MunuctepcTBO 00pa3zoBanus U Hayku Poccuiickoit @enepaiuu
Spocnasckuii rocynapctBeHHbid yHuBepcutet uM. 1. I'. Jlemumosa
Kadenpa ob6mieit u puzndeckont XuMuu

. B. Tuxonos
A. B. Cupuk
A. M. I'po0oB

OCHOBbI

KBAHTOBO-XUMHWYECKHUX PACUETOB

YueOHO-METOANYECKOE TOCOOUE

SpocnaBnb
Apl'y
2017



VJIK 544.18(072)
BBK I'511.2473
T46

Pexomenoosano
Peoaxyuonno-uzoamenbckum cogemom ynugepcumema
8 kauecmee yuebroco uzdanus. Ilnan 2017 200a

Penenzent

kadeapa obmieit u puzndeckort xumuu Apl'Y um. I1. I'. lemunosa

T46

Tuxonos, UBan Bukroposuy.

OCHOBBI KBaHTOBO-XMMHUYECKUX PACUYETOB . y4eOHO-METO-
JINUECKOE rnmocooue [ 1. B. TuxoHoB, A. B. Cupuxk,
A.M.I'po6oB; Spocn. roc. yu-T wum. Il I'. Jemunosa.
— Spocnasins : Apl'Y, 2017. — 56 c.

[Tocobue ComepXUT TEOPETUUECKHE TOJIOKECHHS, HE0O0-
XOJIUMBIC TSI TIPOBEJICHUSI M aHajii3a pe3yJIbTaTOB KBAaHTO-
BO-XMMHUYECKHX pacyeToB. [IpencraBieHbl METOIUYECKHE
pPEKOMEHAITNHU 110 OCYIICCTBICHHUIO PACUeTOB B MPOTpamMMe
Firefly, uaTepnperanun u BH3yanmu3amuu uX pe3yibTaTOB.
[IpuBenensl nabopaTopHbIe paOOTHI MO OCHOBHBIM 3ajadam
KBAaHTOBO-XMMHUYECKUX PACUYETOB, IMEPEUEHb WHIWBUIYaJIb-
HBIX 3a/JIaHUM JJIA BBIOJHEHUS JAHHBIX palOOoT, CIHCOK pe-
KOMEHIYEMOM JIUTEPATYPHI.

[IpennazHaveHo ISl CTYIEHTOB, U3YYaAIOUTUX JUCITUILIH-
Hbl «OCHOBBI KBAaHTOBOW MEXaHWUKH W KBAaHTOBOW XHUMHH,
«KoMIpIOTEpHOE MOJETUPOBAHUE TEPMOJUHAMUKUA W KUHE-
TUKH TIPOIIECCOB B JKMUBBIX CHUCTeMax», «KommbioTepHOe MO-
JETUPOBAHNE XUMHUICCKUX U OMOXUMHYECKUX TTPOIIECCOB.
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1. TeopeTH4ecKve OCHOBBI KBAHTOBOW XMMUH

1.1. Memoodwvl Xapmpu — Poka u PymaaHa

Keanmosas xumus — 3TO HayKa, HCHOJIB3YIOIIAsl 3aKOHbBI KBAaH-
TOBOM MEXaHUKHU JIsi OOBSICHEHUS CBOMCTB MOJEKYJSPHBIX CUCTEM.
OCHOBHBIM PacyeTHBIM METOJIOM KBAHTOBOW XUMHUHU SIBJIIETCS Memoo
Xapmpu — ®@oka. OH OCHOBaH Ha UCIOJIB30BAHUM aqUa0aTUUYECKOTO
(paccMoTpeHHEe IBMXKCHHS DJICKTPOHOB BOKPYI TMOKOSIIUXCS SIIEp)
Y OJTHORJICKTPOHHOTO (paccCMOTpEHUE ABMKCHUS Ka)JIOTO SJICKTPOHA
B TI0JIC, CO37aBacMOM JAPYTUMH 3JICKTPOHAMHU) MPUOJIMKEHUHN B coue-
TaHUU C MPEJCTABICHUEM BOJHOBOM (PYHKIHUHM MHOTO3JIEKTPOHHOMN
cucTteMmbl B Bujie aAetepmuHanTa Ciadrepa. KaHoHMueckue ypaBHEHUS
Xaptpu — Poka UMEIOT BU/L:

rae — ONEepaTopbl KYJOHOBCKOTO B3aWMO-

JICHUCTBUA,

— oneparopbl 0OMEHHOI'O B3au-

MOJEUCTBUSIL.

N HHM3MIUX 3HAaYeHHU € B ypaBHEeHUsX XapTpu — Doka npen-
CTaBJISIIOT coOOM opOUTalIbHBIE PHEPrUu. B coOTBETCTBUU € meope-
moti Kynmanca € MOXHO MPUPABHATH (C MPOTHUBOIOI0KHBIM 3HAKOM)
K BEPTHKAJIBPHOMY TOTCHIIMAy WMOHM3AIWu I-ii opOoutaimm, IP; = —¢;.
[TockonbKy onepatopsl KyJOHOBCKOIO U OOMEHHOT'O B3aUMOJIEHCTBUS
3aBUCST OT CIUH-OpOUTaNeH j, ypaBHeHUsI XapTpu — Doka penaror
C IIOMOIIBIO UTEPAMOHHON MPOUEAYPHI C UCIOJB30BAHHUEM HaYallb-
HOTO MPUOJIMKEHUS JIJIsl CIIMH-OpOUTanei (pi(o). [Ipu cxoxneHuu ure-
PAllMOHHOUW MPOLIEAYPHI TOBOPAT O TOM, YTO MOJIE, CO31aBAEMOE JIEK-
TPOHAMH, U OpOUTAIBHBIE pACIIPEACICHUS ITUX AJIEKTPOHOB COIJIaco-
BaHbl. [ToaTomMy MeTon XapTpu — Doka 4acTO Ha3bIBAIOT MeEmoOoM
camocoenacosanrnozo nos (self-consistent field, SCF).



Meron Xaptpu — Poka MMeeT CylUIeCTBEHHbIN HEAOCTATOK: I10-
CKOJIbKY JBHKEHHE JICKTPOHOB B MOJICKYJIe B3aMMHO KOppEIUPOBaH-
HO, SHEPIusl OTTAJKUBAHUS 3JIEKTPOHOB B paMKax OJJHOAJICKTPOHHOTO
PUOJIMKCHHUST OKa3bIBACTCS 3aBBIICHHOW. Bo3HMKaromas mpu 3TOM
MOT'PEITHOCTh HA3BIBACTCS KOPPENIUUOHHOU dHepaueli, a caM d(PheKT
— 91eKMPOHHOU KOppendyuel.

B ypaBuenus Xaptpu — @Doka BXOJAT COUH-OPOUTATU ;.
[Ipy 5TOM BO3MOXHBI pa3IMYHBIE CIIOCOOBI MOCTPOCHUS CIUH-OP-
ouTanei u3 opoutaneil. B ciydae 3akpbITON 3JIEKTPOHHOU 000J10U-
KM B ocpanuuennom memooe Xapmpu — Doxa (restricted Hartree —
Fock, RHF) u3 kaxxmoii opOuTany moJIy4aroTcs IBE CIIMH-OpOUTAIIH,
npu 3toM it N-asiekTporHOM cucteMmbl Tpedyercst N/2 opoutaneii.
B neoepanuuennom memooe Xapmpu — @oxa (unrestricted Hartree
— Fock, UHF) xaxnas cnimH-0opOHUTalb CTPOUTCS M3 CBOCH opOuMTa-
7Y, JAaHHBIA METOJ MCIOJB3YETCS IJIi CUCTEM C OTKPBITOM dJIeK-
TPpOHHOM 000J0ukoit. Ocpanuuennviti memoo Xapmpu — Doka 0ns
omxpuimulx  obonouex (restricted open-shell Hartree — Fock,
ROHF) npeacraBinsgeTr coboit komOunaruio RHF u UHF: Bce snek-
TPOHBI CUMTAIOTCS CIIAPEHHBIMH, 32 UCKIIOUEHUEM OJHOTO JJIEKTPO-
Ha JUISI paJvKaaoB WU JBYX JICKTPOHOB JJIsi TPUIIJIETHBIX WJIM CUH-
TJIETHBIX BO30YXJAEHHBIX COCTOSTHUM.

YroObl pemuTs MOJICKYJIsipHOE ypaBHeHue IlIpenunrepa B pamkax
MeTosia XapTpu — Doka, He0OXOIUMO OTPEACIIUTEH BUJ MOJICKYJISIPHOM
BOJTHOBOW (PYHKITMH B 3JIEKTpOHHOM ypaBHeHuH llIpeaunrepa. B memo-
0e MONeKYNIAPHbIX opoumanell TOJHAs BOJHOBAas (YHKIUSI MOJEKYJIbI
CTPOUTCSL M3 BOJHOBBIX (GYHKIMEH (monexyasipuvix opoumanei, MO),
OIUCHIBAIOLIUX TMOBEACHUE OTIIEIBHBIX AJICKTPOHOB B I0JIE, CO3/IaBae-
MOM OCTaJIbHBIMH JJICKTPOHAMH W BCEMH aTOMHBIMHU siyipamu. Hanbosee
MPUMEHSIEMbIM METOJIOM NocTpoeHust MO siBIisieTCsl MpUOIMKEHUE MOo-
JIEKYJIPHOL opoumanu 6 uoe JTUHEUHOU KOMOUHAYUU AMOMHBIX OpOU-
maneti (MO JIKAQO) aToMOB, COCTABIISIONINX MOJICKYITY

M
¢ = Zcuixu ’
p=1

rae @ — MO, y — aTomuble opoutanu (AO).
[Tpubnumxenune JIKAO st moucka Buaa MO BefeT B paMkax me-
tona Xaptpu — Doka k ypaBHeHUsM Pyraana, KOTOpbIE Jexar B OC-



HOBC ITOYTHU BCCX COBPCMCHHLIX HCOMIIMPUYCCKHUX W ITOJTYSMIIMPHUYC-
CKHX MCTOJOB pacucCTa CJIO0KHbIX MOJICKYJISIPHBIX CUCTCM.

M
Z(Fuv _8iSuv)Cvi =0 (u=1,2, ..., M),

v=1
rae F,, — maTpuunslii snement oneparopa Poka. B npubimxkenuu
RHF:

M M 1

Fv=H,+ ZZ P |:<MV|7uG> —E<M?L|VG>:| :
A=lo=1

B srom ypaBHeHuu: H,, — OIHODIEKTPOHHBIE HUHTETpaibl, <UV|AG>

1 <UA|VG> — JBYXDJICKTPOHHBIC KYJOHOBCKHE U OOMCHHBIC MHTEIPa-

761, Py — MaTpuiia mopsiikoB CBsI3EH.

VYpaBHeHuss PyTtaaHa SBISIOTCS HEJIWHEWHBIMU OJHOPOJHBIMHU
YPaBHEHUSIMU OTHOCUTEIBHO HEU3BECTHBIX BEJIMYHUH C,j, PEIIAIOT UX
C IOMONIBIO OPOLIEAYPHl caMocoriacoBanus. Cpenu OJHO3JIEKTPOH-
HBIX MHTETPAJIOB €CTh OJHO- W JBYXIIEHTPOBBIC MHTErpajbl, a CPEIU
JIBYXAJIEKTPOHHBIX MHTErPAIIOB — €III€ TPEX- U YETHIPEXLEHTPOBBIE
uHTerpangbl. OCHOBHYIO MACCy CPEIH MOJIEKYJISIPHBIX UHTErPaioB CO-
CTaBJISIIOT YETBIPEXIIEHTPOBbIC UHTErPAJIbI, TIOATOMY 3aTPATHOCThH MeE-
toga Xaptpu — ®Doka — Pyraana Bo3pacraeT MpONOPUHOHATIBHO
4eTBEpTOil CTeIICHH YHciIa 6a3ucHbIX GyHKIuit (~ NY).

