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1. TeopeTH4ecKve OCHOBbI KBAHTOBOW XMUMUHU

1.1. Memoodwvl Xapmpu — Poka u PymaaHa

Keanmosas xumus — 3T0 HayKa, UCHOJB3YIOIIas 3aKOHbI KBaH-
TOBOM MEXaHUKHU JIsi OOBSICHEHUS CBOMCTB MOJEKYJSIPHBIX CHUCTEM.
OCHOBHBIM pacYeTHBIM METOJIOM KBAaHTOBOW XMMHU SIBIIICTCS Memoo
Xapmpu — @oka. OH OCHOBaH Ha UCIOJIb30BaHUU a1Ma0aTUYECKOTO
(paccMOTpeHHEe JBMKEHUS DJEKTPOHOB BOKPYT TMOKOSIIUXCS SIJIEP)
U OJTHORJIEKTPOHHOTO (PacCMOTPEHUE JBIKEHUS KaXKIOTO AJIEKTPOHA
B T0JI€, CO3/1aBa€MOM JAPYTUMU AJICKTPOHAMU) MPUOIMIKEHUM B cove-
TaHUU C MPEJCTABICHUEM BOJHOBON (PYHKIHUHM MHOTO3JIEKTPOHHOMN
cucTeMbl B Bujie nerepmuHanTa Ciatepa. KaHoHnueckue ypaBHEHUS
Xaptpu — Poka UMEIOT BUI:
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PI(S J (D= J'(P ( )(p]( ) — OmepaTopbl KyJIOHOBCKOT'O B3aUMO-
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JICUCTBUS,

®;(2)0,(2 )

K (M, (1) = J' ——d1,p,(1) — oneparophi OOMEHHOTO B3aW-
Hg

MOJICUCTBUSI.

N HU3MMX 3HA4YCHUU €; B ypaBHeHHsAX Xaptpu — Doxka mpen-

CTaBJISIIOT coOOM OopOUTalIbHBIE dHEPruu. B cOOTBETCTBUU C meope-
Mot Kynmanca €; MOKHO TIPUPABHSATH (C MPOTUBOMOJIOKHBIM 3HAKOM )
K BEpPTUKAJIBbHOMY IMOTECHIMANy MOHU3ALMM i-U opoutanu, IP; = —¢;.
[TockonbKy onepatopsl KyJOHOBCKOIO U OOMEHHOT'O B3aMMOJIEHCTBUS
3aBUCST OT CIUH-OpOUTAaNel ;, ypaBHeHUsI XapTpu — Doka pemaror
C IIOMOIIBIO UTEPALMOHHOW MPOLEAYPHl C MCIOJb30BAHUEM Hadallb-
HOT'O MPUOJIMKEHUS JIJIsi CIIMH-OpOUTanei (pi(o). [Ipu cxoxaeHuun ure-
PAllMOHHOW MPOLEAYPHI TOBOPSAT O TOM, YTO TOJIE, CO3/1aBAEMOE JICK-
TPOHAMH, U OpPOUTATBHBIE PACIIPEICICHUS ITUX AJIEKTPOHOB COTJIACco-
BaHbl. [ToaTomy Meton XapTpu — PDoka 4acTO Ha3bIBAIOT MeEmoOoM
camocoanacosannozo noas (self-consistent field, SCF).



Meton Xaprpu — PoOKa UMeEET CYLIECTBEHHbIM HEAOCTATOK: I10-
CKOJIbKY JIBHIKEHHE DJICKTPOHOB B MOJICKYJIC B3aUMHO KOPPEIUPOBaH-
HO, SHEPI'Usl OTTAJKUBAHUS 3JIEKTPOHOB B PaMKaxX OJHORJIEKTPOHHOTO
MPUOJIMKEHHST OKa3bIBACTCS 3aBBIICHHOW. Bo3HMKaromas mpu 3TOM
MOTPENIHOCTh HA3BIBACTCS KOPPENAYUOHHOU IHepeueti, a caM dPPexT
— 9JIeKMPOHHOU KOppensyueu.

B ypaBuHenus Xaptpu — @Doka BXOJAT CIOUH-OPOUTATU ;.
[Ipy 5TOM BO3MOXHBI Pa3IMYHBIE CIOCOOBI MOCTPOCHUS CIUH-OP-
ouTaneit u3 opoutaneil. B ciyuyae 3akpbITOi AJEKTPOHHON 000JI0Y-
KU B ocpanuyenHom memode Xapmpu — Doka (restricted Hartree —
Fock, RHF) u3 xaxxaoit opbuTanu moiaydarorcs IB€ CIUH-OpOUTAIIH,
py 3TOM JJig N-3JIeKTPOHHOU cucTeMbl TpebyeTcs N/2 opOutaineil.
B neoepanuuennom memooe Xapmpu — @Doxa (unrestricted Hartree
— Fock, UHF) kaxnas cnuH-opOuTaib CTPOUTCS U3 CBOEH opOuUTa-
7Y, JAaHHBIA METOJ HCHOJB3YEeTCA JJIsi CUCTEM C OTKPBITOM 3JIEK-
TpOHHOUM 000n0ukoi. Ocpanuuennviti memoo Xapmpu — Doka 0as
omkpoimuix obonouex (restricted open-shell Hartree — Fock,
ROHF) npencraBnser coboit komOunamio RHF u UHF: Bce anek-
TPOHBI CUMTAIOTCS CITAPEHHBIMH, 3a UCKITIOUCHUEM OJHOTO DJICKTPO-
Ha JUISI paJdKaaoB WU JBYX JICKTPOHOB JIJIsl TPUIIJIETHBIX WJIN CHH-
TJIETHBIX BO30YXJACHHBIX COCTOSTHUM.

YroObl pemuTs MoJIeKyJIsipHOe ypaBHeHue IlIpenunrepa B pamkax
MeTosia XapTpu — Doka, HeOOXOIUMO ONPEACIIUTEH BUJT MOJICKYJISIPHOM
BOJTHOBOM (PYHKITMH B 3JIEKTpOHHOM ypaBHeHuH IlIpeaunrepa. B memo-
0e MONEeKYNIAPHbIX opoumanel TOJHAs BOJHOBas (YHKIUSI MOJIEKYJIbI
CTPOUTCS W3 BOJHOBBIX (PDYHKIUH (Mmonexyasipuvix opoumaneti, MO),
OIUCHIBAIOIIUX TMOBEACHUE OTIEIBHBIX AJICKTPOHOB B IOJIE, CO3/IaBac-
MOM OCTaJIbHBIMU JJICKTPOHAMH M BCEMH aTOMHBIMHU siyipamu. Hanboree
MPUMEHSIEMBbIM MeTOJIOM nocTpoeHuss MO sBiisieTcs: puOIKEeHNe Mo-
JIEKYJISPHOL opoumanu 6 8uoe JTUHEUHOU KOMOUHAYUU AMOMHbIX OpOU-
maneti (MO JIKAQO) aToMOB, COCTABIISIOMINX MOJIEKYJTY:

M
¢; = Zcuixu )
p=l1

rae @ — MO, y — aromusbie opoutaiu (AO).
[Tpubnuxenune JIKAO st moucka Buaa MO BeneT B paMKkax Me-
toga Xaptpu — Doka K ypaBHEHUsIM PyTaaHa, KOTOpBIE JIEXaT B OC-



HOBC ITOYTHU BCCX COBPCMCHHLIX HCOMIIMPUYCCKUX W IMOJTYOIMIIMPHYC-
CKHX MCTOJOB pacydcCTa CJIOKHBIX MOJICKYJIIPHBIX CUCTCM.

M
Z(Fuv _SiSuv)cvi =0 (u=1,2,...,. M),

v=Il
rae [, — MaTpu4HbIi d1eMeHT oneparopa Poka. B npubinmxkenuu
RHF:

M M 1
F,=H, + ZZPKG <uvic> —§<],L7\|VG>
A=lo=1
B otom ypaBHenuu: H,, — OJHODJIEKTPOHHBLIE MHTETPAJbI, <UV|AG>
1 <UA|vG> — ABYXDJICKTPOHHBIC KYJOHOBCKHE U OOMEHHBIC MHTEIpPa-
Jbl, Py, — MaTpuiia nopsiIKOB CBS3EN.

YpaBHeHuss PyraaHa SBIAIOTCA HEJIMHEUHBIMU OJHOPOIHBIMU
YPaBHEHUSIMU OTHOCUTEIBLHO HEU3BECTHBIX BEJIMYHUH C,;, PEIIAIOT UX
C IOMOUIBIO MPOLIEAYPHI caMocoriacoBanusi. Cpenu OJTHO3JIEKTPOH-
HBIX MHTETPAJIOB €CTh OJIHO- U JABYXIIEHTPOBBIC MHTETrPAJbl, & CPEAU
JIBYXAJIEKTPOHHBIX MHTErPAIIOB — €IIIE€ TPEX- U YETHIPEXLIEHTPOBBIE
uHTerpaigbl. OCHOBHYIO MAcCCy CPEIH MOJIEKYJISIPHBIX HHTErPAJIOB CO-
CTaBJISIFOT YETBIPEXIIEHTPOBBIE UHTETPAJIBI, IO3TOMY 3aTPATHOCTh ME-
toga Xaptpu — PDoka — Pyraana Bo3pacraeT MpONOPUHOHATIBHO
YETBEPTOU CTENIEHU YnCIia 0a3UCHBIX PYHKIMM (~ NY.

1.2. Ba3ucHble HA60pbI AMOMHbIX Op6uma.eti

s metoma MO JIKAO Pyrtaana He0oOX0auMO UMETh Oa3MCHBIN
Habop aTomHbIX opOutanei. [Tockonbky AO moiyyaroTcst U3 pacue-
TOB aTOMOB 10 MeTOoy XapTpu — PDoka B TaOJIMYHOM BHUIE, UX all-
MPOKCUMUPYIOT aHANMUTHYeCKUMH GyHKIUsIMU. Opoumanu Cromepa
— 3enepa (Slater-type orbitals, STO) xopoIo onuchBatOT paanaib-
HYIO0 3aBUCUMOCTh AQO, OTHAKO HE MO3BOJISIOT AHAIUTUYECKHA BBIYUC-
JUTh TPEX- M YETHIPEXILIEHTPOBbIE MHTETpasbl, MIOATOMY B pacuerax
MpPaKTUYECKH HE TpPUMEHSIOTCA. Opbumanu eayccogoeo muna
(Gaussian type orbitals, GTO) nuieHsl yka3aHHOIO HEIOCTAaTKa,
HO MPU 3TOM 3HAYUTEIBHO XYK€ OIMKCHIBAIOT PagualbHYI 3aBUCH-
Mocth AQO. [Ina xopomrero onucannss AO Hy»KHO HECKOJIBKO raycco-
BbIX (PYHKUMM g, HA3bIBAEMBIX MPUMUMUBAMU: ) :de g, TIe Ko-

k
b uruenTs! d; 3apaHee MoAOUPAIOTCS, YTOOBI HAMIYUYIITUM 00pa3om



omuchkiBaTh AO (IaHHYIO TIPOIIEAYPY Ha3bIBAIOT KOHTPAKTAIIUCH TPH-
MuTUB). VIcmonb30BaHNUE pa3IMUHBIX BAPUAHTOB KOHTPAKTAIIUU TayC-
COBBIX MPUMUTHUB MPUBEIO K MOSBICHUIO OOJBIIOTO YUCHA OA3UCHBIX
Habopos (bazucos), moaenupytomux AQO.

B munumanvuvix 6azucnvix nabopax STO-KG ocymecTBiaseTcs
NpeACTaBiICHUE aTOMHBIX opOuTaneil cidrepoBckoro Tuna (STO)
B BUjlc KoMOuHaIuu K rayccoBblx QyHKIui (K = 3 + 6). Munumaiib-
HBIM 0a3ucHBI HAOOp PKOHOMHUYEH C TOYKHM 3PECHHS 3aTpaT MallluH-
HBIX PECypCcOB, OJIHAKO OO0JaJaeT TaKUMHU HEJOCTaTKaMH, Kak
1) skecTkoCTh 0a3UCHOrO HabOpa, €ro HECIOCOOHOCTH MOJICTPAUBAThH
CBOM pa3Mep B 3aBUCUMOCTH OT OKPYXEHHs aToMa, 2) MPAKTUYECKU
chepuyeckoe pacmpejaesieHue 3apsiga. B Hactosiee Bpemsi MUHU-
MaJibHbI€ Oa3UCHbIE HAOOPHI B KBAHTOBO-XMMHUUYECKUX pacueTax Mpak-
TAYECKU HE UCIIOIb3YIOTCS.

B sanenmno-pacwennennvix 6asucuvix nHatopax M-NPG xaxnas
BajieHTHass AQO TmpeacTaBiseTcs B BUAC JIBYX (DYHKIMHA OJMHAKOBOMH
CUMMETPUH, OJTHA U3 KOTOPBIX SBIISETCS OOJiee CXKaToil, a apyras —
pasMbiToi. Takoe mpencraBienne AO oOecrieurBaeT OOJBIIYIO THO-
KOCTh 0a3ucHOro Habopa B 3aBHCHUMOCTH OT XMMHUYECKOTO OKPYXKEHUS
aTOMOB, Ha KOTOPBIX JIOKAJIM30BaHbI JaHHbIE AQO. DJIEKTPOHBI BHYTPEH-
Hell 000JIOUKH HE YYacTBYIOT B OOpa30BaHUM XUMHUYECKOM CBSI3H, IO-
3ToMy AQO 3THX 3JIEKTPOHOB HE TPEOYIOT pa3AefieHUs] Ha JBE KOMIIO-
HeHThl. [IpuMepamu HaOOpOB Takoro Tuma SBIAIOTCS Oasuckl 3-21G
n 6-31G. Ilocnmennuii B HACTOSINEE BpEMs SIBIACTCS IMPOCTEHIITUM
U3 PeaTbHO MPUMEHSIEMbIX 0a3MCHBIX HA0OPOB B KBAHTOBO-XUMHUYECKUX
pacuerax. B manHom Habope kaxnas AO BHyTpeHHEH 000JIOYKH OMH-
ChIBAE€TCS WIECThIO TayCCOBBIMU NMPUMUTHMBAMHU, & KaXKJas BaJICHTHas
AQ mpencraBisgercs B BUAEC CKATOW M Pa3MbITOM yacTeil (Tpu U oAHA
NPUMHUTHUBBI COOTBETCTBEHHO). BO3MOXKHO MpeCTaBlieHHE BaJICHTHBIX
AO B Buge Tpex pyHkuMiA, HapuMep B 0azrcHoM Habope 6-311G.

JIJ11 BOBMOKHOCTH y4Ye€Ta CMEUIEHUs LIEHTpa pacipeIeieHUs JJIeK-
TPOHHOW TIOTHOCTH C snpa (mosispuzanus AQO) B Oa3ucHBIA HaboOp
BKJIIOYAIOT noApu3ayuoHuvle (yHKIMH O0Jee BBICOKOTO MOOOYHOTO
KBAaHTOBOTO YWCJIA: d- U f~TWTIa 7S TSOKEJIBIX aTOMOB U p-THTIA JIJISl BO-
nopona. Beenenue nomsipuzaiiioHHbIX (YHKIUN d-Trma 0003HavaeTcs
3HaKOM «*» unum OykBo#l (d), mMpu 3TOM BO3MOKHO J00aBJICHUE He-
CKOJIbKUX HA00pOB d-PyHKIui K BajieHTHOM AQO. AHAJIOTMYHO MO>KHO
N00aBJIATH MOJSPU3AIIMOHHBIE HA0OpHI p-Trna K AO BOJOPOJIHBIX aTo-



MOB, OHM 0003HAUaOTCs JIMOO BTOPBIM 3HAKOM «*», MO0 OYKBOU (p).
[Ipumepamu NoOJsIpU3aALMOHHBIX 0a3ucoB sBIAIOTCS 6-31G™, 6-31G**,
6-31G(2d,p), 6-311G(3df,2p). Haumenee 3aTpaTHbIM U 4acTO MCIOJIB3Y-
eMbIM B pacueTax siBisieTcst 6aszuc 6-31G*. Mcnons3oBanue mnosspusa-
ITMOHHBIX OAa3UCHBIX HAOOPOB IMO3BOJISET KOPPEKTHO OIMUCHIBATH DHEP-
TeTUYECKUE U TEOMETPUUECKHUE XapaKTEPUCTUKUA OPraHUYECKUX COEIU-
HEHUH, B TOM YHUCJIE C T€TEPOATOMAMMU.

Jlyist pacyeTa COE€MHEHUM, B KOTOPBIX JIEKTPOHBI MOTYT 3HAYH-
TEJIBLHO OTAAJATHCS OT SApa, HAPUMEP aHUOHOB, B 0a3UCHBIN HaOOp
BKJIIOYAIOT Oughghysnvie ynxkyuu s- 1 p-tuna ¢ OOJIbIIMM Pa3MEpPOM.
Bxtouenue nuddy3Hsix QyHKiui B 6a3uc 0003HavYaeTcsi CHMBOJIOM
«+t», Hampumep, 6-31+G. Ilpu onmcaHum cHUCTEM, B KOTOPBIX BO3-
MOXHO 00pa3zoBaHue TUApUA-MOHA H WM 3HAYUTETbHOU H30BITOY-
HOM 2JICKTPOHHOW IUIOTHOCTH HAa aToOMax BOJOPOJA, K BOJAOPOIHBIM
AO no6Ganstor nuddysasie GyHkuu s-tuna. OHU 0003HAYAIOTCS
BTOPBIM IUIOCOM, Hamnpumep 6-31++G. JloOGaBnenue nuddy3HbIX
GYHKIUI CUJIBHO BJIMSIET Ha pacyeTHBbIC 3HAYCHUSI CPOJICTBA K DJICK-
TPOHY U Oapbepbl HHBEPCUH.

['ubkue Oa3zucHbIE HAOOPHI, XOPOIIO BOCIPOU3BOJIAIINE OOJb-
IIMHCTBO CBOWCTB XMMHUYECKHX CHUCTEM, MOJy4aroT, J00aByss K Ba-
JICHTHO-PACIIETUICHHBIM 0a3uCHBIM Ha0OpaM OJHOBPEMEHHO MOJIApHU-
3aimoHHbIe U Tuddy3Hbie GyHkuuu. [Ipumepamu Takux 0a3UCOB SB-
asrotesa 3-21+G*, 6-31+G(d,p), 6-311++G(3df,2p). YcnoxHaenue Oa-
3UCHBIX HAOOPOB YJIyUIllae€T pe3yJibTaTbl KBAHTOBO-XMMHUUYECKUX pac-
YETOB, HO TPEOYET OOJIBIIIOTO KOJIMYECTBA BPEMEHU U KOMIIBLIOTEPHBIX
pecypcoB. OCHOBHO# 3amadeii pu BeIOOpe Oa3nCHOTO HAOOpa SBIIS-
€TCSl HaXOXICHUE YJAYHOTO KOMITPOMHCCA MEXY pa3MepoMm Oasuca
U YPOBHEM pe3yJIbTaTOB pacuera, MO3BOJISIONIETO MOIy4YaTh aJeKBaT-
HOE OIMKMCaHuEe CBOMCTB MOJIEKYJIBI IIPU pa3yMHBIX 3aTpaTax pPeCypcoB.

1.3. I1eKmpoHHASA KoppeAssYyus U Memodsl ee yuema

Jl1s1 OOJIBIIMHCTBA XUMHUYECKUX coeauHeHuit metoq MO JIKAO
XOpOIIIO BOCIPOU3BOAUT CTPOCHHUE MOJEKYJ, AUIOIBHBIA MOMEHT,
KojieOaTenbHbBIE CIEKTPHl M APYTHE CBOMCTBA, HO MPUHIIMITHAILHO
HE BOCIPOU3BOJIUT TOJIHYKO 3HEPrur0 cuctemsl. [locnenoBaTenbHOe
yCcla0KHEeHHE 0a3uCHOro Hadopa BILUIOTH 10 0€CKOHEYHOTO TO3BOJISIET
MOHU3HUTH PACUETHYIO TIOJIHYIO SHEPTHIO CUCTEMBI JI0 TaK Ha3bIBA€MO-
T0 Xapmpu-goxKo8cko2o npeoeid, KOTOPbI TeM HE MEHEE CYIIEeCTBEH-



HO BBILIE TOYHOW DHEPTrUU CUCTEMBI. [IpUYMHON ATOrO SBIISIETCS WI-
HOPUPOBAHHE IEKTPOHHOM KOPPEIALMU B PAMKAX OJHO3JIEKTPOHHO-
ro mpuonmxenus. s ee yueta HE0OXOIUMO HCIIOIb30BaTh MOAUDH-
MPOBAHHYIO BOJIHOBYIO (DYHKIIMIO, COCTOSIIYI0 M3 HECKOJIbKUX Je-
TepMuHaHTOB CraTepa:

¥ =a,¥,+) a4V,

rae ay o0brgHO 01M3K0 K eaunuie, W, — BomHOBas QyHKIHS XapTpH
— doka, ¥; — HabOp CIPTEPOBCKUX ONMpeAeIuTEeIeH, OTBEUAIOITNX
BO30Y’KJICHHBIM COCTOSIHUSM U BXOJSIIMX B BOJHOBYIO (DYHKIIUIO MO-
JIEKYJIbI C BKIAJOM 4;.

CyllecTBYIOT TpH OCHOBHBIX METOJIa y4YE€Ta 3JIEKTPOHHOU KOoppe-
asuuu. B memoode xongueypayuornnoco ezaumodeticmeus (configura-
tion interaction, CI) renepupyrotcsa aerepMuHanThl CiadTepa pa3ind-
HOU cTeneHu Bo30yxaeHus (koHurypanun). C moMOIIbI0 BapUalu-
OHHOTO TMPHUHIHUIIA PACCUUTHIBAIOT KO3P(UIMEHTH TPU KOHPUTYpa-
[USIX, TTOCJI€ YEro OMPEECISIOT MOJTHYIO0 SHEPTUI0 OCHOBHOI'O COCTOSI-
HUS. YUeT 3JEKTPOHHOW KOPPEIAIMU BO3MOXKEH MPU PACCMOTPEHUH
KaK MHUHMMYM JBYKpPAaTHO BO30YKJICHHBIX COCTOsSIHMM. Tak, MeTon
CISD (BkjItOU€HHE OJTHOKPATHO U JIBYKPATHO BO30YKICHHBIX KOH(DU-
rypanui) Mo3BoisieT ydecTb 10 95 % KOppEeNsalMOHHONW 3HEPTHUH.
Bxitouenue TpoitHbix Bo30yxaeHui (merox CISDT) mosBosser mo-
BBICUTH YUYET KOPPEIALMOHHON 3HEeprun 10 98-99 %, ogHako 3Ha4u-
TEJIBHO YBEJIMYMBAET 3aTPATHOCTh METO/IA.

