeKyJbl. Ha puc. 14
nokazad MOII B aByx kpayH-3dupax : nudeH30-18-kpayn-6 CyoHy306 1
TUHATPUIANOEeH30-18-kpayH-6 CygHog NgO1o.



(:20 HZ() N2 011]

Puc. 14. MOII kpayu->3¢gupoB: nudeH30-18-kpayn-6 CooH306 () 1
TUHATPUIINOEH30-18-kpayH-6 CyoHzs NgO1g (0). OGmacTu oTpHuIIaTeIbHOTO
NoTeHIMana 0003HAYEHBI MyHKTUPHBIMU JIMHUAMH (), TIOJIOKUTEIBHOTO MOTEHITHAIA
— CIUIOINIHBIMH JIMHUSAMH ( - ), TOBEPXHOCTH HYJIEBOTO MOTEHIMAIA — IITPUX-
MYHKTUPHBIMH JTHHUSMH (== ).

B nepBoii monekyne MOII xapakTepusyercs OTpULIATENBLHON 001aCThIO0 BHYTPU
MOJIOCTH, UMEIOIICH OpMy IBYXCTOPOHHEH OTKPHITOM BOPOHKH. JIMHUHU HYJIEBOTO
MOTEHIINAJa PA3ACISIIOT TUAPOPUIbHBIE U TUAPO(YOOHBIE YACTH MOJICKYJIBI.
[TonmoxuTeNbHBIN OHO3APSAHBIN HOH (MOH IIEJIOYHOTO METallIa), MOoMNaB B 00J1acTh
BOPOHKH, Oy/€T IBUTaThCS MEPIEHIUKYIISIPHO SKBUIOTEHIIUATBLHBIM IOBEPXHOCTSM B
LEHTP MOJIOCTH, T/I€ MOTEHIMAI MAaKCUMaJIbHO OTpULIATENEH (T.€. SHEprus
B3aUMOJICHCTBHSI MAKCUMAaJIbHA), U TaM JIOKaJIn3yeTcs, 00pa3oBaB KoMIuiekc. B
JIPYyTOi MOJIEKYJIE BBEJICHHUE JIEKTPOH-aKIeNTOpHOTro 3amectutenst NO; B
OEH30JIbHOE KOJIBIIO0, PUBOIUT K OTTOKY DIl oT Makpormkia Ha nepudeputo
Mosekyibl. M3-3a aroro MOII B moi0CcTH CTAHOBUTCS MEHEE OTPULIATEILHBIM U
dbopma ero u3MeHsIeTCs: TeNneph OH HAIOMUHAET ‘3aKPBITYI0” BOPOHKY (POJIb
“KpBILIKK” UTPaeT MOBEPXHOCTh HYJIEBOro MOTeHNIMaa). B aToM ciydyae oOpa3oBaHue
KOMILJIEKCA C TOJIOKUTEIbHBIM MOHOM 3aTPYIHUTEIbHO, T.K. aKTUBALIMOHHBIN Oapbep
3HAYUTEIBHO BbIlIE. Bee cka3zaHHOE KaueCTBEHHO OOBACHSET HaOII0gaeMoe
AKIIEPUMEHTATIHFHO SKCTPAKIIMOHHOE TIOBEICHUE 00EMX MOJICKYJI.

Jj1 cy1iecTBEHHO MOHHBIX COeIMHEHMH yke 3((EeKTUBHBIE 3apsiibl HA aTOMax B
npUOIMKEHUH “TIepBOro nmopsiaka” garoT MOII, mpuroaHeIi A1 peacKa3aHus



HaIMpaBJIECHUs aTaku Ipu B3aumoaerncTBun. MOII mo3BoJIsIeT OLIEHUTH TOJIBKO
AIEKTPOCTATUYECKYIO COCTABISIONY0 d3Heprun MMB E, ;... Ho miist koppexkTHOro
OIpPENETICHUS TTOCIEHEN HE MEHBIIIEE 3HAUYEHNE MOKET UMETh, KAK U3BECTHO,
MHIYKIMOHHAS COCTaBIAOWAs By, , paBHas CymMMe MOJISIPU3aLMOHHON U
aucnepcuoHHol sHeprui (B, = Enon, + Egyen). Ouennts E,y,, mo3onser
paccMOTpeHre B3auMOJIEHCTBUS TpaHUUHbIX MO pearupyrommux MoJaeKyJ.

MeToa rpaHuYHBIX opOuTasieil. Teopusi }KeCTKMX U MATKUX KUCJIOT U
OCHOBAHUM.

MeTon rpaHUYHBIX OpOUTaNIeH, TpeaokeHHbIN B 1952 r. dykyu, onpeaenser
OTHOCUTEJIbHYIO PEAKIIMOHHYIO CIIOCOOHOCTh COCIMHEHUH TT0 SHEPTUH TPaHUYHON
MO: BepxHeii 3ansToit (B3MO) nykneodua nnu Huxxued BakantHoit (HBMO)
anekrpoduia. [TonoxurensHas sueprus HBMO onpeznensier HykieoduipHbie
CBOICTBa MOJIEKYJIbI, OTpULIATEIbHAS — deKTpoduiibHbIe. [IpennouTuTenpHbie MECTa
aTaKy OMPEEIAI0TCA HHIACKCOM PEAKIIMOHHON CITIOCOOHOCTH — TPAaHUYHOM
IUIOTHOCTBIO 3JIEKTpOHa f; Ha aToMe r':

f. = EZZCL% J‘x;xu 4V

[T wer (14)
1€ Ciy , Ciy - KodppuimenTsl paznoxenus B3MO (HBMO) i no AO y, ,, atoma r.

Bce coequnenus aenarcs Ha ABa OONBIINX Kjlacca. PernoceneKTuBHOCTD
B3aMMOJICHCTBUS B OJJHOM M3 HUX OMPEACIIAIOTCS 3apsiiaMu Ha aTOMax j, BO BTOPOM -
TPaHUIHOM TUTOTHOCTHIO DJICKTPOHA Ha aToMax f;.

PaccMoTpum nuaHnnoHHBIE POPMBI KCAHTEHOBBIX KpaCUTENEH U OoJiee IPOCThIE
coenunenus [-V (Puc. 15). Bce 5T aHnOHBI SBISAIOTCS HyKJI€O(UIaMU B OCHOBHOM
AIIEKTPOHHOM COCTOSIHUU U JIEKTPO(UIaAMH B AJIEKTPOHHO-BO30YXKICHHOM
coctosinnd. HezaBucumo oT mpupoibl rerepoaromMa U KapOoKCHapUIbLHOTO
3aMeCcTHUTENs (a TaKXkKe B CIIydae OTCYTCTBHUS MOCIEAHETO) LIEHTPaAMU dJIEKTPOPUIHLHOM
aTaku coeuHeHuM [-V B OCHOBHOM 3JIEKTPOHHOM COCTOSIHUHM SIBJIIFOTCSI aTOMBI
yriaepoga C'?, C”* ¢ MakcHMAIbHOM TIOTHOCTBIO 3NeKTpoHa Ha B3MO f¢, rienTpoM
HYKIICO(HIBHOMN aTaKy B JIIEKTPOHHO-BO30YKICHHOM COCTOSIHII — aToM yriepoma C’
C MakCUMaJIbHOM MIIOTHOCTHIO 3nekTpoHa HAa HBMO f (Tabnuia 2).



Puc. 15. Jlnannonsl KcaHTEHOBBIX kpacuteneii: | 9-(2-kapookcudennn)-3,0-
auruapokcukcanTwusa X = 0, Y = C; 11 9-(2-xapbokcudenwnn)-3,0-
auruapokcutuokcantimsa X = S, Y = C; 111 9-(2-kapOokcunupunmn)-3,0-
muruapokcukcanTiwnsd X = O, Y = N. Aanons! 1V 9H-3,6-
muruapokcutuokcanTims X = S; V 9H-3,6-murunpokcukcanrmwiust X = O; VI 2-
kapookcudennna Y = C; VII 2-kapbokcunmpunmna Y = N.

CoennHeHHs U3 JIBYX YKa3aHHBIX KJIACCOB TOYHO COOTBETCTBYIOT JIBYM KaTE€TOpPHSIM,
KOTOpbIE OBUTH yCTaHOBJICHBI [IMPCOHOM U Ha3BaHBI “MATKUMU” U “KECTKUMU
KHCIIOTaMH M ocHOBaHUsIMHU (kak bpeHctena, Tak u JIptouca). [Ipu sTom ‘“*xectkue”
kucnotsl (H', Li*, Na*, K¥, BF3, AICl; u T.11.) 10/KHBI GBICTpEE PEarupoBaTh ¢
“;xectkumu’” ocHoBaunusmu (OH', F, CI, SO42', NHs, RNH, n1.71.) , a “™msrkue”
KHUCJIOTBI — € “MSATKUMU’~ OCHOBAHUSIMH.

KBanroBast xuMus 0OBSICHSIET MPEANOUYTUTEIBHOCTh B3aUMOJICHCTBUS “MSTKHIA™ -
“msarkuit” cunbHbIM B3auMozeiicteueM B3MO nykneoduna — HBMO snextpoduna c
HEeOO0JIBIION Pa3HOCTBIO SHEPTUI U 3HAUUTENBbHOM nonsgpuzyemocthio (Puc. 16). Ilog
HOJIIPU3YyEMOCTBIO TOHUMAETCSI CTeNeHb AeopMalii IEKTPOHHOM MJIOTHOCTH
MOJIEKYJIBI I10J] IEUCTBUEM DJIEKTPOCTATHYECKOIO MOJISL, CO34aBa€MOI0 ITAPTHEPOM I10
peakuuu. CUUTAETCs, YTO BBICOKAS MOJIIPU3YEMOCTh 00ECIIEUNBACTCS 3HAUUTEIBHON
YJIaJIEHHOCTBIO 3JIEKTPOHHOM Mapbl OT aTOMHOTO /pa — OOJIBLIINM HOHHBIM



paauycom. JlelcTBUTETBHO, BCE TIpeCcTaBlIeHHbIC B Ta0auIie 2 aHUOHBI SIBIISIOTCS
MSATKUMHU COEMHEHUSIMU. M3BeCTHO, 9TO B (POTOKATATMTHYIECKUX CUCTEMAaX
BBIJICJICHUSI BOJIOPO/IA U3 BOJIbI B IIEJIOUYHOM Cpee MPOUCXOIUT BOCCTAHOBIICHUE
AJIEKTPOHHO-BO30YKICHHBIX cOCcTOsSHUI KpacuTenei [-111 mox neficTBueM JOBOJIBHO
MSATKUX HYKJICO(PHUIOB — TPUATAHOIAMUHA, (DEHOJIA, ITAaHOJIA; MpUIeM 00JIee MATKHIMA
TpUATaHOJaMUH OoJjiee 3pPeKTUBeH, YeM JBa APYyTUX HyKiaeodma.
PernocenekTMBHOCTh B3aUMOJICHCTBUS ITUX peareHToB onpeaensercs Bkiaagom AO B
rpanuunbie MO, a He pacnpeaeneHrueM 3apsioB Ha aroMax. Pacnipenenenrem
3apsAI0B HA aTOMaxX KOHTPOJIUPYIOTCS COJIbBaTAIlMOHHBIE 2P (EKThI, KOTOPHIC B
MOJIAPHOM PAaCTBOPHUTEINIC MOTYT OBITh 3HAUNUTEIIHHBI.