1.2. Ba3ucHble HA60pbI AMOMHbIX OpGuma.eti

s meroma MO JIKAO Pyraana He0OX0auMO UMETh Oa3MCHBIN
Habop aTomHbIX opOutanei. [Tockonbky AO moiy4aroTcst U3 pacue-
TOB aTOMOB 0 MeTOy XapTpu — Doka B TaOJIMYHOM BHUIE, UX all-
MPOKCUMUPYIOT aHATUTHYECKUMH GyHKIUAMU. Opoumanu Crnomepa
— 3enepa (Slater-type orbitals, STO) xopoIio onuceIBalOT paauaib-
Hy10 3aBUCUMOCTh AQ, 0JJHAKO HE MO3BOJISAIOT aHATUTUYECKU BBHIYHUC-
JUTh TPEX- M YETHIPEXILIEHTPOBbIE HMHTETPasbl, MOATOMY B pacuerax
NPaKTUYECKH HE MNpUMEHSTCS. Opbumanu 2aycco8oeo muna
(Gaussian type orbitals, GTO) nummeHBl yka3aHHOIO HEIOCTaTKa,
HO MPU ATOM 3HAYUTEIBHO XYX€ OINKCHIBAIOT PagualbHYI 3aBUCH-
Mocth AQO. [Ina xopouero onucanuss AO HYKHO HECKOJBKO raycco-
BbIX (DYHKIWI (, HA3BIBAEMBIX HPUMUMUBAMU. ) :de dy, T1e Ko-

k
s uruenTs! dy 3apaHee MOAOMPAIOTCs, YTOOBI HAMIYUIIHM 00pa3oM



ornuckiBath AO (TaHHYIO TIPOLIEYPY HA3bIBAIOT KOHTPAKTAIIUEH MpH-
MUTHUB). Vcrioyib30BaHUE Pa3IMYHBIX BAPUAHTOB KOHTPAKTAIUH TayC-
COBBIX MPUMHTHB MPUBEIIO K MOSIBICHUIO OOJBIIIOTO YNCIA OA3UCHBIX
Habopos (baszucos), moaenupyronux AO.

B munumanvuvix 6azucnvix nabopax STO-KG ocymecTBasercs
IpeJICTaBICHHE aTOMHBIX opOuTanedi cidrepoBckoro Tuma (STO)
B BuJie komOmHanmu K rayccoBbix ¢pynknuii (K = 3 + 6). MuaNMaITh-
HBIM 0a3uCHBI HAOOp PKOHOMHUYEH C TOYKHM 3PEHHS 3aTpaT MallluH-
HBIX PECYpPCOB, OJHAKO o00JaJaeT TaKUMHU HEJIOCTAaTKaMH, Kak
1) sxkecTKOCTh 0a3MCHOIO0 HabOpa, €ro HECIOCOOHOCTh IMOICTPAMBATh
CBOM pa3Mep B 3aBHCHMOCTH OT OKPY)KEHHUS aroMma, 2) MPaKTHUYCCKH
chepuyeckoe pacmpejesieHue 3apsiga. B Hacrosinee BpeMss MHHU-
MajbHbIE 0a3MCHBIC HA0OPHI B KBAHTOBO-XMMHUYECKUX pacueTax MpaK-
TUYECKHU HE UCTIOJIB3YIOTCS.

B sanenmuo-pacwennennvix 6azucnvix nabopax M-NPG xaxnas
BajieHTHass AQO TmpeacTaBiseTcs B BUAE IBYX (DYHKIMHA OJMHAKOBOM
CUMMETPHUH, OJTHA U3 KOTOPBIX SBIISIETCS OOJiee CXKaToM, a Japyras —
pasmbiToi. Takoe mpencrtaBienne AQO oOecrieurBaeT OOJBIIYIO THO-
KOCTh 0a3ucHOro Habopa B 3aBHCHMOCTH OT XHUMHYECKOTO OKPYKEHUS
aTOMOB, Ha KOTOPBIX JIOKAIN30BaHbl JaHHble AQ. DNEKTPOHBI BHYTPEH-
Hel 000JIOUKH HE YYacTBYIOT B 0Opa30BaHUU XWMHUUYECKOM CBS3H, IIO-
aToMy AO 3THX DJIGKTPOHOB HE TPEOYIOT pa3ziefieHus] Ha JBE KOMIIO-
HeHThl. [IpuMepamu HaOOpoOB Takoro Tuma SBIAIOTCS Oasuckl 3-21G
u 6-31G. Tlocnmemnuit B HacTofIlee BpeMsl SBISETCS MPOCTCUIIINM
U3 peaTbHO MPUMEHSIEMbIX 0a3MCHBIX HA0OPOB B KBAHTOBO-XMUMHUYECKUX
pacuerax. B manHom HabOope kaxnas AO BHYTpeHHEH 00O0JIOUKH OMH-
CBHIBAETCsl IECThIO TayCCOBHIMH TMPUMUTHBAMHM, a KaKJas BaJICHTHAs
AO mpencTaBisieTcsl B BUJIE CXKATOM M Pa3MBITOM YacTel (TpU M OfHA
NPUMHUTHBBI COOTBETCTBEHHO). BO3MOYKHO TpE/CTAaBICHUE BaJICHTHBIX
AO B Buze Tpex pyHKIM, HapuMep B 0azucHoM Habope 6-311G.

JJ11 BOBMOKHOCTH y4eTa CMEIICHHS IIEHTpa pacipe/IelCHUs K-
TPOHHOM IUIOTHOCTH C siapa (monsipusarust AQO) B Oa3uCHBIM HaOOp
BKITFOYAIOT nosApu3ayuoHuvle (yHKIMH O0Jee BBICOKOTO IMOOOYHOTO
KBaHTOBOro urcina: d- u f-Tuma uis TsHKeNbIX aTOMOB M P-THIIA IS BO-
nopona. BBeneHue mosnsipu3aiiioHHbIX GyHKIUH d-Tra o0o3HavaeTcs
3HAKOM «*» wiu OykBoi (d), mpu 3TOM BO3MOXKHO J00aBliCHHWE He-
CKOJIbKMX HabopoB d-hyHKimi K BaseHTHOH AQO. AHaJIOIMYHO MOYKHO
N00aBJIATH MOJSPU3AIIMOHHBIE HA00PHI P-Tuna K AO BOJOPOJHBIX aTo-



MOB, OHM 00O3HAYarOTCs JIMOO BTOPBIM 3HAKOM «*», MO0 OykBOH ().
[TpumepaMy TONSPU3AIMOHHBIX 0a3ucoB ABIAAIOTCS 6-31G*, 6-31G**,
6-31G(2d,p), 6-311G(3df,2p). HaumeHee 3aTpaTHBIM M YacTO UCIOJIb3Y-
eMbIM B pacyeTax siBisieTcst 6aszuc 6-31G™*. Mcnons3oBanue nosspusa-
IIMOHHBIX 0a3UCHBIX HAOOPOB IMO3BOJISET KOPPEKTHO OMHUCHIBATH DHEP-
TeTUYECKUE U TEOMETPUUECKUE XapaKTEPUCTUKN OPraHUYECKUX COEIu-
HEHUH, B TOM YHCJIE C TeTePOATOMaMH.

Jlyist pacyeTa COEMHEHUM, B KOTOPBIX AJIEKTPOHBI MOTYT 3HAYH-
TEJIBLHO OTAAJATHCS OT SApa, HAPUMEP aHUOHOB, B 0a3UCHBIN HaOOp
BKJIIOUAIOT Oughhysuvie ¢hynkyuu S- v P-tuna ¢ OOJBIIUM Pa3MEPOM.
Bxtouenune nuddy3asix QyHKui B 6a3uc 0003Ha4YaeTCsi CUMBOJIOM
«+», Hampumep, 6-31+G. Ilpu omucaHuM CHUCTEM, B KOTOPBIX BO3-
MOXHO 00pa3zoBaHuE TUAPUA-UOHA H™ WM 3HAYUTETbHOM H30BITOY-
HOM 2JICKTPOHHOM IUIOTHOCTH HA aToOMax BOAOPOJAA, K BOJOPOIHBIM
AO no6Ganstor nuddysasie GyHknuu S-tuma. OHU 0003HAYAIOTCS
BTOpPBIM IUIIOCOM, Hampumep 6-31++G. JloGaBnenune mudQy3HbIx
GyHKIUI CUJIBHO BJIMSIET Ha pacyeTHBbIC 3HAYECHHS CPOJACTBA K DJICK-
TPOHY M Oapbhepbl HHBEPCUH.

['nOkue Oa3zucHbIe HAOOPHI, XOPOIIO BOCHPOU3BOJANIUE OOIb-
IIMHCTBO CBOWCTB XMMHUYECKHX CHUCTEM, MOJy4aroT, J0OaByss K Ba-
JICHTHO-PACILIECTUICHHBIM 0a3UCHBIM Ha0OpaM OJIHOBPEMEHHO MOJISpH-
3armoHHbIe U Tuddy3nbie GyHkuuu. [Ipumepamu Takux 0a3UCOB sB-
nmsrotest 3-21+G*, 6-31+G(d,p), 6-311++G(3df,2p). Ycnoxuenune Oa-
3UCHBIX HAOOPOB yJIydlllaeT pe3yJibTaThl KBAHTOBO-XMMHUYECKUX pac-
YETOB, HO TPEOYET OOJIBIIIOTO KOJIMYECTBA BPEMEHU U KOMIIBIOTEPHBIX
pecypcoB. OCHOBHOM 3aaueld mpu BbIOOpe Oa3MCHOrO0 Habopa SIBIIA-
€TCSl HaXOXICHUE YJAYHOTO KOMITPOMHCCA MEXY pa3MepoMm Oasuca
U YPOBHEM pPE3yJIbTaTOB pacuera, MO3BOJISIONIETO MOMydaTh ajeKBat-
HOE OIMKMCAaHUE CBOMCTB MOJIEKYJIbI IIPU pa3yMHBIX 3aTpaTax PECypCoB.

1.3. I1eKmpoHHASA KoppeAssYus U Memodadsl ee yyema

Jls1 OOJIBIIMHCTBA XUMHUYECKUX coeauHeHuit metoq MO JIKAO
XOPOIIIO BOCIPOU3BOAUT CTPOCHHUE MOJEKYJ, AUIOIBHBIA MOMEHT,
KoJjieOaTenbHbIE CIEKTPHl M APYTHE CBOMCTBA, HO MPUHIIMITHAILHO
HE BOCIIPOM3BOJIUT TMOJIHYIO JHEpruto cucteMbl. [lociemoBaTenbHOE
ycaokHEeHHE 0a3uCHOro Habopa BILUIOTH 0 O€CKOHEYHOTO TO3BOJISIET
MOHU3HUTH PACUETHYIO TIOJIHYIO SHEPIHIO0 CUCTEMBI JI0 TaK Ha3bIBa€MO-
To Xapmpu-poxosckozo npeodeia, KOTOPLI TEM HE MEHEE CYyIIIECTBEH-



HO BBILIE TOYHOW DHEPru™ cUCTEeMbl. [IpUYMHON 3TOrO SBIISIETCS WI-
HOPUPOBAHHE JIEKTPOHHON KOPPEIALMU B paAMKaX OJHO3JIEKTPOHHO-
ro npuonamxenus. [ ee yueta HE0OX0IUMO HCITOIL30BaTh MOAUDH-
IMPOBAHHYIO BOJIHOBYIO (DYHKIMIO, COCTOSIIYIO M3 HECKOJIbKUX JIe-
TepMuHaHTOB CidTepa:

‘P:ao‘{’o+2ai‘Pi,
i

rae 89 00brgHO 01M3KO0 K eauHuie, Wy — BomHOBas QyHKIHS XapTpH
— ®oka, ¥; — HabOp CIPTEPOBCKUX OMpeAeIuTEeIeH, OTBEUAIOITUX
BO30YXJICHHBIM COCTOSIHUSIM M BXOJISIIMX B BOJIHOBYIO (DYHKITUIO MO-
JICKYJIBI C BKJIAJIOM @

CyIIecTBYIOT TpU OCHOBHBIX METOJa y4ueTa 3JIEKTPOHHON KOoppe-
asuu. B memooe kongpueypayuonnozo ezaumooeticmsus (configura-
tion interaction, Cl) renepupytorcs aeTrepMuHaHThl CldTepa pas3iimd-
HOW crerneHu Bo30yx)aAcHHus (kKoHpurypauu). C MOoMOIIBIO BapHally-
OHHOT'O TIPUHIIMAIIA PACCUUTHIBAIOT KO3 GUIMEHTHI NpH KoHHTYpa-
IIUAX, TIOCJIC YEro OMPEACIISIOT MOJHYI0 SHEPTHI0O OCHOBHOTO COCTOSI-
HUA. YYET SJEKTPOHHON KOPPEISIMH BO3MOKEH MPU PACCMOTPEHUHU
KaK MHUHUMYM JBYKpPaTHO BO30YXIEHHBIX COCTOsTHUH. Tak, MeTon
CISD (BxiroueHue OJTHOKpPATHO W JBYKPATHO BO30YKIECHHBIX KOH(MHU-
rypammii) 1mo3BoJiseT ydecTh J0 95 % KOoppensMOHHOW SHEPruu.
Brirouenue TpoitHbIX Bo30yxkaeHuit (Meton CISDT) mo3Bomser mo-
BBICUTBH Y4ET KoppessiuoHHou sHepruu 10 98-99 %, onnako 3Hayu-
TEJIHHO YBEJIMYHUBAET 3aTPATHOCTh METO/IA.