B wmemooe ceazannvix xnacmepos (coupled cluster, CC)
13-32 0COOEHHOCTEN MOCTPOCHUSI BO30YKJICHHBIX COCTOSHUN YUUTHI-
BalOTCSI KOH(UTypaluu OONbIIEH CTEMEeHW BO30YKACHHUS, YEM 3TO
cCleAyeT W3 Ha3BaHUsA MeTojia. Tak, B BOJHOBYIO (DYHKIIMIO METOJa
CCSD (coupled cluster singles and doubles), momumMo ojHO- U ABY-
KpaTHO BO30YXICHHBIX KOH(PUTypaluid, BXOIAT U KOH(UTypaluH,
MOJTy4aeMbl€ MyTEeM TPEXKPATHBIX U 00Jiee BBICOKON KPaTHOCTU BO3-
OyxxJeHuid. B 3TOM COCTOMT NPUHUIUNHUAILHOE OTJIUYHME METOJIa
CCSD ot CISD: niepBbIii U3 HUX B OOJIBIIEH CTETIEHU YUUTHIBAET KOP-
PETSIIMOHHYIO SHEPTHIO, HO SBISIETCs Gouiee 3aTpaTHBIM (~ N°).

B memooe Mennepa — Ilneccema (Meoller — Plesset, MP)
JUIS pacueTa MoIMpaBoK K MOJHOM 3HEPTUU CUCTEMbl UCTIOJIB3YIOT arlma-
paT TEOpPUM BO3ZMYLIEHUN. YUET JIEKTPOHHOU KOPPEISALMU BO3MOMKEH
IIPU KCIOJB30BAHUA MUHUMYM BTOPOTO MOPSKA TEOPUU BO3MYIIICHUIA.



CyIIeCTBEHHBIM JIOCTOMHCTBOM METOJIa SIBJISICTCS HEUTEpaIrlMOHHbIN
Croco0 pacuera MOoNpaBoOK K SHEPTUU, MO3TOMYy MeTo1bl MP xapakTepu-
3YIOTCSl 3HAUUTEJILHO MEHBIIEH 3aTPATHOCTHIO MO CPaBHEHUIO C METO-
namu CI u CC. B Hacrosiee BpeMs 4allle BCEro MCHOJb3YIOT TEOPHUIO
Memnepa — Ilneccera nubo 2-ro, nubo 4-ro nopsaka. Meronq MP2
B TUIMYHBIX ciydasx oOecrieunBaeT ~80-90 %-i1 yueT KOppemnsiuoH-
HOM sHepruu. bonee pecypcoemkuit merog — MP4 — cpaBHuM 110 3a-
Tpatam ¢ MeroaoM CISD, onHako yuntbiBaer ~95-98 % koppensunoH-
Hoit 3Heprun. Ceroans meroa MP2 octaercs Hanbosee IPOCTHIM U -
POKO NMPUMEHSIEMBIM METOJIOM Y4eTa KOPPEISIIMOHHONW SHEPTUH.

YPpoBEHb CIIOKHOCTH KBAHTOBO-XMMHYECKOTO METO/AA OMpPEIEsi-
eTcsa IByMs (DaKkTopaMM: KauecTBOM 0a3MCHOro HaboOpa W MOJHOTOMU
ydeTa 3JIEKTpOHHOU Koppensuuu. Hanbonee 3¢ dexTuBHBIM criocoOomM
YCIO0KHEHUSI KBAHTOBO-XMMHYECKOTO METOJIa SIBISIETCS PACIINPEHUE
0a3ucHOro Habopa ¢ OJHOBPEMEHHBIM YIYUYIIIEHHEM KayecTBa ydeTa
KOPPEISLMOHHON 3HEpruu. [10CKOJIIbKY T€OMETpUUYECKUEe MapaMmeTphl
OOJIBIIMHCTBA CUCTEM 3HAYUTEIHLHO MEHEE YyBCTBUTEIBHBI K YPOBHIO
CJIO)KHOCTH KBAHTOBO-XMMHUYECKOIO METO0JIa, BO3MOXKHO MPOBEICHUE
KBAaHTOBO-XMMHYECKOT0 pacyueTra B JiBa ATara: ONTUMHU3AIIUS CTPOCHUS
MOJIEKYJIBI OoJiee mpocThiM MeToaoM (Hampumep, HF/6-31G(d)) ¢ no-
CJIICAYIOIINM E€AUHUYHBIM PAcueTOM DHEPTrUU MOJEKYJbl Oojiee co-
BEpILICHHBIM MeTosioM (Hampumep, MP2/6-31+G(2d,p)) ¢ ucnomnb3o-
BAHUEM I€OMETPUUYECKHUX IMapaMeTpOB, MOJYYEHHBIX Ha IMEPBOM CTa-
Tud  BhIUMCIeHUM. Takoidl JBOWHOM pacuer, 00O03Ha4YaeMbId Kak
MP2/6-31+G(2d,p)//HF/6-31G(d), nipu conocTaBUMO TOYHOCTU OKa-
3BIBACTCS TOPa3o 00Jiee IKOHOMUYHBIM, YEM OJUH PACUeT C ONTHUMHU-
3a1eit 0oee COBEPIIEHHBIM METOOM.

1.4. Hoayamnupudeckue Memodsl KBAHMOB0U XuMuu

[IpyurHON TOSIBICHUSA NOYIMAUPULECKUX MemOO08 SBUJIACh
OOJIbIIast TPYJOEMKOCTh HEAIMITMPUYECKHUX PACUETOB, YTO N0 X
HEJIOCTYIHBIMU ISl TPAKTHYECKON PeaIM3alii Ha 3ape Pa3BUTHS KBAH-
TOBOM XUMHU. B OCHOBE JaHHBIX METOJIOB JICKHUT OOMIMNA TIPHHITHIL:
TPYJHO PACCUUTHIBAEMBIE MHTEIPAJIBI 3aMEHSIOTCSI HEKOTOPBIMU napa-
Mempamy (SKCIEPUMEHTATBHBIMUA WM SMIIUPUYECKUA MOJ00PaHHBIMHU).
Habop mapameTpoB 1 ypaBHEHH I OLIEHKH UHTETPAJIOB ONPEICIISAIOT
napamempuzayuro TOIYSIMIIMPUYECKOro MeToaa. Pasznuunbie ypoBHU
IPEHEOPEKEHUST UHTETPATIAMUA MEKAJIEKTPOHHOTO B3aUMOJICHCTBUS 00-



pa3yloT HMEPAPXHUI0 TOJYIMIUPUUECKUX METOA0B. B momysmnupuue-
CKUX METOJaX UCMONb3YETC 8AIEHMHOE NPUOIUNHCEHUE: PACCMATPUBA-
IOTCS TOJIBKO BAJICHTHBIE 3JIEKTPOHBI, @ 3JIEKTPOHBI BHYTPEHHEH 000-
JIOYKHA OTHOCSIT K OCTOBY. 3aps]l OCTOBA PaBEH alreOpanyeckoil cymme
3apsAIOB SApPA U DJIEKTPOHOB BHYTPEHHEN 000JIOUKHU.

Pe3ynbTaThl MOMYIMIMPUYECKUX PACUETOB HE MOTYT IEpeIaBaTh
JOCTAaTOYHO TOYHO OJHOBPEMEHHO BC€ (DU3MYECKHE U XHUMHUUYECKHE
CBOMCTBA MOJIEKYJI, TIOCKOJIbKY YIIPOILIEHUE TEOPUH HENU30€KHO TPUBO-
IUT K YXYAUIEHUIO Pe3yJIbTaTOB pPacyeToB, a IOJrOHKA IMapaMeTpOB
MIPOU3BOAUTCS TI0 OJAHOMY, PEXKE IO HECKOJbKUM cBoiicTBam. Cyiie-
CTBYIOT PA3JIMYHbIE MapamMeTpU3alid METOJIOB, MPHU3BAHHBIE YJIOBJIE-
TBOPUTEIHHO OMKUCHIBATH OMPEACIICHHOE CBOMCTBO MJIM IPYIITY CBOMCTB.

Bce nonysMnupudeckue MeETOAbl OCHOBAHBI Ha MPUOIMKEHUHU
HYyne6020 ouggepenyuanvroco nepexpwiganus (neglect of differential
overlap, NDO): nuddepenuunanboe nepekpblBaHUE MEXAY pasiny-
HbIMU aTOMHBIMH OpOUTAISIMU paBHO Hymto. [Ipubnuxkenne NDO
peBpamiaeT 4YeThIPEXMEPHBI MAacCUB WHTErpaioB <UV|AG> B IBY-
MEPHBIA <UWU[AA>, 9TO CHJIIBHO COKpAIaeT YHUCIIO UHTETPAIIOB U BpeMs
pacuera. B moayaMIupuuecKuxX METOJIax TPEeX- U YEThIPEXIICHTPOBBIC
WHTETpajbl B3aUMOJICUCTBUS paBHBI HYJIIO.

[Ipubnmxkenne NDO B pa3iuyHbIX METOAAX PEATU3YIOTCS
no-pazHomy. Vcnonb3yemble B HACTOSIIEE BPEMsI HanOOJIee COBEPILICH-
HBIC TIOMYIMITUPUIECKHE METOJbI OCHOBAaHbI HA MPHUOIMKEHUU TIpEHE-
OpexeHuss  JABYXaTOMHBIM  auddepeHIuanbHbIM  MepEKphIBAHUEM
(neglect of diatomic differential overlap, NDDO). K aum otHOCATCS Me-
tonsl MNDO, AM1, PM3, PM6, PM7 u psn npyrux. Merog MNDO
CPaBHUTEIBHO XOPOIIO BOCHPOM3BOAMUT IHEPreTUKY M CTPOCHHUE Opra-
HUYECKUX MOJIEKYJ, 32 UCKIIIOUEHHEM TPEX- M UYETHIPEXWICHHBIX IHK-
JIOB, a30T-KUCJIOPOJI-COIEPKAIINX COSTUHEHUMN, TEPOKCUIOB, COETUHE-
HUW C TpeT-OyTwibHbIMU (parMeHTamMu. B mapamerpuzanuun AMI
B BBIPQXKCHUM JUIsI OTTAIKUBAHKS OCTOBOB BKJIFOUEHBI JIOMOJHUTEIBHBIC
YJICHBI, B PE3YJIbTATE METO/I JIyUIlle BOCHPOU3BOJIUT BOJIOPOIHYIO CBSI3b
U JaeT Jydlllde Pe3yJIbTaThl JJI1 aKTUBAIMOHHBIX MapameTrpoB. Ilapa-
MeTpsl Metona AMI1 0wt ompenesniensl o 100 monekynam. Meron
PM3 ouens 01130k k MeToty AM1 ¢ Tem omimuueM, uto B Metoae PM3
BCE TapameTphl, aMMpPOKCHUMUPYIOIIME HHTErpaibl B3alMMOJICHCTBUSI,
ONTUMU3UPYIOTCS C MOMOIIBI0 Ha0Opa COCIUHEHHUM ¢ HAJEKHO U3MeE-
PEHHBIMU 3KCIIEPUMEHTAIBHBIMU CBOWCTBAMH, TOr/1a kKak B AM1 uHTe-
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rpajbl MEXAJIEKTPOHHOTO B3aUMOJICUCTBUS PACCUUTHIBAIOTCS U3 KCIIE-
PUMEHTAIBHBIX CIIEKTPOCKOIMMYECKUX JTAHHBIX JUIsl aTOMOB. [lapameTpbl
ONTUMHU3UPOBAHBI MO 657 MOJEKyIaM, BOBMOXKEH pacueT COCIMHEHUN
HEKOTOPBIX d-35ieMeHTOB. B Merone PM6 Obuia yimydlieHa napameTpu-
3alus, CAENaH pAJl U3MEHEHUHN B OLICHKE SHEPIUU OTTAJIKWBAHUSA OCTO-
BOB. [lapamerpu3zaiiusi 0XBaThbIBa€T MOYTH BCE BJIEMEHTHI MEPUOINYC-
CKOM CUCTEMBI, 32 UCKIIOYEHHEM JIAHTAHOUJIOB U aKTUHOUJO0B. MeToj
PM7 sBnsercs moaudukanueir metona PM6, Obul ycTpaHeH psjl Oliu-
0ok B npuOmmwkenun NDDO, BiusitolnieM Ha pacdeT OOJIbIIUX CUCTEM.
VYaydiieHa ONTUMM3AIMS BCEX OJHOATOMHBIX M JIBYXaTOMHBIX Iapa-
METpPOB, B pe3yjbTaTe CpeaHssl OIMOKa B pacueTe CBOMCTB OpraHU4e-
CKHX coenmHeHnit cumkena Ha 10 %.

1.5. Memods1 meopuu hyHKYuoHa1a N10OMHOCMuU

B metonax meopuu ¢hynxyuonana nromnocmu (density functional
theory, DFT) kitoueBoii (hu3nueckoi BETUYUHON SIBIISICTCS DJICKTPOH-
Hasl TUIOTHOCTh p — (PYHKIUMSA KOOPJMHAT BCEX COCTABJISIIOIIUX CH-
cTteMy 3JeKTpoHOB. CoriacHo Teopeme XosHOepra — Kona sHeprus
OCHOBHOTO COCTOSIHUSI MOJICKYJbI SIBIsIeTCS (DYHKI[MOHAJIOM 3JICK-
TPOHHOM IUIOTHOCTH Eyyy[p], ¥ SHEPTUS MUHUMAIIBHA, €CIIU P SBJISACT-
CAd TOYHOU BJIEKTPOHHOW IUIOTHOCTBEO OCHOBHOTO COCTOSIHUS. XOTS
Teopema XosHOepra — KoHa Jaet ctporoe JoKa3aTeabCTBO B3aUMO-
CBSI3U Eiy, M p, OHA HE JIA€T HUKAKOTO MPABUJIA, YTOOBI MOCTPOUTH
3TOT PpyHKUMOHaN. [ToHas PHEPTUsi KBAHTOBOM CHUCTEMBI paBHa:

Etotal =T+ Ene +J+ K+ Enn-

[Ipu ucnonp30BaHUM aAMAOATHYECKOTO MPUOTUKEHUS IHEPTHUS
MEXbSJICPHOTO OTTAJIKUBAHUA FE,, TIOCTOSIHHA. DHEPrUs MPUTIKCHUS
AIEKTPOHOB K siApaM £,, 1 KyJTOHOBCKASl SHEPTUS OTTAIKUBAHUS JJICK-
TPOHOB J MOTYT OBITh OJHO3HAYHO BBIPAKEHBI YEpPE3 AICKTPOHHYIO
IJIOTHOCTh, B OTJIMYKME OT OOMEHHOM sHepruu K W KUHETHYECKON
SHEpruu MMEKTPoHOB 7. Jlns onpenenenusa T ncnonb3yroT meto Kona
— IlIoma: QyHKIIMOHAT KMHETUYECKOW DHEPTUU Pa3ACisIiOT Ha JBE
4acTH, TepBasg U3 KOTOPBIX BBIYUCIISIETCS TOYHO C HUCIOJIb30BAHHEM
dbopManbHO MOCTPOEHHBIX OpOUTANICH, OTBEYAIOIINX CUCTEME HEB3a-
UMOJICHCTBYIOIMX AJIEKTPOHOB, a BTOpas MpPEACTaBseT COOOM Io-
IIPABOYHBIN YJIEH — KOPPEKUUI0 7¢. B uTore onvcanue mMoJeKysp-
HOM CHUCTEMBbI MPAKTHUYECKU MOJHOCTHIO AHAJIOTUYHO XapTpU-POKOB-
CKOMY: JIJIsl IOCTpOeHUsT opouTtaiieit ucnonb3yercs meton MO JIKAO,
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OMHUCaHWE aTOMHBIX OPOUTAJIEH OCYIIECTBIISIETCS TEMU K€ Oa3UCHBIMU
HabopaMu, OpOUTANIA U UX SHEPTUU HAXOAATCA UTEPALIMOHHBIM ITyTEM
C MOMOIIBI MPOLIEAYPHl CAMOCOTIJIACOBAHUS. AHAJIOTaMU ypaBHEHUUN
Xaptpu — doka — PyTaana B Teopuu (pyHKIIMOHANA IUIOTHOCTH SIB-
nsarotest ypaBHeHust Kona — Illsma. Hemocratkom metona Kona —
[II>ma gBasieTcs TO, YTO OPOUTAIM U UX SHEPTUU HE MUMEIOT TaKOTro
3HA4YCHUs, Kak XapTpu-(pokoBckue opOutanu. JlaHHble opOuTanu
CKOHCTPYUPOBaHBI JHUIIL TaK, YTOOBI JaBaTh HAMIYYIIEE OIMHUCAHUE
ANIEKTPOHHOM IJIOTHOCTH, a dHepruu opoutaneir Kona — Illama mo3-
BOJISIFOT BBIYUCIIUTD Ejo, KaK QYHKITMOHAT AJIEKTPOHHOU MIIOTHOCTH.

CymMMa KOppeKIMU K KHHETHIEeCKOU SHepruu T 1 0OMEHHOM 2Hep-
rud K HOCHUT Ha3BaHHME KOPPEIAIMOHHO-OOMEHHOTO (yHKIIMOHANA.
Tounblid BUI JaHHOTO (PYHKIIMOHAIA HEU3BECTEH, TO3TOMY HCIIOIb3YIOT
ero npuoamxkeHHoe omnucanue. s pacuera KOppensIMOHHONW U 00-
MEHHOH 2HEpPruil HCIOJIb3YIOT MPHUOIMKEHUE JIOKAJTbHON IUIOTHOCTH,
METOJIbl TPAJUEHTHBIX IOMPABOK M TPAJMECHTHOW Koppekuuu. Hawm-
OoJbIlIee PacpoOCTPAaHEHUE B HACTOSIINN MOMEHT MOMYYWIA TUOPH/I-
HbIE METOJBI, COUETAIOIIUE PA3TUYHBIE TOJIXObI K HAXOXKICHUIO KOp-
PEISIIIMIOHHO-00MEHHOT0 (hyHKIIMOHAa. Tak, Hanbosee MOMmyJISIpHBIMA
meton B3LYP ucnomns3yet TpexnapamerpoBbiii pynkinoHan beke (B3)
Ui pacueTra OOMEHHOW HSHEPruM B COYETAHUU C KOPPEJSIUOHHBIM
dbynkuuonanom Jlu, SAnra u ITappa (LYP). CymectByer OonbIioe Ko-
JMYECTBO KOPPEJIAIIMOHHO-OOMEHHBIX (PYHKIIMOHATIOB (M, COOTBET-
ctBeHHO, MeToAoB DFT) kak o0rmiero HazHaueHus1, Tak U MapamMeTpHU30-
BAHHBIX HA PACYET OTJICIbHBIX CBOMCTB MOJIEKYIL.

B uenom, meroasl DFT Henb3st Ha3BaTh MOJHOCTBEO HEAIMITUPUYE-
CKUMH, T. K. KOPPEJSLMOHHO-OOMEHHbIE (DYHKIIMOHAIBI COAEPKAT PsT
nogoOpaHHbIX napaMeTpoB. IIpu a3ToM kauecTBo aydmmx DFT meTon0B
3HAUUTENIBHO MPEBOCXOAUT PE3YJIbTAThI PACUETOB SHEPTUU O METOLY
Xaptpu — Doka U CpaBHUMO C KQUECTBOM PAaCYETOB CAMBIMU CIIOKHBbI-
MU TOCT-XapTpU-(HOKOBCKUMHU MPUOJIMKEHUAMU. 3aTPATHOCTH METOJ/IOB
DFT (~ N ) CpaBHUMA C 3aTPATHOCTHIO MeToaa Xaptpu — Doka, 4To
nenaet Metoabl DFT mocTyHbIME U151 TPAKTUYECKOTO ITPUMEHEHUS.

1.6. I[logepxHoCcmMb NnoMeHYua/1bHOI IHep2uu

[Ipr npoBeleHMM KBAHTOBO-XHMMHUYECKHX pPacueTOB B paMKax
aanabaTUYeCcKoro NpUOIMKEHUS MOJOKEHHUE Sep B MOJIEKYJIE CUH-
TaeTcs (PUKCUPOBAHHBIM. B peanbHON CHUTyalluu MPOUCXOJIUT HE-
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MPEPHIBHOEC U3MEHEHUE OTHOCUTEIBHBIX KOOPJUHAT SA€ep: MPOTEKa-
HUE XMMHUYECKOW peakuunu, KOHPOpMAIMOHHBIE MEPEXO/IbI, Koaeoa-
HUSI aTOMOB B MoJieKyJie. UToObl onucarh 3TU SIBJICHUS, HEOOXOAUMO
MHOTOKPATHO PEIIUTh 3JIEKTPOHHOE BOJHOBOE YPABHEHHUE C H3MeE-
HAIOIMUMCST Ha0OpOM KOOpAMHAT sijiep. B pesynbTare moaydaercs
3aBUCUMOCTbH ITOJIHOM SHEPTUU CUCTEMBI OT KOOPJHMHAT SiIep, KOTO-
pas Ha3bIBa€TCA nogepxHocmvio nomenyuarvHou snepauu (11119)
cuctembl. Hanbosiee ynoOHO B KauyecTBE KOOPAMHAT BBIOMpATH
BHYTPEHHUE KOOPAWHATHI MOJIEKYJIbI: JUIMHBI CBSI3€W, BaJICHTHBIC
U IudapaibHbie yribl. OOIIee Yucio HE3aBUCUMBIX KOOPAUHAT MO-
Jekynael paBHO 3N -6 (mis nauHEHHOW Mojekyiael 3N -—95).
B npocreiimem ciyyae aByxatoMHoil MoJiekydsl [1119 npencrasmus-
€T co00il OJTHOMEPHYIO KPHUBYIO, UMEIOIIYI0 MUHUMYM, KOTOPBIN
OTBEUYACT PAaBHOBECHOU JIJIMHE CBS3U B MOJIeKyJie. B 6oJiee ClI0KHbIX
cinyudasx [II19 npencraisieT coO0M TUNEPIOBEPXHOCTD, ISl TTOJHO-
ro MOCTPOCHUSI KOTOPOU TpeOyeTcsi aCTPOHOMHYECKOE KOJIUYECTBO
pacuetoB. OaHako sl OOJBIIMHCTBA MPAKTUUYECKUX IeJed HeT
HeoOxoauMocTtu umeTh 111D B momHOM 0OBEME, JOCTAaTOYHO pac-
noJjiaraTh CBEJICHUAMU JHIlb 00 omnpeaeiaeHHbIXx yuyactkax 1119, co-
OTBETCTBYIOIIUX cmayuoHapuvim mouxam. CTallMOHAPHBIMUA Ha3bI-
BatoT Touku Ha [IIID, B KOTOpBIX BCE YACTHBIE MEPBBIE MPOU3BO/I-
HbIE MO0 KOOpJIMHATaM OOpaIlatoTCs B HOJIb.