Taoauua 2.

['pannyHas MIOTHOCTH ANIEKTPOHA f; , a.e., Ha aTOMaxX TUAaHHOHHBIX (GOPM
KCAHTEHOBBIX KpacHTeneil u Gomee mpoctsie coenuuenuii -V ¥ |

MO® | Artom | I 11 v V

B3MO C" 0.46 0.46 0.46 0.48 0.48
C? 0.19 0.18 0.19 0.19 0.19
c 0.12 0.12 0.12 0.11 0.11
c’ 0.21 0.22 0.21 0.21 0.21

HBMO C" 0.68 0.65 0.68 0.62 0.66
c! 0.18 0.15 0.18 0.16 0.18
C? 0.10 0.06 0.11 0.09 0.13
clo 0.11 0.15 0.11 0.11 0.10

Ipumeuanue.” ; XuMuueckne Ha3BaHUs coequHEHHiT [-V 1 HyMepanus aTOMOB JJaHbI
Ha Puc.15 ;% Crpykrypa rpanmussix MO NpuBeicHa ¢ y4eTOM HAJINUHS B
coeauHeHusx -V miockoctu cummerpun. Atomel ¢ fr < 0.1 a.e. He yka3aHBbI.

[IpennouTUTENLHOCTD B3aUMOJICUCTBUS “KECTKUN - “KECTKUW HA MEPBBINA B3TJIST
HE CTOJIb OUEBHJIHA : C TOUKH 3PEHUSI OPOUTATLHBIX B3aUMOICHCTBUI BapUaHT
“¥KeCTKUI - “MSATKHI SHepreTudecku o6osee BoirojaeH. Kionman oObsIcHMIT
MPENOYTUTEIILHOCTh B3AUMOJACHUCTBUSA “SKECTKUIN~ - “KECTKHI TEM, UTO HKECTKUE
COeIMHEHNs, 00JIaast MaJIbIM PaINyCOM U HE3HAUYUTEITLHOU MOJISPU3yEeMOCTHIO,
SABJISIFOTCS UICTOYHUKAMHU CHJIBHOTO JIEKTPOCTATUUECKOTO ToJIsl. BhIcKkast sHeprust
AIEKTPOCTATUYECKOTO B3aMMOJICUCTBUS KOMIICHCUPYET HEOOJBIITYIO CTA0MITHU3AINIO
MpeApeaKiMOHHOTO KOMIUIEKCA 3a cYeT B3aumoaeiicTBus rpannyHbix MO. TTupcon
MPETIOKII Apyroe oObsICHEHNE, TIoJlarasi, 4TO YaCTUYHBIC 3aps/Ibl HA aTOMax



JKECTKUX COCIMHEHHI OOJIbIe, YeM Ha aToMaxX MATKUX cucteM. OTcrofa cieayer
MPENOYTUTEILHOCTh B3AUMOJEHUCTBUS “KECTKUN - “YKECTKUM .

Konnennus [Inpcona oxBaThIBaeT ABa Pa3IMYHBIX TUIA PEAKIUN: “KOHTPOJIUPYEMBIE
I'PaHUYHBI- MU OPOUTAISIMEU M “KOHTPOJIUpYeMbIe 3apsiaom’’. Peakius cunraercs
OpOUTAIBHO KOHTPOJHPYEMOIi, €CIIM OCHOBHBIM BKJIaJIoM B 3Hepruto MMB
peAPEeaKMOHHOrO KoMIuiekca sBasieTcs By, = Epon + Ejuen. B 3TOM citywae B3MO
nykieodpuna u HBMO snextpoduina oTaeneHs! oT ApyTrux 3aHATHIX U BakaHTHBIX MO
HHEPreTUYECKON 1IebI0 He MeHee 13B. Peakuus cuutaercs 3apsiioBo
KOHTPOJIMPYEMOil, €CIIi OCHOBHBIM BKJIaJIOM B dHeprut0o MMB nipenpeakinoHHoro
KOMILIEKCA ABIAETCS E,ycrar, [IpH 3TOM BeIMUMHA SHETETUUECKOM 1€, OTAEIIAIOIIEH
B3MO nyxkneodwmia 1 HBMO snekrpoduna oT Apyrux 3aHATHIX U BakaHTHBIX MO
ropazno mensuie 1 3B. Tak, paccMoTpenHas Bbie peakuus Juibca-Anbaepa, no
KpanHeW Mepe Ha HAYAJIbHBIX CTaJUSX, ABISETCS 3apsA0BO KOHTPOIUPYEMOU, YEM U
00BsICHSIETCSI €€ JOCTAaTOYHO BBICOKHIA SHepreTHuecKuil 6aprep. Peakuus
ANMEKTPOPUILHOTO 3aMeleHrs MOHO3aMelIeHHbIX 0eH30110B (Puc. 2) Ha cranusx I, 111

u [V saBasieTcs 3apsa0BO KOHTpOIUpyeMou, Ha ctaauu I1 — opoutanbsHo
KOHTPOJIMPYEMOM.

3ameTruM, yTo nockosibky MOII oTpaxaer pacnpeaesieHre NoJHON MIIOTHOCTH
3apsija, BKIOYaro- MIeH sapa, a HE JIEKTPOHHOU MIOTHOCTH MO U, TO OH UMeeT
MpeICKa3aTeIbHYI0 CUJTY JIMIIb B OTHOILIEHUHU PEAKIUA, KOHTPOJIUPYEMBIX
pacrnpeiesieHueM 3apsaa0B Ha aTomax. [ paHu4Has II0OTHOCTH dJIeKTpoHa f, Ha aTome T,

HAIrpOTHUB, ONIPCACIIACT OIITUMAJIbHBIC MECTA aTaK JIUIIb B Op6I/ITaJ'IBHO
KOHTPOJUPYCMBIX PCAKIHAX.
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Puc. 16. YeTbipe BOZBMOXKHBIX CiTy4asi KUCIOTHO-OCHOBHOTO B3aumoiericteus. (B
CKOOKax yKa3aH THI B3aUMOJECHCTBUS ¢ Touku 3peHus Teopun JKMKO).

AOCOJIOTHASA &KECTKOCTH U 20COJIOTHASI MATKOCTH MOJIEKYJISIPHBIX CHCTEM.

[Tupcon BBen B pamkax Teopurd MO uHAEKC aOCOMOTHON (XUMHUYECKOMN) ““KeCTKOCTH
N ¥ “msarkoctu’ S:

o=

b | =

1
an , N = < (emBmo — €83mo), (15)
rze eugmo, €s3mo — dHEprust HBMO u B3MO, coOTBETCTBEHHO.

[TpuBenennsie B Tabnuiie 3 3HaueHHs aOCOTIOTHON )KECTKOCTH M MATKOCTH
MO3BOJISIIOT UCCIIEIOBATh BIUSHUE IPUPOIBI TETEpOaTOMAa U KapOOKCHAPHIIBHOTO
3aMECTHUTENSI HA PEAKIIMOHHYIO CTIOCOOHOCTh M 3JIEKTPOHHBIN CHIEKTP AMAHUOHHBIX
¢dbopM KCaHTEHOBBIX KpacuTeneil. Moaenupyromnume JuruipoKCUKCaHTHIINEBbI
dbparmeHT Kpacutens aHuoHbI [V, V aBisitoTcs MATKUMH HyKiIeodmiamu. Moaenn
KapOokcuapmibHbIX 3aMmectuteneil annonsl VI, VII — xxectkue Hykiieohuisl.
[ToaTOMy BAMsiHUE KapOOKCHAPUIBHOTO 3aMECTUTEINS T0JKHO CBOAUTHCS K
anekTpocratudeckomy dddexty. [Tockonapky o0a hparMeHTa Kpacutess 3apsKEHbI
OTPULIATEIBHO, UX COMMKEHHUE TOJKHO COMPOBOKIATHCS CUIIbHBIM
AIEKTPOCTATUYECKUM OTTAIKUBAHHUEM, B PE3YJIBTATE KOTOPOTO SJHEPTUU BCEX 3aHATHIX
Y BakaHTHbIX MO JOJKHBI TOBBIIIATHCS MPUMEPHO HA OJIMHAKOBYIO BennunHy. [Ipn
ATOM CYIIECTBEHHOTO U3MEHEHUs CTPYKTYphl MO MPOUCXOAUTH HE JOIKHO (UTO
MOATBEPKIAACTCS JaHHBIMU TaOmuIbl 2), U pacCTOSIHUS MEXIY IHEPreTUUECKUMU
YPOBHSIMU JIOJKHBI COXpaHAThCS. [lelicTBUNIeTIbHO, 3HaUeHus S U 1| kpacutenei I, 111
u O6osee mpocToro annoHa V, a taxke kpacurens Il u annona IV ogurakoBsl. Takum
o0pa3om, KapOOKCUAPHUITBLHBIN 3aMECTUTEIb CYIIECTBEHHO MOBBITIIAS
HyKkJIeopuibHOCTh Kpacuteneit [-111, nomkeH Mano BIUATh HA UX CHEKTP MOTJIOLIEHUS
JleficTBUTENHHO, OATOXPOMHBIHN (ITUHHOBOJIHOBOM) CIBUT ATMHHOBOJIHOBOM MOJIOCHI
CTIIEKTpa MOTJIOIECHUS KpacuTesns | mo cpaBHeHHUIo ¢ 0oJiee MPOCTHIM aHUOHOM V
coctaBisieT Bcero 0.054 3B (5 um). 3ameHna rerepoaroma O = S IPUBOIUT K
HEOOJIBIIIOMY YMEHBIIIEHHUIO JKECTKOCTH 1 (M YBETHUEHHIO MATKOCTH S) Kpacurens 11
M0 CPABHEHHMIO C KpacuteneM ., uto koppenupyet ¢ HabmoaaeMbiM Hebobium 0.09
5B (18 HM) 6aTOXPOMHBIM CIBUTOM JITTHHHOBOJHOBOM MOJIOCHI CIIEKTPA MOTJIONICHUS
kpacureins I mo cpaBHHeHuro c I.