B memooe cesazannvix xnacmepos (coupled cluster, CC)
13-32 OCOOCHHOCTEH MOCTPOCHUS BO30YKICHHBIX COCTOSHUN yYHTHI-
BalOTCSl KOH(GUTypaluu OOJbIINEH CTEMEeHW BO30YKJACHHUS, YEM 3TO
clienyeT W3 Ha3BaHHWSA MeEToJia. Tak, B BOJHOBYIO (DYHKIIMIO MeTozda
CCSD (coupled cluster singles and doubles), momumo ogHO- 1 ABY-
KpaTHO BO30YXJICHHBIX KOH(UTYPAIM, BXOAAT U KOH(OUTYpaIWH,
MoJTydaeMble IyTeM TPEXKPATHBIX U 00jiee BBICOKOM KPAaTHOCTH BO3-
OykneHuil. B 3TOM COCTOMT NPUHIMIHUAIBLHOE OTJIMYHE MeEeToia
CCSD ot CISD: nepBblIit U3 HUX B OOJbIIECH CTEIEHU YUUTHIBAET KOP-
PEILHOHHYIO YHEPIHIO, HO siBiisiercst Gonee 3atpathbmM (~ N°).

B wmemooe Mennepa — Ilneccema (Mgller — Plesset, MP)
JUIS pacyeTa MoIpaBoK K MOJTHOM HEPIHMM CUCTEMbI UCTIONIB3YIOT arma-
paT TEOpPUM BO3ZMYLLUEHUN. YUET JJIEKTPOHHOU KOPPEISALMU BO3MOKEH
MIPU UCTIOJIB30BAaHUU MUHUMYM BTOPOTO TOPSIKA TEOPUHU BO3MYIIICHUN.



CyIIecTBEeHHBIM JIOCTOMHCTBOM METO/A SIBJISIETCS HEUTEPAIIMOHHBIN
Croco0 pacuera MOoNpaBoK K SHEPTUu, mo3ToMy Metoasl MP xapakrepu-
3YIOTCSl 3HAUUTEIILHO MEHBIIEH 3aTPATHOCTHIO MO CPaBHEHUIO C METO-
namu Cl u CC. B HacTosiiiee BpeMs 4aiile BCEro MCIOJIb3YIOT TEOPHUIO
Memnepa — Ilnmeccera nu6o 2-ro, mubo 4-ro mopsaka. Merox MP2
B TUITMYHBIX ciydasx oOecreunBaeT ~80-90 %-it yder KoppemsiuoH-
HoWl »Heprun. bonee pecypcoemkunii metoq — MP4 — cpaBHuM 110 3a-
Tpatam ¢ metoaoM CISD, omnako yunteiBaeT ~95-98 % xoppensimon-
Hoit 3Heprun. Ceroans meron MP2 octaercs Hanbosee mpocThIM U IITH-
POKO TIPUMEHSIEMBIM METOJIOM YUeTa KOPPEIAITMOHHON SHEPTUH.

YpOoBEHBb CIIOKHOCTH KBAaHTOBO-XHMHUYECKOTO METOJa OIpees-
eTcsa IByMs (DakTopaMH. KauecTBOM 0a3MCHOr0 Habopa M MOJHOTOU
ydeTa 3JIEKTpOHHOU Koppensuuu. Hanbomnee 3¢ pextuBHBIM criocoOom
YCJIOKHEHHSI KBAaHTOBO-XMMHYECKOT'O METOJIa SBIISIETCS paclIupeHue
0a3ucHOro Habopa ¢ OJHOBPEMEHHBIM YJIYUIllIEHHEM KadyecTBa yudeTa
KOPPEISIITUOHHON 3Hepruu. [10CKOIBKY reoMeTpuiecKue MmapaMeTphl
OOJIBIITMHCTBA CUCTEM 3HAYUTEIHLHO MEHEE YYBCTBUTEIBHBI K YPOBHIO
CJIO)KHOCTH KBAHTOBO-XMMHUYECKOIO METO]1a, BO3MOKHO MPOBEJICHUE
KBAaHTOBO-XMMHUYECKOT'O pacueTa B JBa dTala. ONTUMHU3AIHS CTPOCHUS
MOJIEKYJIBI OoJiee mpocThiM MeToaoM (Hampumep, HF/6-31G(d)) ¢ mo-
CICAYIOIINM €AMHUYHBIM PACU€TOM DSHEPrUU MOJIEKYJbl Oojee co-
BepiIeHHbIM MeToaoM (Hampumep, MP2/6-31+G(2d,p)) ¢ ucmois3o-
BaHHEM T'€OMETPUUYECKUX IMapaMeTpPOB, MOJYYECHHBIX Ha TMEpPBOW CTa-
IUUd  BhIUMCIeHUM. Takoil JBOWHOM pacuer, 00O3Ha4aeMbIM Kak
MP2/6-31+G(2d,p)//HF/6-31G(d), npu comocTaBUMOM TOYHOCTH OKa-
3BIBACTCS TOPA30 00JIee IKOHOMUYHBIM, YEM OJIMH pacueT ¢ ONTHUMHU-
3a1eit 00ee COBEPIIEHHBIM METOIO0M.

1.4. Noayamnupuveckue Mmemodsl KEAHMOB0U XuMuu

[TpyuunHON TOSIBICHUS HOLYIMNUPUYECKUX MEmOO008 SBUIACH
OOJIbIIast TPYJOEMKOCTh HEAIMITMPUYECKUX PACUETOB, YTO A0 X
HEJIOCTYITHBIMU JJIsI PAKTUYECKOW peain3allii Ha 3ape pa3BUTHUS KBaH-
TOBOM XMMHH. B OCHOBE JaHHBIX METOJOB JIGKUT OOIIMNA MPUHIIUIL
TPYJIHO PacCCUUTHIBAEMbIC MHTEIPAIbl 3aMEHSIOTCS HEKOTOPHIMU napa-
mempamu (AKCTIEPUMEHTATBHBIMHU WJTH AMITUPUYCCKU O T00PAHHBIMH).
HabGop mapameTpoB 1 ypaBHEHHM AJis OLIEHKU UHTETPAJIOB OMPEEIISIFOT
napamempusayuio TOIy3MIUPUYECKOr0 MeTona. Pa3nuuHble ypOBHU
MIPEHEOPEKEHUST UHTETPATIAMUA MEKIJIEKTPOHHOTO B3aUMOJICHCTBUS 00-



pPa3yOT HEPapXHI0 IMOTYIMIUPHUECKUX METOJO0B. B momysMmmpude-
CKUX METOJIaX MCTOJIB3YETCS BaleHMHOe NPUOIUdICeHue. paccMaTprBa-
IOTCS TOJIBKO BAJICHTHBIC 3JIEKTPOHBI, a AJIEKTPOHBI BHYTPEHHEU 000-
JIOYKHA OTHOCSIT K OCTOBY. 3apsJl OCTOBA paBEH alreOpandeckoi cymme
3apsOB SAIpa U AJIEKTPOHOB BHYTPEHHEH 000JIOUKH.

Pe3ynbTaThl MOMY3IMIMPUYECKUX PACUETOB HE MOTYT IEpEaaBaTh
JOCTaTOYHO TOYHO OJHOBPEMEHHO BCE (PH3UYECKHE M XHMHUYCCKHE
CBOMCTBA MOJIEKYJI, TIOCKOJIbKY YIIPOIIEHUE TEOPUH HEU30€KHO TPUBO-
IUT K YXYAUIEHUIO PE3yJIbTaTOB pPacyeToB, a TOJTrOHKA IMapaMeTpoOB
MIPOM3BOJUTCS TI0 OJIHOMY, p&Xe IO HECKOJbKHM cBoicTBam. Cyiiie-
CTBYIOT pa3jM4YHbIC MMapaMeTpu3ali METOJIOB, MPHU3BAHHbBIC YJOBJIC-
TBOPUTEIHLHO OMKUCHIBATH ONPEACIIEHHOE CBOMCTBO UJIU TPYIIITY CBOKCTB.

Bce momysmmuprdeckre MeTOAbl OCHOBaHBI Ha MPHUOIMKCHHUH
Hyne6o2o oughgepenyuanvrnoco nepexpuoisanus (neglect of differential
overlap, NDO): muddepennnaabHoe mepekpblBaHUE MEXKIY Pa3JIHy-
HbIMU aTOMHBIMH OpOuTaIsiMU paBHO Hymwo. [Ipubmmxenne NDO
IpeBpaIiaeT 4YeThIPEXMEPHBIH MacCHB HHTETPaJioB <uv|]AG> B JBY-
MEPHBIN <UUAA>, 9TO CHIIBHO COKpAIAST YHCIIO HHTETPAJIOB U BPEMSI
pacdeTa. B momyamMnupudeckux MeToaaxX TPeX- M YeThIPEXIICHTPOBHIS
WHTErpaJIbl B3aUMOJCHCTBUS paBHBI HYJIIO.

[Tpubmmkenne NDO B pasnuyHblX METOAAX  PEATU3YIOTCS
no-pazHomy. Vcmonb3yemple B HacTOsIIIEee BpeMsl HauboJsiee COBEPIICH-
HBIC TIOMYIMITUPUYECKHE METOJbl OCHOBAHbI HAa MPUOIMKEHUU TpEHe-
OpexeHuss  ABYXaTOMHBIM  nuddepeHIManbHbIM  MepEKpPhIBAHUEM
(neglect of diatomic differential overlap, NDDO). K aHuM oTHOCSITCS Me-
tonel MNDO, AM1, PM3, PM6, PM7 u psn npyrux. Merogq MNDO
CPaBHUTEIHLHO XOPOILIO BOCHPOU3BOAUT YHEPIETHKY U CTPOCHHE Opra-
HUYECKMX MOJIEKYJ, 3a MCKIIFOUCHHUEM TpeX- M YETHIPEXWICHHBIX ITHK-
JIOB, a30T-KUCIOPO-COACPIKAIINX COCAUHEHUM, TIEPOKCUIOB, COEINHE-
HUNl ¢ TpeT-OyTunbHbIMH (parMeHTamu. B mapamerpuzanuun AM1
B BBIPKEHUU IS OTTAJIKUBAHWS OCTOBOB BKJIFOUEHBI JOTOJHUTEIHHBIC
YJICHBI, B PE3yJIbTATE METO]I JIy4llle BOCIIPOM3BOIUT BOAOPOIHYIO CBSI3b
U JIaeT JIydIllie pe3yJbTaThl I8 aKTHBAllMOHHBIX MapameTpoB. Ilapa-
MeTpbl Metoga AM1 Obun ompenesnensl mo 100 momexkynam. Meton
PM3 ouens 6130k k Metoay AM1 ¢ Tem oTimamem, uto B metoge PM3
BCE MapaMeTphl, aNpPOKCUMHPYIOIINE HWHTETPaIbl B3aUMOJICHCTBU,
ONTUMU3HUPYIOTCS C TOMOIIBI0 HA0Opa COSAMHEHUN C HaJIeKHO H3Me-
PEHHBIMH SKCIIEPUMEHTAIBHBIMU CBOMCTBaMH, Toraa kak B AM1 unTe-
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rpajibl MEXKAJIEKTPOHHOTO B3aWMOJICUCTBUS PACCUNTHIBAIOTCS M3 KCIIE-
PUMEHTAIbHBIX CIIEKTPOCKOIMMYECKUX JaHHBIX U1 aTOMOB. [lapameTphl
ONTUMH3HUPOBAHBI 110 657 MOJEKyJaM, BO3MOXKEH pacueT COCIWHECHUN
HekoTophiX d-amemenToB. B merone PM6 Oplta yiydiieHa mapamerpu-
3amsl, CAeIaH PsJi M3MCHEHUN B OICHKE SHEPTHH OTTAIKHWBAHHS OCTO-
BOB. [lapaMerpu3zaiisi 0XBaThIBaeT MOYTH BCE DJEMEHTHI NEPHOINYE-
CKOIl CHCTEMBI, 3a UCKJIIOUYEHHEM JIAHTAHOUIOB M aKTHHOWUIOB. MeTon
PM7 ssasercs moaudukanuet metoga PM6, Obl1 ycTpaHeH psi OIm-
ook B mpubmmkennn NDDO, Bnustomiem Ha pacueT OOJBIITUX CHUCTEM.
VYiydieHa onTAMHU3AIMS BCEX OMHOATOMHBIX W JIByXaTOMHBIX TIapa-
METPOB, B pe3yJbTaTe CPEAHSSA OIIMOKA B pacdeTe CBOMCTB OpraHudye-
CKHX coequHeHni cHmkeHa Ha 10 %.