N3 cTalMoHapHBIX TOYEK B XMMUU 3HAYEHHE UMEIOT TOYKU MUHHU-
MyMa U CEJJIOBbIE TOUKH. /{151 onpeieneHust Tura CTalMOHapHON TOYKH
VCCIIEAYIOT MATPUILy BTOPBIX MPOU3BOJIHBIX MMOJHOM SHEPTUU MOJIEKY-
bl (eeccuair), KOTOPYIO MPUBOIAT K JUArOHATLHOMY BUAY. TOUKe MU-
Humyma Ha I3 (ycToHurMBOMY COCTOSIHUIO CHUCTEMBI) OTBEYAET JHa-
TOHAJIbHBIN BUJI TECCUAHA CO BCEMU MOJIOKUTEIBHBIMU JUArOHATBHBIMU
aJIeMeHTaMu (vacmomamu xonedanuil). Ilpyu onTuMHU3aI reOMETpUn
MOJIEKYJIBI B IPOLIECCE KBAHTOBO-XUMHUYECKUX PACUYETOB OCYIIECTBIIS-
€TCs TPAJUEHTHBIA CITyCK B TOUKy MuHuMyMa Ha [II13. Cnenyer umers
B BUJY, YTO JIaHHAs MPOLEAYypa MO3BOJISET HAWUTU JOKAIbHBIA MUHU-
MYyM, KOTOpBIM HE 0053aTeIbHO OYJET SBIATHCA TNI0OOATBHBIM (pPaBHO-
BECHasl KOH(UTypalisi MOJIEKYJIbI), @ MOKET OTBE€YaTh 00JIe€ BHICOKUM
10 SHEPTUU U30MepaM WU KOH(OpMepaMm.

Ecnu 4acTe quaroHaibHBIX 3JIEMEHTOB F€CCHaHa OTPHUIIATEIbHA,
TO CTallMOHApHAas TOYKAa SBJSETCS TOYKOW MHUHUMAakKca (cednosas
mouxa). CennmoBasi Touka Ha [II19, koTopoit oTBeyaeT odra ompuya-
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menbHas yacmoma Koaebauuii B TECCUAHE, COOTBETCTBYET NEPEXO]I-
HOMY COCTOSTHUIO XMMHUYECKOW Peaklu Wil KOH()OPMALMOHHOIO Te-
pexona. PasHOCTE MeXy 3HEpruer MepexoHOr0 COCTOSHUS U DHEP-
TUEl peareHTOB B MEPBOM MPUOTUKEHUHU SBISICTCS IHEpeuel aKkmuea-
yuu peakiuu (0oJiee cTporas OleHKa JaHHOW BEJIMYUHBI I0JKHA YUH-
THIBaTh TEMIIEPATYPHYIO NONPABKY M KOPPEKLHIO HA DHEPrUU HyJIe-
BbIX KOJIEOAHWW YYaCTHUKOB peakuuu). J[Ji1 KauecTBEHHON OLEHKHU
CTPYKTYpPBI IEPEXOJTHOIO0 COCTOSHHUS XMMHUUYECKUX PEAKLHMU HCIOJb-
3YIOT MOCTYJIAT X3MMOH/IA: HeCyuwecmeeHHvle SHepeemuieckue usme-
HeHUsl CONPOBOANCOAIOMCS HEZHAYUMENbHLIMU USMEHEHUAMU MOIEKY-
JApHOU cmpyKkmypbsl. UHBIMU CIIOBAMHU, IEPEXOTHOE COCTOSTHUE OJMKE
10 CTPYKTYpPE K TOMY YCTOMYMBOMY COCTOSIHUIO (peareHTaM, NpoayK-
TaM WM UHTEPMEINATY ), K KOTOPOMY OHO OJIMkKE MO SHEPTHUU.

1.7. Keanmoego-xumuyeckue meopuu
peaKkyuoHHOU cnoco6HOCMu

[Ipyu aHanu3e peakUMOHHON CIOCOOHOCTH B KBAaHTOBOW XMMHUU
HanOoJiee MUPOKO UCIOIB3YIOT MOJAX0J, OCHOBAHHBIN Ha MCIIOJb30-
BaHUU UHOeKkco8 peakyuonuou cnocoonocmu (MPC), noa KoTopeiMu
MMOHUMAIOT MOJYYEHHBIE B PE3YJIbTAaTE KBAHTOBO-XMMHUYECKUX pac-
YETOB JJIEKTPOHHBIE U SHEPIrETUUYECKUE XAPAKTEPUCTUKH CHCTEMBI,
KOPPENUPYIOUIUE C SKCIEPUMEHTAIBHBIMUA JaHHBIMU O PEaKI[MOH-
HOM CIOCOOHOCTH.

Mounexynapuviii s1exkmpocmamuyeckuu nomenyuan (MIII) —
sto UPC, onpenensaeMplii SHEPTUEN SIIEKTPOCTATUUECKUX B3aUMOJCH-
CTBHM B MoJieKyse. MOII nmpuMeHSIOT 111 ONpeIeSICHUsT PEaKIIMOHHO-
ro IEeHTpa U aHaJIn3a PEaKIMOHHOW CIMOCOOHOCTH B MOHHBIX U MOH-
HO-MOJIEKYJISIPHBIX pEaKIHsIX. B COOTBETCTBHM C JAaHHBIM IMOAXOJIOM
MeCTaMU aTaKu KaTUOHA SIBIAIOTCS oOjacth muHumyma MOII B cy0-
cTpaTe, a MeCTaMHU aTaku aHMoHa — o0jactu Mmakcumyma MOII.

Hawubomnee pacnpocTpaHeH B KBAHTOBOW XMMHHU TOJXOM C JieJie-
HHUEM XMMHYECKUX PEaKIuii Ha 3aps/I0OBO U OPOUTATILHO KOHTPOIUPY-
EMbIC. 3aps006blil KOHMPOIb XAPAKTEPEH I peaklUil ¢ y4acTUEM
VMOHOB Y CUJIbHOIIOJISIPHBIX MOJIEKYJ. B ciiydae 3apsiqoBOro KOHTPOJIA
aTaka HykJIeouiaa mTpoTeKaeT MO aTomMy cyOcTpaTa, HUMEIOIIEMY
HauOOJBIINKA TOJOKUTEIbHBIA 3apsill, a araka »dJeKTpodpuia —
10 aTOMY, HMMEIOUIEMY HauOOJBIINI OTpULIATEeNbHBIA 3apsa. Opou-
ManbHbll KOHMPOIb XaPAKTEPEH ISl peaKIuil c1a0oNOJISIPHBIX MOJIe-
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KyJ. B 3ToM ciydae B COOTBETCTBHM C T€OPUEH I'PAHUYHBIX MOJIEKY-
JSIPHBIX OpOuTanel aTaka Hykjaeo(duia MpOTEKaeT Mo aToMy, UMEIo-
nieMy HauOOJbIINHI M0 MOAYJI0 Ko3duiuueHt B npeacraBieHuu MO
JIKAO nna HUKHEW BakaHTHOW MojekyisipHoi opoutanun (HBMO).
COOTBETCTBEHHO, aTraka 3JeKTpoduiaa MpOTEKaeT Mo aToMy, UMEIO-
eMy HauOONBIIUN MO MOIYII0 KOd(P(GUIIMEHT B BEpXHEW 3aHATOU
MosekyJispHoi opoutanu (B3MO). B kadecTBe KOJIMYECTBEHHOIO
NPC B opOuTaIbHO KOHTPOJHUPYEMBIX PEAKIMSIX MOXKET HUCIOJb30-
BaThbcsi oOpaTHas pasHocTh 3Hepruii HBMO snekrpoduna u B3MO
HykJieopuia. YCIOBHOE [EJIEHHE COCAMHEHHN Ha 3JIEKTPOQPUIBI
U HyKJIeohuIbl MOXET ObITh IpousBeneHo no sHepruu HBMO: ec-
JY OHa OTpHUIATEIbHA, COCIUHEHHE MPOSBISAECT MPEUMYIIECCTBEHHO
aeKTporIbHBIE CBOMCTBA U HA000POT. OTHAKO TOUHOE JCJICHUE pe-
areHTOB Ha AJEKTPOUI U HYKICOPUI IJi1 KOHKPETHON peakIuu Mo-
XKET OBbITh MPOU3BEACHO TOJHKO IMYTEM COMOCTABJICHUS SHEPrui
B3MO u HBMO o6oux peareHToB.

B pamkax konunenmuu DFT 6w mpennmoxen psg WPC,
HanOoJIbllIee 3HAYCHUE U3 KOTOPBIX UMEIOT HCeCMKOCMb, ONIPEeIs-
eMast kKak M = (Epsmo — Eusmo)/2, @ Takke CBsi3aHHAsA C HEU Mse-
kocmb S = 1/(2m). PeareHT cunutaercst ECTKUM, €CJIM dHEpreThuye-
ckas menp Mexay B3MO u HBMO npesbimaer 3B. B cooTBeTt-
CTBUU C meopuel HcecmrKux u MazKkux kuciom u ochosanuu Ilupco-
Ha KE€CTKHE KHUCJIOTHI MPEANOYTUTEIBHO CBS3BIBAIOTCA C KECTKUMU
OCHOBAHUSAMH, a MSITKHE KHUCIOTbl — C MSITKUMU OCHOBAHUSIMU.
JIJIst peakuii )KECTKUX COCIMHEHUN XapaKTEpPEeH 3apsJdOBbIA KOH-
TPOJIb, & JIJII MSTKUX PEAareHTOB — OpOUTATBHBIH.

JIns aHanM3a peakIMOHHON CHOCOOHOCTH YacTO HCIOJIB3YeTCs
coomuouenue c800600HbIx dHepeuu (npuHiun beana — DBaHca —
[Tonsnn):

E,=A+ BAH.

B COOTBETCTBUM C JaHHBIM ypaBHEHHEM 00Jiee PK30TCpMUYHAS
peaKkiusi B CEpUM OJHOTHUITHBIX PEAKIM MMEET MEHBIIYI0 SHEPTHIO
aKTUBaIlUM, O0JIee SHIOTEPMHUYHAS — OOJIBIIYIO SHEPTUI0 AKTUBAIIUHU.
CooTHoOIIIeHNE TUHEWHOCTH CBOOOIHBIX SHEPTUi MO3BOJISET MpeICKa-
3bIBATh OTHOCUTEIBHYIO PEAKIMOHHYIO CIOCOOHOCTh BEILECTB
110 PaCYETHBIM TEIJIOBBIM 3(PdeKTaM peakiuii B T€X CilydasiX, Korja
IpsIMOE MOJICTMPOBAHUE TIEPEXOJAHBIX COCTOSHHUN PEAKIIMU U pacyeT
SHEPTUM aKTUBAIUU SIBIIAECTCS 3aTPyAHUTEIHHBIM.
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2. [IporpamMMHoOe oGecrieyeHue
AJIsI KBAHTOBO-XUMHYECKUX PacyeToB

B Hacrosiee BpeMsi CyIeCcTByeT JOBOJBHO OOJBIITOE YHCIO pa3-
JUYHBIX TPOTPaAaMMHBIX MAKETOB JUIsl MOJICIMPOBAHUS, pacyeTa, BU3Y-
ANMM3allii U aHAJIW3a MOJICKYJISIPHBIX CTPYKTYP pPa3IndHbIMHA METO/a-
MU (MOJICKYJISIpHAs MEXaHHKa, MOJICKYJISIpHAs JUHAMHUKa, KBAHTOBAs
MEXaHHMKa), B TOM YHCJIE C Y4e€TOM KOHJCHCHPOBAHHOM (ha3bl (Kak
B paMKaX KOHTHHYaJbHBIX MOJCJIEH, TaKk M IOCPEACTBOM MOJIeei
3¢ (PEeKTUBHBIX MOTEHIHAIOB). HekoTopbiMu Hanbosiee M3BECTHBIMU
u3 Hux apistoTces Gaussian, GAMESS-US, Firefly, Mopac, Nwchem,
Priroda. B cuiy psina npuyuuH oHOM U3 HamOoJiee MOMYJISIPHBIX MPO-
rpamMm sBisieTcs Firefly: OecraTHoe, ¢CBOOOMHO pacmpoCTpaHSEMOE
[1O (akameMuueckasi JUILEH3USA), LIIUPOKHWE BBIYUCIUTEIbHBIC BO3-
MO>XHOCTH, TpaMOTHas peajn3aliis aJrOpUTMOB, BO3MOXKHOCTh pac-
napajuieIMBaHusl Ha HEOIPAHUYECHHOE YHCIIO SIAED.

2.1. lIlpoepamma Firefly

OcHoBHBIE BO3MOKHOCTH nporpammbl Firefly B oOmactu kBan-
TOBO-XHUMHUYECKUX BBIYMCICHUN IPUBEICHBI HUKE.

1. Pacuer BonHOBbIX (QyHkimi B npubmmwkenusx RHF, UHF,
ROHF, GVB, MCSCF, koppekiiysi SHEpruu 3J1€KTPOHHOTO B3aUMO/ICH-
ctBusi merogamu CI u MP2, pacyeTsl MOTy>MIUPUYECKUMHU METOIAMH
MNDO, AM1 u PM3 B pamkax npuonnxenuiit RHF, UHF u ROHF.

2. PacyeT aHAIMTUYECKUX TPATUEHTOB SHEPTUU JIJIST BCEX BOJTHOBBIX
dbynkiui, nomydeHHsix B pacuerax SCF, CI u MP2 nist 3akpbIThIX 000-
JIOYEK, ONTUMU3ALNSA T€OMETPUM K MUHHUMYMaM 3HEPTUHA U CEIJIOBBIM
toukaM [ 119 B nekapToBbIX JIMOO BHYTPEHHUX KOOPAMHATAX.

3. Beruucnenue reccuana (kojiebaTeabHbIC YaCTOThI, HHTEHCHUB-
Hoctu UK-ciekTpoB), CIyCK BAOJIb BHYTPEHHEW KOOPJIUHATHI peak-
nuu (IRC) ¢ cemnnoBoil TOYKM B JIOJIMHBI PEareHTOB U IPOJYKTOB
MPU HAUOBICTPEUIIIEM CHUKEHHEM DHEPruH, CIeJOBaHUE BIOIb JIH-
HaMu4eckol koopauHatsl peakiuu (DRC) merogamu kinaccudeckoi
MEXaHUKHU.

4. BeruncieHne BEPOSITHOCTH U3IIYyYATENbHBIX MIEPEX0I0B, OLICHKA
CIIUH-OPOUTAJILHOTO B3aUMOJICUCTBUSI, pacueT JUHEHUHON mosipu3a-
AW MOJIEKYJIBI U TIEPBOTO U BTOPOTO MOPSIAIKA TUIIEPIIOJISIPU3ALIUAH.
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5. Pacuer MMMONBHBIX, KBAIPYIOIbHBIX U OKTYIOJBLHBIX MOMEH-
TOB, JJEKTPOCTATUYECKUX MNOTCHUUAIOB, JJIEKTPOHHOU UM CHUHOBOU
IJIOTHOCTH, aHanu3 3acesieHHocTd AO no Mamnukeny u Jlepnuny, 3a-
CEJICHHOCTH CBSI3€EH.

6. Yuer conpBaTallMi MOJIEKYJI B pAMKax Pa3IMYHbIX MOJICTIEH.

[Tporpammusiii maket Firefly pabotaer Ha Intel-coBMecTUMBIX TIpO-
neccopax apxurektyp x86 u x64, cymectBytor Bepcun s OC
Windows u Linux. OCHOBHBIM pa3pabOTYUKOM SIBISIETCS AJICKCaHAP
I'panoBckuit. 110 moctymHo 1yisi ckauvBaHus (TpeOyeTcs MOTydeHHUe
MEPCOHAJILHON  OeCIIaTHOW  JIMIEH3MH) C O(QUIMAILHOIO cailTa
http://classic.chem.msu.su/gran/gamess/index.html. IIporpamma He nme-
€T COOCTBEHHOM Tpauieckoil 000JI0YKH, TTOITOMY HETIOCPEICTBEHHBIM
METOJIOM 3aIlycKa 3ajad sBJISIETCSl KOMaHAHas CTpoka. Pacuer 3amgaun
OCYIIECTBIISIETCS IMyTEM 3aIlyCKa MPOrpaMMbl C YKa3aHWEM HMEH JIBYX
¢aitioB: BXOHOTO (C KIHOYOM —1), 3apaHee MOJArOTOBICHHOTO TEKCTO-
BOro (haiiyia ¢ onmMcaHUeM 3aJ]a4M, U BBIXOJIHOTO (C KIOYOM —O), B KO-
TOPBIA OyAET BhIBEJICH pe3yiabTaT. dopmart 3aIrycka CJie Ty OIHii:

firefly.exe -1 task.inp -o task.out -legacy
2.2. BcnomozamesibHble ymu/aumul

Yrunura Firefly Commander (cokpamenno «FiCo») co3maHa
U1 ynoocTBa 3amycka pacuetoB B mporpamme Firefly u cnexenus
3a XOJIOM BBITIOJHEHHS 3amaun. KpoMe Toro, JaHHas yTHUIUTA IO-
3BOJISIET CO3/aBaTh OYepeaM 3a7ad Uil UX MOCJIEeI0BATEILHOIO UC-
noJHEeHUs 0e3 yyacTusi Tmojb3oBateis. DOYHKIHMOHUPYET TOJIBKO
B OC cemeiictBa Windows. Pacnipoctpansiercss B BUJ€ €IUHCTBEH-
Horo ucnoianuMoro daina «fico.exe». Ilociae nmepBoro 3amycka Oy-
net cosnan ¢ain «fico.ini» — TEKCTOBBIM (aili, XpaHsIIUi MOJb-
30BaTEJIbCKUE HACTPOUKHMU.

Boénpiyto gacTe riaBHOro okHa yTuinThl FiCo 3aHMMaloT 4eThl-
pe aneMeHTa, 0003HaueHHbIe udpamu Ha puc. 1 a. Dnement 1 (Input
files queue) — nepedeHb BXOJIHBIX (PaiijioB, MOCTABICHHBIX B OUYEPE/Ib
Ha pacuer. [[o0aBisTh (ailibl B 3TOT CHHUCOK MOKHO JHOO dYepes
kHOnKy Add Input File..., 1160 npocTeiM neperackuBanueM (aiion
MBIIIIBIO U3 OKHa MpoBojHMKa Windows. 3amyck 3ajgad Ha pacuer
OCYIIECTBIIICTCS HaxkatheM KHONKM Run. 3aBepiieHHbIE 3a7a4d
110 MEPE WX BBITIOTHEHUsI OyayT MOSBIATHCS B annemeHte 2 (Output

17



files processed) — mepeune BBIXOAHBIX (paitnoB. [lo Mepe BbITONHE-
Hus 3aaaun FiCo B pexume peanbHOro BpeMEHU OTOOpaKaeT Mmocie-
HUE HECKOJBKO JIECATKOB CTPOK W3 BBIXOAHOTO aiiia B dJeMeHTe 3
CBOETO TJIaBHOTO OKHA. Ecnu B 3ajadye npeaycMoTpeHa ONTUMU3AIUS
T€OMETPHUHN MOJIEKYJIbI, TO IO 3aBEPIICHUN OYEPETHOTO I1ara ONTUMHU-
3allM B DJIEMEHTE 4 MOSBUTCS COOTBETCTBYIOIIAS CTPOKA.

¥ FiCo - Firefly Commander EI@

Input files queue

Add Input FHe,,,| | 3 7 i
= Settings @

Remove | Abort ‘ Firefly | other |
Editas Text.. | [ ip;;dg\gpe Firefly executable CPU cares
o rReRveFreyBee T
EIEEIE External basis set library file (optional)

Add Output File.
Working directories Output file

Remove | Settings._ | @ Auto create @ .out
2
| ¢ List

Show geometry. |

Add...

Remove

Active Job: C\_FIREFLY®8\tesi\iask out

-131.300287849 -131.308287849 08.0001087862 0.0800065108 6.0000008080 1.000008000 P8
-131.300287893 -0.00000004Y 0.8000886753 0.600032319 6.8000080000 1.080008000080
-131.300287904 -6.000086611 6.8000825117 0.6000807518 6.8000080688 1.0000806888
-131.300287904 -0.000006001 0.000002747 0.000000914 6.000000000 1.000000000
-131.300287984 0.000006000 6.000000598 08.000000223 6.0000008080 1.000008008

TIHE TO FORH FOCK OPERATORS = 0.08 SECONDS ( 8.08 SEC/ITER)
TIHE TO SOLVE SCF EQUATIONS = 09.03 SECOHDS ( 8.01 SEC/ITER)

FINAL ENERGY IS -131.300828790841 AFTER 5 ITERATIONS

HEAT OF FORMATION IS -175.95760 KCAL/MOL
...... END OF RHF CALCULATION ...... ;

TIHE: STEP = 8.03 , TOTAL = 1.8 SECONDS ( 8.8 HMIN) [¥ Remove temporary scratch files

1

WALL CLOCK TIME: STEP = 8.04 , TOTAL = 1.8 SECONDS ( 8.8 HIN)
CPU UTILIZATION: STEP = 71.89%, TOTAL = 1868.56%

[ Forces execution with old PUNCH or IRCDATA files
- [ Redirects all text files to output file directory
Additional command line options

|'\egacy

Al

a 4]

Puc. 1. 'naBnoe oxkHo ytuinuthl FiCo (a) 1 0kHO ee HacTpoek (6)

B oxne HacTpoek yrunutbl FiCo (puc. 16, 1OCTYymHO MO KHOIKE
Settings...) o0s3aTelbHO CHEAYET yKa3aTh MyTh K HCHOJHUMOMY
daiiny nporpammsl Firefly (Firefly executable). OctanbHble mapameT-
pbl ONLMOHAIBHBL: MyTh K (aily BHEMHEro 0Oa3ucHOro Habopa
(External basis set library), padbouue karanoru (Working directories),
qucio sanep neHTpaibHoro npoueccopa (CPU cores), KOTOpbie OyayT
3a/eHiCTBOBaHbI I pacdera’, Cy(hUKC-OKOHUYAHHE K MMEHAM BBI-
xonHbIX (aitsioB u ap. CremyeT oOpaTUTh BHUMaHUE Ha CTPOKY
Additional command line options (IOTIOJHUTENBHBIE TTApaMETPhl KO-

1
[TomyaMmupuveckie pacyeTbl BO3MOXHO OCYIIECTBJIATh TOJBKO C HC-
TI0JIb30BAHUEM OJTHOTO sijIpa MPOLECcCcopa.
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MaHJIHOM cTpokH). st Bepeuit mporpammsl Firefly (¢ ceapMoii u BbI-
111€) C LIEJIbI0 COBMECTUMOCTH (hopMaTa BBIXOJIHOTO (paiijia ¢ yTUINTON
wxMacMolPlt (cMm. ganee) 3amyckaTh 3a7a4u Ha pacyeT CIAeayeT ¢ ma-
pamerpoM -legacy. OkHo HacTpoek yTwiauTel FiCo comepxut
BKiIaaky Other (apyroe), riae MOXHO yKa3aTh MYyTH K UCIOJHUMBIM
dailiaM BHELIHHX [IPOrpaMM — TEKCTOBOTO PENAKTOPA” M MOJIEKY-
asipHOTO penaktopa (Hampumep, wxMacMolPlt). BxonHbie u BbIXO/I-
HbIe (Dailiibl, TpeACTaBICHHBIE B JIeMEHTax | U 2 r1aBHOTO OKHA yTH-
mutel FiCo (puc. 1a), OyayT OTKpBIBATHCS B YKa3aHHBIX BHELIHUX
nporpammax npu Haxatuu kHonok Edit as text... (View as text...)
u Edit geometry... (Show geometry...).