Tao6auna 5.3.

AOCoIIIOTHAs! MSTKOCTh S U K€CTKOCTb 1) IMAHUOHHBIX (POPM HEKOTOPBIX
KCAHTEHOBBIX KpacHTeIeil 1 Gosiee MPOCTHIX COCAMHEHNMI coeuHeHHi, 5B, 5B.

) KauyecTrBennas S

CoennHeHnue
OIleHKA



|. Inanuon 9-(2-
kapOokcudenun)-3,6- Msirkuii 0.154 = 3.248
JUTUIPOKCUKCAHTHITHSI

Il. Inanvon 9-(2-
KapOokcudenun)-3,6- Msirkuii 0.160 = 3.132
JUTUIPOKCUTHOKCAHTHITHS

1. Inanuon 9-(2-
KapOOKCUTUpHUIni)-3,6- Msarkuit 0.154 3.240
TUTHIPOKCUKCAHTHIINS

V. Aunon 9H-3,6-

Msrkuit 0.159 | 3.137
JUTUIPOKCUTHOKCAH THITHSI
V. Ao 9H-3,6- Markmit | 0154 3241
JMTUIPOKCUKCAHTHITHSI
V1. Aunon 2-kap6okcudenumna Kecrtkuii 0.123 = 4.057
VII. Artior 2- Kecrkmit | 0126 = 3.957
KapOOKCUTHPUINHA

[pumeuanne. ¥ Coemunenns [-VII npeacrasieHbl Ha Puc. 15.

Beenenne MPC aGCcoMOTHOM )KECTKOCTH 1 U MATKOCTH S YHUUYTOKUIIO YETKYIO
IPAHUIYY MEXKIY KECTKUMU U MATKUMU COEIUHEHUAMHU : KAKJIOM CUCTEME MPUCYILIN
00a 7Tu cBoiicTBa. Teneps MOHATHE MPEANOUYTUTEIHHOCTA B3aUMOICHCTBHIA
“KECTKUU-)KECTKUN U “MATKUN-MATKHUI 3aMEHSIEMCS TTIOHATHEM
NPEANOYTUTEILHOCTH B3aUMOJEHCTBUIN COEIMHEHUI ANEKTPOPUILHON U
HYKJICO(PUIBHON IPUPOABI C OJU3KUMU 3HAUYCHUSIMH M U S.

Tax, cornacHo 3naueHusiM S u 1 (Tabnuna 4 ) B peakiiuu 31eKTpoUIHLHOTO
3aMEIlleHUs Y apOMaTUYECKOTO Yriepoaa :

CeHs—X + CHz-Y =2 Y- C¢gH/—X + C¢Hy, X =H, CH3, NH,, OH; Y =NO,, F, I,

peakIMOHHasA CIIOCOOHOCTH eKTpodmiIbHbIX MoJiekyl CHsz—Y Oyzaet Bo3pactath B
psay nosbienus msarkoctu CHz— NO, > CHs—1 > CH3-F, a nykneoguibHbIx
moutekyl CgHs—X — B psay yBenuuenus xectkoctu CgHs-CHjz > CgHs-OH > CgHs-
NH, > C¢Hs-H.

Taoauua 4.

AOcooTHast MATKOCTD (S) U )KECTKOCTb (1] ) HEKOTOPBIX OPraHUYECKUX COEAMHEHUM
anudaTUuecKo U apoOMaTUYECKON TPUPOIbI.



MouJeky.ia S n

HYKJIEO®HJIbI
CHs-H 0.055 9.127
CH3-NH, 0.070 7.135
CH;-OH 0.066 7.526
CH3;-CeH5 0.105 4,762
H- CsHs 0.140 3.579
NH,- C¢Hs 0.110 4.537
OH- CsH;s 0.110 4.567
IJIEKTPOPUJIbBI
CH3-NO, 0.090 5.585
CHs-F 0.061 8.251
CHs-1 0.088 5.691
I- CsHs 3.831 0.261
F- CsHs 0.444 1.126
NO,- CsHs 0.965 0.518
CN- Cg¢Hs 0.536 0.933

DOyukuuu Oykymu.

AOCOTIOTHBIE KECTKOCTh 1| U MATKOCTh S CBA3aHBI C JIOKATHHOU KECTKOCTHIO h (1)
JIOKaJIbHOUM MATKOCTHIO s(T) dpyHkiue Oykyu f(r) :

s(r) =f(r) * S, (16)
n = f(r) * h(r).

Cornacno onpeaenenuio [lappa u SJura pynkuusiMu ®@ykyu Ha3bIBatOTCS PYHKIUH,
OTIpEETAIONINE JOKAIbHBIE N3MEHEHUS JIEKTPOHHOM MI0THOCTH P (T) IpU
ysenudenuu f'(r) unmu ymensieHuu f(r) uncia »1eKTPOHOB B CHCTEME :

f°(r) = p no+a(1) - p no(1), (17)



£(r) = p no(1) - p no-1(1).

Hcnonbs3zoBanue kapt pyHkiuit @ykyu 1uis onpeseneHus: Haunboee
MPEANOYTUTENBHBIX MECT AMEKTPOPHILHOMN, HYKIIeOUIHLHON U paiuKaIbHON aTak Ha
npumepe monekysl H,CO npencrasneno Ha Puc.17. Hanbonee npeAnoyTUTEIbHBIM
LHEHTPOM HYKJICO(DUIBLHON aTaKu SBJISIETCS aTOM yTIepoaa, KOTOPOMY COOTBETCTBYET
rno6ansHeli MakcuMyM Gyskmud @yxyu (1), a >1eKTpoPUILHOM U paaUuKaIbHOM
aTak - aTOM KHCIIOpOJa, KOTOPOMY COOTBETCTBYIOT IJI00AIbHBIE MAKCUMYMBI
dyuxupn Oykyw £(r) 1 dyskumn Oykyn (1), COOTBETCTBEHHO.

Pagwkanshan ataka

Puc. 17. Kontyphas kapra ¢pynkuuu Oykyu nis mosekyisl H,CO (uHTEepBan mexay
koutypamu 0.005 a.e.) : A. f'(r) B IIOCKOCTH, HEPHEHUKYIAPHON IIOCKOCTH
morekyast H,CO ; B. £(r) B miockoctr Monexynst H,CO ; C. f(r) B mmockocTH,
MEPIEHIUKYJIApHOM T1ockocTy MosieKyssl H,CO. KoopannaTa atoma yriaepoia Ha
ocu abcmuc 1.015 a.e., aroma kucnopoaa —1.27 a.e.

Ha Puc. 18 npencraBieHbl XapakTEpUCTHUKU HYKJICOPHIbHBIX CBOMCTB MOJIEKYJ
MOHO3aMEUICHHBIX OEH30JI0B Ha MTPUMeEpE MOJIEKYJIbl O€H3aIbIerH/1a — KapThl
¢bynkunu Oykyu f(r) u MIII B mnockoctsx 1 u 2.
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Puc. 18. ®ynknus Oykyu u MOII B Moniekyiax MOHO3aMeIllEeHHbIX O€H30JI0B: A.
CxemaTuueckuil BUJ KOHTYpHOU KapThl GyHKIMU Oykyn u MOII (u300paeHHbIN
CIpaBa) MOJIy4eH COBMEIICHUEM cedeHUH TIockocTssMu 1 u 2. [lmockoctr 1 n 2
(n300paxeHHBIC CIIeBA) MEPIICHIUKYIISPHBI TUIOCKOCTH apOMaTUYECKOTO KOJIbIIa U
MPOXOJAT Yepe3 aTOMBI YIiiepoja B mapa (p)- 1 MeTa (m)-moJjJ0KEeHUsAX 10
OTHOLIEHUIO K 3aMecTUTeN0 X (IJI0CKOCTh 1) ¥ B MeTa (m)- 1 0pTO (0)-TI0JI0KEHUSIX
(mmockocts 2); b. Konrypnas kapra pynkuun ®@ykyu f(r) monekynsl CgHs-CHO B
I0CKOCTAX | 1 2. KOHTYpBI COEIMHAIOT TOUYKU C OAMHAKOBBIMHA 3HAYEHUSMU
¢dyukuuu f(r) : xupHbie muHuA - T'(r) = 0, oTpunaTenbHbie 3HaueHMs f(r)
YMEHBIIAIOTCS, a TIOJIOKUTETBHBIC YBETUIUBAIOTCS C HMHTEPBAIOM MEXKIY KOHTypaMH
0.002 ; B. Konrypnas kapra MOII monekynsl CgHs-CHO B mmockoctsax 1 u 2.
KoHTypbl COEIMHSIOT TOUKH C OJIMHAKOBBIMU 3HaUeHUSIMHU MOII : sKupHbIC TUHNUM -
MDOII = 0, orpunatensHble 3HaueHUss MOII yMeHbIIAIOTCS ¢ MHTEPBATIOM MEXKIY
koHTypamu 0.002, m0I0KUTENBHBIE - YBEIIMYMBAKOTCA C HHTEPBAJIOM MEXILY
KoHTypamu 0.5.