1.5. Memods1 meopuu hyHKYuoHa1a N10OMHOCMU

B metongax meopuu ¢ynkyuonana nromuocmu (density functional
theory, DFT) kimtoueBol pU3NYSCKON BEIMYUHOM SBISCTCS DJCKTPOH-
Hasl TUIOTHOCTh p — (YHKIUS KOOPJAUHAT BCEX COCTABJISIIOIIMX CH-
cTteMy 3JeKTpoHOB. CorilacHo Teopeme XosHOepra — Kona sHeprus
OCHOBHOTO COCTOSIHUSI MOJIEKYJbI SIBIsICTCS (DYHKIIMOHAJIOM DJJICK-
TPOHHOM IJIOTHOCTHU Eoa[p], ¥ 2HEpTUS MUHMMAaNBHA, €CIIH P SIBISACT-
Cs. TOYHOM BJEKTPOHHOM IUIOTHOCTHIO OCHOBHOI'O COCTOSIHUS. XOTS
Teopema XosHOepra — KoHa faet ctporoe JoKa3aTeabCTBO B3aUMO-
CBSI3U Eygy M p, OHA HE JTa€T HUKAKOTO MPaBUJIA, YTOOBI MOCTPOUTH
9TOT PyHKIMOHAN. [ToyiHast SHEPTHsS KBAaHTOBOW CUCTEMBI paBHA!

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

[Ipu ucnonp30oBaHUK aaMaOATHYECKOTO MPUOTUKEHUS IHEPTHUS
MEXbSIICPHOTO OTTAJIKUBaHUA Ep, mocTosiHHA. DHEPrusi MPUTKEHUS
AJIEKTPOHOB K siipaMm Epe ¥ KyJIOHOBCKasi SHEPTUsI OTTATKUBAHUS 3JIEK-
TPOHOB J MOTYT OBITh OJHO3HAYHO BBIPAKEHBI YEpPE3 AICKTPOHHYIO
IJIOTHOCTh, B OTJIMYME OT OOMEHHOW 3Hepruu K M KHHETHYECKOU
SHEpruu 31eKTpoHoB T. [lns onpeaenenus T ucnonb3ytotr Metoa Kona
— IlIbma: dyHKIIMOHAT KMHETHYECKOW SHEPTUU pa3AeiisIioT Ha JBE
4acTH, MepBas U3 KOTOPBHIX BBIYUCISAETCS TOYHO C HMCIOJIb30BaHUEM
(bopMaJIbHO TTOCTPOCHHBIX OpOUTaIeH, OTBEYAIOIIUX CHCTEME HEB3a-
UMOJICHCTBYIOIIMX JJEKTPOHOB, a BTOpas MPEACTaBIseT COOOM Io-
MPaBOYHBIN YJIEH — KOPPEKIHio Tc. B uTore omucanue MojaeKyJsip-
HOM CHUCTEMBbI MPAKTHUYECKHU MOJHOCTHIO aHAJIOTUYHO XapTpHU-(OKOB-
CKOMY: JIJIsl IOCTpOeHUsT opouTtasieit ucnonb3yercs meton MO JIKAO,
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OMHUCAaHWE aTOMHBIX OPOUTAJIEH OCYIIECTBIISIETCS TEMU K€ Oa3UCHBIMU
HabopaMu, OpOUTANIA U UX PHEPTUU HAXOAATCA UTEPALIMOHHBIM ITyTEM
C MOMOIIBIO MPOLIEAYPHl CAMOCOTIIACOBAaHMs. AHAOTaMU YpaBHEHUM
Xaptpu — ®oka — PyTaana B Teopun (pyHKIIMOHANA UIOTHOCTH SIB-
nsrotest ypaBHeHusst Kona — Illsma. Hemocratkom meroma Kona —
[IIsma sBisIETCS TO, YTO OPOUTAIM U UX SHEPTUU HE MUMEIOT TaKOTO
3HAUEHMS, KaK XapTpU-POKOBCckue opOutanu. JlaHHble opOUTAIH
CKOHCTPYUPOBaHBI JUIIL TaK, YTOOBI JaBaTh HAMIyYIIEE OIMHUCAHUE
AIIEKTPOHHOM IUIOTHOCTH, a dHepruu opouTaneir Kona — Ill»ma mos-
BOJISIFOT BBIYUCIUTD Eory) KaK QyHKITMOHAT AJIEKTPOHHOU MIIOTHOCTH.

CymMMa KOppeKIMU K KHHETHYECKOU SHEPTUH Tc 1 0OMEHHOM 2Hep-
run K HOCHUT Ha3zBaHHWE KOPPEISIIMOHHO-OOMEHHOTO (DYHKIIMOHANA.
TouHbIl BUJ JaHHOTO (DYHKIIMOHAJIA HEU3BECTEH, OITOMY MCTOIB3YIOT
ero npuoamxKeHHoe omnucaHue. s pacuera KOppensuOHHOW U 00-
MEHHON 2HEpPruil HCIOJIb3YIOT MPHUOIMKEHUE JIOKATIBHOW IUIOTHOCTH,
METO/bl TPATUEHTHBIX MOMPABOK W TPaJUEHTHON Koppekiuu. Hawu-
OoJbIlIee pacpoCTPAHEHUE B HACTOSIINI MOMEHT MOMYYWIA TUOPHI-
HBIE€ METOJIbl, COYETAIOIINE PA3TUYHbIC MOAXO0JbI K HAXOXKJICHUIO KOP-
PEISIIIMOHHO-00MEHHOT0 (hyHKIMOHAa. Tak, HaubOosee MOMmyJIIpHBIM
meron B3LYP ucnons3yer TpexmapamerpoBbiii hyHKIMOHAT beke (B3)
Ui pacueTa OOMEHHOW SHEPruM B COYETAHUU C KOPPEISIUOHHBIM
¢ynknuonaiom JIu, fAnra u ITappa (LYP). CymectByer 6omibioe Ko-
JIMYECTBO  KOPPEISAIIMOHHO-OOMEHHBIX  (DYHKIIMOHAJIOB (M, COOTBET-
cTBeHHO, MeToioB DFT) kak o0Iero Ha3HaueHUs, TaK U MapaMeTPU30-
BaHHBIX HA PacyeT OT/EJIbHBIX CBOMCTB MOJIEKYII.

B nenom, meroast DFT Henb3st Ha3BaTh MOJHOCTHIO HEAMITUPHUYE-
CKUMH, T. K. KOPPEJSLMOHHO-OOMEHHbIE (DYHKIIMOHAIBI COAECPKAT PSI
no100paHHbIX napameTpoB. [Ipu sTom kauectBo ayummx DFT metonos
3HAYUTEIBHO MPEBOCXOIUT PE3YJbTaThl PACUETOB PHEPIUU MO METOLY
Xaptpu — Doka ¥ CpaBHUMO C KAYECTBOM PACUETOB CAMBIMHU CJIOKHBI-
MU TIOCT-XapTpU-(DOKOBCKUMHU MPUOJIMKEHUSIMU. 3aTPAaTHOCTh METOOB
DFT (~ N*) cpaBauMa ¢ 3aTpaTHOCTBIO MeTona Xaprpn — Doka, 4To
nenaet meroasl DFT gqocTynmHbIMM 171 TPAKTUYECKOTO MPUMEHEHU.

1.6. I[logepxHoCcMb NoMeHYuUA/1bHOI IHep2uu

[Ipr npoBeleHMM KBAHTOBO-XHMMHUYECKHX PpPacueTOB B pPaMKax
aanadaTU4ecKoro NpUOIMKEHUS MOJOXKEHHUE Sep B MOJIEKYJIE CUH-
TaeTcs (PUKCUpPOBAHHBIM. B peanbHOW CHUTyauuW MNPOUCXOJUT He-
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MPEPHIBHOEC U3MEHEHUE OTHOCUTEIBHBIX KOOPJAUHAT siJep: MPOTeKa-
HUE XMMHUYECKOW peakinu, KOHPOPMaIMOHHBIE MEPEXOIbI, Kojeha-
HUSI aTOMOB B MoJieKyJie. UToObl onucarh 3TU SIBJICHUS, HEOOXOAUMO
MHOTOKPATHO PEIIUTh 3JIEKTPOHHOE BOJHOBOE YpaBHEHHE C M3MeE-
HAIOIMMUMCST Ha0OpOM KOOpAMHAT sijiep. B pesynbTare moaydaercs
3aBUCUMOCTbH ITOJIHOW SHEPTUU CUCTEMBI OT KOOPJAHUHAT siAep, KOTO-
pasi Ha3bIBACTCA NOoBepXHOCmblo nomenyuarvrou snepeuu (I1113)
cuctemMbl. Hanbosee ynoOHO B KauecTBE KOOPAMHAT BBIOMpPATH
BHYTPEHHUE KOOPAWHATHI MOJICKYJbI: JUIMHBI CBSI3€W, BaJICHTHBIC
U IudApaibHbie yribl. OOIIee Ynciao HE3aBUCUMBIX KOOPJAMHAT MO-
nexkynel paBHo 3N -6 (mis nwmHeiHOM Monekynsl 3N —5).
B npocreiimem ciyyae aAByxatoMHOM Modiekyabl 1119 nmpencrasis-
€T co00il OJTHOMEPHYIO KPHBYIO, MMEIOIIYI0 MHUHUMYM, KOTOPBIN
OTBEUYACT PAaBHOBECHOU JIJIMHE CBS3M B MoOJIeKyJie. B 6oJiee ClIoXHbIX
cinyudasx [II19 npencraBisieT coO0M rUNEPNOBEPXHOCTD, JJIs TTOJTHO-
ro MOCTPOCHUSI KOTOPOU TpeOyeTcsi aCTPOHOMHYECKOE KOJIUYECTBO
pacueToB. OmHako s OONBIIMHCTBA MPAKTHYECKUX I€JIe HET
HeoOxoaumoctu uMmeTh I1IID B momHOM 0OBEME, HOCTATOYHO pac-
noJjarath CBEJCHUAMU JHIlb 00 omnpeaeiaeHHbIx yuyactkax 1119, co-
OTBETCTBYIOUIUX cmayuoHapuvim mouykam. CTallHOHAPHBIMU HA3bl-
BatoT Touku Ha [II1D, B KOTOpPBIX BCE YACTHBIE MEPBBIE MPOU3BO/I-
HbIE M0 KOOpJIMHATaM OOpaIlatoTCs B HOJIb.