Ytunura wxMacMolPlt (http://brettbode.github.io/wxmacmolplt/)
npeHa3HaueHa B MEPBYIO OUepeb Il OTKPBITUS BHIXOJHBIX (paitioB
KBaHTOBO-XMUMHYECKUX MPOrpaMM M BHU3yaJU3alUU COJCPKaIINXCS
B HUX JaHHBIX. [loMHMMO 3TOTO, C TIOMOIILIO JAHHON YTHUIUTHI MOXKHO
CO3/1aBaTh T€OMETPHUIO MOJIEKYJI M COXPaHSATHh €€ B BHJIE€ TEKCTOBBIX
daitioB paznuuHbix GopmaToB. [loapoOHOE omucaHue BCEX BO3MOXK-
HOCTEH MpOrpaMMBbl MPEACTABICHO Ha caiTe. 3JeCh XK€ OCTAHOBUMCS
JIUIIH HA OCHOBHBIX, HAaH00JIee YacTo TPeOyeMbIX (YHKITUIX.

['1aBHOE OKHO MPOTrpaMMbl MOKa3zaHO Ha puc. 2. OHO COCTOUT
U3 LICHTPAJIIBHOW YacTH, B KOTOPO OTOOpa)kaercs reoMeTpusi 0ObeK-
Ta, MEHIO B BEpXHEH yacTh oKHa (0003Ha4YeHO 1udpoii 1 Ha pucyHKe),
4yepe3 KOTOPOEe OCYIIECTBIISIETCS JOCTYI MPAKTUYECKU KO BCEM OMIU-
SM W JOTOJHUTEIbHBIM OKHAM TMPOTPAMMBI, CTPOKU COCTOSTHUS
B HIDKHEW YacTH okHa (nudpa 2) u OeryHkKa A nepeMeNIeHus Mo Tak
Ha3bIBaeMbIM «(ppeiimam» (uudpa 3) (B ciiyyae eciid OTKPBITBIN (aiii
COJICPKUT PE3YyJIbTaT pacuera B peKUME ONTUMU3ALMKU F€OMETPUM U
BKJIFOYAET J[Ba WM OoOJiee IIaroB onTUMu3amuu). Mcrnonb3ys MmyHKT
MeHio Build — Show Toolbar, MoxxHO 0TOOpa3uTh nmaHeab UHCTPY-
MEHTOB, CojJiepKallyto Tpu sneMenta — View, Select u Edit (puc. 3).

[Ipu akTUBHPOBAHHOM HWHCTpyMeHTE View OOBEKT, OTKPBITHIN
B JJaHHBI MOMEHT B IIporpaMMe, MOKHO BpaIllaTh, yACP>KUBask Haxa-
TOM JieBy10 KHONKY Mbiiu (JIKM) B 111000#1 mO3UIMK TIIaBHOTO OKHA

B KauecTBe TEKCTOBOIO PEIAKTOPA PEKOMEH/IYETCS HCIONb30BATh, HAIPH-
Mmep, OecruiatHyro mporpammy «Notepad++» (http:/notepad-plus-plus.org/), koTo-
past TOCTaTOYHO OBICTPO OTKPHIBACT (PaiiiIbl Jaske OUeHb OOJBITIOr0 00heMa (COTHU
Mera0aiT) U IepeMEeIaeTCs MO COJIEPKUMOMY TakuxX (haiioB.
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U TiepeMenasi Mblllb. Y JIep>KUBasg AOMOJHUTEILHO KiaBuiny Shift
Ha KJaBUaType, MOXKHO MNPUOJIMKATh/OTAANIATh OOBEKT, a KIIABUIILY
Ctrl — cmemath 0OBEKT B TJIOCKOCTH 3KpaHa. JIOBOJBHO 4acTO BO3-
HUKAeT HEO0OXOJIUMOCTh OTOOpakaTh IMOPSJIKOBBIE HOMEpa aTOMOB.
Jlst aTOro cienyer BhIOpaTh MyHKT MeHIO View — Atom Labels —
Atom Number.

s | C\_FIREFLY8\test\task.out o ]

File Edit View Builder Molecule Subwindow Help

v W

E=-131.3003 RMS=0.0000 Frame 18 of 18 3 jlij *

Puc. 2. I'naBHoe okHO mporpammbl wxMacMolPlt u ero anemMeHTst:
1 — MeHI0, 2 — CTpOKa COCTOSIHUS, 3 — OETYHOK JJIs TePeMEICHHUS
10 [IaraM ONTUMU3AIUN

File Edit View Builder Molec
) il 4
View | Select Edit

Puc. 3. [Tanenb HHCTPYMEHTOB IJ1aBHOTO OKHA mporpamMbl wxMacMolPlt

[Io yMomyaHuio Bce aTOMbl OOBEKTa SIBJSIOTCS BbIJICICHHBIMH.
Breigenuts OTAEIbHO B3ATBIM aTOM MOXHO mieaukoM JIKM Ha Hewm,
arpynny aroMoB — tienmukamu JIKM c 3axartoil kmaBuieit Shift.
JpyruM cnocoOoM BBIJICJICHUS TPYIIIbl aTOMOB SIBJISETCS HCIOJIb30-
BaHUE MHCTpyMeHTa Select.
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[Ipu BbIZIETICHUHU Haphl JOOBIX aTOMOB MOXKHO OTOOpa3uTh pac-
CTOSIHUE MEXIYy HUMH. [[JIs1 3TOro Hy»XKHO Ha)kaThb IPABOM KHOIIKOM
Mmbiti (ITKM) Ha 1000 U3 IBYX BBIJICICHHBIX aTOMOB U B TTOSIBUB-
ieMcsi KOHTEKCTHOM MeEHIO0 BbIOpaTh MyHKT Measure length. Mex-
aTOMHOE paccTosiHue (10 yMOIYaHUIo B A) 0ToOpasuTcs B BUAE YHC-
Ja, PacroJIOKEHHOTO BJAOJb JIMHUH, COCAUHSIONIEN LEHTPbI aTOMOB.
AHaJIOTUYHO TPU BBIACICHUU TPEX JIIOOBIX aTOMOB MOXXHO OTOOpa-
3UTh BEJIWYMHY IUIOCKOTO Yrja, KOTOPBIM OHM 00pa3yroT (IIyHKT
Measure angle), a mpu BBIJICIICHUN YETBHIPEX JIFOOBIX aTOMOB — Be-
auyuHy audnpainbHoro yria (nmyHkt Measure dihedral). Yipanuts
JUIIHIOID METKY MOHO C HCIOJb30BAHUEM MYHKTa KOHTEKCTHOIO
MeHio Delete Annotation.

JI71st mpocMOTpa KOOpIMHAT aTOMOB HYKHO BBIOpATh MyHKT MEHIO
Subwindow — Coordinates. OTkpoeTcs HOBOE OKHO C OTOOpaKeHHU-
eM koopauHat (puc. 4). [IporpamMmma mo3BoJiI€T OTOOpaxkaTh UX Kak
B JIeKapTOBOM (hopMarte, TaKk U B BUJIE BHYTPEHHUX KOOPIWHAT; Mepe-
KIIIOUCHUE TPOU3BOIUTCS BBHIOOPOM COOTBETCTBYIOIIETO 3HAYCHUS
BO BemibiBawoniem crnucke Coord. Type (Cartesian nubo Z-Matrix).
OtoOpakaeMble KOOPJMHATHI MOKHO CKOMUpPOBaTh B Oydep oOMeHa,
BOCIIOJIb30BABIIMCh ITYHKTOM MeHI0 naHHoro okHa Edit — Copy
Coordinates.

[® | Coordinates Window @
File Edit Coordinates
Add Bond | | Stick | Coord.Type: [Cartesian| +
Type X Y z a
1 C. -3.205430 —1.153845. 0.00049 =
2 C -2.456028 -2.429070 -0.08624
3 C -1.121688 -2.504659 -0.13812
4 C -0.229455 -1.321850 -0.12249
5 C 1.234749 -1.707485 -0.07972
6 C 2122175 -0.481313 -0.06270
7 C 3.585776 -0.865026 -0.01983.
8 C 4473305 0.361185 -0.00309
a r SOICA18 -NNIETRD N NANS .
4 I k

Puc. 4. Oto0OpakeHne BHyTPEHHUX KOOPAUHAT B IPOrpamMme
wxMacMolPlt: okao «Coordinates Window»
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JIJIsi TOaTOMHOTO M3MEHEHUS OTHOCHUTENbHBIX MOJIOKEHUN aTo-
MOB 00BeKTa Mcrojab3oBaTh HHCTpyMeHT Edit (puc. 3). Ilocme aToro
110001 aToM O0BEKTa CTAHET JIOCTYMHBIM K MEPEMEIIECHUIO MBIIIbIO
npu yuaepxkuBaemont JIKM. AHanorndHo MOXKHO NEpEMEIIATh U TPYII-
bl aTOMOB, JUISl YEro Tpynmny HEOOXOAMMO MPEIBAPUTEIBHO BbIJIE-
auTh (cM. Bhie). Ecnu npu 3ToM cMenieHue Mpou3BOIUTh C HAXKaToN
kiaBuieit Shift Ha kiaBuaType, BblielIeHHas rpymnna OyneT BpauaTh-
cs, a ¢ kiaBumed Ctrl — npubnuxaTbcs WM OTAAIATHCS. [ pymIibI
aTOMOB MOXHO yHansaTh (kimaBuimia Del kimaBuatypsl), KOMUPOBATh
B Oydep obOMena (komOunarusa knaBuin Ctrl-C), Beipesars (Ctrl-X)
¥ BCTaBJISITH B pabouyio 00J1acTh TiIaBHOTO OkHa mporpaMmsl (Ctrl-V).

[Ipu penakTUpOBaHUU r€OMETPUU OOBEKTOB 3a4aCTyl0 BOSHUKAET
HEOOXOAUMOCTh J00aBJISITh HOBBIE aTOMBbI JIMOO TPYIIBI aTOMOB
B CTPYKTYpY. BriOOp TuIa aTroMa OCYIIECTBISAETCS C MOMOIIbIO OKHA
«Builder Tools» (MHCTpYMEHTHI MOCTPOCHUS), OTOOPA3UTh KOTOPOE
MOKHO, BbIOpaB yHKT MeHI0 Builder — Show Build Tools (puc. 5).

Builder Tools
Periodic Table | Prototypes

Selected Element: H |E
Li | Be Coordination number; |1 = ‘ B C ” N| O ‘ F |Ne
Na|Mg Number of lone pairs:|0 - ‘AI Si || PlS ‘ Cl |Ar

K | Casc| Ti || v |[Cr M| Fe | Co| Ni | Cu| zn| Ga |Ge|As | Se | Br |Kr

Puc. 5. Oxno «Builder Tools» B nmporpamme wxMacMolPlt

[To ymonyanuto B 3TOM OKHEe akTuBHa Bkiajka Periodic Table,
oToOpakarorass TaOJUIy BCEX AJIEMEHTOB M IMO3BOJISIONIAS BHIOPATH
TOT WIM UHOM TUll aroMa. Ha Bknanke ke Prototypes pacnoyioxeH
WHCTPYMEHTapui Jjyisi pabOThl C TpynmamMud aTtoMoB. HM3HaudanbHO
B [IPOrpaMM€ MMEETCS Psifl NPEyCTaHOBJIEHHBIX rpynn (T. €. MoJie-
KyJ) pa3HbIX THUIOB, JIJIs yA0OCTBa pa3OUTHIX Ha pasnenbl Organics,
Solvents u Amino-acids. JIns Bb1OOpa Takxe nocTyneH paznaen User-
defined, Xyna TIOIb30BaTellb MOJXET JI00ABIISITh CBOM OOBEKTHI
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U3 IJIaBHOTO OKHa mporpaMmsbl, mienkas Ha Hux IIKM u BeiOupas
B KOHTEKCTHOM MeHI0 NyHKT Prototype selection. BriOpaB HeoOxo-
JTUMBIA TUI aTOMa WM TPYIITY aTOMOB, HE0OXoauMo Haxath JIKM
B IIPOCTPAHCTBE IJIAaBHOTO OKHA MPOTrpaMMbl, U aToM (TpyIina aTOMOB)
NOSIBUTCS B YKa3aHHOM MECTE.

B mporpamme wxMacMolPlt kaxnasiii atom 00bEeKTa XapakTe-
pU3yeTcs 3HAYEHHUEM BAJEHTHOCTH, KOTOPOE B PEKUME PEIAKTUPO-
BAHUSI TEOMETPUU MOKHO MEHSITh C UCIOJIb30BAHUEM KOHTEKCTHOTO
meHto (myHKT Change coordination #). [lo ymonmuanuio ajist atoma
yriaepojia 3TO 3HA4Y€HUE COCTaBysieT 4, sl aToMa Kuciaopoaa — 2
u T. 1. HezanoaHeHHbIE BaJICHTHOCTH aTOMOB OTOOPa)Kar0TCs B BUJIC
OTPE3KOB KpACHOTO IBeTa. [[JIs1 3amoJHEHUs TaKOW BAJEHTHOCTH
clelyeT CHayajia BbIOpaTh HEOOXOJIMMBIA THUN aToMa WU TPYNIy
aToOMOB (CM. mpenplaynuii a63am) u Haxkath JIKM Ha cBOOOAHYIO
BAJICHTHOCTh. BBIOpaHHBIH aTOM WM TpyNma aTOMOB OKaXyTCs
MPUCOCUHEHHBIMU IO JAHHOW MO3UIMU. AHAJIOTUYHBIM 00pazoM
MOKHO CO3JaBaTh T€OMETPUIO «C HYJIS».

B HacTosiieM paszene BHUMaHHE YAEJICHO JIMIIL 0a30BbIM BO3-
MOKHOCTSIM TiporpaMMbl wxMacMolPlt B yactu Bu3yanuzanuu u pe-
TAKTUPOBAHUS MOJIEKYJISIPHBIX CTPYKTYp. OHAKO 3THUM OHH, KOHEUYHO,
He orpaHuurBaroTcs. [Ipodne acnekTsl B 00J1acT BU3yalu3alliy U aHa-
JM3a pe3yJbTaTOB KBAHTOBO-XMMUYECKHX PACUETOB OYIyT JaHbI B IO-
CJIEJTYIOIIEM MaTepuase B KOHTEKCTE KOHKPETHBIX PACUETHBIX 3a/au.
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3. MeToauKa npoBeJeHUs
KBAaHTOBO-XUMHUYECKHUX pacuyeToB B nporpamme Firefly

3.1. Cmpykmypa 8x00H020 ¢pailia

Bxoanoit ¢aitn 3agaun 11 pacuera B nporpamme Firefly — mpo-
CTOM TEKCTOBBIM (haiiJi C MPOU3BOJBHBIM HUMEHEM M PaCIIMPECHUEM,
COJIEPKUMOE KOTOPOTO JOKHO OBITh OT(HOPMATUPOBAHO OINpEEIICH-
HbIM oOpazoMm. Haubomnee monHo TpeboBaHUS K ATOMY (GopMary OIu-
CaHbl B PyKOBOJICTBE IOJIb30BarTelsd. B nanHHOM mocobun OyayT u3Jio-
YKEHBI JIMIIb OCHOBHBIE, HAN0O0JIEE BAXKHBIC aCIEKTHI.

Nudopmaimsi Bo BXogHoM (haiie Mo/KHA OBITh IpeacTaBiIcHa
B BUJIE TPYIIL: Ha4yaJo rpymnbsl — (parmMeHT SGROUP NAME, OKOHYA-
Hue — (pparment SEND (GROUP NAME — HanmMeHOBaHUE TPYIIIIbI).
ITepen dparmenrom SGROUP NAME B Hayalle CTPOKHM JOJDKEH 00s13a-
TEJNBHO OBITH OJMH MPOOEJ, B MPOTUBHOM Cllydae rpynna OyAeT UrHO-
pUpOBaThCs (3TO MOYKHO HCIIOJIB30BATH JUIsl BPEMEHHOIO «BBIKITIOUE-
HUSD» HEHYXXHBIX IpyIi). Peructp cumMBosIOB HE UMeeT 3HaueHus. WH-
dbopmarusi, 3aKJIIOUCHHAs] BHYTPU TPYMIIBI, IPEACTABISIETCS JIMOO B BU-
ne TIAPAMETP=3HAUEHIE, 1100 B BUJIe CBOOOHOrO (popMara (miepe-
YUCJICHHUS] OYKBEHHO-UYUCIEHHBIX ()pParMEHTOB, pa3/IeJIEHHBIX CUMBOJIOM
npo6ena). [Iporpamma Firefly npegycmarpuBaeT BO3MOXKHOCTh 3aJaHUS
OO0JIBIIIOTO YKCTIa PA3TUYHBIX MTAPAMETPOB, OJJHAKO OHU B MOJIABIISIOIIEM
OOJIBIIIMHCTBE SIBIISIIOTCSL HEOOS3aTeNIbHBIMU (MPU UX OTCYTCTBUHU HC-
MOJIL3YIOTCS 3HAYEHUS M0 yMouaHuio). B obmeM ciydae obs3aTesns-
HBIMU SIBJSIFOTCSL TOJIBKO Tpynmbl SBASIS m SDATA. PaccMoTpum
HauOosIee BaXKHBIC MapaMeTPhl JUIsi OCHOBHBIX T'PYII, HauOoJee 4acTo
UCITOJIb3YEMbIX B KBAHTOBO-XMMHUYECKUX pacueTax.

B rpynne SCONTRL mapamerp SCETYP omnpeneiser TUI HC-
oJp3yeMoro merojaa Xaptpu — doka (momycTumbl 3HadeHus RHF,
ROHF u UHF). [lapametrp RUNTYP 3a7aeT TUI pacueTa, Haubojee ya-
CTO HMCHOJIb3yEMBIMHU 3HAQUCHUSIMU [JIs1 HEro SABIAIOTCA OPTIMIZE
(onTumu3zanus reoMerpun), ENERGY (pacuer 3HEepruu Ajis 3aJaHHOU
reomeTpun), HESSTIAN (pacuer reccuaHa JJisl 3aJJaHHON reoMeTpun).
[Tapamerp COORD ompeaensieT cnoco0 3ajaHusi reomMeTpun. B naH-
HOM ITOCOOMH MBI OyJIeM paccMaTpuBaTh JBa CIOCO0a: MCIOJIH30Ba-
HUE JeKapToBbIX KoopauHaT (COORD=CART) U BHYTPEHHUX KOOPIH-
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HaT (COORD=ZMT). [Tapamerp MULT omnpenenser MyJbTUIIETHOCTb
CUCTEMBbl. THUNUYHBIMUA 3HAYEHUSIMUA MYJIbTUIUIETHOCTU IS MOJIEKY-
JSIPHBIX CHUCTEM SBIAIOTCS | (3aKkpbITbie 000J0YKHU), 2 (paauKabl),
3 (GupaauKaabl B TPUILJIETHOM COCTOSIHUM). 3apsi/i CUCTEMBI C YYETOM
3HaKa 3agaercs B nmapamerpe ICHARG (10 YMOJYaHHUIO PAaBEH HYJIIO).
Jlns ocymiectBiaeHus: pacuera merogom DFT B3LYP neob6xonumo 3a-
nate nmapamerp DEFTTYP=B3LYP (IOCTYNHBI U ApyTrHe (PyHKIIHOHA-
ael). Pacuersl ¢ ucnonbs3oBanuem Merona MP2 npousBoasrcs ¢ yka-
3aHreM napamerpa MPLEVL=2.

['pynma $BASIS ompenenser HCHOIb3yeMblid Oa3MCHBIN HaOop.
Tun wucnonpdyeMoro 0asuca ompeaensercs MmapameTpoM GBASIS.
Jlnst 6a3ucHbIx HaOopoB [lomia Bo3MOXkHBI 3HaYeHUS: STO (MUHUMATb-
HbIe Oa3uCcHBIC HA0OpHI), N21, N31 u N311 (BaJIeHTHO-paCILICTIICHHbIE
0asucHble HAOOPKI). B 3TOM ciiydae 00s3aTeNbHO yKa3aHUE MapaMmeTpa
NGAUSS, ompeAcysifolIero YHUCJIO T'ayCCOBBIX IPUMHUTHB, HCIIOJIbL3YyeE-
MBIX JUIsl 3JIEKTPOHOB BHYTPEHHEH O0O0JOYKM (TUIMHMYHBIC 3HAYCHUS 3
u 6). BBeeHue nosisIpu3allMOHHbIX d- U f~PYHKIUI AJIs TSKENbIX aTo-
MOB U p-(DYHKIIMIA 1711 aTOMOB BOJIOPOJIa IOCTUTAETCSI UCTIOJB30BAHUEM
COOTBETCTBYIOIIMX MapamMeTpoB NDEFUNC (Bo3MoxHbIe 3HaueHus () + 3),
NFFUNC (0+ 1) u NPFUNC (0 + 3). IIpu HEOOXOAMMOCTH HCIOJIB30-
Batb Aubdy3HbIe (GYHKIUM CIEIyeT YyKa3aTh 3HAYCHHE «HUCTH-
Ha» Juisd OyJeBCKUX MapaMeTpoB: DIFFSP=.T. (s TSHKEIbIX aTOMOB)
u DIFFS=.T. (misg aroma Bogopoja). Kpome 6Gasucor Ilomna, BO3-
MOKHO TIpUMeHeHne Ay0nb-3eTta (GBASIS=DZV) U psaja Apyrux 0a3u-
COB. B momysMnupudeckux pacderax napamerp GBASIS NOJDKEH IpHU-
HUMATh 3HAYEHUE B COOTBETCTBUHU C MCIOJb3YEMbIM METOJIOM pacyeTa
(MNDO, AM1 unu PM3).

['pynma SDATA COCTOUT U3 HAOOpa CTPOK, B TIEPBOM M3 KOTOPHIX
HAXOJIUTCSI TTPOU3BOJIbHBIA TEKCT (KOMMEHTapuil), BTopasi 3aJaeT TO-
YeuyHylo Tpynmny cuMMmeTpur (C1l 03HaYaeT OTCYTCTBUE CHUMMETPHH,
KOTJla Ka)KJIbIi aTOM 3aJaeTcs SIBHO); TPEThSI U MOCJIEAYIOLIUE ONpe-
JEJISIOT TOJI0KEHUS aTOMOB (T€OMETPUI0 MOJIeKyIbl). CriocoObl 3a1a-
HUS TEOMETPHUU OYIyT pacCCMOTPEHBI B pazaene 3.3.

PaccmoTpuM npocteimii mpuMep BXOIHOTO daiina.