Cornacho kapte Qynkiun Oykyu, snekTpoduabHas aTaka BO3MOXKHA [0 aTOMaM
yriiepoaa (m 1 0) B ME€Ta- U OPTO-TIOJIOAKEHUAX 10 OTHOLICHHUIO K 3aMECTUTEII0 X =



CHO, rae 3nauenus pynkuuu f(r) monoxutenbusl. MeTa-mnonoxenue, 6omiee
MPEANOYTUTENIBHO, TaK KaK 371€Ch INIOTHOCTh KOHTYPOB 0oJiblie. DIeKTpOPUIIbHAS
aTaka 1o aToMy yriepoja B Mapo-ToJ0KeHHE MON0KEHUHU (P) CYIIECTBEHHO
3aTpyaHeHa : 3HaueHus: pyHkiuuu f (r) B o6gactu aToMa p OTpULIATENIbHBI.
Teopernyeckas OleHKa OTHOCUTEIBHOM MPEANOYTUTEIHLHOCTH PEAKIIMOHHBIX
HEHTPOB M > 0 >> p MOJHOCTBHIO COBNAAET C IKCIIEpUMeHTaIbHOU. CoriacHo KapTe
MDOII oTHOCHUTENBHAS AKTUBHOCThH PEAKIIMOHHBIX LIEHTPOB M >> p > 0 I aTOMOB
yriiepojia B apa- ¥ OpTO-MOJO0KEHUAX (P U 0) IPOTUBOPEUUT IKCTIEPUMEHTY.
OueBHIHO, MOJIEKYJIa OCH3AJIbJIETU/IA SIBIISIETCS CYIIECTBEHHO MSATKUM COEAMHEHUEM.
Ee peakumonHyio cnocoOHOCTb MpeacKa3biBaeT kKapTa QyHkuuu Oykyu.

JHeprus TUCCONUANUN XUMUYECKOH CBSI3U B MOJIEKYJISIPHOM CHCTEMe.

HenaBHo npu ananuze konedaHuii MosieKy1 0b11 npeioxkeH HoBbld UPC — 3Heprus
aKTHBAIMU PeaKIuM pa3pbiBa Xumuieckou cBsa3u (Tadmuma 5). [Ipu
(heHOMEHOIOTUYECKOM U3YUYEHUH B3aUMOJICHCTBUIN MOJIEKYJI C TOBEPXHOCTHIO
MeTaJljla: 0Ka3ajaoCh, YTO NOTEHIMAJ B3aUMOIECUCTBUS XOPOILIO allpOKCUMHUPYETCS
noreHurainoM Mop3a ¢ napamerpamu D, u a:

V(r) = D, (1 - exp (-ar))>. (18)

[Tpu ucnons3oBaHNU 3PPEKTUBHOTO ONIEPATOPA FHEPTHHA AHTAPMOHUIHCKOM
KojebarensHOM 3a1aun 6611 BBeieH IPC D, KOTOpPBIi 1t KaXa01 BaJCHTHOM CBSI3U
B MOJICKYJISIDHOM CHCTEME pacCUuThIBaeTCs Kak mapameTp D, morenimana Mopsa ¢
TIOTIPaBKOM HA YHEPTHUIO HYJICBBIX KOJICOAHUI:

D =D.- Eu (19)
Tabauna S.
NPC D na ocHoBe noteHuuana Mop3sa 1 skcriepuMeHTaabHble 3HaueHus D,

sHepruu cBazed CY mist monekyn YCXs.

Mapamerper”  DCCl;  HCCIl; | HCF; | CICF; | ICF;
De, oM™ 32437.2 30675.3  38660.0 30500.0 19393.4
Epne, CM ™ 1137.4 | 1487.3 15351 @ 267.1 @ 166.8
D, k//mMons | 3745 | 3492 | 4442 | 3617 @ 2300

369.2 + 358.2 446.4+ @ 360.2t

79 4.2 3.3 2315

D,, k/[:x/Mob

[Ipumeuanne. ¥ D — napamerp noreHuuana Mopsa, Ey - 3Heprus HyJIEBbIX
koneGanuii ocummsropa CH (CD). 1 em™ = 1.1964807 1072 kJIx/moub; P




VYBenunuenue sueprun cBsizu B Mosiekysie (CH3)3SiH npu nzotonHom 3amemennu H >
D mmoc D, (HCCly).

Ortot UPC pa3BuBaeTr HampaBlieHHE, CBA3aHHOE C pacueTaMH B MPUOIMKEHUN
pearupyromeii MOJIeKyJIbl MHAEKCOB SHEPTUH aKTUBAIIMU U TEIIOBOTro ¢ dekra
XUMHYECKOM peakiuu, KOTopble MoApoOHO pacCMOTpPEHHI Bhille. B ciayuae cBszeit
JIOKAJIM30BAaHHBIX B KBAHTOBOXUMUYECKOM CMBICIIE, TIPU JTUCCOLMAIINH 110 KOTOPHIM
cummeTpusi cucteMbl coxpansiercss, UPC D coBnaznaer no BeinuuHe ¢ 3HEprueit
aKTUBAIMH Pa3pbiBa STOU CBS3H U MPEIOCTABISET BO3MOXHOCTh OLIEHKU MOCIEAHEH
U3 K0J1e0aTeIbHOTO CIIEKTpa MOJIEKYJIbl. Pe3ynbratel anpobanyuu HOBOro MeTo1a Ha
npumMepe onpenenenus sHeprun cBsizu CY B monekynax Buna Y CX3 npecTaBieHbl B
Tabnune 5. TeopeTuueckue U HIKCIEPUMHTAIBHBIE BEIMYMHBI HAXOATCS B BEChbMa
yIOBJIETBOPUTEIHLHOM COTJIACHH.

OpoutanbHbIe MOAEIN B3aMMO/1€iiCTBHS MOJIEKYJI ¢ IOBEPXHOCTHIO.
XemocopOoumust

XemocopOruel (JTOKaTM30BaHHOM aIcopOIreii) Ha3pIBaCTCs ITporiecc oOpa3oBaHuUs
XUMHYECKOM CBSI3U MEXKIY MOJIEKYJISIPHOM CUCTEMOM ajicopOaTa v MOBEPXHOCTHIO
TBEPJOTO TeJa, KHHETUKA KOTOPOrO OMUCKHIBACTCS TEOPUEH aOCOMIOTHBIX CKOPOCTEN
XUMUYECKUX peakiuit (cM. yp. (2)). UToOsl onucaTh XeMOCOPOIHI0 HEOOXOANMO
onucath 00pa3oBaHue aJCOPOIMOHHOM CBSI3U C MOBEPXHOCTHIO, A TAK JKE

COITy TCTBYIOIITUE H3MCHCHHUS YHEPTCTHUSCKUX B CTPYKTYPHBIX XapaKTEPUCTHK
MOJIEKYJIBI asicopOata. J{st 3Toro HeoOXOAMMO CO37aTh aJICKBATHYIO KBAHTOBO-
XUMHYECKYIO MOJIENb, B Ka4eCTBE KOTOPOI €CTECTBEHHO UCTIOIb30BaTh MOIEIIb
MOJIEKYJISIpHOTO KiacTepa. [lapameTphl 5Toi MOIETTN MOTYT CPAaBHUBATHCS C
DKCMIEPUMEHTATBHBIMH BEIMYMHAMH, TIOJTYUYSHHBIMUA METOJJAMH KHHETUKH U
TEPMOXUMUH, C UCTIOJIH30BaHUEM ypaBHeHuUH (3)-(7) win MeToaa UHIEKCOB
peakunoHHo# ciocoOHocTr. Kitactep cocTouT U3 YacTuilsl agcopbara 1 HEKOTOPOTO
KOJIMYECTBA YaCTHIl aJICOPOCHTA, U1 KOTOPBIX pelatoTcs ypaBHeHus XapTtpu-Poka-
Pyrana. Korna stoT moaxon 66t pensioxen (Hauano 80-X roJIoB), COCTOSTHUE
BBIUHCIIUTEILHON TEXHUKH MTO3BOJISIIO PACCUUTATD KIIACTEPHI, COCTOSIIINE BCETO U3 5-
10 atomoB agcopOenTa. Ha cTonp ManbIx Kiiactepax He yAaBaJioCh JOOUTHCS
CXOJMMOCTH PE3YJIbTaTOB C POCTOM UX pa3Mepa U BOCTIPOU3BECTH CTPYKTYPHBIE
DHEPreTUYECKUE XaPAKTEPUCTUKU TBEPIOTO Tena (HanmpuMep, YSHEPTHIO YPOBHS
®epmu — ananora B3MO B tBepiom Tene). [loatomy OblI caieman BEIBO, UYTO
KJIaCTEpHAs MOJIeTIh HE 00ECTIeUnBACT IUIABHBIN MIEPEXO0/1 OT KacTepa K TBEPIOMY
TENy, a 3HAYUT, OHA HEMIPHUTOIHA U JUIsl pacdyeTa XeMOCOpPOIIUY Ha ero MOBEpXHOCTH. B
cepenune 80-X ro0B OBLII0, OHAKO, YCTAHOBIICHO, YTO OCHUJUISIINH SHEPTUH
XEMOCOPOIIMH ¢ POCTOM pa3zMepa KiacTepa 0ObICHIIOTCS HAIMYKMEM Ha TPaHUIIe
KJIacTepa 000OpBaHHBIX CBs3€H. JJ0CTaTOUHO X “HACHITUTH”, YTOOBI y)KE Ha
HeOonpIux kiactepax (10-20 aToMoB) TOOUTHCS HE TOJIBKO CXOJAUMOCTH YHEPTUHU
XEMOCOPOIIMH, HO ¥ COTJIACHUS €€ BETMYMHBI C HIKCIIEPUMEHTOM. BBIBOI:
aIcCOpOITMOHHAS CBSI3h UMEET JIOKATM30BaHHKIN xapakTep. OCHOBHBIM (DaKTOpOM,
OTIPEICIISIONTUM €€ PHEPTHIO, SABISETCS MEPEKPHIBAHUE MEKTYy OpOUTaIIMU
ajicop6ara 1 HeOOJIBIIIOTO YKCIIa aTOMOB Ha TIOBEPXHOCTH ajicopOeHTa. PacueTst
XEMOCOPOLIMH aToMa BOJOPO/Ia Ha MOBEPXHOCTU HUKEIIA MMOKa3aIH, YTo JoOaBlieHHE



WU U3BATHE | 3JIEKTPOHA MPUBOJUT K CIBUTY ypoBHS Pepmu Ha 7 3B u k
W3MEHEHHIO YHepruu xemocopOuuu b Ha 0.1 3B. MoxHo nonarats, 4To SHEPrus
ypoBHs PepMu TBEPIOTO TEJIa HE OKA3bIBAET CYIIECTBEHHOIO BIUSHUSA HA YHEPTUIO
XeMOCOPOIIHH.