N3 cTaiMoHapHBIX TOYEK B XMMHUH 3HAYEHUE UMEIOT TOYKA MHUHH-
MyMa U CEJIJIOBbIE TOUKHU. /{151 onpeiesieHust TuIia CTalliOHAPHOW TOYKH
UCCIEAYIOT MaTPUILy BTOPBIX MPOU3BOIHBIX MOJHOW PHEPTUU MOJEKY-
761 (eeccuan), KOTOPYIO MPUBOAIT K JMArOHAILHOMY BHAY. TOUKE MM-
aumyMa Ha [II1D (ycToHYMBOMY COCTOSHHIO CHCTEMBI) OTBEYAET Jva-
TOHAJIbHBIN BUJI TECCUAHA CO BCEMU TMOJIOKUTEIBHBIMU IHArOHATIBHBIMU
anemeHTaMu (uacmomamu xoredanuit). [lpn onTUMU3aIUU T€OMETPUU
MOJIEKYJIBI B IPOILIECCE KBAHTOBO-XWUMHYECKUX PACUYETOB OCYIIECTBIIS-
€TCsl TPAJUEHTHBINA CITyCK B TOUKy MuHuMyMa Ha [II13. Cnenyer umers
B BUJY, YTO JIlaHHAs MPOIEAYypa MO3BOJISET HAWUTU JOKAIbHBIA MUHU-
MyM, KOTOPBIH HE 00s3aTelIbHO OYAET SBIATHCS TI00aThHBIM (paBHO-
BeCHasi KOH(UTYpaIys MOJIEKYJIbI), a MOXKET OTBEYaTh 00JIee BHICOKHM
10 SHEPTUU U30MepaM Wi KoHGopMepam.

Ecnu yacTh quaroHajbHBIX AJIEMEHTOB F'€CCHaHa OTPHUIIATENIbHA,
TO CTallMOHApHAs TOYKA SBIICTCS TOYKOM MHUHUMakca (ceonosas
mouka). CenmoBas Touka Ha [II13, koTopoil oTBeUaeT oorna ompuya-
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menvbHas yacmoma Konebanuil B TECCHAHE, COOTBETCTBYET NEPEXO-
HOMY COCTOSTHUIO XMMHUYECKOW peakiu Ui KOH()OPMALMOHHOTO Tie-
pexona. Pa3HOCTh MeXAy DHEPIrUer NEPEXOAHOr0 COCTOSHUS U DHEp-
IMEl peareHTOB B IIEPBOM NPUOIMKEHUH SIBISIETCS OHepauell aKkmuea-
yuu peakmu (6osee cTporas OIeHKa TaHHOW BEIMYMHBI JOJDKHA YUH-
THIBATh TEMIIEPATYPHYIO MONPABKY U KOPPEKLHIO HAa DHEPIUU HyJle-
BBIX KOJICOAHWN YYaCTHHKOB peakmwu). JIJIs Ka4eCTBEHHON OIICHKH
CTPYKTYPBI IIEPEXOAHOTO COCTOSIHUSA XUMHUYECKUX PEAKLHUU HCIIOJIb-
3YIOT IOCTYJIAT XOMMOHJIA: HEeCYUWeCMBEHHblE dHEPemUdecKue usme-
HEeHUsl CONPOBOANCOAIOMCA HEZHAUUMETbHLIMU USMEHEHUAMU MOJIeK)-
JIApHOU cmpyKkmypwl. THBIMU ClI0BaMH, TIEPEXOJHOE COCTOSIHUE OJIMKE
110 CTPYKTYpe K TOMY YCTOMYUBOMY COCTOSTHHIO (peareHrtam, mpoIyK-
TaM WM UHTEPMENATY), K KOTOPOMY OHO OJIMXKE TI0 DHEPTHH.

1.7. Keanmoego-xumuyeckue meopuu
peaKkyuoHHOU cnoco6HOCMu

[Ipyu aHanu3e peakMOHHON CIOCOOHOCTH B KBAaHTOBOM XMMHUU
HanOoJee MMPOKO UCIOIb3YIOT MOJAX0/, OCHOBAaHHBIN Ha MCIOJb30-
BaHHUH uHOeKcos8 peakyuonnol cnocoonocmu (MPC), moa KoTopeIMH
MMOHUMAKOT MOJYYEHHBIE B PE3YJIbTAaTE KBAHTOBO-XMMHUYECKHUX pac-
YETOB 3JIEKTPOHHBIE M SHEPreTUUYECKUE XAPAKTEPUCTUKHU CHCTEMBI,
KOPPEJIUPYIOUIUE C SKCIEPUMEHTAIBHBIMU JaHHBIMH O PEAKIIMOH-
HOU CITOCOOHOCTH.

Monexynapusiii  anekmpocmamuyveckuit. nomenyuan (M3III) —
sto MPC, onpenensaemMblii SHEPTUEN SIIEKTPOCTATUYECKUX B3aUMOIECH-
CTBHM B MoJieKyse. MOII npuMeHSIOT I ONpeIeNIeHUsT PEaKIIHOHHO-
ro LEHTpa U aHAIN3a PEAKIMOHHOW CIIOCOOHOCTU B MOHHBIX M HOH-
HO-MOJIEKYJISIPHBIX pEaKLMsAX. B COOTBETCTBUM C JaHHBIM IMOIXOJI0OM
MeCTaMU aTaKh KaTHOHA SIBJAIOTCS objactT MmuHumyma MOII B cy06-
cTpare, a MeCTaMM aTaKyd aHMOHa — o01acTh MmakcumyMa MOIT.

Hanbomnee pacrnpocTpaHeH B KBAaHTOBOM XMMHUH TOJXOH C Jeje-
HUEM XUMHYECKHX PEakiuil Ha 3apsiI0BO U OPOUTATILHO KOHTPOJIUPY-
EMBbIC. 3aps006blil KOHMPOIb XAPAKTEPEH I PEaKklUil ¢ ydyacTUEM
VWOHOB Y CUJIBHOIIOJISIPHBIX MOJIEKYJ. B ciydae 3apsqoBOro KOHTPOJIA
aTaka HykJIeouiaa MTpoTEKaeT IO aToMy cyoOcTpaTa, HUMEIOLIEMY
HauOOJBIINKA TOJOKUTEIbHBIA 3apsiJl, a araka »dJeKTpopuiaa —
10 aTOMY, HUMEIOUIEMY HauOOJBIINN OTpULIATENIbHBIA 3apsia. Opou-
MANbHLIU KOHMPOIb XapaKTEPEH NI Peakiuii ciaabomnoIsIpHbIX MoJIe-
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KyJ. B 3ToM ciydae B COOTBETCTBHM C T€OPUEH I'PAHUYHBIX MOJIEKY-
JSIPHBIX OpOuTanel aTaka Hykjaeo(duia MpOTEKaeT Mo aroMy, UMEIo-
nieMy HauOOoIbIINHI 10 MOAYJI0 KoddPuiuueHt B npeacrasieHuu MO
JIKAO nnst HwKHEH BakaHTHOW MonekyispHoi opoutamu (HBMO).
COOTBETCTBEHHO, aTaka 3JeKTpoduiaa MpOTEKaeT MO aToMy, UMEIO-
eMy HauOOJBIIUN 1O MOAYJI0 KO3 HUIIMEHT B BEPXHEHW 3aHATOU
MoJtekyJisipHoi opOutanu (B3MO). B kadecTBe KOJIMYECTBEHHOI'O
HNPC B opOUTATIBHO KOHTPOJHUPYEMBIX PEAKIUSAX MOMKET HCIOJb30-
BaThbcsi oOpaTHas pasHocTh 3Hepruii HBMO snekrpoduna u B3MO
HykJieopuna. YCIOBHOE [EJICHHE COCAUHECHHN Ha 3JIEKTPOQPUIBI
U HyKJIeo(puiIbl MOXKET ObITh TpousBeneHo mno sueprun HBMO: ec-
JIM OHA OTPHUIIATEIbHA, COEAWHEHUE NPOSIBISAET MPEUMYIIECTBEHHO
NEKTPOPUIbHBIE CBOMCTBA U HA0OOPOT. OAHAKO TOYHOE JEIEHUE pe-
areHTOB Ha 3JEKTPOoUI U HYKICOPU AT KOHKPETHON peakiuu Mo-
XKET OBITh MPOU3BEACHO TOJBKO MYTEM COMOCTABJICHUS SHEPruit
B3MO u HBMO o00oux peareHTos.

B pamkax konunenmuu DFT 61 mpennmoxen psg WPC,
HanOOoJIbIlIee 3HAYCHUE U3 KOTOPBIX UMEIOT HCEeCMKOCHIb, OTIpeeis-
emas kak M = (Epsmo — Eusmo)/2, a Takke cBA3aHHas C HEH mse-
kocmb S = 1/(2n). PearenT cuurTaercs KECTKHUM, €CJIM dHEpPreTHYe-
ckas menb Mexay B3MO u HBMO npesbimaer 3B. B cooTBet-
CTBUU C meopueli HceCmrKux u MazKkux kuciom u ochosanui Ilupco-
Ha KE€CTKUE KUCJIOTHI MPEANOYTUTEIBHO CBS3BIBAIOTCA C KECTKUMU
OCHOBAHMSIMH, & MATKHE KHUCJIOTBI — C MATKAMU OCHOBaHUSMHU.
JI1s1 peakuui KECTKUX COECAUHEHUM XapaKTEepEeH 3apsIOBbIM KOH-
TPOJIb, a I MATKUX PEareHTOB — OpOUTATLHBIN.

JIns aHanM3a peakIMOHHONW CHOCOOHOCTH YacTO MCIOJIb3YeTCs
coomHoutenue c60000ubix suepeuti (mpuanun bemna — DBanca —
[MosnsHn):

E.=A+ BAH.

B CcOOTBETCTBUM C JaHHBIM ypaBHEHHEM 00Jiee PK30TepPMHUYHAS
peakuus B CEpUM OAHOTHUITHBIX PEAKUUA UMEET MEHBIIYI) SHEPIHUIO
aKTUBAIMH, 00Jiee IHAOTEPMUYHASI — OOJBIITYIO0 SHEPTUIO aKTUBAIIUU.
CooTHOIIIeHHE TUHEWHOCTU CBOOOIHBIX SHEPTUl MO3BOJISET Mpe/cKa-
3bIBATh ~OTHOCUTEJIBHYIO PEAKIMOHHYIO CIOCOOHOCTh BEILECTB
110 PaCYETHBIM TEIUIOBBIM 3(pdeKTaM peakiuii B T€X Clydasx, Korja
NPsIMOE MOJICIMPOBAHUE TEPEXOJHBIX COCTOSHUI PEAKIMU U pacuer
SHEPIrUi aKTUBALMU SIBJSIETCS 3aTPYIHUTEIbHBIM.
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2. [IporpamMMHoOe oGecrieyeHue
AJIs KBAHTOBO-XUMHYECKUX PacyeToB

B HacTosmiee BpeMs CyIIeCTBYET JOBOJIBHO OOJIBIIIOE YHCIIO pa3-
JMYHBIX MTPOTPAMMHBIX TTAKETOB JJII MOJCIMPOBAHUS, pacyeTa, BU3Y-
aJIM3aIlii ¥ aHaJIM3a MOJICKYJISIPHBIX CTPYKTYP Pa3IMUYHBIMU METO]1a-
MU (MOJICKYJISIpHAasS MEXaHWKa, MOJICKYJIsIpHas JTWHAMHUKa, KBAaHTOBAs
MEXaHHMKa), B TOM YHCJIE C YYCTOM KOHICHCHUPOBAaHHOW (a3bl (Kak
B paMKax KOHTHHYaJbHBIX MOJEJCH, TaK M IIOCPEJICTBOM MOJCIICH
3 (GEKTUBHBIX MOTCHIHAIO0B). HekoTopsiMH Hamboliee W3BECTHBIMU
u3 Hux seiasroTes Gaussian, GAMESS-US, Firefly, Mopac, Nwchem,
Priroda. B cuny psaa npuduH ogHOM M3 HanOoJiee MOMYJIIPHBIX MPO-
rpamm siBisietcst Firefly: GecrutatHoe, ¢BoOOIHO pacmpocTpaHseMoe
1O (akagemuueckas JUICH3USA), IMUPOKHE BBIYUCIUTEIBHBIE BO3-
MOXKHOCTH, TpaMOTHasl peajin3alis aJrOpHuTMOB, BO3MOXKHOCThH pac-
napajijieIMBaHUs Ha HEOTPAHUYCHHOE YHCIIO SIAeP.