SCONTRL SCFTYP=RHF RUNTYP=ENERGY COORD=ZMT MULT=1

SEND
SBASIS GBASIS=N31 NGAUSS=6 NDFUNC=1 S$END
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SDATA

H20 (energy calculation)

Cl

H

O 1 0.9473190

H 2 0.9473190 1 105.4997148
$SEND

B naHHOM cilydae mpOU3BOIAUTCS PACUYET SHEPTUHU MOJIEKYJIbI BO-
16l IpU (PUKCUPOBAHHON T€OMETPUM OTPAHUYEHHBIM METOJIOM XapT-
pu — dDoka B 6azuce 6-31G*. Monekyia BOJbl UMEET OCHOBHOE CHUH-
rieTHoe cocrosHue (MULT=1). KoopauHaTtel aTOMOB 3aJiaHbl B BHUJIE
Z-matpulpl 0€3 yueTa CHMMETPUHU.

[IpoBepuTh KOPPEKTHOCTh MOATOTOBJICHHOTO BXOAHOTO (haiina
nocpeacTBom nporpammsl Firefly MoxHO, OTIIpaBUB yKa3aHHbBINA (aii
Ha HUCIOJHCHUE C yKa3zaHueM mnapamerpa EXETYP=CHECK B rpymnme
SCONTRL.

3.2. Cmpykmypa 8b1X00H020 ¢hailia

PaccmoTpuMm (haitn Bbljaun pe3yiabTaTOB pacuera B IMporpaMmme
Firefly nns 3amaum, mpuBeeHHOW B mpeAblayIeM mojapasaene. daitn
HAYMHAETCS ¢ MHPOPMAIMU O COCTABUTENSX MPOTrPaMMbl U BBIUUCIIH-
TEJIbHOW MallluHe, MOCJE YeTo CIETYyET MOBTOP CTPOK BXOAHOTO (aii-
ga (ECHO OF THE FIRST FEW INPUT CARDS), yKa3bIBaeTCs
UCIIOJIb3yeMbIN 0a3ucHBIN HA0op (BASIS OPTIONS). lanee ciemy-
I0T JEKapTOBBI KoopAuHaThl atoMoB (COORDINATES (BOHR)),
MeEKaToMHble paccTosiHug (INTERNUCLEAR DISTANCES), no-
npooHast pacmmdpoBka AO 0OazucHoro Habopa (ATOMIC BASIS
SET). B cnenyromieM OJIoKe BaKHOU SIBJIAETCS UHPOPMALIUS O YHCIIE
3aHSATHIX OpOuTalie (B JaHHOM ciydae Mo 5 opOuTajgeid co CIIMHOM
anb(da u Oera). JlaHHBIC CBEeACHUS HEOOXOIWMBI JJISI YCTAHOBIICHUS
MOPSAKOBBIX HOMEPOB TpaHUYHbIX MO.

NUMBER OF OCCUPIED ORBITALS (ALPHA) = 5
NUMBER OF OCCUPIED ORBITALS (BETA ) = 5

3ateM IpeAcTaBiICHO MOJPOOHOE OMHCAHKUE MapaMETPOB Pa3IUy-
HbIX Tpynn $CONTRL, B TOM YMCIE B3ATBHIX MO yMoJidaHuro. [lapa-
METpPbl B KaXXJIOM OIIMKM MOXXHO yKa3aTb M M3MEHHUTh BO BXOJIHOM

daiine. [lamee cienyroT pe3yabTaThl pacueTa OJIHO- U JIBYXDAJEKTPOH-
HBIX MHTETPAJIOB, a 3aTEM MPOIEAypa pacyera no MeToay XapTpu —
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®doka (RHF SCF CALCULATION). CTpOKa DENSITY CONVERGED
TOBOPUT 00 YCIICIIHOM 3aBEPIICHUM UTEPALIMOHHOMN MPOIETyphl U J10-
CTH)KEHHUM CaMOCOTJIaCOBAaHUS MPH pacueTe sHepruu opoutaneit. I1o-
CJI€ ATOT'0 MIPUBOJAUTCS YHEPTHUS CUCTEMBI:

FINAL ENERGY IS -76.0107465159 AFTER 10 ITERATIONS

Ocrta"oBuMcst Oosiee OAPOOHO Ha pe3yibTarax pacuera U HUX
pacuudpoBke. brok EIGENVECTORS (HUXE TpUBEJICHA JIHUIIb
HayaJbHasl YacTh) COACPKUT COOCTBEHHBIC 3HAUEHUS U COOCTBEHHBIE
BEeKTOpPHI oneparopa doka (3Heprust u crpykrypa MO cOOTBETCTBEH-
HO). Han xaxawsiM cTonbiom ykazaH Homep MO, ee sHeprus, Bblpa-
KEHHasl B aTOMHBIX equHuIax (XapTpu), U KodPhUIMEHTHl BKIIAIA
kaxaou AO B paznoxkenun MO JIKAO. ITockonbKy MOJ€EKyia BOJIbI
uMeeT S 3aHAThIX opOuTtaneit, To B3AMO umMeeT nopsakoBbeiii HOMep S,
a ee sneprus —0,4982 Xaptpu. CoorBerctBeHHo, HBMO (op6utanb
o HomepoM 6) umeeT sHepruto 0,2130 Xaptpu. Hanbonpiuii Bkiiaja
B B3MO BHOCUT p,-opOuTans aroMa kuciopoaa (ko3hPuIUEHTHI
st oxkato 1 auddysHoit vacteit paBubl 0,639 u 0,512 cooTBet-
CTBEHHO), T. €. aHHast MO SBJIIETCSI HECBA3BIBAIOIIECH.

EIGENVECTORS

1 2 3 4 5
-20.5579 -1.3461 -0.7143 -0.5708 -0.4982

A A A A A
1 H 1 S 0.000324 0.133031 -0.232453 0.140051 0.000000
2 H 1 s -0.000205 0.001726 -0.107244 0.082776 0.000000
3 0 2 S 0.994623 -0.209533 0.000000 0.073089 0.000000
4 0 2 S 0.021172 0.475759 0.000000 -0.163641 0.000000
5 O 2 X 0.000000 0.000000 0.508915 0.000000 0.000000
6 O 2 Y 0.001337 0.094749 0.000000 0.557775 0.000000
7 0 2 Z 0.000000 0.000000 0.000000 0.000000 0.639266
8 O 2 S 0.004147 0.435320 0.000000 -0.325429 0.000000
9 O 2 X 0.000000 0.000000 0.303868 0.000000 0.000000
10 O 2 Y -0.000460 0.049807 0.000000 0.404864 0.000000
11 © 2 Z 0.000000 0.000000 0.000000 0.000000 0.511837
12 O 2 XX -0.004211 0.026933 0.000000 -0.000788 0.000000
13 O 2 Yy -0.004088 0.021313 0.000000 0.046296 0.000000
14 O 2 727 -0.003943 -0.001033 0.000000 -0.011869 0.000000
15 O 2 XY 0.000000 0.000000 0.050878 0.000000 0.000000
16 O 2 X7 0.000000 0.000000 0.000000 0.000000 0.000000
17 O 2 Y7 0.000000 0.000000 0.000000 0.000000 0.034168
18 H 3 S 0.000324 0.133031 0.232453 0.140051 0.000000
19 H 3 s -0.000205 0.001726 0.107244 0.082776 0.000000

6 7 8 9 10
0.2130 0.3069 1.0317 1.1334 1.1680
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B pa3zpene properties for the RHF density BBIXOZHOIO
daiiyia MpUBOASATCS CBOMCTBA MOJIEKYJIbI, TOJYUYEHHBIE B PE3yjIbTaTe
KBAHTOBO-XMMHUYECKOro pacuera. biok ENERGY COMPONENTS co-
JIEePKUT HamOoJiee BaXXKHYIO XapaKTEPUCTUKY — TOJHYIO SHEPTHIO
MOJIEKYJIbI B XapTpu (TOTAL ENERGY), a Tak)e OTACIbHBIE COCTaB-
JSAIOIINAE JAHHOM BEJIWYUHBI: OJHORJICKTPOHHASI W JIBYX3JICKTPOHHAs
SHEPTUM, HEPIUU OTTAITKUBAHUA SIACP, DHEPIUSl MEKIICKTPOHHOTO
OTTAJIKUBAHUSI, SHEPIUsl NMPUTIKEHUS SJIEKTPOHOB K sJIpaM, IOJIHAsS
MOTECHIIMAJIbHAS] 1 KUHETUYECKas SHEPTUHU.

ONE ELECTRON ENERGY = -123.2240561246
TWO ELECTRON ENERGY = 37.9247451966
NUCLEAR REPULSION ENERGY = 9.2885644121
TOTAL ENERGY = -76.0107465159
ELECTRON-ELECTRON POTENTIAL ENERGY = 37.9247451966
NUCLEUS-ELECTRON POTENTIAL ENERGY = -199.0837112021
NUCLEUS-NUCLEUS POTENTIAL ENERGY = 9.2885644121
TOTAL POTENTIAL ENERGY = -151.8704015934

75.8596550774
2.0019917232

TOTAL KINETIC ENERGY
VIRIAL RATIO (V/T)

B cienyroniem 0s10ke NpUBEAECHBI PE3YIbTAThl aHAIM3A 3aCEJIECH-
HOCTH opOutanieid no MaminkeHny v JIeBAMHY M MOJy4YEHHBIE B paM-
Kax aHajin3a 3apsAabl Ha aroMax. /[aHHbBIE 3HAUYE€HUs OTPAXKAIOT TEH-
JNEHLUIO CMEILEHUS DJIEKTPOHHOM IUIOTHOCTA B MOJIEKYJIE, HO HE OT-
paXaroT pealibHbIE 3apsi/bl, MOJYYaeMbI€ C IOMOIIBIO JKCIIEPUMEH-
TaJIbHBIX METOAOB. TeM He MEHEE dTH 3HAYEHUsI UCIIOJIb3YIOT IIPU UH-
TEpIIpETALMU PE3yJIbTaTOB PACYETOB, HAIIPUMED IIPU aHAIU3E 3apsAL0-
BOI'0 KOHTPOJISL B peakuusx. B Mojekyne BoJbl HAOMIOJaeTCs 3HAYU-
TEJIBPHOE CMEIICHUE SJIEKTPOHHOM IUIOTHOCTH C BOJOpoJa (3apsn
no Mannukeny +0,43) Ha kucnopon (—0,86).

TOTAL MULLIKEN AND LOWDIN ATOMIC POPULATIONS

ATOM MULL. POP. CHARGE LOW. POP. CHARGE
1H 0.565621 0.434379 0.635136 0.364864
2 0 8.868758 -0.868758 8.729728 -0.729728
3 H 0.565621 0.434379 0.635136 0.364864
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Jlanee mpeAcTaBlIeHbl JUIMHBI U MOPSJKU CBA3EH W BaJICHTHOCTH
Ha atomax. Tak, o6e cBsizsu O—H paBHO3HauHBI (1aKHA cBs3u 0,947 A,
nopsok cBsizu 0,785 — 4yTh MEHEE STUHUILBI).

BOND ORDER AND VALENCE ANALYSIS BOND ORDER THRESHOLD=0.050

BOND BOND
ATOM PAIR DIST ORDER ATOM PAIR DIST ORDER
1 2 0.947 0.785 2 3 0.947 0.785
TOTAL BONDED FREE
ATOM VALENCE VALENCE VALENCE
1 H 0.781 0.781 0.000
2 0 1.571 1.571 0.000
3 H 0.781 0.781 0.000

JlutionsHBI MOMEHT B Jlebasx HaXxOAWTCS B CIEAYIOIIEM OJIOKe
(2,198 D B paccmaTpuBaeMOM MPUMEPE).

POINT 1 X Y Z (BOHR) CHARGE
0.000000  0.000000  0.000000 0.00 (A.U.)
DX DY DZ /D/  (DEBYE)
0.000000  2.198909  0.000000  2.198909

B camMoM KOHIE BBIXOAHOrO (aiiia mpuBOHTCS MHDOPMALHS
O TOM, KOPPEKTHO JIM 3aBEPIICH PACYET, U €CIU HET, TO IOSCHEHUE
OPUYMHBI, BbI3BaBUIEH omMOKy. Tak, mpu HOpMaIbHOM 3aBEPIICHUU
pacyeTa nocJieIHAs CTpoKa (aiiia Bbiaauu OyJeT UMETh BUI:

EXECUTION OF FIREFLY TERMINATED NORMALLY 11:23:26 LT 14-MAY-2017

DTO, OJIHAKO, HE TAPAHTUPYET MNPaBWIBHOCTH pacuera. Hampu-
M€p, ONTUMU3AIUS TEOMETPUU MOTJIA 3aBEPIIUTHCS HE MO KPUTEPHUIO
rpaaueHTta (mapamerp OPTTOL rpymnmnbl $SSTATPT; eclu HE yKa3aH,
ucnoJib3yercs 3HaueHue o ymondanuro 0.0001), a mo cueT4uky mnpe-
JEIbHOr0 yucia maroB (mapamerp NSTEP rpymmsl $STATPT; ec-
JI HE YKa3aH, UCIIOJIb3yeTCs 3HaUeHHE 110 yModanutio 20).

B ciiyyae BOSHMKHOBEHUS OIIMOKHU, HAIPUMEP €CIIM HEeTPaBUIHHO
yKa3aTh 3HAYCHHE MYJIbTUIIJIETHOCTH, B KOHIIE BBIXOJHOTO (haiiia 1mo-
SBUTCSI ()parMEHT BUJIA:

3
[Tpu yciioBum, 4TO MOJIB30BATENb HE MPEPBA PACUET NPUHYAUTEIBHO.
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*** CHECK YOUR INPUT CHARGE AND MULTIPLICITY ***
THERE ARE 20 ELECTRONS, WITH CHARGE ICHARG= O
BUT YOU SELECTED MULTIPLICITY MULT= 2

EXECUTION OF FIREFLY TERMINATED ABNORMALLY AT 13:06:24 16-MAY-2017

B 3akmroueHne oOpaTMM BHHUMaHHE Ha Ba)XKHOE OTJIIMYHE pe-
3yJIbTaTOB pacyeTa HEOMIUPUUCCKUMH H IOJTYIMIHPUISCKUMU Me-
TOJaMu. DHEPruM, IMOJYUYCHHBIC IOJYIMIHPHICCKUMH METOJIaMH,
BCJICJICTBHE MCITOJb30BaHUS BaJCHTHOTO NPHOIMKCHHUS 110 adco-
JIOTHOU BEJWYMHE OYyIyT ropa3fo HIKE TeX K€ dHEPrHil, MOIydeH-
HBIX HEAOMMOUpUYECKH. B BhIxogHOM (haiiie HEIMIUPHIECKOTO pac-
YyeTa BEJIWYMHBI dHEPTUM NMPHUBOMATCS B CAWHUIIAX XapTPH, B BHI-
XOIHOM (haiiie MOTyIMIMPHICCKOTO pacyeTa — Kak B XapTpH, Tak
U B KKaJI/MOJIb (TemnoTa o0pa3oBaHMus).

3.3. Cnoco6bl 3adaHus1 2ceomempuu MoAeKYyN

['eomeTpusi MoJIeKyJbI B (hOPMAIIMCTUKE KBAHTOBO-XUMHUYECKHUX
nporpaMM MPEJCTaBIsSIeT COOOM 3amaHue TMOJIOKEHU aTOMOB B IIPO-
CTpaHCTBE. B OONBIIMHCTBE CIyyaeB UCHOIB3YIOT OJIMH U3 JIBYX OCHOB-
HBIX (DOPMATOB: IEKAPTOBBI KOOP/IMHATHI U BHYTPEHHUE KOOPIMHATHI.

JexapToBbl KOOpAUHATHI. [I03WIMA KaXXIOro aroMa 3aaaeTcs
TpEeMsSI YHCJIaMH, OMPEICISIIONIMMH €ro IMOJIO)KEHUE B MPOCTPAHCTBE
B BUJIE CMEIICHHI 1O MPOCTPAHCTBEHHBIM KOOPAMHATHBIM OCSM.
Kaxnmas ctpoka B rpynmne $DATA, HaunHas ¢ TpeThbed, UMEET BU]L
«Label Znuc X Y Z», rne Label — npousBonbHas MeTKa JIJIUHOU
10 10 cumBOJIOB, Znuc — 3apsij sjapa (AaTOMHBIA HOMED JIEMEHTA), X,
Y, Z — nekapToBbl KOOpAMHATHI atroma. Huke mnpuBeneH npumep
OMHUCaHMs TeoMeTpuu MoJekylbl TtuieHa (C,Hy) B AeKkapTOBBIX KO-
opauHaTtax. OOpaTuTe BHUMAHHE, YTO AJIEMEHT 33J]a€TCsl HE €r0 CHUM-
BosioM (C u H), a 3apsaom siapa (6 u 1).

SDATA
Ethylene CZ2HA4
Cl
C 6 -0.31176913 0.00866025 0.00000000
C 6 -0.31176913 0.00866025 -1.32599998
H 1 -0.31176913 0.93266028 0.59360003
H 1 -0.31176913 0.91533977 0.59360003
H 1 -0.31176913 0.91533977 -1.91960001
H 1 -0.31176913 0.93266028 -1.91960001
SEND
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Od4eBUIHO, YTO JAaHHBIN (opMaT SABISIETCS aOCOMOTHO HEHATIISA-
HBIM M HENPUTOIHBIM JJI1 PeAaKTHUPOBAaHHS B TeKCTOBOM Buje. Ilo-
3TOMY g paboThl ¢ TakuM (GHOpPMATOM HCHOIB3YIOT pa3IuyHbIC
BCIIOMOTaTeIbHBIC MPOTpaMMbl. PaccMOTprM, KakuM 00pa3oM MOXKHO
CTCHEpHPOBATh MPHUBCICHHYIO BBIIIE TeoMeTpuio Moiiekyibsl C,Hy,
C TTOMOIILI0 TIporpaMMmbl wxMacMolPlt.

1. 3amyckaem mporpammy wxMacMolPlt. Ecnu ee sk3emmuisp
y>Ke 3amny1ieH, Beioupaem nyHkT MeHio File — New (puc. 2).

2. Beioupaem unctpyment Edit Ha manenu uacTpyMeHTOB (puc. 3).

3. Beiobupaem nyHkT MeHIO Builder — Show Build Tools
17151 otoOpakeHus okHa «Builder Tools» (puc. 5).

4. OgauM H3 JBYX CIIOCOOOB CO3/Ja€M T'€OMETPUIO MOJEKYJIbI
C,H4 B rmaBHOM OKHE MpOrpaMMbl: JIMOO IMOATOMHO, BHIOpaB B OKHE
«Builder Tools» HyHbIN TUIl aToMa u 3aTeM meakHyB JIKM B mpo-
CTPAHCTBE TJIABHOTO OKHA, JUOO BBHIOpAB y»Xe€ TOTOBYIO CTPYKTYpY
B okHe «Builder Tools» Ha Bkianke Prototypes u 3aTem Takxke IIEIK-
HyB JIKM B npocTpaHCTBE II1aBHOTO OKHA.

5.B rmaBHOM OKHE mMporpaMMmbl BbIOMpaeM TYHKT MEHIO
Subwindow — Coordinates. Ortkpoercss okHO «Coordinates
Window» ¢ oTobpaskenrem koopauHat aTroMoB (puc. 4). [To ymomya-
HUIO OyaeT BbIOpaH (opmar AekapToBbix koopauHat (Cartesian);
aNnbTEepHATUBA — BHYTPEHHHUE KOOPJUHATHI (Z-Matrix, CM. HUXKE).

6. B okne «Coordinates Window» BbiOMpaeMm nmyHKT meHio Edit —
Copy Coordinates. Koop/inHaTel aTOMOB B BHJI€ TPUBEAEHHOI'O BBIIIIE
TEeKCTa OYIyT CKONMPOBaHbI B Oy(dep oOMeHa. 3aTeM Mepexo/iuM B TEK-
CTOBBIN PEIAKTOP M OCYIIIECTBIISIEM BCTaBKy TeKCTa n3 Oydepa.

BHyTpenHue koopauHathl. ['opazno Ooliee MpUCIOCOOICHHBIM
JUISL CO3JaHUsl U PEAAKTUPOBAHUSI T€OMETPUU «BPYUHYIO» (0€3 uc-
MOJIb30BaHMS BCTIOMOTATENbHBIX MPOTpaMM) sIBIAETCS (popMar BHYT-
peHHux koopauHaT. CyIIeCTBYeT MHOXKECTBO MOABUIOB TaKoro ¢op-
Marta. J[7ms MOHMMaHUs CYIIHOCTH JIOCTaTOYHO PACCMOTPETh JIMIIb
onuH u3 Hux. Hwxke npusenena reomerpus Mosiekyisl C,H, BO BHYT-
peHHux koopauHaTtax ¢opmara Firefly.

SDATA
Ethylene C2HA4
Cl
C (cTtpoka 1)
c 1 1.3 (cTpoka 2)

31



H 2 1.0 1 120.0 (cTtpoka 3)

H 1 1.0 2 120.0 3 180.0 (cTtpoka 4)

H 1 1.0 2 120.0 3 0.0 (cTpoka b5)

H 2 1.0 1 120.0 4 0.0 (cTpoka 6)
SEND

Takyto hopmy mpencTaBaeHUs] TEOMETPUM HA3bIBAIOT Z-Mampuiyeli.
B Z-matpuiie mepBbiit aToM’ (cTpoka 1) IPHBOIUTCS TOIBKO C YKa3aHHU-
€M €ro Turma (B IpUBEJIECHHOM IIpuMepe 3To atoM yriepoaa, C). YV nep-
BOTO aTOMa HET MPOCTPAHCTBEHHBIX CTEMEHEW CBOOOIbI, T. K. OH SIBJISI-
€TCA TOYKOM OTCYETa I 3aJaHUsl OCTAIIbHBIX aTOMOB. BTopou atom
(cTpoka 2) 3aaeTcs yepe3 IepBbli IMyTeM YKa3aHUs €IMHCTBEHHOM CTe-
MIeHNU CBOOObI — PACCTOSHUS OT BTOPOTo aroma Jio repBoro. [udpa 1
IIPU 3TOM YKa3bIBAECT HOMEP YXKE€ 3aJ]aHHOTO paHEe aroMa, Ha KOTOPBIH
«OIHpaAETCs» aToM 3ajJaBaeMblid. TpeTuit aTom (CTpoka 3) 3ajaercs ye-
pe3 nepsblie f1Ba. [Ipu 3TOM J171s1 0AHO3HAYHOTO 33JJaHUs €T0 TOJIOKEHUS
B IPOCTPAHCTBE HY>KHO OMPEICTUTh ABE CTENIEHN CBOOOIBI: PACCTOSIHUE
JI0 KaKoro-in0o U3 yK€ 3aJaHHBIX aTOMOB W IUIOCKUU yroj, oOpasye-
MBI 3a71aBaéMbIM aTOMOM U MapoM JIIOOBIX paHee 3aJaHHBIX aTOMOB.
Tak, crpoka 3 o3Hayaer, 4yTo TpeTUM aroM — atoMm H, paccrosiHue
oT Hero 10 Broporo atroma 1,0 A, a miockuii yrosu, KOTopblii 06pa3yroT
atombl 3—2—1, coctaBisiet 120 rpamycos.