PasButue B nmocneaHue rofbl HOBBIX SKCIIEPUMEHTAIbHBIX METOJIOB - AJIEKTPOHHON
CIIEKTPOCKOIINHI BBICOKOTO paspenrerus (1o 10™ ¢), momydeH st yibTpaBbICOKOro
BakyyMma (1711 00ecrieueHus: YUCTOThl IKCIIEPUMEHTA U BHICOKOW TOYHOCTHU
U3MEPEHMI), BhIpAIIUBAHUS IPAKTHYECKU 0€31e(PEKTHBIX MOHOKPUCTAIJIOB -
CTUMYJIMPOBAJIO MHTEHCUBHBIE KBAHTOBO-XMMUYECKHE UCCIEIOBAHMS XEeMOCOPOIUH.
Oxa3ajoch, 4TO JIaXKe pacueThl B OTpaHUUCHHBIX 0a3ucax (Harmpumep, 3-21G)
KJIACTEPOB M3 HECKOJIBKUX COTEH aTOMOB, JOCTATOYHBI JJIsi BOCIPOU3BEACHUS
sHepruu ypoBHSI depMu B MOHHBIX KpHcTawiax. Tak, Obl1a paccuyuTaHa aacopOrms
Maibeix MoJiekyd (Hy, CO, CO,, H,O) Ha MOBEpXHOCTH HOHHBIX MOHOKPHUCTAJIOB
(NaCl). Knactep coaeprkan oiHy WU HECKOJIBKO MOJIeKyJ agcopbara u 200-300
nonos Na* u CI..

[Touck Hegopororo u 3PpGHEeKTUBHOTO MOIX0a K U3YUCHHIO XeMOCOPOIIMH MTPUBET K
dbenomenonornueckomy metoxy BOC-MP (HopmupoBka nmopsiika CBs3M — MOTSHITHAI
Mop3a) 1u1st uccieoBaHusl XeMOCOpOLMU aTOMOB U MOJIEKYJI HA IOBEPXHOCTH
MeTaiia. B ocHOBe MeTo/1a JiexaT ciaeyIone YeTbipe NpUOIKEHU:

1. Dueprus m000T0 ABYXIIEHTPOBOTO CBSI3BIBAIOIIETO B3aUMOICHCTBUS
omnuchIBaeTcs moteHmaioM Mop3sa (18). JIByX1eHTpOBBIii TOPSIIOK CBSI3U
paBeH PKCIOHEHIMAIBHOMY WICHY MOoTeHIInana Mop3sa x = exp (-ar);

2. TlonHbIi TOPSIIOK CBSA3H OObETMHEHHON CUCTEMBI U3 aTOMOB YaCTHUIIBI
azcopOaTa 1 aTOMOB Ha MOBEPXHOCTU MeTaljIa, ¢ KOTOPBIMU 00pa3yroTcs
aJICOpOIIMOHHBIEC CBSI3U, HOPMHUPOBAH Ha 1.

3. ITlpubnmxeHne aJIuTUBHOCTH CBS3EH;

4. TlpubnvxeHue OIMKANUIINX COCEIEH.

[Ipu 3TOM OBITIO BBISBIEHO BHICOKOE Kau€CTBO OMHCAHMS CBS3EH MEKIy aTOMaMu
noteHuanoM Mop3sa. Metog BOC-MP no3Bosinit aiekBaTHO HHTEPIPETUPOBATH
XeMOCOPOLIMIO ATOMOB Ha MOBEPXHOCTH MEPEXOIHBIX METANIOB MIPU MAJION CTEIEHU
MNOKPBITUA. DHEPreTUUECKUE XapaKTEPUCTUKN XEMOCOPOLIMY MOJIEKYIT U
MHOTOATOMHBIX PaIUKaIOB MOTYT MOJIY4YaThCs B Xy/IIIIEM COTIIACHH C
HKCIIEPUMEHTOM. DTOT PE3YJIbTAT MOKHO CYIIECTBEHHO YJIYUIIUTh TyTEM BBEJICHUS
MHOTOYaCTHYHOTI'O OTepaTopa SHEPTUU Jyisl KosiebaTenbHOU 3a1auu. Pesynbratom
MPUJIOKEHUS OllepaTopa YHEPTUU Ha OCHOBE MOTeHIMaIa Mop3a sIBUIOCH BBEACHHE
Hosoro MPC D (19).

KBanToBasi XuMHs KATAJIUTHYECKUX PeaK Ui

KBanToBas xumusi He MpeiaraeT NPUHIUIIUAIBHO HOBBIX METOJIOB JJIsl U3YUYEHUS
TOMOTE€HHOT'O KaTain3a, OTJIMYHBIX OT ONMKMCAHHBIX BhIlIe. HekoTopas cnenuduka, Tem
HE MeHee, cyniecTByeT. OHa CBs3aHa C TEM, BXOAUT UM HET MOJIEKYyJa KaTalnu3aTopa
B [IEPEXOHOE COCTOSIHUE XMMUYECKOM peakiuu. B nepBoM ciyuyae peub UaeT o



HauOosee 3pHEeKTUBHBIX PA3HOBUAHOCTAX TOMOTEHHOTO KaTaiu3a, HanpuMmep o
TayTOMEpHOM OM(YHKIIMOHAIIBHOM KaTaiuie. HeoOxoaumo paccunTarth
CYIIEPMOJIEKYJTy, COCTOSIIYIO U3 MOJIEKYJI UCXOHBIX BEIIECTB U MOJIEKYJIbI
KaTanuzaTopa Bo Bcex 0coObix Toukax [1I13. ITpu sToM ocoboe BHUMaHUE cleayeT
YACNATH TOMY, K KAKUM W3MEHEHHUSIM YHEPreTUUECKUX XapaKTEPUCTUK U UHIEKCOB
PEAKIIMOHHOM CITIOCOOHOCTH MPUBEIO0 U3MEHEHHHE CTPYKTYPbI IIEPEXOTHOTO
COCTOSIHMSL, TIPEJI- U MOCJIEPEAKIIMOHHBIX KOMIUIEKCOB XUMUYECKOM PEaKIuy B
pe3yibTaTe KaTanusa. Y YyeT KaTaJuTHUYeCKOTO BIMSIHUS pacTBOPUTENS U
TBEPAOTENILHON MaTPHIIbI, KOT/Ia UX MOJIEKYJIbl HE BXOJAT B IEPEXOTHOE COCTOSTHUE
XUMHYECKOM peaKIuu, OMICAH BhIIIIE.

KBanToBasi XumMnsi KATAJIUTHYECKUX PeaKI Ui

KBanTOBast XuMHsl HE MpeJIaraeT NPUHLUIIUAIBHO HOBBIX METOJOB JJIsl U3YUEHUS
TOMOTEHHOTO KaTalan3a, OTJIUYHBIX OT OMHCAHHBIX BhIIe. HekoTopas cnenmduka, Tem
HE MeHee, cyniecTByeT. OHa CBsi3aHa C TeM, BXOAUT WM HET MOJIEKyJja KaTaau3aTopa
B [IEPEXOHOE COCTOSIHUE XMMUYECKOM peakiuu. B nepBoM ciyuyae peub UIeT o
HauOosee 3Pp(HEeKTUBHBIX PA3HOBUAHOCTAX TOMOTEHHOTO KaTallu3a, HalpuMep O
TayTOMEpHOM OM(YHKIIMOHAIBHOM KaTanuie. HeoOxoammo paccunTarth
CYNIEPMOJIEKYJTY, COCTOSIIIYIO U3 MOJIEKYJ UCXOJIHbIX BEILIECTB U MOJIEKYJIbI
Karanu3aropa Bo Bcex ocoObix Toukax [1I13. [Ipu aToM ocoboe BHUMaHUE ClieTyeT
YACNIATHh TOMY, K KAKUM U3MEHEHHUSM YHEPTreTUYECKUX XapaKTEPUCTHK U UHACKCOB
PEaKLMOHHON CIOCOOHOCTU MPUBEJIO UBMEHEHHHUE CTPYKTYPhI IEPEXOTHOTO
COCTOSIHUSA, TIPE/I- U TIOCIEPEAKIIMOHHBIX KOMIUIEKCOB XMMHUECKOW PEaKkiiy B
pe3yibTaTe KaTain3a. Y 4eT KaTaIuTHUYEeCKOTO BIUSHUS PACTBOPUTEIS U
TBEPAOTEIBHON MAaTPHULIbI, KOTJa X MOJIEKYJIbI HE BXOAST B IEPEXOIHOE COCTOSTHUE
XUMHUYECKON peaKlMK, ONMCAaH BBIILIE.

S DQJEKTPOHHASA CTPYKTYPA TBEPJABIX TEJI

TBepoe Teno MOKHO paccMaTpUBaTh KaKk OYEHb OOJIBLIYIO MOJIEKYITY, B KOTOPOH
coOmroaeTcst MO0 NambHUM (MAeanbHbIN), 1100 OIUKHUN TOPSAIOK PACTIOIOKECHUS
aTOMOB WJIM MOJIEKYJI. [IepBbIii cydail OTBeYaeT UICabHO PETYIISPHBIM KpUCTaJlIaM,
CUMMETPHS KOTOPBIX onucbiBaeTcsd 230 (heaopoOBCKUMH MPOCTPAHCTBEHHBIMU
rpynnamu. Bropoii, Gonee o0muii cirydaid, OXBaThIBa€T peajbHble KPUCTAILIBI C
nedeKTaMu KpUCTAIUTMYECKON peneTky, aMmop(HbIe Tela, HOJUMEPHI U T.A.: JUIsl HUX
XapaKTepHa JHIb JIOKaIbHasi CAMMETpPHSI ONpeAesieHHbIX (pparmeHToB. {151 kaxaoro
U3 YIOMSIHYTBIX CIy4aeB CYIIECTBYIOT CBOU CIIOCOOBI OMUCAHUS 3JIEKTPOHHON
CTPYKTYphL. MaeanbHO perynspHble KpUCTAUIbl CYUTAIOTCS] OECKOHEUHBIMU (HAIUYHUe
MOBEPXHOCTH UTHOPUPYETCS) U UX BOJHOBBIE (PYHKIIUU OTIPEIEIISIFOTCS C SIBHBIM
y4eTOM TPaHCISALMOHHON CUMMETpHUH KpucTailia. B kpucramnax ¢ 6amkHUM
MOPSAKOM YacTO AOCTATOYHO UCHOIb30BaTh MOAU(PHUIIMPOBAHHBIE MOJIEKYJISIPHbIE
MOJIEJY, BBIIETTUB HEKOTOPHI aTOMHBIN WJIM MOJIEKYJISIPHBIN ()parMeHT — KjacTep.
PaccmoTpum 06a 3Tux moaxoa moapoOHee.