2.1. lIlpoepamma Firefly

OcHoBHBIC Bo3MOkHOCTH mporpamMmbl Firefly B o6nactu xBan-
TOBO-XUMHUYECKUX BBIUMCICHUN TPUBEACHBI HUXKE.

1. Pacyer BomHOBBIX GyHKIMA B mpuommkenusx RHF, UHF,
ROHF, GVB, MCSCF, xoppeKIus 3HepruH 3JIeKTPOHHOTO B3anMO/IeH-
ctBust Mmetogamu Cl u MP2, pacdeTsl OTySMIUPUIECKUMH METOJIaMU
MNDO, AM1 u PM3 B pamkax npubmkenuit RHF, UHF u ROHF.

2. PacdeT aHAIMTUYECKUX TPATUEHTOB YHEPTHH JIJIST BCEX BOJIHOBBIX
¢ynkimii, momydeHHbx B pacuerax SCF, Cl u MP2 st 3akpbIThIx 000-
JIOYEK, ONTUMU3AIIMS T€OMETPUH K MUHAMYyMaM SHEPTUU U CEIJIOBBIM
toukam [1I13 B nekapTOBBIX MO0 BHYTPEHHUX KOOPAUHATAX.

3. Brruncnenue reccuana (koyiebaTelbHBIEC YacTOThI, HHTCHCHUB-
HocT MK-CniekTpoB), CycK BJIOJIb BHYTPEHHEH KOOPJMHATHI peaK-
mun (IRC) ¢ cenoBoii TOYKHM B JIOJIWMHBI PEarcHTOB M IPOJYKTOB
NIPY HAMOBICTPEUIIIEM CHUXEHHEM DHEPTruH, CIEJOBaHUE BIOIb JIH-
HaMu4eckoi koopauHatel peaknun (DRC) meTromamu kiraccumaeckoit
MEXaHUKHU.

4. BerunclieHre BEPOSITHOCTH U3Ty4aTeIbHBIX TIEPEX0/I0B, OIICHKA
CIIUH-OPOUTAILHOTO B3aUMOJICUCTBUS, pacueT JUHEWUHOUN moJisipu3a-
ITUY MOJIEKYJIBI U TIEPBOTO M BTOPOTO MOPSIKA TUIIEPIIOISPU3AIIIH.
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5. Pacder aumosibHBIX, KBAJIPYMHOJbHBIX U OKTYHOJBbHBIX MOMECH-
TOB, JJEKTPOCTATUYECKUX MOTCHIUAIOB, JJIEKTPOHHOU U CHUHOBOU
IJIOTHOCTH, aHanu3 3acesieHHocTd AO o Mamukeny u Jlepauny, 3a-
CEJICHHOCTH CBA3EH.

6. YyeT conbBaTaniu MOJIEKYJ B paMKaX pa3IMYHbIX MOJIeTIeH.

[Mporpammuslii maket Firefly padoraer Ha Intel-coBmectumbIx mpo-
neccopax apxutektyp X86 u X64, cymectByroT Bepcuu st OC
Windows u Linux. OCHOBHBIM pa3pabOTYMKOM SIBIISICTCS AJICKCAHP
I'panoBckmii. [1IO moctymHo i ckaumBaHus (TpeOyeTcs TMOTydYCHHUE
IICPCOHATBHONM OCCIUIaTHOM JIMIIEH3WH) C O(QHIMAIBHOrO caiiTa
http://classic.chem.msu.su/gran/gamess/index.html. TTporpamMma He nme-
€T COOCTBEHHOM Tpaduueckoil 00070YKH, TTOITOMY HEMOCPEICTBEHHBIM
METOJIOM 3aIycKa 3a/1a4 sIBIsieTcss KoOMaHHas cTpoka. Pacuer 3amaun
OCYIIECTBIISIETCS MMyTEM 3aIlyCKa MPOTrpaMMbl C YKa3aHWEM MMEH JBYX
daiinos: BxoaHoro (¢ kirouoM —1), 3apaHee MOArOTOBICHHOIO TEKCTO-
BOro (paiia ¢ onMMcaHWEM 3aJla4M, ¥ BBIXOJHOTO (C KITFOYOM —0), B KO-
TOPBIA OyAET BhIBEJICH pe3yiabTaT. dopmart 3aIrycka CJie 1y OIHii:

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

Yrunura Firefly Commander (cokpamenno «FIiCo») co3maHa
I y1o0CcTBa 3amycka pacueToB B mporpamme Firefly n cnexenus
3a XOJIOM BBITIOJHEHUS 3a7adu. KpoMme Toro, MaHHas yTUIWTA IO-
3BOJIAET CO37]aBaTh OYEpEU 3a7ad IS UX MOCIEI0BAaTEIbHOTO WUC-
NMOJTHEHUS 03 yJacTus IMojb3oBaTelia. DOYHKIIMOHUPYET TOJIBKO
B OC cemeiictea Windows. PacnpoctpaHsieTcst B BUjEC €IWHCTBCH-
HOro ucmnoiauumoro ¢aiina «fico.exe». Ilocie mepBoro 3amycka 0y-
neT cosnaH ¢ain «fico.ini» — TekcToBbIM (aii1, XpaHAIUH MMOJIb-
30BaTEJIbCKUE HACTPOUKHMU.

BOnpIyro 4acTh riIaBHOro0 OKHA yTHIUTHI FICO 3aHUMAIOT YeThI-
pe aieMeHTa, 00o3HaueHHbIe nudpamu Ha puc. 1a. Dnement 1 (Input
files queue) — mepedeHp BXOMHBIX (ailiIoB, MOCTABICHHBIX B OYEPE/Ib
Ha pacuer. [00aBisaTh (ailibl B A3TOT CIHUCOK MOKHO JMOO dYepes
kaonky Add Input File..., mubo mpocTeiM nepeTackuBaHueM (haition
MBIIIBIO M3 OKHa mpoBogHuka Windows. 3amyck 3agad Ha pacuer
OCYIICCTBIISCTCS HakaTHeM KHOMKW RUN. 3aBepiieHHbIC 3a1a4u
10 MEpPE MX BBINIOJHEHUS OYIyT MOsABIATHCS B 3emente 2 (Output
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files processed) — mepeune BbIXOJHBIX (aiinoB. [lo Mepe BbIMOIHE-
Hus 3aaaun FICO B pexxuMe peanbHOr0 BPEMEHH OTOOpaKaeT IMOCIe/I-
HHE HECKOJIBKO JECATKOB CTPOK M3 BBIXOJHOTO (aiija B 3JIeMEHTe 3
CBOETo IIaBHOTO OKHA. Eciu B 3amade mpeaycMoTpeHa ONTHMH3AIINS
TCOMETPHUH MOJICKYJIBI, TO 110 3aBEPIIICHUN OYEPETHOTO IIara ONTHMH-
3aIMH B 3JIEMEHTE 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 = 180.56% [ 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. I'maBHoe okHO yTriuThl FICO (a) 1 okHO ee HacTpoek (6)

B oxne Hactpoek ytunuthl FICO (puc. 16, 1oCTymHO MO KHOTIKE
Settings...) oOs3aTenpHO cleAyeT ykKa3aThb MyTh K HCIIOJTHAMOMY
daiury nporpammer Firefly (Firefly executable). Ocransabie mapamer-
pbl OINLMOHANBHBL. MyTh K (aily BHEIHEro ©Oa3ucHOro Habopa
(External basis set library), pa6oune xaranoru (Working directories),
quCIIo saep eHTpansHoro npoieccopa (CPU cores), kotopsie OyayT
3a/1eHCTBOBAHbBI I pacdera’, Cy((HKC-OKOHYAHHE K UMEHAM BBI-
XOAHBIX (haiioB u np. Cnemyer oOpaTWTh BHUMaHHE Ha CTPOKY
Additional command line options (momosHUTEIBHBIE MTApaMETPHI KO-

1
[TomyaMmupuveckre pacyeTbl BO3MOXHO OCYIIECTBJISATh TOJIBKO C HC-
MI0JI30BAHUEM OJHOTO SIJIpa MPoIeccopa.
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MaHHOU cTpokw). st Bepcwii mporpammer Firefly (¢ cemsmoit u BbI-
III¢) C IEJIBI0 COBMECTHMOCTH (hopMaTa BBIXOJHOTO (haiiia ¢ yTUINTOM
wxMacMolPlIt (cMm. nanee) 3amyckaTh 3aJ1aud Ha pacyeT CIEAYeT C Ia-
pamerpom -legacy. Oxno Hactpoek yrtwimuthl FICO comepxur
Bkiagky Other (apyroe), rie MOKHO yKa3aTh IYTH K HCIIOJHHMBIM
(daiilaM BHEIIHMX [POrPaMM — TEKCTOBOIO PEJAKTOpa’ M MOJIEKY-
nsipHOTO penakropa (Hampumep, WxMacMolPlt). Bxoaubie u BbIX0I-
HbIe (aiiibl, IPEACTABICHHBIC B 3JIEMEHTax 1 U 2 TJIaBHOTO OKHA yTH-
matel FICo (puc. 1a), OyayT OTKpBIBAaThCS B YKa3aHHBIX BHEITHHX
nporpammax mnpu Haxartuu kHomok Edit as text... (View as text...)
u Edit geometry... (Show geometry...).

Yrrmura WxMacMolPIt (http://brettbode.github.io/wxmacmolplt/)
IpeIHa3HavYCeHA B MEPBYIO OUepeab JUIsl OTKPBITHS BBIXOAHBIX (DailioB
KBaHTOBO-XUMHUYECKUX MPOTpaMM M BU3YATU3AIMH COJCPKAIIUXCS
B HUX JaHHBIX. [[OMHMO 3TOTO, ¢ TOMOIIBIO JAHHOW YTHIUTHI MOKHO
CO3/aBaTh TE€OMETPHUIO MOJICKYJI U COXPaHSATh €¢ B BHJEC TEKCTOBBIX
daiinoB paznuunbix hopmatoB. [logpoOHOE onucaHue BceX BO3MOXK-
HOCTEH MporpaMMBbI MPEICTABIICHO HA caiTe. 31eCh )K€ OCTAHOBUMCS
JUIIH HA OCHOBHBIX, Han00JIee 4acTo TPeOyeMbIX (HYHKITUIX.

['maBHOE OKHO TpOrpaMMbl TOKa3aHO Ha puc. 2. OHO COCTOWT
U3 NEHTPAIBHONW YacTH, B KOTOPOW OTOOpaXKaeTcsi reOMETpHsi 00BEK-
Ta, MCHIO B BEpPXHel yacTu okHa (0003HauYeHO 1udpoii 1 Ha PUCYHKE),
yepe3 KOTOPOEe OCYIISCTBISACTCS JIOCTYI MPAKTUYSCKHA KO BCEM OIIIIH-
SM W JIONOJHUTEIBHBIM OKHaM NIPOTPAaMMBI, CTPOKH COCTOSHUS
B HIDKHEH yacTH okHa (1udpa 2) u OeryHka JJis MepeMEIeHuUs M0 TaK
Ha3bIBaeMbIM «(ppeiimam» (mudpa 3) (B ciayyae ecnm OTKPHITHIN (haiin
COJICPXKHT Pe3yJbTaT pacdyeTa B PEKUME ONTHUMHU3AINHA TCOMETPUH U
BKJIIOYACT JIBa WM 0OJIee MIaroB ONTHMH3AIMK). VCromb3ys MyHKT
mento Build — Show Toolbar, MoxxHO 0TOOpa3uTh MaHEIb UHCTPY-
MEHTOB, COoAcpKaIyto Tpu 1ementa — View, Select u Edit (puc. 3).