YeTBepThIid U BCE MOCIEAYIONIME aTOMBI 33JJal0TCS Yepe3 J00bIe
paHee 3aJJaHHbIE aTOMbI, TIPU ITOM TPeOyeTCsl YKa3bIBaTh YK€ TPHU
CTENEHU CBOOOBI: PACCTOSHUE, MJIOCKUM YroJl U AUAPAIbHBINA yToJ.
B npuBeneHHOM ITpuMepe CTpOKa 4 03HAYAET, UTO YETBEPTHIM aTOM —
H, paccrosanue ot Hero no nepsoro cocrasisiet 1,0 A, miockwmii yIOJL,
oOpazyembiii atomamu 4—1-2, coctaBiset 120 rpaaycoB, a AU3Apalib-
HBII yroi, 00pa3yemslii atomamu 4—1-2-3, cocrasnser 180 rpaaycos.

Hwxke npuBeneH emnie OAWH TPUMEP TOCTPOCHUSI CTPYKTYpP
«BpyuHyto» 11t mosekyasl CH;OOH.

H
HE) 0O 1 1.0
O 2 1.3 1 120.0
O@—C#H—HOe ¢ 3 1.5 2 120.0 1 180.0
H 4 1.0 3 120.0 2 60.0
H(D)—0@) H(7) H 4 1.0 3 120.0 2 -60.0
H 4 1.0 3 120.0 2 180.0

4 o
Br16op criienqoBanusi aTOMOB MPOM3BOJBHBIA U OMpPENEsieTcss U3 coo0pa-
KEHUHM y1o0CcTBa.
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IHosae3nnie coBernl. 1. Ecnu B Z-maTpulie yka3aTb HAMMEHOBA-
Hue atoma «X» (0e3 kaBbruek), nporpamma Firefly Bocripumer Takoit
aTOM KaK «aTOM-ITyCTBIIMIKY», T. €. HECYIIECTBYIOIINI aTOM; JJIS Ta-
KOro aTomMa He OyJeT MCIOoJIb30BaHa HU OfHa (YHKIIUS U3 Oa3UCHOTO
Habopa. DTOT MPUEM MOKHO HMCIOJIb30BATh JJI CO3JaHUS B FEOMET-
PUU MOJIEKYJIbI OMOPHBIX TOYEK, YEPE3 KOTOPHIE MOXKET OBbITh 3a/1aHO
MOJIOKEHUE TMOocheayromux atoMoB. Kiaccuueckuit npumep —
Z-marpuinia MoJekysbl MetaHa (CH4), koTopyro ropasao mpoiie co-
3/1aTh C UCMOJb30BaHUEM aToMa X, HEXKeNu 0e3 Hero.

2. B Z-matpuiie K HAMMEHOBAHUIO aTOMa MOHO JT00ABIISITh MPO-
U3BOJILHOE YUCIIO, HAITPUMED

H1
02 1 1.0
H3 2 1.0 1 109.0

B nmanHOM mpuMepe B KaueCTBE TAKOTO YHCJa UCIOJIb30BaH MO-
PAAKOBBIM HOMeEp aToMa. [[ims maTepnperatopa nporpammsbl Firefly
TaKas 3aluCh HE CHITPAET HUKAKOW pOJM (paBHO Kak W ISl MPO-
rpamMmmbl wxMacMolPlt), Ho MokeT ObITh OYEHb MOJIE3HA JJISI TIOJIb-
30BaTelIs MPU CO3/IAHUU U PEAAKTUPOBAHUU Z-MaTPUIBI C OOIBIINM
YHCJIOM aTOMOB.

3. Ecu B Z-MaTpulie 1ociie HEKOTOPOU CTPOKU BCTABUTH ITYCTYIO
CTPOKY, TO BCE IMOCJEAYIOIINE CTPOKU HE OYAYyT UUTATHCS HU B IPO-
rpamme Firefly, Hu B wxMacMolPlIt. JlanHBINi TpreM SKOHOMHUT BpeMsi
IIpH TIOMCKE OIMMMOKW B Z-MaTpHIlC, W3-3a KOTOPOU CTPYKTypa OTOO-
pakaeTcsa HEKOPPEKTHO.

4. Ilpu pabote B popMaTe BHYTPEHHUX KOOPJAMHAT CIEayeT u30e-
raTh BaJEHTHBIX yrioB B 180 rpamycoB. B mpoTuBHOM ciiyyae pacyer
MO>KET 3aBEPIIUTHCS C OLIMOKOM.

3.4. Onmumu3zayus ceomempuu Mo/1€Ky1
8 pedicuMe NoUCKa cmayuoHApHbIX MoYeK

Texnuuecku aisg ontuMmu3anuu reometpun B nporpamme Firefly
HEO00XO0IMMO TOATOTOBUTH BXOJHOM (paiin 3amaum, ykazaB B TpyIliie
$CONTRL napamerp RUNTYP=0OPTIMIZE, ¥ OTIIPABUTH €r0 HA pac-
yeT (10O 4yepe3 KOMaHAHYI0 CTPOKYy — cM. pazaen 2.1, nubo ¢ mo-
MOIIbI0 YyTUIUTHI Fico — cM. pasznmen 2.2). Tak, Ay onTUMU3AIUU
T€OMETPUH MOJIEKYJIbI BOJBI METOIOM (PYHKIIMOHAJIA TJIOTHOCTHU C UC-
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MOJIb30BAHUEM KOPPEISALUOHHO-0OMEHHOr0 (¢yHKuroHanma B3LYP
B Oazuce 6-311G(d,p) conepxxkumoe Takoro (daiiiaa OyjaeT UMeTh BUI:
SCONTRL RUNTYP= OPTIMIZE DFTTYP=B3LYP COORD=ZMT $END

SBASIS GBASIS=N311 NGAUSS=6 NDEFUNC=1 NPEFUNC=1 S$END
SGUESS GUESS=HUCKEL S$END

SDATA

H20 molecule

Cl

H

0O 1 1.0

H 2 1.0 1 105.0
SEND

st ctons HEOOMBINON MoONEKyJbl, Kak H,O, nmpuBeaeHHBIX Ta-
PaMETPOB BIOJIHE JOCTATOYHO JJIsSI TOJTYUYECHUSI OJTHO3HAYHOTO PE3yJib-
TaTa — TJI00anbHOro MuHUMYyMa sHepruu Ha [1113. OnHako ciokHbIe
CTPYKTYpPhI U3 OOJIBIIIOTO YKCJIa aTOMOB 3a4acTyl0 XapaKTepU3YIOTCs
OOJIBIIIMM YHCJIOM JIOKAJIbHBIX MUHUMYMOB, OTBEUAIOIIUX, KaK ITPaBU-
710, KoHGOpMaIMOHHBIM TiepexojaM. [loaTomy BO3HMKAET 3aaada Mo-
HCKa r100aIbHOTO MUHUMYMa (WM, TIO KpaitHel Mepe, OJTHOTO U3 JIO-
KaJbHBIX MHHMMYMOB, OJHM3KOTO MO OHHEPruM K TIJI00AIBHOMY),
JUIsl 4eT0 B 0OIeM ciiydae HeoOXOAMMO TMOBTOPSATH ONTUMH3AIIMIO
F€OMETPUU CTOJIBKO Pa3, CKOJBKO 3TO HEOOXOAUMO MJisi MPOBEPKU
K10 KoHpopmanuu. PekoMeHIyeTcsl TakKe pacCUUThIBaTh MeCCH-
aH (CM. HMXKE) JUIsl KOHTPOJIL OTCYTCTBUSI OTPULIATEIbHBIX (MHUMBIX )
KOJIeO0aTeNbHBIX YaCTOT.

OTMETUM TaKXKe, 4TO B ClTydae OOJBIINX CTPYKTYpP CIAEAYET JIOMOJI-
HUTH BXOJHOU (pailyl yBEIMUEHHBIMHU 3HAYCHUSMH MapaMeTpoB MAXIT
rpynnbl SCONTRL (nmo ymonuyanuto 30) u NSTEP rpynmbsl SSTATPT
(mo ymomuanuio 20). MHade onTtumu3zanus T€OMETPUU MOXKET 3aBep-
IIUTHCSI JJOCPOYHO IO MPUYMHE JIMOO HEXBATKWA UTEpAIUil IS TOCTH-
AKEHUS CXOUMOCTH, JTMO0 HEJOCTATOYHOTO YKCIIA IIaroB ONTUMHU3AIUU
JUTSI IOCTHOKEHUST KPUTEPUATIBHOTO TPAJIMEHTA.

[Ipy ycHemHoM 3aBEpIIEHUH MPOLEAYPhl ONTUMHU3ZALNUKN BBIXO/I-
HOM (baitn OyaeT coaepKaTh CICAYIOIIYIO0 CTPOKY:

1 *Hxxxx EQUILIBRIUM GEOMETRY LOCATED ****x*

— OHa JIOCJIOBHO O3HAYaeT, YTO JIOKAJIM30BaHa PABHOBECHAS T€OMET-
pus. Cpa3y 1oj 1aHHOUW CTPOKOU CIEAYIOT OJIOKHM ONTUMU3UPOBAHHON
r€OMETPUU — B JEKAPTOBBIX U BHYTPEHHUX KOOPJHUHATAX. JHEPTHIO
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ONTUMU3UPOBAHHON TE€OMETPUM MOKHO HAWTH IMOUCKOM C KOHIIA
daitna no gparmenty FINAL ENERGY IS (TakXke MOXKHO HUCHOJIb-
30BaTh 3HaYeHHWe B cTpoke TOTAL ENERGY, cM. pazaen 3.2).
JJ1st mpUBEICHHOTO MPUMeEpa JaHHAs CTPOKA BBITJISIUT TaK:

FINAL ENERGY IS -76.4482933940 AFTER 7 ITERATIONS

bosiee ynoOHbIM CrTOCOOOM aHaJIM3a BBIXOJHOTO (paiija ONTHUMU-
3allM¥ TEOMETPUH SIBJISIETCS UCTIOIB30BaHUE MTPOTPAMM BU3YaU3alU K.
Ha puc. 6 mokaszaH BuJ TJIaBHOTO OKHa nporpammbl wxMacMolPlt
C OTKPBITBIM BBIXOJAHBIM (DailIoM ONTUMHU3AIMKN MOJIEKYJIbl BOAbI. Kak
BUJIHO U3 PHUCYHKA, B CTPOKE COCTOSIHUSI OTOOpakaeTcsi TEKCT
E=-76.4483 RMS=0.0000 Frame 5 of 5, KOTOpbIl O3Haya-
€T, UTO JaHHBIN (hailsl COAEPIKUT PE3yJIbTAT MATH IIaroB ONTUMHU3ALUU
r€OMETPUM; OTOOpakaeMbIM B TEKYIIMA MOMEHT SABJISETCA LIar S;
SHEPrusi MOJIEKYJIbl, IOJYyYE€HHAs Ha JIaHHOM Iare, COCTaBISET
—76,4483 XapTpu. beryHok, pacrojaoXEeHHbIN B IIPABON YaCTU CTPOKH
COCTOSIHUS, TIO3BOJISIET MTEPEMEILATHCS MO [IaraMm.

= | CA_FIREFLY8\test\task2.out ol & [s
File Edit View Builder Molecule Subwindow Help

E=-76.4483 RMS=0.0000 Frame 5 of 5 ~ [

Puc. 6. ITpocMoTp pe3ynbTaTta onTUuMHU3auy MoJiekyssl H,O
B nporpamme wxMacMolPlt

YBUIETh, KAK MEHSJIACh YHEPIUsI CUCTEMBI B X0JI€ ONTUMU3AIINH,
MOXHO Ha rpaduke 3aBUCUMOCTH BEJIMYMHBI SHEPTUU OT HOMEpA I1ara
onTuMu3aluM (mMyHKT MeHI0 Subwindow — Energy Plot).
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3.5. Pacuem ceccuaHa

I'eccuan (MaTpuIia BTOPBIX MPOU3BOJHBIX OT DHEPTUM MO KOOP-
JMHATaM) TO3BOJISIET aHAIM3UPOBATh KOJeOaTeNbHbIE YaCTOThl M WH-
TeHCUBHOCTU JInHUU MK-cniekTpoB paccunteiBaeMom CTpyKTyphl. [1o-
Jy4uTh Teccruad B mporpamme Firefly MokHO HECKOJIBKUMU Ty TSAMM:

— OTAEJIBHBIM PAaCUyE€TOM C yKa3zaHueM B rpymnmne $CONTRIL mapa-
Merpa RUNTYP=HESSIAN (ONTUMH3ALUU T€OMETPUU HE MPOU30M-
JIET, BBIXOJAHOU (hailyl OyAeT COAEepKaTh TOJBKO PE3yJbTaThl pacuera
reccuaHa);

— ONTUMM3ALUEN TEOMETPUH C Hped8apumelbHblM PACUETOM rec-
CHMaHa, U1 Yero ClIeAyeT ykas3aTb B rpynme SSTATPT mapamerp
HESS=CALC (BbIxoaHOH (hails1 OyneT coAepkaTh pe3yJbTaThl pacye-
Ta recChaHa, 3a KOTOPhIMU MOCHEAYIOT PE3YyJIbTaThl ONTUMHU3ALINHN );

— ONITUMHU3ALIMEN TEOMETPUU C PACUETOM T'€CCHUAHA NOCIe ONmu-
Muzayuu, I 4ero cieayer ykaszare B rpymme $STATPT mapamerp
HSSEND=.T. (BbIxomHOW (aiin OyneT coaepkaTh pe3yiabTaThl OI-
TUMU3AIUH, 32 KOTOPHIMU MOCJIEAYIOT PE3YyJIbTaThl pacUeTa F€CCUaHa).

Kpome Toro, B mporpamMme peann3oBaHa BO3MOKHOCTb CUUTATh
TECCHaH HE TOJIbKO B HAYaJl€ U B KOHIIC, HO U MEPECUYUTHIBATH €r0 4epe3
Kakaple N 1maroB ONTHUMM3ALMM, JUIS YETO CIEAYyET yKa3aThb B IPYIIIE
SSTATPT napamerp IHREP=N (N — COOTBETCTBYIOIIIEE YUCIIO).

BpINOMHUM ONTUMHU3ALUIO TEOMETPUN MOJIEKYJIBI BOJbI, UCIIOJIb-
3ysi TIPUBEJCHHBIN BBIlIE TpuUMEp M J00ABUB K HEMY CTPOKY
SSTATPT HSSEND=.T. S$SEND miIs pacyera recCuaHa o OKOHYa-
HUMU ONTUMM3AIMU. Pe3ynbTaThl pacyeTa reccuaHa oOHapy>KMBarOTCS
B MIPEIOCIICIHEM OJIOKE BBIXOAHOTO (paiina:

FREQUENCIES IN CM**-1, IR INTENSITIES IN DEBYE**2/AMU-ANGSTROM**2

1 2 3 4 5
FREQUENCY : 16.70 7.39 0.18 22.73 30.99
REDUCED MASS: 5.60283 6.05281 5.88605 1.00783 1.14193
IR INTENSITY: 0.02066 0.00066 0.00024 0.00001 6.77453

Kak BumHO, KOJeOaTeNbHbIE YacCTOThl (MJIM TaK HAa3bIBa€MbIE KO-

-1
siebamenibHble MOObl) BBIPAXKEHBI B CM M PACIIOJIOXKEHBI B MOPSIKE
BO3pacCTaHUs 3HAYCHUM 4aCTOT. {14 KaX 101 MOJbI TAKKE IMTPUBOIATCS
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IPUBEJICHHAs] Macca 00pa3ylollel ee Mmapbl aTOMOB, MHTEHCHUBHOCTD
COOTBETCTBYIOIIEH 1OJ0Ckl B MK-criekTpe u psig Apyrux napaMmeTpoB.
B ncnonb30BaHHOM MpUMEPE OTPUIIATEIBHBIX (MHUMBIX) KoJie0a-
TEJIbHBIX YaCTOT HET. ITO TOBOPUT O TOM, YTO TaKasi FEOMETPUS OTBE-
yaeT muaumymy Ha [II1ID. B npoTuBHOM ciydae 3TO O3Haydano Obl,
YTO HEKOTOPBIE aTOMBI PACIIOJIOKEHBI B MO3ULHUAX HE YCTOMYMBOTO
MHUHUMYMa, @ HEyCTOMYMUBOTro MakcuMyma. [lokaxkeM 310 Ha npumepe
ontuMu3zanuu reometpun moliekyiasl CH3;OOH nomysmnupuyeckum
MetoaoM AMI, Z-matpuity ajisi KOTOpOW 3aMMCTBYEM M3 paszjeiia 3.3:
SCONTRL RUNTYP=OPTIMIZE COORD=ZMT S$END
SBASTIS GBASIS=AMI1 SEND

SGUESS GUESS=HUCKEL SEND
SSTATPT HSSEND=.T. SEND

SDATA
CH300H molecule hessian
Cl
H
O 1 1.0
O 2 1.3 1 120.0
c 3 1.5 2 120.0 1 180.0
H 4 1.0 3 120.0 2 60.0
H 4 1.0 3 120.0 2 -60.0
H 4 1.0 3 120.0 2 180.0
SEND

B pesynbprare pacyera reccuaH OyJeT BBITVISICTH CIICTYIOIIUM
00pa3oM (IpeacTaBICHbI IEPBBIC CTPOKHU):

FREQUENCIES IN CM**-1, IR INTENSITIES IN DEBYE**2/AMU-ANGSTROM**2

1 2 3 4 5
FREQUENCY : 145.26 I 72.46 12.20 5.98 4.28
REDUCED MASS: 1.10586 1.52635 6.62669 5.53448 6.94532
IR INTENSITY: 3.15377 0.04759 0.00004 0.00036 0.00003

Kak BuaHO, mepBasi mo cueTy kojedaTeabpHasi 4acToTa UMEET 3Ha-
yeHue MuHyc 145,26 CM_l, O 4YE€M CBHUJETEIbCTBYET CICIYIOIINN
32 3TUM YHCIIOM CHUMBOJ «I» (CaMO 3HAa4Y€HHE MPU ITOM YKa3aHO
0e3 3HaKa «MUHYC»). UTOOBI OTHECTH JAHHYIO YACTOTY K KOJEOaHUIO
KOHKPETHOr0 aromMa (aTOMOB), BOCIIOJB3YEMCS  IMPOrpaMMOM
wxMacMolPlt, oTkpbiB B Hel BBIXOJHOM (ailn U 0TOOpa3suB OKHO
«Frequencies» (mynkt meHio Subwindow — Frequencies). B nanaom
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OKHE TIEPEUYHUCIICHBI BCE KOJIeOaTEIbHbIE MOJIbI, a TAKXKE MTOKa3aHbI 10-
nocel MK-niornomenus. Pe3ynbpratr nokaszaH Ha puc. 7.

B rnmaBHOM OKHE ITporpaMMbl, 0TOOpa)kKarolleM MOJIEKYJy, MOXHO
BKJIIOUUTH MOKA3 CTPEJIKAMHU HAIPaBJICHUS 1 MHTEHCUBHOCTH KoJieOa-
HUI aTOMOB, OTBEUAIOIIUX BbIOpaHHOU MoJie. J[J1g 3TOro He0OX0IUMO
B IJJaBHOM OKHE BbIOpaTh MyHKT MeHIO View — Show Normal Mode.
B ucnosnb30BaHHOM mIpUMeEpE, Kak BUIHO U3 PUC. 7, MHUMAas 4acTOTa
OTHOCUTCA K KPYTHUJIBHOMY KOJEOAHUIO aToMa BOJOPOJA TPYIIbI
OOH. bonee HarasaHO MOXKHO OTOOpa3uTh KOJieOaHHS B JUHAMHKE,
BOCMOJIb30BABIINCH MYHKTOM MEHIO View — Animate Mode.

= | CA\_FIREFLY8\test\task2.out == m | Frequencies

File Edit View Builder Molecule Subwindow Help

3

34691
| 72.459999
12.200000
5.980000
4.280000
10.120000
36.450001
|98.230003
530.270020
1154.9899%0
11167.040039
1261.579956
1348.790039
1370760010
1402,500000
1469.650024
11742.390015
|3081.590088
3093.649902
3158.379383
3456,550049

IR Intensity

0.0000 41 ‘ . "‘

I=}
2
o

3816.7311+4

Freq=145.26i Frame 15 of 15 ‘ iy » Frequency

Puc. 7. Buzyanuzanus reccuana B nporpamme wxMacMolPlt

Kak yxe roBopuioCh, MHUMBIX YacCTOT HE JOJIKHO OBITh, €C-
JY pedyb HUJET O TMOUCKEe cTanuoHapHbix Touek Ha [II13. Opnako
B HaleM ciiy4dae (puc. 7) oHa UMEETCs, U OT Hee cleayeT n30aBUThCS.
B ciydae CIIOXKHBIX CTPYKTYp CHAENIaThb 3TO HE BCErjga IMpOCTO, HO B
JAHHOM MPHUMEPE BCE OYEBUIHO: HY>KHO IMOBTOPUTH PacyeT, U3MEHUB
CTapTOBYIO F€OMETPUIO Tak, 4TOObl aTom Bojopoaa (Ne 1) okazaics
BHE IIOCKOCTH aTOMOB 2—3—4. J[JIs 3TOro 10CTaTOYHO M3MEHHUTh BeE-
JVYHAHY IU3APANTBHOrO yria 4-ro aroma, ykaszaB Bmecto 180 rpanmy-
coB, Hanpumep, 130. B pe3ynbprare Takoro pacyera MHMMas 4acTOTa
MCYE3HET, a SHEPIUsl CUCTEMbI TOHU3UTCS.