OaH03/IEKTPOHHBIE BOJTHOBbIE (DYHKIMHU B 0€CKOHEYHbIX ePHOAUYECKHUX
KPHUCTAJUIaX U METO/IbI UX pacueTa



CHuMMeTpuiiHbIE CBOMCTBA HICAIBHBIX KPUCTAIIIOB COCTOST B ClieayromeM. B

HJeanbHOM KPUCTAILIE BCErla MOKHO BBECTU TPU 6exkmopa mpancasyuti: &, 2 u €
TaK, 9TO (PU3NUYECKUE CBOMCTBA KPUCTAJIAa B HEKOTOPOU MPOU3BOJILHO BRIOPaHHOM
TOYKE 7 TOYHO BOCIPOM3BOAATCS B JIFOOOM IPYroii TOUKE 7' yIOBIETBOPSIOLIEN
YCIIOBHIO:

F=Fl4nd+nb+nf (5.1)

/1€ N1, 2, n3 - IIPOM3BOJIBbHBIE IiejIbIe urcia. COBOKYIHOCTh TOUEK 7, OmpeensemMast
BbIpakeHHUEM (5.1), IpU pa3IUUHBIX N1, n2, n3 AAE€T KPUCTAIUIMYECKYIO PELIETKY,
KOTOpasi OMUCHIBAET PETYJISIPHOE MEPUOIUYECKOE PACTIONOKEHUE TOUECK B
POCTPAHCTRBE.

[Tapannenenuiesn, IMEIONINi B KadecTBe pedep BekTopa %, £ 1 € | HaszpIBaeTCs
anemenmaprot auetixou (puc.5.1). Ilepemernienne Bcero kprucraiiia Kak IejI0ro

iy

napajuielibHO caMoMy cebe, OIMCHIBAEMOE BEKTOPOM 1 HA3BIBAETCS MPAHCIAYUCHL.
BexTop TpaHCIAUU KPUCTATUNIMYECKON PEIIETKH CBSI3bIBACT JIIOOBIE ABE TOUKH pe-

metkn, £ @ T bt Al (5.2)



[TocpencTBOM COOTBETCTBYIOIIMX ONEpaLii TPAHCIIALUAN
DIIEMEHTApHOM SIMEHKON MOXKHO 3aIlOJIHUTh BCE MPOCTPAHCTBO KPUCTAIUINYECKOM
CTPYKTYpBI. Takoe cBOMCTBO KpUCTala Ha3BaHO MPAHCAAYUOHHOU cummempueu. Ha
puc.5.2 npeacTaBiaeHbl CTPYKTYPbl HEKOTOPBIX ATOMHBIX U MOJIEKYJIIPHBIX
KpPHUCTAJLIOB.

Puc.5.2. Kpucrannuueckue ctpykrypsl NaCl(a), anmasa (0), Hadpranuna u I ().

TpaHCcHSILMOHHAs CUMMETPHS IPEATIONAracT OECKOHEUHYIO MPOTKEHHOCTh
kpuctaiuia. KoneuHo, perynspHbie CTPyKTYphl HE SIBISIOTCS OECKOHEUHBIMU, a TIPU
OTCYTCTBHU OECKOHEYHOCTH TEPSETCs BAXKHOE CBOMCTBO TPAHCISLIMOHHOM
CUMMETPHH.

OpauH 13 coco0OB COXpaHEHUS TPAHCISIITUOHHON CUMMETPUHN KOHEUHBIX CUCTEM -
HAJOXKEHUE YUKIudeckux epanudnsix ycarosuti (yciaosus bopua-pon-Kapmana). CyTs
UX B TOM, YTO SKBUBAJICHTHbIE TPYIIIBI aTOMOB OTOXKJIECTBIISIFOTCS IPYT C JPYTOM TaK,
4YTOOBI TPaHMIIA OTCYTCTBOBAIA.



Baxxneiime 3J1eKTpOHHBIE CBOMCTBA NMEPUOAUICCKUX KPUCTAILIOB XOPOIIIO BUIHBI
yKe B CIIydae OJHOMEPHBIX CUCTEM. J[JIs IIeTTOYKH aTOMOB 3TO PAaBHOCHJILHO U3THOY
IIEMIOYKHU B OKPYKHOCTH OOJIBIIIOTO pajiiyca U COSAMHEHNE MEXKTy COOOM KOHIIEBBIX
aTOMOB. PaccMOTpHM LIETTOYKY, COCTOSIIYIO U3 aTOMOB, Pa3ACICHHBIX PACCTOSTHHEM d
¥ UMCIOIUX OJIMH BaJICHTHBIN 271eKTpoH (L1, Na, K u T.1.), onuceiBaeMblii aTOMHOM
opbuTanpio y (x). Kaxmoe sapo B 3TUX aToMax XOpOIIO SKPAaHUPOBAHO BHYTPCHHUMH
AJIEKTPOHAMU W BaJICHTHBIN AJIEKTPOH JIMIIIB ¢1a00 CBS3aH CO “‘CBOMM’ OCTOBOM.
BnusiHue coceTHMX aTOMOM B IIETIOYKE MIPUBOJUT K TOMY, YTO BaJICHTHBIC JICKTPOHBI
MOTYT IEPEIBUTaThCs OT aTOMa K aTOMY, KaK €Clii Obl OHU ObUTH CBOOOTHBIMU
(Mozienp MouTH CBOOOIHBIX 3JIEKTPOHOB 3oMMepdenbaa). BoiHoBas GyHKIus
CBOOOJIHOTO 3JICKTPOHA €CTh Oeryinas BojiHa exp(ikx), a ero KWHeTH4YecKasi SHepPrus
paBHa

En= p2m=(kh)?/8nm, (5.3)

(k=27 /\- BOIHOBOE YKCIIO MJIM KBA3HHUMITYJIbC dJIeKTpoHa). Crerudurka Hamei
3aJ1a4y¥ COCTOUT B TOM, YTO ABMKCHHUE JIEKTPOHA MPOUCXOANT B CITaO0OM
NEPUONYECKOM NOTEHLIUAJIE, B KOTOPOro 00YCIIOBJIEH COPTOM U PACIIOI0KEHUEM
aTOMOB B peIIeTKe. DTO 03HAYaeT, uTo noTeHman V(X) B ypaBaenuu lllpenunarepa

[T(x) + V(X)] uk(x) = Eu(x) (5.4)
obnamaet cBoiictBoM V(x)=V(x+na), rae n=0,+1, £2, ... Y4eT 3T0r0 006CTOSATENHCTBA
npu pemenuu ypasHenus Llpeaunrepa npuBoaUT K TOMY, 4TO BOJHOBAs (DyHKIIUS
AJIEKTPOHA B MEPUOJUIECKOM MOTEHIIHATIE Uk(X) UMEET BUJ MOy IUPOBAHHOM
3aBUCSIIEH OT BOJTHOBOTO 4Kcia K Oeryriei BOJHbBI

ux(X)=N ?, exp(ikan)y ( x + na) (5.5)
(N — HOpMHPOBOYHBI MHOXHTEJb), KOTOpas TAKXKE MEPHOANIHA B perieTke: ¥ (X) =
y(X+na) u cABUT LEMOYKHU Ha BEJIMYUHY, KPATHYIO a, HE MEHSET Uy. DyHKIMS uy,
UTPAIOIasi B TBEPJIOM TeJIe POJIb aTOMHOM opOuTanu, Ha3biBaeTca QyHkimein bioxa.
[Tpu k = #bz/a BoHOBBIE QYHKIIMN 3JICKTPOHA YKE HE SBIISIOTCS OCTYIIIMMU
BosHamu tuna exp( +ikx). Tak, mpu b=0 —k=0 u

Uo(X)=N [ (X )+yx (X +a)+ x (X +2a)+ x (x + 3a) +...], (5.6)

anpu b=1 >k=tm/aun

Uria (X)=N [ (X)-x (X +a)+y (x + 28)- x (x +3a) +...] (5.7)

(cm. pucS.3). B nepom ciayuae AO Ha pa3HbIX aTOMax UHTEpPepUupyroT B dase u

pesyabTupytromas GyHKuus bioxa siBiasieTcs CBs3bIBaIONIEH U OTBeUaeT 00Jiee HU3KOM
sHepruu. Bropoii cinyuait orBeuaer nectpyktuBHoi unTepdeperumnu AO u,

a)K=0ug=N[yx(x)+x(x+a)+y..]
*—0—0—9




O)k=+mlaun, =N[y@-xX+a)+yx...]
*—OO—e—O

Puc.5.3.

COOTBETCTBEHHO, - pa3phIxjsitonieil ¢pyHknun biaoxa. Takum 06pa3om, BOJTHOBBIC
(GYHKIHUU SJIEKTPOHA B TIEPUOINIECKOM TOTECHIIUAJIE MOKHO aCCOIIMUPOBATH CO
CTOSTYMMHU BOJTHAMH BUAA Uj=sinsX/@ M Ug =cos7X/a, KOKJIASA U3 KOTOPBIX €CTh CyMMa
oerymux BoJH (puc.5.4). DT CTOSAYNE BOJTHBI UMEIOT Y3JIbl M TyYHOCTH B Pa3HbIX
00J1aCTSAX MPOCTPAHCTBA MO OTHOIICHHUIO K CO3/IAIONIMM BHEITHUHN TTOTCHIIUAI
aTOMHBIM OCTOBaM. JTO 3HAYUT, YTO OHU OTBEUAIOT KOHIICHTPALIMH JIEKTPOHOB
(koTOpas mpoNopLUHUOHATbHA u2) B MECTax, OTBEYAIOIIMX PA3JIAYHBIM 3HAYCHUAM
MOTEHIINAILHON dHEpruH. Tak, U, ONMUCHIBACT KOHIICHTPAIIUH YJICKTPOHOB BOJIN3H
OCTOBOB, I'/le IOTEHIMAJIbHAsl YHEPTUsl MUHUMAJIbHA, a U] - MEXKIAY OCTOBaAMHU.