[Tpr aKTUBUPOBAHHOM HWHCTpyMeHTE VIiEW OOBEKT, OTKPBITHIN
B JAaHHBI MOMEHT B IMPOTrpaMMe, MOKHO BpalllaTh, YJICp KHBas Haka-
TOM JIeByt0 KHONKY MbImK (JIKM) B 1000¥ MO3UIIMK TJIABHOTO OKHA

B Ka4ecTBe TEeKCTOBOTO pelaKTOpa PEKOMEHIYETCS UCIIOIb30BaTh, HAIIPHU-
mep, OecruiatHyro rporpammy «Notepad++» (http://notepad-plus-plus.org/), xoro-
past TOCTaTOYHO OBICTPO OTKPHIBACT (Paiiiibl Jaske OUeHb OOJIBIIOro 00beMa (COTHH
Mera0aiiT) U MepeMeIaeTcs 1Mo CoACPKUMOMY TaKuX (aiiios.
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U TIepeMeIiasi MbIIb. Y IepKHUBasi JIOMOJHUTENbHO KiaBumry Shift
Ha KJIaBUAType, MOXXHO MPHOIMKATH/OTHATIATE OOBEKT, a KIIABHIILY
Ctrl — cMemath 00BEKT B IUIOCKOCTH dKpaHa. JIOBOJIBHO YacTO BO3-
HUKAaeT HEOOXOIUMOCTh OTOOpakaTh IOPSIKOBBIE HOMEpa aTOMOB.
Jliist 3TOTO CiemyeT BeIOpaTh MyHKT MeHIO View — Atom Labels —»
Atom Number.

Puc. 2. I'maBHOE okHO nporpamMmMbl WXMacMOolPIt u ero sneMeHTs:
1 — meHto, 2 — CTpoKa COCTOSIHUS, 3 — OETYHOK JIJIsl IepeMeIeHuUs
10 IIaraM ONTUMU3AIUN

Puc. 3. [1anens HHCTPYMEHTOB TJIaBHOT'O OKHA TIporpamMMbl WXMacMolPIt

[Io yMomyaHuio BCce aTOMbl OOBEKTa SIBJSIOTCS BbIJICICHHBIMH.
BroinennTs oTaenbHO B3ATBHIM aTOM MOKHO IerukoM JIKM Ha HeM,
arpynmy atoMoB — meiaukamu JIKM ¢ 3axaroi kiaBumieii Shift.
JpyruM cnocoOOM BBIJICJICHUS TPYIIIbl aTOMOB SBJISETCS HUCIOIL30-
BaHUE MHCTpyMeHTa Select.
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[Tpu BbIAEACHUM HAphl JIOOBIX aTOMOB MOXKHO OTOOpPa3HTh pac-
CTOSIHUE MEXIYy HUMH. [[JIs1 3TOro Hy»XKHO Ha)XaTb IPaBOM KHOIIKOM
mpimu (ITKM) Ha m1000# U3 IBYX BBIICACHHBIX aTOMOB M B IOSIBHB-
meMcss KOHTEKCTHOM MEHIO BbIOpaTh myHkT Measure length. Mex-
aTOMHOe paccrosHue (1o ymMomdanuio B A) 0ToOpasnTcs B BHe dnC-
Ja, PACIIONIOKCHHOTO BJOJb JIMHUH, COCIUHSIONICH IICHTPHI aTOMOB.
AHAJOrMYHO NMPHU BBIACICHUHM TPEX JIOOBIX aTOMOB MOXHO OTOOpa-
3UTh BEJIUYHMHY IUIOCKOTO yIja, KOTOPBIH OHHM 00pa3yroT (IyHKT
Measure angle), a nmpu BBIICICHHH YETHIPEX JIFOOBIX aTOMOB — Be-
TMYMHY audapaibHoro yria (myHkr Measure dihedral). Yaamurts
JIMIITHIOKD METKY MOXXHO C HCITOJIb30BaHMEM ITyHKTa KOHTEKCTHOTI'O
mento Delete Annotation.

JI1s IpOoCMOTpa KOOPJAMHAT aTOMOB HYKHO BBIOPAThH ITyHKT MEHIO
Subwindow — Coordinates. OTkpoeTcss HOBO€ OKHO ¢ OTOOpaKEeHU-
em koopauHat (puc. 4). IIporpamma Mmo3BoJiieT 0TOOpakaTh UX Kak
B JIcKapTOBOM (hopmate, Tak U B BHJE BHYTPCHHUX KOOPAMHAT; Iepe-
KITIOYCHHUE TPOU3BOJUTCS BBIOOPOM COOTBETCTBYIOIIETO 3HAYCHUS
BO BemuibiBaromiem crnucke Coord. Type (Cartesian nu6o Z-Matrix).
OToOpakaeMble KOOPJMHATHI MOKHO CKOMMpPOBaTh B Oydep oOMeHa,
BOCIIOJIb30BABIIMCh ITYHKTOM MeEHIO JaHHoro okHa Edit — Copy
Coordinates.

Puc. 4. OtoOpakeHne BHyTPEHHUX KOOPAUHAT B IPOrpamMme
wxMacMolPlIt: okao «Coordinates Windows
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JIs MOaTOMHOIO M3MEHEHMSI OTHOCHTEIIBHBIX IMOJO0KCHHH aTo-
MOB 00BEKTa MCIoJIb30BaTh HHCTpyMeHT Edit (puc. 3). Ilocne atoro
000N aToM OOBEKTa CTAHET JOCTYIMHBIM K MEPEMENICHUIO MBIIIHIO
npu yaepxkuBaemon JIKM. AHanorndHo MOXHO NEpeEMENaTh U rpym-
bl aTOMOB, JUISl Yero rpyIny HEOOXOAMMO IPEIBAPUTEILHO BhIJIC-
Tk (CM. BBIIIE). ECITU ITpy 3TOM CMEIIeHHEe TPOU3BOIUTE C HAXKATON
knasuiirei Shift Ha kmaBuarype, BeIACIIEHHAs rpyIina OyeT BpallaTh-
cs, a ¢ kiaBumeit Ctrl — npubnrkaThes WM OTHAIATBCS. [ pyIIIbI
aTOMOB MOXKHO yaaisarh (kmaBuina Del kiaBuaTypsel), KOIMHpPOBATH
B Oydpep oOmena (komoOmnuarus kiasui Ctrl-C), Beipezats (Ctrl-X)
Y BCTABJIATH B pabouyro 001acTh r1aBHOTO OKHa rporpammsl (Ctrl-V).

[Tpu penakTHpOBaHUN TeOMETPUH OOBEKTOB 3a4acTyH0 BO3HUKAET
HEOOXOAMMOCTh JI00aBIIATh HOBBIC aTOMBI JIMOO TPYIIBl aTOMOB
B CTPYKTypy. BrIOOp THIIa aTOMa OCYIIECTBIIICTCSA C TTOMOIIBIO OKHA
«Builder Tools» (MHCTpyMEHTBI MOCTPOCHUS), OTOOPA3HTh KOTOPOE
MOJKHO, BbIOpaB myHKT MeHto Builder — Show Build Tools (puc. 5).

Puc. 5. Oxno «Builder Tools» B mporpamme wxMacMolPIt

ITo yMonuaHHIO B 3TOM OKHE akTHBHa BKjaaka Periodic Table,
oToOpakaromass TaOJUIy BCEX AJIEMEHTOB M IMO3BOJISIONIAS BHIOPATH
TOT WM WHOM Tun aroma. Ha Bkiagke >xe Prototypes pacmnosioxken
UHCTPYMEHTApUil [ paboThl ¢ TIpylmaMd aToMoB. VI3HadalibHO
B IIPOrpaMMe HMMeEETCs PsAJ MPEAYCTaHOBJICHHBIX Ipymml (T. €. MoJe-
KyJI) pa3HbIX THUIIOB, 1 YA0OCTBa pa30oMTHIX Ha pazaenant Organics,
Solvents u Amino-acids. Jlas BeiOopa Tak:ke mocTymeH pasaen User-
defined, kyma moap30BaTeab MOXKET O00ABISATH CBOM OOBEKTHI
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U3 IJJaBHOTO OKHA MporpaMmbl, menkas Ha Hux [IKM u BeIOMpas
B KOHTEKCTHOM MeEHIO IyHKT Prototype selection. BeiopaB HeoOXo-
JTUMBIM TUI aTOMa WM TPYIITY aTOMOB, HE0OXoauMo Haxath JIKM
B IIPOCTPAHCTBE IIABHOIO OKHA IMPOTrpaMMBbI, U aToM (TpyIima aTOMOB)
MOSIBUTCS B yKa3aHHOM MeECTE.

B nporpamme WxMacMOolPIt kaxxaeiii aToMm 00beKTa XapakTe-
pU3yeTCs 3HAUEHHEM BaJICHTHOCTH, KOTOPOE B PEKHME PEIaKTUPO-
BaHUS F€OMETPUU MOXKHO MEHSTH C UCMOJIb30BAHUEM KOHTEKCTHOTO
menro (mynkT Change coordination #). [To ymon4aHuio s aToma
yIJIepoJia 3TO 3HAYEHHUE COCTaBIAeT 4, 1 aToMa Kucjaopoaa — 2
u T. 1. HezanoaHeHHbIE BAJICHTHOCTH aTOMOB OTOOPa)KarOTCs B BUJIC
OTPE3KOB KpACHOTO IBeTa. [[JIsi 3amoJHEHWs TaKOW BAJEHTHOCTH
CIeyeT cHayajia BHIOpaThb HEOOXOAWMBIM THIT aTOMa WU TPYIITY
aToMOB (cM. mpensiayniui a63an) u Haxath JIKM Ha cBOOOIHYIO
BAJICHTHOCTh. BBIOpaHHBIM aTOM WM TPYINa aTOMOB OKaXyTCs
NPUCOCIMHEHHBIMU TI0 JTAHHOW TO3WIIUHM. AHAJOTHYHBIM 00pa3zoMm
MOYHO CO37[aBaTh T€OMETPHUIO «C HYJIS».

B HacTodiieM paszene BHHUMAaHHUE YJIEJICHO JIUIIL 0a30BbIM BO3-
MOXHOCTsIM Tiporpammbl WXMacMolPIt B wacti Bmsyanmsaium u pe-
JTAKTUPOBAHUS MOJICKYJISIPHBIX CTPYKTYp. OIHAKO 3TUM OHH, KOHEYHO,
He orpaHuurBaroTcs. [Ipodne acmekTsl B 00J1aCTH BU3yalu3alliy U aHa-
JM3a Pe3ysIbTaTOB KBAHTOBO-XUMHUYECKUX pacyeToB OyAyT JaHbI B TO-
CJICYIOIIEM MaTepralie B KOHTEKCTE KOHKPETHBIX paCUETHBIX 3a/1a4.
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3. MeToauKa npoBeJeHUs
KBAaHTOBO-XUMHUYECKHUX pacuyeToB B nporpamme Firefly

3.1. Cmpykmypa 8xXo0H020 (haiiia

BxomHo¥ ¢aitr 3apaun a1 pacuera B mporpamme Firefly — mpo-
CTOM TEKCTOBBIN (haiiyi C MPOU3BOJBHBIM HMMEHEM M PaCIIMPECHUEM,
COJIEP)KUMOE KOTOPOTO JOJKHO OBITh OT(HOPMATHPOBAHO OIpPEICIICH-
HbIM oOpaszom. Haubonee monHo TpeboBaHUs K ATOMY GopmMary OIu-
CaHbl B pyKOBOJICTBE MOJb30BaTeNsl. B maHHOM mocoOuu OyayT u3J10-
’KEHBI JINIIIb OCHOBHBIC, HAaN00JIee BaXKHBIC aACTICKTHI.