B nocnennem 6510ke BhIXOHOTO (haiiya pacyeTa reccuana mpuBo-
JATCS TEPMOXUMHUYECKUE BEIMYMHBI, PACCUUTAHHBIE METOJaMU CTa-
TUCTUYECKOU TEPMOIMHAMHUKHU.
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THERMOCHEMISTRY AT T= 298.15 K

USING IDEAL GAS, RIGID ROTOR, HARMONIC NORMAL MODE APPROXIMATIONS.
P= 1.01325E+05 PASCAL.
ALL FREQUENCIES ARE SCALED BY 1.00000

THE HARMONIC ZERO POINT ENERGY IS (SCALED BY 1.000)

0.055442 HARTREE/MOLECULE 12168.187089 CM**-1/MOLECULE
34.790628 KCAL/MOL 145.563986 KJ/MOL
Q LN Q
ELEC. 1.00000E+00 0.000000
TRANS. 1.30798E+07 16.386582
ROT. 1.21392E+04 9.404196
VIB. 2.91366E+00 1.069409
TOT. 4.62627E+11 26.860187
E H G cv CP S
KJ/MOL KJ/MOL KJ/MOL J/MOL-K J/MOL-K J/MOL-K

ELEC. 0.000 0.000 0.000 0.000 0.000 0.000
TRANS. 3.718 6.197 -40.621 12.472 20.786 157.031
ROT. 3.718 3.718 -23.312 12.472 12.472 90.662
VIB. 148.256 148.256 142.913 17.688 17.688 17.919
TOTAL 155.692 158.171 78.979 42 .631 50.946 265.612

B 3arosioBke 0Ji0Ka yKa3zaHa TeMmmeparypa, Ajisi KOTOpOH paccuu-
TaHbl TonpaBku (mo ymomdanuro 298,15 K). OTo 3HaueHHE MOXKET
OBITH 33J]JaHO BO BXOAHOM (haiiyie mapaMeTpoM TEMP rpymnmbl $FORCE.
Jlonmyckaercs yka3aHHE HECKOJIbKMX 3HauyeHUi B (opMe MaccuBa,
HanpuMmep: TEMP (1)=500,1000. B mocieayrommux CTPOKax rOBO-
PUTCS, YTO TOJYyYCHHBIC TEPMOXUMHUYECKHE TOMPABKH PACCUHUTAHBI
C UCMOJb30BAHUEM MPUOIMKEHUH H1€abHOTO T'a3a, )KECTKOr0 poTopa
U TapMOHMYECKOTO ocuusuisTopa. [lanee ykasaHo, 4TO BCE YaCTOTHI
B reccraHe YMHOXKEHBI Ha BeJIMUMHY Kod(dduumenTa nepecyera (scale
factor), paBaoro 1.00000 (3HaueHHWe IO yMoi4YaHwio). B rpymre
$SFORCE MOXHO yKa3aTh JIpyroe 3HauyeHue, BHIOpaHHOE U3 CTOPOHHUX
UCTOYHMKOB B 3aBUCHUMOCTH OT HCIIOJIb3yeMOro MeToja u 0Oaswuca.
Tak, wnampumep, corjmacHo http://cccbdb.nist.gov/vibscalejust.asp,
st metona AMI crnenyer MCnosib30BaTh BEJIWYMHY KO3 dUIIMEeHTa
nepecuera 0,954: SFORCE SCLFAC=0.954 S$END. Heckonbkumu
CTpOKaMW HHW)KE TMpHUBEACHAa DJHEPrusi HYyJEBBIX  KoJieOaHMI
(HARMONIC ZERO POINT ENERGY) B pa3iM4HBIX €IMHHIAX DHEP-
ruu. 3aTeM CIEIYIOT CYMMBI IO COCTOSIHUSIM U HEMOCPEACTBEHHO
TEPMOXMMHYECKHE TIONMPAaBKU K BeJIWMYMHaAM E (oOmmias sHeprus),
H (uTanenus) u G (3Heprus ['nb6ca), a Takxe 3HaueHus CV (Terio-
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€MKOCTb IIPHU MOCTOSTHHOM 00BbeMe), CP (TEII0eMKOCTh IIPHU MOCTOSH-
HOM JaBiieHnM) U S (3HTponus). [loaHbIe 3HaUEHUST BCEX MapaMeTpOB
(TOTAL) pa3ioKeHbl IO COCTABJISIONIMM BKJIaJaM: 3JEKTPOHHBIN, T10-
CTyNaTeNIbHBIN, BpalllaTeIbHBINA U KOJICOATEIbHBIM,

3.6. Onmumuzayusi 2ceomempuu MoJ1eKy1
8 pedicuMe NOUCKda ced/108bIX Mo4YeK

CennoBoy TOYKOW HA3bIBAIOT TOYKY Ha moBepxHocTH [II13, coot-
BETCTBYIOIIYI0 MAKCUMAJIBHOW SHEPTUH KPATYANIIETO MyTH NEPEX0/IA
U3 JIOJMHBI pEareHTOB U JIOJUHY MPOAYKTOB peakiuu (PeakimoOHHOIO
nyTH). 3ajaya HaAXOXKJACHUSA TaKOW TOYKM 3aKJIIOYAETCS B JIOKAIU3a-
uu cTpyKTyphl nepexoanoro coctostHus (IIC) peakiuu. TexHuuecku
nporeaypa ONTUMHU3AIUMK reoMeTpuu B pexxkume noucka IIC moutu
HE OTJIMYAETCS OT TAKOBOW JIJIsl MOMCKA CTAIIMOHAPHBIX TOUYEK (MUHHU-
myMmoB Ha [II19). Paznuna nuie B TOM, 4TO B rpynne SCONTRL na-
pameTp RUNTYP JOJKEH HMMETh 3HaueHWe SADPOINT, a rpymnmna
$STATPT nmoJDKHA BKIKOYATH Mapamerp HESS=CALC I NpeaBapu-
TEIBHOTO pacyeTa reCCHaHa .

CII0)HOCTh 3aKJIIOYaeTcss B TOM, 4TO ctapToBas reomerpus 11C
JOJDKHA JOCTATOYHO OJIM3KO COOTBETCTBOBATH OYIyIIEMY ONTHUMU3H-
POBAaHHOMY pe3yJbTaTy. B TpPOTUBHOM cllyyae BEJIHMK PHUCK, YTO
B X0JI€ ONTHMM3ALUA CTAPTOBASI T€OMETPHUSL «CBAIUTCS» JTUOO B JIO-
JIMHY PEareHToB, JTUO0O0 B IOJIUMHY NpoayKToB. [ToaToMy aJist cocTaie-
HUS CTapTOBOM T€OMETPUHM HEOOXOAMMO, BO-TEPBBIX, ONMTHUMHU3HPO-
BaTb OOBIYHBIM  O0pa30M TE€OMETPUM HMCXOJHBIX PEarcHTOB
U, BO-BTOPBIX, MPABUIBLHO UX «COEJIUHUTHY» B CTPYKTYpY Ipeimoara-
emoro [IC. Takoe «coenuHeHHE» MOXKHO COBEPIIATH, OTTAIKHBASACH
au00 OT peareHToB, COMMXas WX JI0 HEKOTOPOTO PaCCTOSHUS
MO/l HEKOTOPBIM YTJIOM, JIUOO aHAJOTMYHO OT MPOJYKTOB PEAKIIHH.
3avactyto ctpyktypa [IC MokeT CuIbHO OTIMYaThCs OT Mpenoara-
€MOH, B pE3yJIbTaTe YEro yYKa3aHHBIX ITPUEMOB OKa3bIBAETCSI HENOCTA-
TOYHO U CUCTEMA «CBAJIMBACTCS» C CEJIOBOM TOUKHU. B Takux ciydasx
MOXET TOMOYb pacyeT reccuaHa (RUNTYP=HESSIAN B rpyimie

>Ecim reccMaH juisi oOBEKTa yXKE PACCUMTAH, €0 MOXHO IIPHBECTH
BO BxogHOM (haitie B rpymme SHESS, a nupekruBoit nmporpamme Firefly cunrars
3TH JaHHbIE U3 BXOMHOTO (Qaitna mocmykuT napamerp HESS=READ rpymnmst
$STATPT (rmoapoOHOCTH CM. B pyKOBOJICTBE T0JIb30BATES ).
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SCONTRL) il KaxJI0d MpoOHOW cTtapToBOW reomerpuu. [lpu stom
HEO0O0XO0AMMO JOOUTHCSI TaKOTO Habopa KojebdaTeNbHBIX MOJ, B KOTO-
POM JIMIIIb OJIHA U3 OTPULATEIBHBIX YaCTOT MO a0COJIFOTHOMN BETUYMHE
OyJleT 3HAUYUTENIbHO MPEBOCXOUTH OCTANIbHBIE OTPUIIATENIbHBIC, U Ta-
Kasi yacToTa OyJeT COOTBETCTBOBATh KOJIEOaHUIO aToMa (aTOMOB), OT-
BEUAIOILIETO NEPEXOY OT PEAr€HTOB K MPOAYKTaM.

[IpommmocTpupyeM ckazaHHoe Ha npumepe. [lycTs cTouT 3agaua
merogoM AMI1 Haiitn [IC W BBIUKMCINTH AKTUBALIMOHHBIA Oaphep
JUISl paIMKaJIbHOM peakuy OTphIBa aTOMa BOAOPOAA:

CH,=CH-CH,~CH; + HOO® — HOOH + CH,=CH-"CH-CHj,

Jli BBINIOJTHEHUS TaHHOW 3a7aud HEOOXOJHWMO BBINOJIHUTH CJie-
IYIOILINUE JECUCTBUS.

1. CocTaBuTh Z-MaTpulbl HCXOOHBIX PEAreHTOB W BBINOJHUTH
ONTUMM3ALUIO TeOMeTpUid. B cirydae OoJbIIMX CTPYKTYp, B KOTOPBIX
BO3MOKHBI KOH()OpPMAllMOHHBIE BpalleHUs, >KEJIaTeIbHO PACCUMUTATh
reCCUaH U yOeauThCsl B OTCYTCTBUA MHUMBIX 4yacToT. Huke npuseneH
BU/JI IOJTYYEHHBIX Z-MaTpHIl.

CH2=CH—CH2—CH3:

H

C 1 1.0976760

C 2 1.3312990 1 122.7362924

H 3 1.1028%967 2 120.9197372 1 180.0000000 O

H 2 1.0973536 3 122.2772730 4 0.0000000 O

C 3 1.4842073 2 123.4321888 1 0.0000000 O

H o 1.1242568 3 109.3442707 2 58.2939843 O

H o 1.1242568 3 109.3442707 2 -58.2939843 O

C o6 1.5082109 3 112.4365160 2 180.0000000 O

H 9 1.1167508 o6 110.7110920 3 ©60.0461127 O

H 9 1.1167508 o6 110.7110920 3 -60.0461127 O

H 9 1.1166697 © 110.1879045 3 180.0000000 O
HOO":

H

O 1 1.0099500
O 2 1.1764700 1 112.5075000

2. CoOpatpb MOJNy4Y€HHbIE Z-MaTpUllbl B OJIHYy TaKUM 0Opas3om,
yTOOBl MOJYUYHUTh mpeamnojaraemyo crpykrypy IIC. Caenats 31O
MOXHO JH0O0 BPYYHYIO B TEKCTOBOM peJaKTope, MO0 ¢ MCHOJIb30Ba-
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HHAEM BCIIOMOTaTelabHbIX MporpaMMm. C TIOMOIIBIO MPOTPAMMBI
wxMacMolPlt aTo ocy1iecTBIIETCS CIEAYIOMMUM 00pa3oM:

— OTKPBITh BBIXOAHOM (pailil 0JJHOTO U3 PEareHTOB, BBHIICIUTH BCE
ero atromsl, Haxath I1KM Ha 110001 M3 HUX ¥ B KOHTEKCTHOM MEHIO
BbIOpaTh NyHKT Prototype Selection, mocie 4yero BBeCTU B IMOSBUB-
Hieecsi OKHO UMs, MOJ] KOTOPbIM JJaHHAsl CTPYKTypa OyJleT cOXpaHeHa
B IEPEYEHb CTPYKTYP MOJIb30BATEIILCKOTO THUIA;

— B HOBOM 3K3eMIuisgipe mporpamMmmbl wxMacMolPlt oTKpbITH BbI-
XOJTHOM (haily1 BTOPOTO peareHTa, mepeTu K Bkiaake Prototypes okHa
«Builder Tools» (cMm. puc. 5), aktuBupoBath rpynmny User-defined,
BBIJICTIUTh B CIIUCKE CTPYKTYPY, COXPAaHEHHYIO HA MPEAbIAYIIEM IlIare,
u Haxath JIKM B rimaBHOM OkHE mporpaMmbl 4TOOBI TOOAaBUTH 3TY
CTPYKTYPY K UMEIOLLIEHCS;

— OTKOPPEKTUPOBATh O0BEAUHEHHYIO TEOMETPHIO TaK, YTOOBI OHA
COOTBETCTBOBAJIA MpeamnonaraecMon crpykrype 11C;

— CKOMIUPOBaTh M BCTaBUTh uepe3 Oydep oOMeHa MOTYyUYEHHYIO
TEOMETPUI0 BO  BXOAHOW  haii, BOCMOJIB30BABIIUCH OKHOM
«Coordinates» (IIyHKT MEHIO TJIAaBHOTO OKHA mporpaMmMbsl Subwindow
— Coordinates).

CTpyKTypa MOJIy4eHHOTO TaKuM crioco0om mpeamnoaraemoro [1C
MpeJICTaBJICHA HA pUC. 8.

# | C\_FIREFLYB\test\TS_CH2=CHCH2CH3---HOO_inp o [ G ]
File Edit View Builder Molecule Subwindow Help

k ™

View | Select Edit

Frame 1of 1

Puc. 8. Crpykrypa npennosnaraemoro [1C
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3. CocTtaBuTh BXOJHOM (hailn ajsl pacuera MoJIy4eHHON CTPYKTYpHI,
yKa3aB IapaMmeTpel RUNTYP=SADPOINT B rpymue SCONTRL
M HESS=CALC B rpynme $SSTATPT, U OCyIIECTBUTh pacdeT. CTpyKTypa
MOJTy4eHHOro B pesyiabrare pacuera [IC npencrasnena Ha puc. 9. Kak
BUJTHO W3 pHUCYHKa, cTpykrypa I[IC mocie ontuMu3anuy IOYTH
HE U3MEHUJIACh IO CPABHEHUIO CO CTAPTOBOU. BUIHO TakXKe, YTO reCCU-
aH COJEP>KUT TOJIBKO OJHY OTPUIATEIBHYIO YaCTOTY, KOTOPasi OTHOCHT-
cst k kojebanuto atomMa H (Ne 8) mexxmy C (Ne 6) u O (Ne 13). Oto mog-
TBEPKJIA€T, YTO HalIeHHAas CTpyKTypa sBisiercs [1C.

= | CAFIREFLY8\test\TS_CH2=CHCH2CH3---HOOout [~/ | @I Frequencies 5
Eile Edit View Builder Molecule Subwindow Help Edit View He

- 244
41.290001
37.540001
30.040001
9.220000
6.260000
24.559999
27.719999
51799999
95.400002
129.589996
139.289993
275.820007
342429993
410899994
504.920013
516.140015
577.539978
813.789978
934.590027
961869995
1017950012
1021969971
1082.000000 ‘
|

IR Intensity

1201.550049
1232.319946
1278880005 | I‘
1296.739990

1366.630005 00000
1381.550049
1388579956
1396.550049
Freq=2878.29i Frame 24 of 24 ] ny » 1436.290039

0.00
3955.6689+4

Frequency

Puc. 9. Ctpykrypa ontumuszupoBanHoro [1C u konedaTenbHbIe YaCTOTHI

Brruucianum Teneph BEIMYMHY aKTUBAIIMOHHOTO Oaphepa (AE), Ko-
TOPBIA TMPEO0JICBAIOT PEareHThl, MPEeBpallasCh B MPOIYKTH Yepe3
[1C. Boinuiem sHepruu pearentos u 11C:

E,=-22,8627 Xaptpu (CH,=CH-CH,—CH,);
E,=-23,9431 Xaprpu (HOO®);
Enc =-46,7647 Xaptpu.

Paccuutaem Oapbep kak pasnuily 3Hepruit [IC u ucxogueix pe-
arcHTOB:

AE = EHC — (E1 + Ez) = 0,0051 XaprI/I =
= 3,2 xkkan/moib = 13,4 xkJ[>x/MOJIb.

CrnenyeT y4uThIBaTh, YTO TOYHOCTH IOJIYYEHHOTO pe3yJbTaTa Co-
orBerctByeT 0,0001 Xaptpu, T. e. okojo 0,3 x/[>x/mMonb. /s 6osee BbI-
COKOM TOYHOCTH CIIeyeT OpaTh OOJIBIIIEE YHCIIO 3HAKOB ITOCIE 3aIISITON
B 3HAYCHMSX TTOJIHOM SHEPTrUH HETIOCPEICTBEHHO M3 BBIXOIHBIX (haiijIoB.
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3.7. Cnyck c ceds10801 MoOYKU
no éHympeHHel KoopouHame peakyuu

Nuorga npu noucke [1C TpedyeTcst nOATBEPAUTHh HE TOJIBKO (HaKT
TOr0, YTO HalieHHasa CTpyKTypa siBisiercsa umeHHo [IC, Ho u TO, 4TO
nanHoe [IC oTBeuaeT nmepexoy OT 3aJaHHBIX PEAreHTOB K 3aJaHHBIM
npoaykram. st aToro B mporpamme Firefly peanuzoBana Bo3MOX-
HOCTbh CITyCKa C CEJJIOBOM TOYKM MO BHYTPEHHEU KOOpPIHHATE PEaK-
uuu (IRC, Intrinsic Reaction Coordinate) B J0JMHBI peareHTOB U MPO-
JTyKTOB MPU HAUOBICTPEHIITUM CHUKEHUEM 3HEpruu. YToObl BOCTIOJb-
30BaThCS ATOM BO3MOKHOCTBIO, HEOOXOIUMO COOIIOCTH P YCIOBHM:

1. B xauecTBe CTapTOBOM T€OMETPHUU BO BXOIHOM (haiisie JOJDKHA
OBITH IPUBE/ICHA TeOMETpUs onTuMuzupoBanHoro [1C.

2. BxonHo# (aitn noypkeH BKIOYAThH rpynmny SHESS, coaepka-
Y10 pe3yJIbTaT pacyeTa T'eCCUaHa g ONTUMU3UPOBAHHOW r€OMET-
puu I1C. Takas rpynna pacnosioxkena B (paitine «PUNCH», bopmupy-
€MOM 10 OKOHYAHWH pACYEeTa reCCuaHa.

3. B rpynme $CONTRL mapamMeTrp RUNTYP JIOJKEH UMETh 3Haue-
HHEe IRC.

4. BxogHoii ¢aiin mowkeH comepkarb rpymmy $IRC, TunudaHbIN
BUJl KOTOPOH CJIEAYOIIWN:

SIRC SADDLE=.T. STRIDE=0.20 NPOINT=400 OPTTOL=1.0E-5
FORWRD=.T. S$END

[Tapamerp SADDLE=.T. O3HA4aeT, 4TO B Kaye€CTBE CTapTOBOM
r€OMETPUU BO BXOJHOM (paidjie MpUBEJEHA IeOMETPUsl ONITUMU3UPO-
BaHHOro IIC; STRIDE — mar pacCTOSIHUASI MEXKIYy TOYKaMH CITyCKa
(momOupaeTcs OMBITHBIM IyTEM JJII KOHKPETHOM 3agauu); NPOINT
OTPAHUYMBACT MPEACIBHOE YUCIO TOYEK CITYyCKa; mapameTp OPTTOL
0 CBOEMY JICVCTBUIO aHAJIOTHYEH OJHOMMEHHOMY IapameTpy rpyli-
bl SSTATPT M 3aJa€T KPUTEPU OKOHYAHHMS CIYCKa MO TPaJUEHTY;
FORWRD ompenensieT HampaBjieHue cnycka (.T. B OJHY CTOpPOHY,
.F. — B apyryto; noaOUpaeTcs OMBITHBIM IMYTE€M JJIsi KOHKPETHOMN
3amaun). Ilpu  ycmemHoOM  3aBEpIICEHUMH  pacdyeToB  (OJUH
npu FORWRD=.T., Ipyroi npu FORWRD=. F.) BbIXO/HbIE (aitibl Oy-
IyT COAEPHKAThb N'€OMETPUU, COOTBETCTBYIOIIME AOJIMHAM IPEApPEaK-
MOHHOTO M TMOCTPEAKIIMOHHOIO0 KOMIUIEKCOB. Buszyannsuposars pe-
3yJbTaThl pacueTa MOXHO B Iiporpamme wxMacMolPlt.
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4. IIpaKTUKyM 10 KBAaHTOBO-XMMHYECKHUM pacyeTaM

B naHHOM paznerne npencTaBlIeHbl OCHOBHBIE JJAOOPATOPHBIE pa-
OOThI, MOCBSILEHHbIE KBAaHTOBO-XMMHUYECKUM pacyeTam CTPYKTYpBHI,
CBOMCTB M PEAaKIMOHHON CIOCOOHOCTH MOJIEKYJ. B cuiy orpanuyen-
HOCTHU BBIYMCIIUTENIBHBIX MOIIHOCTEN, a TAKXKE BPEMEHHU, OTBOJAUMOTO
Ha BBINOJIHEHHUE, B OOJBIIEH YacTu padoT Mpeanonaraercs UCIoib30-
BaHME MOIY3MIIMPUUYECKUX METOAO0B pacueTa. OTaenbHble padoThl MOo-
CBSIIECHBI IPUMEHEHUIO HEAMIIMPUYECKUX METOOB.

4.1. JJTabopaTopHasa pa6ota 1
ModeaupoeaHue cmpykmypul
U pacuem 3Hep2uu pa3pbsvied cesasell
8 Op2aHUYeCcKux mMoJ/i1eKy/1ax

Llenv pabomul: OBNajieHUE HABBIKAMH MPOBEJICHUS KBAHTOBO-XU-
Mudeckux pacuetoB B makere Firefly, kBaHTOBO-XxMMHUYECKHI pacueT
TEIJIOBBIX A(DPEKTOB XMMUYECKUX PEAKIIMNA C yYaCTHEM OpPraHUYECKUX
MOJIEKYJI C HPUMEHEHUEM MOJIyAIMIUpUIECKUX MeTon0oB AM1 u PM3.

llopsiook evinonnenus pabomoi

3amanme 1. MoaenupoBaHue OpraHUYECKUX MOJIEKYJI B pa3ind-
HBIX KOH(popManusx.

1. CMomenupyiTe CTPYKTYpY 3aJaHHOM MOJIeKyJbl. Jlns 3toro
COCTaBbTE Z-MaTpHUIly MOJEKYJIbl B 33JaHHOM KOH(opmaruu; chop-
MUPYHTE BXOJHOM (hailsl Jyisi ONTUMHU3ALUN T€OMETPUM MOJIEKYJIbI 3a-
JAHHBIM METOJIOM; OCYIIECTBUTE€ KBAHTOBO-XMMHUYECKUH pacyeT
B nnporpamme Firefly.

2. Buzyanu3upyire TreoMETPUYECKYI0 CTPYKTYPY MOJEKYJIbI
C UCIIOJIb30BaHUEM TTporpamMbl wxMacMolPlt.

3. AHQJIOTUYHO CMOJENUPYUTEe Apyrue KoH(PopMauuu 3aJaHHOU
MoJIeKyJibl. Onpenenure TemioTel 00pa3oBaHusl KOHPoOpMaLUi U pa3-
HOCTh MEXIy 3TUMH BenumuuHamu. Crenaiite BbIBOA O HauOosee
yCTOMYHMBOU KOH(OpMAIIUH.