(a)

2
cos?(n x/a) g v sinZ(n x/a)

) \ / (et ik
YA VEAVEAVIANVAVEVAVES
-a/ \./ ~ \,/ N \/ N &.

O-——a -——~ X-axis

{b)

Yucito BOBMOXKHBIX 3HAUCHHI K onipeienisieTcs YMCioM Y3JI0B KPUCTALTUIECKO
pemietku. O0macTh B K —mpocTpaHCcTBe, Jekainas MeKIy +7 /a, Ha3bIBaeTCs MePBOM
30HOM bpuintosHa. [ToBenenune 3IeKTPOHOB B 00Jiee BRICOKHMX 30HaX bpuuiosna

Puc.5.4.

[IOJIVYEHO 13 MHGopMaImu o nepBoii 30He (puc.5.5). B npenenax nepsoi 30861 bpriuirosHa
SHEPrus MO-IIPEeKHEMY UMeeT BUA, Oym3kuil K (2). OnHako Ha rpaHynax 308 bpuuirodHa cpeau
BO3MOXHEIX (“‘paspeleHHbIX”) 3HAYEHUN DHEPIUM MOSBIISIFOTCS Pa3pbIBEI M3-3a TOI'O, UTO




CpeaHsd NOTCHIMAJIbHAA SJHECPIUs 3JICKTPOHA, OIIMCHIBAEMOT'O d)VHKLII/Ief/'I Uo> MCHBIIC, YEM MJIA
cirydast ug. PasHocTs oHepruil Eg HaspIBaeTCs SHEPreTHUECKOM LIENbIO.

Kpucrammmueckue opourtanu — ananoru MO — ctposrcs u3 gpynkiuii bioxa (4),
KOTOPBIE TAKUM 00pa30M UTPAIOT B KPUCTAIIIE POJIb 0A3UCHBIX (DYHKITHIA:

o (r) =7 ¢j(k) ug(r) (5.8)
Takum 00pa3oM, >JEKTPOHBI B KPUCTAILJIE OKa3bIBAIOTCS pacIpeeICHHBIMU 110
HHEPTrEeTUYECKUM I0JI0CaM (30HaMm), COCTOSIILIMM M3 YPOBHEH SHEPTUH, OTBEYAIOITUX
BOJIHAM C pa3pelIeHHbIMU CUMMETPHUEN BOJIHOBBIMU BEKTOpamMu. PaccTosiHUS MEXTy
HHEPreTUYECKUMHU YPOBHAMM HA KPasX 30HbI MEHbIIIE, YEM B CEPEIUHE, T.€.
IUIOTHOCTh YPOBHEH (YMCII0 YPOBHEW HA €MHUILY SHEPTUH) HE OJIMHAKOBA 110 BCEU
30HE: y KpaeB 30HbBI IUIOTHOCTH BhIMIE. J{J11 OMMCaHus 3aBUCUMOCTH PACCTOSIHUS
MEXy YPOBHSMU OT K TIpe/rnonaratloT HermpephbIBHOE 3aI0JIHEHHE 30HbI (71010Cb1)
DHEPTreTUUECKUMH YPOBHIMH U BBOJAT HenpepbiBHYI0 (yHKimoo E(K), koTopyro
Ha3bIBAIOT TAKXKE cmpyKkmypoii nosocvl. OHa ONUCHIBAET 3aKOH JUCIEPCUU SHEPTUU.
Briciias opOuTans B TBEpIOM Telie, 3aroJHEHHAs! 3JICKTPOHAMU, HA3bIBACTCS YPOGHEM

Depmu.

PacnipeneneHue SHEPreTUUSCKMX YPOBHEH B 30HE XapaKTEePHU3YEeT INIOTHOCTh COCTOSIHUM:

4 E

\ RNV

|
S L
{b) () D(E):

dN(E)/dE. (5.9)



Puc.5.

Nurerpupoanue D(E) mo dE 1o ypoBHs ®depmu gaet morHOe 4rCIO
KPUCTAJUTMYECKUX OpOuTalIeH.

Pa3HOCTh MEXKy BBICIIUM M HU3IINM 3HEPTeTUYCCKUMH YPOBHSIMHU HA3bIBAIOT
wupuHoti 301l (TIOJIOCHI), OHA TAKKE XapaKTepHu3yeT oucnepcuro dHeprun. [lupuna
30HBI ONPEICIIACTCS BEIMYMHON B3aMMOICHCTBUS MEXKTy aTOMaMH B COCETHUX
sTYeKaX U 3aBHCUT OT COOTBETCTBYIOIIUX MHTETPaAJIOB NiepekpbiBanus AQ.
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YMcno aTomoB B CEBA3LIBAKOLLMCH B KpucTann
[TpoMexxyTOK MEk1y BEpXHEN SHEPreTUUECKOM 30HOM, 3aM0JIHEHHOM 3JIEKT-POHAMU
(BaJIeHTHOM), U HUYKHEH, HE 3aMIOJIHEHHOM 3JIEKTPOHAMU (30HOU MPOBOIU-MOCTH )
HA3bIBACTCA 3aNpeujeHHOU 30HOU.

Puc.

5.6.
Ot TOTO0, KaK 3arnoJHEHa BAJICHTHAs 30HA U KaKOBa IIMPHUHA 3aIIPEIICHHON 30HBI,
3aBUCST MHOTHE CBOMCTBA BEUIECTB. 30HA bpHILIII09HA COIEPKUT CTOIBKO
paspelIeHHbIX 3HaueHUH K- BEKTOPOB (& 3HAYUT, CTOJIBKO PA3IMYHBIX BOJTHOBBIX
(GyHKLHI), CKOJIBKO 3JIeMEHTapHbIX siueek N B Kkpuctaie. Ecnu kpucrtamn
oOpa3zoBajcs u3



SHeprua \
A

T 2z,

1 ag,

MeTann-nposogHuK MonynpoBoaHKK WM3onaTop

aTOMOB C g BJICHTHBIMU 3JIeKTpoHaMu (g=1 g s 06omouku; g=3 it p 0007I0YKU U
T.J.), TO 30Ha COCTOUT U3 Ng S3HEPreTHUYECKUX YPOBHEH, KAXK/IbIN U3 KOTOPHIX MOXKET
ObITh 3aHAT | miu 2 3nekrpoHamu (pucS.6). Ecnu BajgeHTHas 30Ha NOJHOCTHIO 3aI10J1-
HEHA DJIEKTPOHAMMU, a IIMPUHA 3alPEIIEHHOM 30HbI Eg2 5B, T0 BelecTBo Ha3bIBaeTCs
JIUAIEKTPUKOM. Eciii BalieHTHas! 30HA MOJHOCTHIO 3aII0JIHEHA JJIEKTPOHAMHU, a
IIMPHHA 3aIPEIIEHHOM 30HbI E2 5B, T0 BelecTBo Ha3hIBAETCS MOTYIIPOBOJIHUKOM.
Ecnu BanieHTHas 30Ha 3aMOJHEHA SJIEKTPOHAMH YaCTUYHO, MO0 MEPEKPHIBAETCS C
30HOM MMPOBOJAUMOCTH, TO BEIIECTBO HA3bIBAECTCS METAJIOM.

Puc.5.

7.
Jlist pacyeTa 0 THOSJIEKTPOHHBIX BOJHOBBIX (DYHKIIMH B KPHCTAJIIaX UCITOJIB3YIOT JIBA
OCHOBHBIX METO/IA.

1. Merton Xaptpu-®oka. Oynkuuu (5.5) HCHIOAB3YIOTCS KaK Oa3UCHBIE U
CTpOATCA U3 aTOMHBIX opOuTaneil (kak mpasuoisio, OCT). Henocrarku:
U3-3a y4eTa ToJbKO Koppensiuu [laynu nepeoneHnBaeT mMpuHy
3anpereHHoM 306! B 1.5-2 pa3a; HenpumeHuM uid pacyeta Oepmu-
MOBEPXHOCTH METAILJIOB.

2. Meton Kona-I1IsMa — oTHOCHUTCS K TpyMIEe METOJAOB (PYHKIIMOHAJIA
wioTHOCTU. OCHOBAH Ha MPEAINOJIOKEHNH, YTO IEKTPOHHYIO IIIOTHOCTh
MO’KHO paccMaTpuBaTh KaK HEOJHOPOIHBIN AJIEKTPOHHBIH ra3,
ONpeESAIOUI 0OMEHHO-KOPPEISAIIUOHHbBIE IP(HEKTHI.
OnHOAIEKTPOHHBIE YPAaBHEHUS UMEIOT BUJI (ATOMHBIC €IMHUIIBI):

[ -1/29% + Vn(r) +2p (r)/(r- r2)dr?+Vye ] ow (r) = E®ox (r), (5.10)

31ech Vy —TOTEHIUAT SAEP, Ve — 0OMEHHO-KOPPEISAIIMOHHBIN TOTSHITUA, JIJIS
KOTOPOTO UCHOJIB3YIOTCS pa3inyHble Mpuobamkenus — pynkiponanst J11. bazucHbie
(GyHKIHU pa3IudHbl: TO MOTYT ObITh Kak KOMOMHAIIMM aTOMHBIX OpOuTaseil, Tak u
HaOOpBI MIOCKUX BOJIH. HepocTaTok: HEeJ00EeHKA IUPUHBI 3alpEIeHHON 30HBI.



Knacrepubie meToabl

Yacro (HanpuMep, P pacyeTax HECTEXMOMETPUYECKUX KPHUCTAJLIIOB) 1eJ1ec000pPa3Ho
paccYMTATh JUIIb HEKOTOPbI ATOMHBIH MM MOJIEKYJISIPHbIN (parMeHT KpUCTALIA —
Kjaacrep. OCHOBHOM MeTO/, HCIOJIb3YeMbIil IJIs1 3TO HeJiu— MeToa XapTtpu-®oka. Oana u3
PacnpPOCTPAHEHHBIX €ro KJIACTEPHBIX MOAU(PUKALIMIA — TaK Ha3bIBaeMblil XL -MeTO/1.
Koppensinusi 3/1eKTPOHOB 3/1eCh MO-NIPe:KHEMY UTHOPHPYETCH, a 00MeHHbIN MOTEeHIHAJ
npeacraBJisieTcsl B BUJe:

Vy(r) =-3a ((3/87 )p (r)*2. .11

HecMmoTps Ha KaxXyIIyroCsl yIPOIEHHOCTh, XO-METOJI JAET XOPOIIee
KOJIMYECTBEHHOE OMHUCAHUE HE TOJBKO JIOKAIU30BAHHBIX COCTOSIHUM, HO ¥ 30HHOM
CTPYKTYPbI TBEPABIX TeJ. JIJIsl 7TOro UCIONB3YIOT METOI “TIOTPYKEHHOI'0” KJIacTepa:
OJIHODJIEKTPOHHBIE (DYHKIIUHN PACKIIAJBIBAIOT MO 0a3UCY U3 JOKAIM30BaHHBIX
opOutaneit u pyukuuit bioxa. Meros ycreniHo npumMeHsieTcs 11 U3y4eHus
MAarHUTHBIX CBOMCTB BEIIECTB, XUMUYECKOW CBSI3H H JIP.

KBaHnTOoBassi xuMHus aroMa

Jlexuuu-6.5 yacoB, cemMmuHap — 2 .

1.1 IIpyMHIHUNLI KBAHTOBOH MEeXaHUKH

1.2 Bapuannonuniii npuamun. Pemenue vpasaenus Ilpeaunrepa

1.3 [IpubamxeHne He3aBUCHMBIX YACTHUI

1.4 MeToa caM0oCOTrJIACOBAHHOIO MOJISA

1.5 MpubdaukeHne HEHTPAJILHOT0 MOJIS

1.6 ATOMHBIE OPOUTAJHM M UX XAPAKTEPUCTHKH

1.7 AHTUCHMMETPHYHOCTD DJICKTPOHHOH BOJHOBOW GYHKIINHU

1.8 lerepmunaut CJieiitepa

1.9 Metoa XapTpu-Doka

1.10 OrpannyeHHbI 1 HEOTPAHHMYEHHLIH MeTobLI XapTpu-Poka

1.11 KBaHTOBOXHMHYECKAS TPAKTOBKA PelIeHUH YpaBHeHU XapTpu-Poka

1.12 DjeKkTpoOHHbIE KOH(PUTIYPAIIMHA ATOMOB € TOYKH 3peHUd KBAHTOBOH XUMHUMU

K pazaeny "Jlekmun"

Ha OCHOBHYIO CTpAHUILY HDC,Z[MGTHOﬁ KOMHCCHH IO KBAHTOBOM XUMHH
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2. KBaHTOBasl XUMMUS MOJICKY.JI

2.1 Beenenue

2.2 IIpuoau:kenue bopua-OnnenreiiMepa

2.3 Metoa Xaprpu-Doka s MOJEKYVJI

2.4. lIpuoamxenue MO JIKAO. YpaBuenus Pyrauna.

2.5 Orpannyenusg MeToaa Xd

2.6 DJeKTPOHHAS KOPPeJIsus

2.7 Metoa KOHGDUTYPAIMOHHOI0 B3aMOAE CTBUSA

2.8 Metoa MHOTrOKOHMUIYPAIIMOHHOTI0 B3auMoaelicreus. Teopema Bpuiiodna

2.9 Teopusi BO3MYIIIEHUIA

2.10 MeToa BaJeHTHBLIX CBsA3el

2.11 ToyHOCTH VYeTA DJIEKTPOHHOI KOPPeJas iU

2.12. Pacuer dHEepIruu AMCCONMANNY XUMNYECKUX CBA3EH

2.13. Uepapxusi MeTOI0B KBAHTOBOMH XUMHUH

2.14 HeomMmnupunuyeckass KBAHTOBAsI XUMHU S

2.15 basucubie QYHKINHU A5 HeOMIUPHUIECKUX PACYETOB

2.16. IloaysMnupuyeckas KBAHTOBASI XMMHUS

2.17. Metoa IMoaunoro Ipenedopexenus Iuddepennmuansbuniv HepexpoiBanunem (ITH T

i CNDOQO).

2.18. Merox Yactuunoro (uiau [pome:xyrounoro) Ilpenedopexenus {nddepeHunaibHbIM
IlepexkpuiBanuem (INDO).

2.19 Metoa MoaudunuupoBanHoro Yacruunoro (miau Ilpomexyrounoro) Ilpenedpe:xenus
JuddepenmnanbubniM HepekpoiBanuem (MINDO).

2.20. Merox Moauduuuposanuoro Ilpenedopexkenus AnddepeHna LHbIM
IlepexpuiBanuem (MNDQO).

2.21 Pa3nejieHue G - U T -3JIEKTPOHOB. T -3JeKTPOHHHOE NMPUOJIMKEHUE

2.22. Metoxa lHappusepa-Ilomiaa-Ilappa

2.23. Metox MO XI1oKKeJs
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2.24 PacliMpeHHBIN MeTod XIOKKeJIs

2.25 ToyHOCTh KBAHTOBOXNMHYECKHX PACYETOB XUMHYECKHX CBOMCTB MOJIEKY.JI

K pazneny "Jlexkuun"

Ha OCHOBHVIO CTPaHHIY IIPEAMETHON KOMHUCCHH 110 KBAHTOBOM XUMUH

3. XUMHNYECKAS CBA3b U MEXKMOJIEKYJISIPHOE
B3AUMOJENCTBUE
Brenenne
3.1. OpouTagpHasi KAPTHHA XUMHYECKOI CBS3H
e 3.1.1. KoHCTpYKTHBHAS M JeCTPYKTHBHAS HHTepdepeHns: opOuTaIei
3.1.2. MoJieKkyJasipHBIE OPOMTAJIN M MX CHMMeETpHiiHas KiaaccubuKamus
3.1.3. DiekTpOoHHbIE KOH()UTIYPALMHU JIBYXATOMHBIX MOJIEKYJI
3.1.4. AHAJIM3 3acesIeHHOCTeH opouTaJeii mo Manaukeny Ilousitue o 3apsyiax u
NOPSAKAaX CBsI3e
3.2. IIpocTpaHCTBEHHOE pacipeaeJeHnue 3JIeKTPOHHOM IJI0THOCTH
e 3.2.1. lebopManmoHHAas 3JJeKTPOHHAS IJIOTHOCTh
3.2.2. TonoJsiornuyeckasi Teopus
3.3. DaexTpocTaTHYECKHii M DHEPreTHYECKHH aceKThl ONMMCAHUS XMMHYECKOii CBI3M
3.4. MHOroaToOMHBIE MOJIEKYJIBI
o 3.4.1. Jlokaau3anusi M THOPHIH3ALKS OPOUTAIEH
3.4.2. Moaeab OTTAJKHBAHHS 3JEKTPOHHBIX nap I'mijiecny ¥ cTpoeHHe MOJIEKYJI
3.5. XuMu4yeckasi CBI3b B KOOPAMHAIMOHHLIX COeTHHEHHUSIX
e 3.5.1. Teopusi KpHCTAJLIHYECKOIO MOJISI H TEOPHS IOJIsI JIMTAHI0B
3.5.2. CneKTPOXUMHUYECKUI PAI
3.5.3. KoMmieKkchl CHJIBHOTO0 M ¢J1a00r0 moJjei. MarHuTHbIe CBOHCTBA KOMILIEKCOB
3.5.4. DHeprus cTa0MIN3ANUN KPUCTALINYECKHM I10JIEM
3.5.5. Teopusi moJis1 JIUTaHI0B
3.5.6. IIpaBuiio 18 21eKTpOoHOB
3.6. Db dexT Sna-Teaaepa

Hanrocmpamuenotit mamepuan K pazoeay "Xumuueckas cé:a3b U MEHCMONCKYIADHOE
sézaumooeiicmeue’’

K pazneny "Jlexuun"

Ha OCHOBHVIO CTPAaHUITY IPEAMETHOM KOMUCCHUM 10 KBAHTOBOM XHMMUK

KBAHTOBOXUMMYECKOE ONNUCAHUE PEAKIIUA.

XHUMHYeCKHe peakiiii B razoBoi dase

DJIeMEHTAPHLIA AKT XUMHYECKOI peakiuu

PacueTr moBepXHOCTH NOTEHIIHAJILHONM YHEPIrUH XHMHYECKOHN peaKInu

Pacuert oco0bix Touek 111D
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IIyTh XUMHUYECKOH peaKinu

Teopusi MePeX0IHOI0 COCTOSIHMSI XUMNYECKO peaKlnumn

KBaHTOBOXHMHUYECKOE ONMCAHNE XUMHUYECKHUX PeaKIIUii B JKHIKOH U TBEPAOM (]2339

PoJjb opOUTAJILHON CHMMETPUH

Nuaexchbl peakiinOHHOH CIIOCOOHOCTH

MoJIEeKVJISIPHBINA DJEKTPOCTATHYCCKUI NOTEHIIMAJ

MeToa rpaHUYHBIX opOuTAaJjeii. Teopus :KeCTKNX U MATKHX KMCJIOT i OCHOBAHMIA.

A0C0J10THAS JKeCTKOCTh M a0COJIOTHASA MATKOCTh MOJIEKYJISIPHBIX CHCTEM

Dyuknuu Dykyu

DHeprusg JUCCONMAINYA XUMHYECKOH CBS3H B MOJIEKVJISIPHON cHUCTEMe

OpouTaIbLHLIE MOJEJN B3aHMOACHCTBHS MOJIEKYJI C IOBEPXHOCTHLIO. XeMOCOPOus

KBanroBasi XMMus KaTaIUTHYECKUX PeaKIMii

Jlureparypa

K pazneny "Jlexuun"

Ha OCHOBHYIO CTpAHUILY HDC)IMGTHOI)T KOMHCCHH IO KBAHTOBOM XNMHH

Jexknun mo kypcey "KBanroBas xumusa'

e Bsgenenne

e KBaHTOBas XMMHS aToMa

o KBanToBasg XMMHUSI MOJEKYJI

e XuMMYECKas CBI3b M MEKMOJICKYISIPHOE B3aUMOACHCTBHUE
o KBanTOBOXMMHUYECKOE ONMMCAHNE PEAKITNH

o KBaHTOBass XMMHsI KOHJIECHCUPOBAHHBIX CPEJI

Ha OCHOBHVIO CTPAaHUITY IPEAMETHOM KOMUCCHUM 10 KBAHTOBOM XHUMHUK
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