4. IlonrotoBbTe OTYET O pabOTE, KOTOPHIA TOJKEH COJACPKATh:
CoJIep)KMMOE BXOAHOTO (haitima myis MpoBeAcHUs pacuera, rpadude-
CKO€ M300paKEHHE CTPYKTYPhl PA3IUYHBIX KOH()OPMEPOB, TEILIOTHI
oOpa3oBaHusi KOHPOPMEPOB, BHIBO/I IO padoTe.

45



OrpaHu4YeHHBIN MeToA XapTpu — Doka.

3amanme 2. Pacuer sHepruu paspsiBa CBSI3€M B MOJIEKYJIAX.
1. CMmopenupyiTe CTPYKTYpy MCXOJHOW MOJIEKYJIbI, BU3YyaJU3H-
pyiiTe ee, onpeaenuTe TemIoTy 00pa30BaHMs.
2. Onpenenure, Kakue paaukaiibl (aTOMbl) 00pa3yroTCs MPU TO-
MOJINTUYECKOM pa3pblBE€ YKa3aHHOM CBSI3U B MoJeKyje. CMoaenupyi-
T€ CTPYKTYpbl JaHHBIX PAAUKaJIOB, BU3YAJIU3UPYITE UX, ONPEIECIHUTE
UX TEIIOoThl oOpa3zoBanus. Ilpu MoaeaMpoBaHUM HCMOJB3YWTE He-

3. Onpenenure HEPTUIO Pa3pbiBa CBSI3U MO PA3HOCTH TEIJIOT 00-
pa30BaHUA PAIUKAIIOB U UCXOAHOM MOJIEKYJbl. COMOCTaBbTE IHEPTUH
pas3pbiBa pa3IMYHBIX CBI3E€M W claenauTe BbIBOA. [loaroroBeTe OTUeT

o pabore.
Bapuaumul 3a0anuii onsa evinonnenus pabomot
Ne 3ananue 1 3aganue 2
| DTaH: 3aCJIOHEHHAs U 3aTOPMO- Otrnbenzon: csizu C—H
*KEeHHas KoHhopMaluu B rpynnax CH, u CH;

H-DyTaH: 3aCJIOHEHHAs U 3aTOP-

Tonyon: cBa3u C—H

(KPCCJI0» U KTBUCT»

2 | MmoxeHHasi KoH(popMaIu B rpynne CH; u n-nosno-
JKEHNU OE€H30JIbHOT'O KOJIbIIA
3 H-byTaH: 3acioHeHHas U yactud- | MI300yTaH: nepBuyHasi
HO 3acJIOHEHHast KOH(GOopMaIluu v TpetuyHas cBsi3u C—H
4 H-byTaH: 3aTOPMOKEHHAA [IponaH: mepBUYHas
U roni-KoH(opmaiuu u BTopuuHas cBsizu C—H
5 1,2-nuxIiopaTaH: 3acIIOHEHHAS Oran: cBa3u C—H u C—C
U 3aTOPMO’KEHHas1 KOH(OpMaluu
1,2-guxJiopaTaH: 3acIOHEHHAS byraHn: nepBu4Hasa u BTO-
6 | ¥ 4aCTUYHO 3aCJIOHEHHAas KOH(op- | puuHas cBsizu C—H
Maluu
1,2-nuxsopatan: 3aTopMokeHHas | [IponwiieH: ayumiiibHast
7 | u roui-koHpopMaIu Y BUHUJIbHAS (B TPYIINE
CH,) cBsizu C—H
2 [{ukmorekcad: KOH(GpOPMaIIUH byran:
«BAHHA» U «KPECIIO» cBs3u C1—C, u C,—C5
9 [{uxnorekcan: KoH(popMauu Cssizu C—H B meTaHe
«BaHHA» M «TBUCT» Y OTaHe
10 [{uknorekcan: KoH(popMauu Heonenran: csasu C—H

n C-C
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4.2. JJTabopaTopHas pa6oTa 2
Keanmoeo-xumuueckuil pacuem
c80licme op2aHuU4ecKux Mo/eKy.1

Llenv pabomobl: KBAHTOBO-XMMUYECKUI pacueT CBOWCTB U aHAJIN3
PEaKIMOHHON CIOCOOHOCTH OPTaHMYECKUX MOJEKYJ C MPUMEHEHHEM
nonysmnupuueckux merogoB AMI1 nu PM3, xumnueckas uHTeppera-
11 [TOJYYECHHBIX PE3YJIHTATOB.

llopsiook evinonnenus pabomol

1. CMomenupyiTe CTPYKTYpPY 3aJaHHOM MOJIEKYJIbI, BH3yaJu3H-
pyiite ee. OTOOpa3uTe HA N300PAKEHUHN MOJIEKYJIbl €€ OCHOBHBIE I'€0-
METPUUYECKHE MapaMeTphl (JUIMHBI CBA3EW, BAJICHTHBIE YTJIbI).

2. Onpenenure OUNOJIBHBIA MOMEHT MOJEKYJbl. Caenante Bbl-
BOJl O PACTBOPUMOCTH COEJUHEHUS B MOJISIPHBIX U HEMOJAPHBIX pac-
TBOPUTEIISIX.

3. BuzyanusupyiiTe rpaHUYHBIE  MOJIEKYJIApHbIE  OpOUTaIn
(I'MO). Omnpenenute aToOMHBIE OpOUTANMA, BHOCSIIUE HAUOOIBIITUN
Bknag B ' MO. Ilo 3naky sneprun HBMO onpenenure, kakuM# CBOM-
CTBaMH (DJIEKTPOPWIBHBIMU WM HYKJICOPUIBbHBIMU) MpEUMylIe-
CTBEHHO 00J1aJla€T JaHHAas MOJIEKYJIa.

4. Onpenenure Mecta 3JeKTpOUILHON U HYKICOPUILHON aTak
C TOYKHU 3PEHHUS 3apsI0BOr0 U OpOUTAIBLHOTO KOHTPOJIsi. COMOCTaBbTe
MOJTYYCHHBIE PE3YJbTAThl C U3BECTHBIMHU MPEACTABICHUSMU OpPTaHU-
yecko xumuu. CrenaiTe BBIBOJ, KaKOH KOHTPOJIb ITPeo0IagacT B 13-
BECTHBIX BAM PEAKLMIX JIEKTPOPUIBHOTO U HYKJICOPUIHHOTO 3ame-
IIEHHUSI UL JTAHHOTO COCTMHEHUS.

5. PaccunTaiTe )KEeCTKOCTh U MATKOCTh MOJIEKYJIb. CrenaiTe Bbl-
BOJI, KAKUM pPEareHToM (3KECTKUM WJIM MSTKHUM) SIBJIIETCSl JaHHAsl MO-
JEKyJIa.

6. [IpousBenuTe pacdyeT reccuaHa MOJIEKYJIbl. Buzyanusupyite
CHEKTP 4YacTOT KojeOaHui Mosekyiabl. CooTHECUTE Hanboyiee UHTEH-
CUBHBIC YaCTOTHI C TUIIAaMU KOJeOaHUW B MOJIEKyJie, MpU HEOOXOu-
MOCTH TIprOerasi K BU3yaJin3aluy JaHHbIX YacTOT.

Bapuaumul 3a0anuii 0ns evinonnenus pabomsol

1. n-HutpoxmopOeH3o.

2. m-MetokcudeHou.

3. n-AMUHOOEH30HasT KUCTTOTA.
4. BEeH30HUTPHUIL.
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5. n-HutpoMeTokcuOeH3011.
6. [Iupuaun.

7. 4-XnopnupuivH.

8. [Tuppou.

9. dypdypon.

10. Axposenn.

4.3. JJTabopaTopHas pa6oTta 3
CpaeHeHue moyHocmu pacdyema
ceolicme npocmetuwiux MoJAeKy/1
HeIMnupu4yecKumu memoadamu

Llenv pabomul: OBNaJIcHUE HABBIKAMU HEAIMIUPUYECKUX KBAHTO-
BO-XMMHMUYECKHUX PACUETOB, aHAJIU3 BIUSHUS METOJla pacyeTa u Oa3uc-
HOTO Ha0Opa Ha pe3yJIbTaThl pacyeTa CBOMCTB MPOCTEHIIINX MOJIEKYJI.

llopsook evinonnernus pabomoi

1. CmopenupyiTe CTPYKTYpPy 3aJaHHOW MOJIEKYJIbI, MPOU3BEIS
pEeABAPUTEIBHYIO ONTUMHU3AIMI0O TEOMETPUU MOTYIMIUPUUECKUMU
METOJIaMH.

2. OCylIeCTBUTE ONTUMHU3ZALMNIO TEOMETPUUA MOJIEKYJIbI C UCIIOJIb-
30BaHMEM Metoja Xaptpu — @Poka B 0Oazucax STO-3G, 3-21G,
6-31G, 6-31G*, 6-31+G(2d.,p), 6-311+G(3df,2p), meronamu B3LYP
u MP2 B 6asuce 6-31G*. Ilpu Hamuuuu B MOJIEKYJIE HECIApEHHBIX
AJIEKTPOHOB HUCIIOJBb3YUTE HEOTPAHUYEHHBIM METOT XapTpu — DoKa.

3. Onpenenute Mo pe3yiabTaraM pacuyeToOB JUIUHY CBSI3H, JTUIOJb-
HbIi MOMEHT MOJIEKYJIbI, OLIEHUTE MOTEHI[MAl HOHU3AIUU 10 TEOPEME
Kynmanca. CBenurte pe3yibTaThl B TAOIHILY, COIOCTABbTE C DKCIIEPH-
MEHTaJIbHBIMU JTaHHBIMH, CJEJIalTe BBIBOJ, KaKOW METOJI JIydllle BOC-
MPOU3BOAUT CBOMCTBA MOJICKYJIBI.

4. B oTaenbHbIE KOJOHKHU TAOIHIBI BHIMUIINATE MOJIHYIO SHEPTHUIO
MOJIEKYJIBI U BpeMs, 3aTpaueHHoe Ha pacuer. Kak u3meHsieTcs pac-
cUMTaHHas MeToAoM XapTtpu — Doka 3HEpPrus MOJEKYJbI C YCIOK-
HEeHHeM OasucHoro Habopa? Kak H3MEHSETCS SHEpPrus MOJICKYJIbI
IIpU pacyeTe pa3uyHbIMH METOJIaMU C HCMOJIb30BAHUEM OJHOTO Oa-
3ucHoro Habopa? Kak B 00ouX ciyyasx HU3MEHSETCS 3aTpPaTHOCTh
pacuetoB? Kakoil M3 HCIIOJB30BAHHBIX METOJIOB pacyeTra IOJHOU
SHEPIrUU Bbl CYUUTAECTE ONTUMAIIBHBIM U ITOYEMY ?
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5. Kakoi#t MeTos1 Xy»€ BCEro BOCIPOMU3BOJUT MOTEHIIMAT MOHN3A-
uuu coeauHeHusa? Kak 3TO CBSI3aHO C TEOPETHYECKHUMH OCHOBaMU
JTAaHHOTO MeToaa?

Bapuanmul 3a0anuii 015 6b1n0AHEHUS pabombl
Ne 1 | 2 13 ] 4] 5] 611787910
Monekyaa | HF | H,O | FCl | F,0 | HCI | CO | *NO | HBr | NH; | NO

2
d, A 092096 |1,63 141 (1,27 1,13 1,15]1,41 1,02 1,19
1P, >B 16,1 | 12,6 | 12,7 [ 13,1 | 12,7 14,0 9,26 | 11,7 | 10,2 | 9,78
u, D 1,82 | 1,850,881 0,30| 1,11 0,11 0,16 0,79 | 1,46 | 0,33

4.4. /JabopaTopHasa pa6ora 4
Keanmoeo-xumuuecKkuil pacuem
mepmMooduHamMu4ecKux oyHKYuii Mo/1€eKy/1bl

Llenv pabomwi: OBNaieHNE HABBIKAMH pacyeTa TePMOIUHAMUYC-
CKUX (PYHKIUA METOJaMH KBAaHTOBOM XMMHUU M TEOPETUUECKOTO pac-
4yeTa XMMUYECKUX PAaBHOBECUM, aHAU3 BJIMUSHUS METOJa HA TOYHOCTD
pacuera.

llopsiook evinonnenus pabomoi

3amanme 1. Pacuer TepMoguHamMuyeckux (QyHKIIUN TPOCTEHIITUX
MOJIEKYIIL.

1. CMomenupyiTe CTPYKTYypy 3adaHHOM MoJieKynbl. Ocyie-
CTBUTE ONTUMHU3AIMIO Treomerpuu metogamu AMI1, HF/6-31G*,
B3LYP/6-31+G(d,p).

2. OcylllecTBUTE pacueT recchuaHa TeMHu ke merojaamu. Pacuer
reccuana npousBoaure mist temneparyp 298 u 400-1000 K ¢ mrarom
100 K. Ilpu pacuere ncnonp3yuTe 3HA4YeHHs napamerpa SCLFAC:
0,954 (AM1), 0,899 (HF/6-31G*), 0,964 (B3LYP/6-31+G(d,p)).

3. BeinuiiyTe 3HaY€HUs TEMIIEpaTypHBIX IMOIMPaBOK K SHTAJIBIIUH,
3HAYEHUs DHTPOIUM U TEIIOEMKOCTH C, NpU KaXI0M TeMIleparype
B Tabnuiry. CoIocTaBbTe€ MOJYUYEHHBIC 3HAUEHHUS C DKCIEPUMEHTAIIb-
HBIMU pe3yJibTaTaMu U3 0a3bl JaHHBIX http://webbook.nist.gov. Cnenaii-
T€ BBIBOJI O MPUMEHUMOCTH HCHOJIb30BAHHBIX METOJOB JJIsI pacueTa
TEPMOAUHAMUYECKUX (PYHKITUA.
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3aganme 2. TeopeTHyecKud pacyeT KOHCTAHThI XHUMHUYECKOTO
paBHOBECHS.

1. OcymiecTBUTE MOAEIMPOBAHUE CTPYKTYP PEArcHTOB M MPOIYK-
TOB 3aJlaHHON peakiuu MetoaoM B3LYP/6-31+G(d,p) ¢ nocaeayrommm
pacyeToM reccuaHa npu 3aiaHHbIx Temneparypax (298, 500 u 100 K).

2. BeimummuTe s KaXKJI0TO COEAMHEHUs M3 BBIXOJHOrO (paitna
3HAQ4YEHUs TOJHON dSHEprum (FEy,), PHEPTUM HYJEBBIX KOJICOAHUM
(ZPE), o6mux cymMm 1o coctosiHusaM (Q).

3. Paccumraiite Bemmmunny AUy = AE. + AZPE, tie 3HakoM A
0003Hau€Ha Pa3HOCTh COOTBETCTBYIOIIUX BEIWYUH JIS MPOAYKTOB
PEaKIMU U UCXOAHBIX BEIIECTB C YYETOM CTEXHMOMETPUUECKUX KOA(D-
(UITMEHTOB.

4. PaccuurtaiiTe KOHCTaHTY PaBHOBECHS MPU PA3TUUHBIX TEMIIC-

parypax 110 COOTHOIICHHUIO:
AU,
K QCQD =C=D , RT

004
rae A u B — pearentst, C u D — npoiyKThl peakiiny, Majible JaTUHCKUE
OYKBBI — COOTBETCTBYIOIIIHE CTEXHOMETpHUUECKre KOA(hOUITMESHTHI.

5. ComnocTraBbTe pacCUMTAHHBIC 3HAYCHUS C IKCIIEPUMEHTAITBHBIMU
naHHbiMu. CrenmaiTe BBIBOJI O BO3MOXHOCTH NPHUMEHEHUSI HCMOJb30-
BaHHOI'O METO/A JIJISl TEOPETUUECKOTO pacueTa KOHCTAHThI PABHOBECHHL.

b

Bapuanmwi 3a0anuti o5 vinonnenus pabomol

3amanue 2

Ne | amamme 1 Peakius K03 Kos00 K100
1 CH,4 CO + Cl, = COCl, 7,3-10" 7,9-10" 0,11

2 CO, CO +H,0=CO0,+H, 1,1-10° 139 0,91
3 Cl, CO, + 4H, = CH, + 2H,0 8,4-10" 8,9-10 0,42
4 | HCHO 3H, + N, = 2NH; 6,8:10° 0,11 2,9:10°°
5 0, 2NO + 0, =2NO, 1,6-10" 1,4-10° 0,20
6 HBr CO + 3H, = CH4 + H,0 8,9-10* 1,2-10" 0,38

7 E, 4HCl + O, = 2H,0 + 2Cl, 2,3-10" 1,6-10° 0,19

8 NH; H, + Cl, = 2HCI 2,5-10% 2,0-10°  [4,8-10"
9 COCl, N, + 0, =2NO 4,1-10°" | 2.6.10" |7,7.107
10 HCN 2CI° = Cl, 8,8-10% 4,9-10° | 6,7-10°
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4.5. /JTabopaTopHasa pa6oTa 5
ModeaupoeaHue nepexodH020 COCMOSHUSA
XuMu4eckoll peakyuu

Llenv pabomwi: OBNaieHNE HABBIKAMU MOJCIMPOBAHUS MEPEXO/I-
HBIX COCTOSIHUM XMMHYECKUX PEAKLIHM, pacueTa SHEPTrUM aKTUBALINU U
aHaIM3a PEAKIMOHHON CIIOCOOHOCTH C HMCIOJIb30BAHUEM IOJTY3MIIU-
puueckux mMetoioB AM1 u PM3.

Ilopsoox evinonnenus pabomol

1. CmoaenupyiTe CTPYKTYphl PEAr€HTOB C UCIIOJIB30BAHUEM TPHU-
ommxkenus UHF.

2. C wucnonb3oBanueMm mporpamMmmbl wxMacMolPlt cocTtaBbTe
HauvajgbHOe npuonmxenue s [1C peakuu. [1pu 3aganuu reomeTpun
BOJIM3U PEAKIMOHHOTO IIEHTpa HCMOJb3yHTE PEKOMEHIAIUU, H3JI0-
YKEHHBIE B paszuene 3.6.

3. 3ajaiiTe HeOOXOAMMBIE KIIFOUEBBIE CJIOBAa BO BXOJHOM (haiine
171 orcka I1C u ocyniecTBuTe pacyer.

4. Buzyam3upyuTe moJiyduBIIyIOCS CTPYKTYypy. Mcnonb3ys reo-
METPUYECKUE MAPAMETPhI Y PEAKIIMOHHOTO I[EHTPa, OLICHUTE, MOXKET
JI TAHHASI CTPYKTYPa SBIATHCS MEPEXOIHBIM COCTOSIHUEM JIAHHOU pe-
akuu. Ecium HET — BO3BpaTUTECh K LIAry 2, BHECUTE W3MEHEHUS
B CTPYKTYpPY HauaJIbHOTO MIPUOIMAKEHUS U TTIOBTOPUTE pacyer.

5. OcyuiecTBATE pacyeT reccuaHa JJisi HAWJACHHOW CTPYKTYPbI
MPEAIONAraeMOro MepexXoqHOro COCTOSHUSA. OnpeaeanuTe 4YacTOThI
KoJeOaHui g HaWJaeHHOM CTpyKTyphl. IlepexomHoe cocTtosHUe
JOKHO UMETh OJIHY MHUMYIO (OTPUIIATENIbHYI0) YaCTOTY KOJICOaHUM.
Busyanuszupyiite koje0aHHs, COOTBETCTBYIOIIUE JaHHOM YacTOTeE,
MIPOBEPHTE UX COOTBETCTBUE ABMKEHUIO BIOJIb KOOPJIUHATHI PEAKIINH.

6. Onpenenure, Kakue CBSI3U pPa3pblBAlOTCS W 00pa3yroTcs
IIPU MIPOTEKAHWHU PEAKIINH, KaK MPU 3TOM MEHSFOTCS BaJECHTHBIC YTJIbI.
Kakue 3HaueHUsT UMEIOT JIJIMHBI JAHHBIX CBS3€H M BaJICHTHBIC YTJIbI
B MepeX0JHOM cocTosiHuu? OToOpasuTe 3TH MapameTphbl Ha BU3yaslu-
3UPOBAHHOW CTPYKTYPE MEPEXOTHOTO COCTOSTHUS.

7. OCcyliecTBUTE COYCK IO KOOPAWHATE pPEaKIMh OT CEIJIOBOMU
TOYKW B 30HY pPEareHTOB W MPOAYKTOB. YOEIUTECh, UTO HaWJIEHHOE
MEPEXOAHOE COCTOSTHUE OTBEYAET UMEHHO JaHHOM PEaKIUU.
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8. PaccumTaiiTe 2HEpPrui0 aKTUBAIUM KaK Pa3HOCTh TEILIOT 00pa-
30BaHUS MEPEXOJIHOTO COCTOSIHUS M PEAr€HTOB, & TAKXKE SHTAJBIIHIO
pEeaKIu M0 Pa3HOCTH TEIIOT 00pa30BaHUsI MPOIYKTOB U PEAareHTOB.

9. Bapuantsl 1-5 u 6-10 npenctaBisitoT co00il 1B€ peakIIMOHHBIC
cepun. Mcnonp3ys pe3ynbTaThl, MOJYYECHHBIE IS JPYTUX PEAKIUU,
OTnpeNieNuTe: a) COONIOAACTCS JIM B PEAKIIMOHHOW CEPUM MPUHIIMI JIU-
HEWHOCTH CBOOOJIHBIX JHEPruil; 0) HAOMIOJAIOTCA JIM KOJIMYECTBEH-
HBIC KOPPEIALMN MEXAY JIOrapudMOM KOHCTAHTHI CKOPOCTH U pac-
YETHOW PHEPrUeH aKTUBALUM WJIA SHTAIBIIMENA PEAKIIUHU.

Bapuaumul 3a0anuii 0nsa evinonnenus pabomsoi

kM ¢!

No Peakmus (30 °C)
1 tBOO" + CH,=C(CH;)CN — tBOOCH,C"(CH;)CN 0,01

) tBOO® + CH,=C(CH;)COOCH; —» 0.094

s tBOOCH,C"(CH;)COOCH,; :

3 | tBOO®+ CH,=CHCOOC,H; — tBOOCH,C*'HCOOC,Hj; 0,013

4 tBOO* + CH,=CHC¢Hs — tBOOCH,C*"HC¢H; 1,3

5 tBOO® + CH,=C(CH3)C¢Hs5 — tBOOCH,C*(CH3)C4Hj5 2,9

6 tBOO* + C4HsCH; — tBOOH + C¢HsC H, 0,010

7 tBOO* + C4HsCH,CH;3; — tBOOH + C,Hs;C*"HCHj, 0,10

8 tBOO® + C¢HsCH(CH3), — tBOOH + C4HsC*(CHs), 0,22

9 tBOO"® + n-NO,C4Hs;CH; — tBOOH + n-NO,C¢HsC H, 0,0050
10 tBOO" + n-CH3;C4¢HsCH; — tBOOH + n-CH;C4HsC H, 0,019

IIpumeuanue: tBOO® — Tper-OyTUII-TIEPOKCUIHBIA paguKal
(CH;);COO°.
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