Nudopmaimsi Bo BXogHoM (haiiie MoikHA OBITh IpeacTaBiIcHa
B BHJIC TPyl Havyano rpymmnbl — (parment $GROUP_NAME, okonua-
e — ¢pparment SEND (GROUP_NAME — HanmeHoOBaHME TPYIIIbI).
Iepen dparmenrom $GROUP_NAME B Hauane cTpokH IODKEH 00s13a-
TEJNBbHO OBITH OJMH MPOOEJ, B MPOTUBHOM cllydae rpynna OyAeT UrHO-
pupoBaThCsl (3TO MOXKHO HCHONB30BaTh JJIi BPEMEHHOTO «BBIKITIOUE-
HYSD» HEHY)KHBIX TPyII). Pernctp cMMBOJIOB HE uMeeT 3HaveHus. VH-
dbopMariys, 3aKkiIoueHHas BHYTPH TPYIIIbI, MIPEACTaBISETCS MO0 B BU-
ne MAPAMETP=3HAUEHME, 1100 B BHUje cBOOOIHOr0 hopmara (mepe-
YHUCIICHUsI OyKBEHHO-YMCIICHHBIX ()ParMEHTOB, pa3/ieJICHHBIX CUMBOJIOM
npoOena). [Tporpamma Firefly nmpemycmarprBaeT BO3MOXKHOCTE 331aHUS
OO0JIBIIIOTO YHCTIa Pa3IMYHBIX TAPAMETPOB, OJHAKO OHU B TIOJIABJISIONIEM
OOJIBIITUHCTBE SBJISIFOTCSI HEOOA3aTeIbHBIMK (TIPU MX OTCYTCTBHH HC-
HOJIB3YIOTCSl 3HAYCHUS M0 yMOJYaHuto). B obimem ciywae oOs3ares-
HbIMU sIBJISIIOTCS ToJbko Tpymmbel $BASIS u $DATA. Paccmorpum
HauOosIee BaXKHBIC MapaMeTPhl JUIsi OCHOBHBIX T'PYII, HauOOJee 4acTo
WCIIOJIb3YEMBIX B KBAHTOBO-XUMHUYECKUX pacueTax.

B rpymme $CONTRL mapamerp SCFTYP omnpenenser tum uc-
nosib3yemoro merona Xaptpu — ®doka (momyctumsl 3HadeHuss RHF,
ROHF u UHF). TTapamerp RUNTYP 3amaer tum pacuera, HanboJiee 4a-
CTO WCIOJb3YeMBbIMU 3HadeHUsIMHU i Hero sBisrorces OPTIMIZE
(omrrummzarust reomerpun), ENERGY (pacder sneprum miis 3amaHHON
reomerpun), HESSIAN (pacuer reccuana s 3aJaHHON T€OMETPHH).
[Tapamerp COORD ompenensieT cnoco0 3aaaHusi reomeTpun. B naH-
HOM MOCOOMHU MBI OyJileM paccMaTpuBaTh JBa CIOCO0a: MCIOJIb30Ba-
aue nexaptoBbix koopauHat (COORD=CART) u BHYTpEHHHX KOODPIH-
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Hat (COORD=ZMT). ITapamerp MULT omnpenenseT MyIbTHILIETHOCTh
CUCTEMbl. TUNMUYHBIMUA 3HAYEHUSMHU MYJIBTHIUICTHOCTH IJISI MOJIEKY-
JSPHBIX CUCTEM SBISIOTCSA 1 (3aKpeIThie 000M0uYKH), 2 (paauKalibl),
3 (OupaauKaibl B TPUIICTHOM COCTOSIHUM). 3apsiji CUCTEMBI C YUETOM
3Haka 3agacetcs B napamerpe ICHARG (o ymosdaHWIO paBeH HYJIIO).
Jlns ocymiectBiaeHus pacuera merogom DFT B3LYP Heob6xoaumo 3a-
nare napamerp DFTTYP=B3LYP (moctymHsl u npyrue ¢GyHKIMOHA-
nb1). Pacuetsl ¢ mcnonb3oBanneM Merona MP2 mpousBomsTes ¢ yka-
3anueM napamerpa MPLEVL=2.

I'pynma $BASIS omnpenenseT HCmoab3yeMblii Oa3sHCHBIA HaOOP.
Tun wucmons3yemoro Oasmca ompenensercs mapamerpom GBASIS.
Jlist 6a3ucHbIX HaOopoB [Toruia Bo3MoskHbI 3HaueHusA: STO (MUHHMAIIb-
Hble OaszucHbie Ha0opsl), N21, N31 u N311 (BameHTHO-pacCIleIICHHbIC
0asucHbIe HaOOpPhI). B 3TOM cilydae 00s3aTeIIbHO YKa3aHUE IapamMeTpa
NGAUSS, ompenenstoiiero 4ucio raycCOBBIX MPUMHUTHB, HCIOJIb3Ye-
MBIX JUIS 3JICKTPOHOB BHYTPEHHEH 000JIOUKH (TUITMYHBIC 3HAYCHUS 3
u 6). BBenenne nossipusarnuonsbix d- u f-QyHKIMNA U1 TSOKEIBIX aTo-
MOB ¥ P-(YHKIMA JISI aTOMOB BOZIOPO/Ia JIOCTUTACTCS MCTIOB30BAaHHEM
coorBercTBYHOIMX mapamerpoB NDFUNC (Bo3moskHbIe 3HaueHus 0 + 3),
NFFUNC (0 +1) u NPFUNC (0 + 3). IIpu HEoOXOIUMOCTH HCIIONB30-
Batb Aubdy3HbIe (YHKIUM ClIeayeT yKa3aTh 3HAYCHHE «HUCTH-
Ha» 11 OysieBckux mapamerpoB: DIFFSP=_T . (11 TsoKeIbIX aTOMOB)
u DIFFS=_T. (ana aroma Bomopona). Kpome 06azmcor Ilomia, BO3-
MOKHO TipuMeHeHue ay0ib-3eta (GBAS1S=DZV) u psaa apyrux 6a3u-
coB. B nmomyamnupuyeckux pacuerax napamerp GBASIS nomken npu-
HUMAaTh 3HAYECHUE B COOTBETCTBUH C MCIOJIB3YEMbIM METOJOM pacyeTa
(MNDO, AM1 un PM3).

I'pynna $DATA cocrout u3 HabOpa CTPOK, B MEPBOM U3 KOTOPHIX
HaXOJMUTCS IMPOU3BOJIBHBIN TeKCT (KOMMEHTapHii), BTOpas 3ajaeT To-
yeyHyro rpymry cumMmerpud (Cl o3HayaeT OTCYTCTBHE CHMMETPHH,
KOTJIa KK aTOM 3a7acTCsl IBHO); TPEThS U MOCISAYIONINE OTpe-
JCISAIOT TOJIOXKEHUS aTOMOB (reoMeTputo MosieKyibl). CrocoOblI 3a/a-
HUS TEOMETPHUU OYIyT pacCCMOTPEHBI B pazaene 3.3.

PaccMoTpuM npocteiimii mpuMep BXOIHOTO (haiia.

$CONTRL SCFTYP=RHF RUNTYP=ENERGY COORD=ZMT MULT=1

$END
$BASIS GBASIS=N31 NGAUSS=6 NDFUNC=1 $END
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$DATA

H20 (energy calculation)

Cl

H

O 1 0.9473190

H 2 0.9473190 1 105.4997148
$END

B nanHOM ciiydae mpOU3BOIUTCS pacyeT YHEPTUU MOJIEKYJIbI BO-
Abl TIpU (PUKCUPOBAHHON T€OMETPUU OTPAHWYCHHBIM METOJO0M XapT-
pu — doxka B 6azuce 6-31G*. MoJiekyna BOJibl UMEET OCHOBHOE CUH-
rietHoe cocrostane (MULT=1). KoopauHaTtel aTOMOB 3aJlaHbI B BHJIC
Z-matpulibl 0€3 yueta CHMMETPHHU.

[IpoBepuTh KOPPEKTHOCTh MOATOTOBJICHHOTO BXOAHOTO (haitia
nocpeicTBoM Iporpammel Firefly moxxHo, oTnipaBuB ykazaHHBIN (aiir
Ha ucnojHeHue ¢ ykazanueMm napamerpa EXETYP=CHECK B rpynmne
$CONTRL.

3.2. Cmpykmypa 8b1X00H020 ¢hailia

PaccmoTpuMm (haitn Bblaun pe3yiabTaTOB pacuera B IporpaMmme
Firefly nns 3agaum, mpuBeaeHHOM B mpeablAyIeM moapaseie. Daiin
HAaYMHAETCS ¢ MH(POPMAIIMKM O COCTABUTENSAX MPOrPaMMBbl M BBIUHCIIH-
TEJIHLHON MaIlMHE, TOCIe YeTO CleayeT MOBTOP CTPOK BXOAHOTO (haii-
na (ECHO OF THE FIRST FEW INPUT CARDS), yka3piBaercs
ucnoyib3yeMbiii 0azucHeii Habop (BASIS OPTIONS). [/lanee cieny-
10T aekaptoBel koopauHaTtel atomMoB (COORDINATES (BOHR)),
mexkaromuble paccrossaus (INTERNUCLEAR DISTANCES), mo-
npobHas pacmmdpoBka AO OGasmcHoro Hatopa (ATOMIC BASIS
SET). B cnenyromiemM 0JI0Kke BaXKHOU SIBJIICTCS HHPOPMAIIHAS O YHCIIC
3aHATBIX opOMTajci (B JaHHOM ciaydae 1o 5 opOuTajicii co CIIMHOM
anbda u Oera). [laHHbIe CBEACHHMS HCOOXOIMMBI IS YCTaHOBJICHHS
MOPSJIKOBBIX HOMEPOB TpaHuyHbIX MO.

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

3ateM IpeAcCTaBICHO MOJPOOHOE OMUCAHKUE MapaMETPOB Pa3IUy-
ueix rpynn $CONTRL, B ToM yucie B3ATHIX MO yMosrdaHuio. Ilapa-
METPBhl B KaXKIOH OMIMUM MOKXHO yKa3aTh M U3MEHUTb BO BXOIHOM

daiine. [lamee cienyroT pe3yabTaThl pacueTa OJHO- U JBYXJIJIEKTPOH-
HBIX MHTETPAJIOB, a 3aTEM MPOIEaypa pacuera no MeToay XapTpu —
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®oka (RHF SCF CALCULATION). Ctpoka DENSITY CONVERGED
TOBOPUT 00 YCIICIIHOM 3aBEPIICHUM UTEPALIMOHHOMN MPOLETyphl U J10-
CTH)KEHHM CaMOCOTJIACOBAaHUS MPH pacueTe sHepruu opoutaneit. I1o-
CJIE€ 3TOTO MPUBOIAUTCS SHEPTUS CUCTEMBI:

FINAL ENERGY 1S -76.0107465159 AFTER 10 ITERATIONS

OcrtanoBuMcs Oosee MoApoOHO Ha pe3yibTarax pacyeTra M HX
pacmmdpoBke. biok EIGENVECTORS (HuXe TIpHUBEACHA JIMIIb
HavajJbHas YacTh) COJACPIKUT COOCTBECHHBIC 3HAUCHHS M COOCTBCHHBIC
BeKTOpHI oneparopa ®oka (3Heprus u crpykrypa MO COOTBETCTBEH-
HO). Hax kakapIM cTosiOnioM yka3zaH Homep MO, e¢ sHeprus, BbIpa-
KCHHasi B aTOMHBIX efauHunax (Xaprtpu), U Ko3hGUIMEHTHI BKIaIa
kaxaon AO B paznmoxennn MO JIKAO. T1ockosibKy MOJIEKyJia BOJABI
UMeEeT S 3aHAThIX opouTaneid, To B3MO umMeeT nopsiikoBbIii HOMED 9,
a ee sHeprus —0,4982 Xaptpu. CoorBercrBenno, HBMO (opOutans
nost HomepoMm 6) mmeet sHepruto 0,2130 Xaprpu. Haubonpmmii Bkiia
B B3MO BHOCHUT p,-opOuTans aromMa kuciopoaa (kodh(HUIMeHTHI
st okato 1 auddys3Hoit vacreit paBuel 0,639 u 0,512 cootBert-
CTBEHHO), T. €. JaHHas MO sBIII€TCS HECBI3LIBAIOIIICH.

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 0 2 X 0.000000 0.000000 0.508915 0.000000 0.000000
6 0 2 Y 0.001337 0.094749 0.000000 0.557775 0.000000
7 O 2 Z 0.000000 0.000000 0.000000 0.000000 0.639266
8 0 2 S 0.004147 0.435320 0.000000 -0.325429 0.000000
9 0 2 X 0.000000 0.000000 0.303868 0.000000 0.000000
10 0 2 Y -0.000460 0.049807 0.000000 0.404864 0.000000
117 0 2 Z 0.000000 0.000000 0.000000 0.000000 0.511837
12 0 2 XX -0.004211 0.026933 0.000000 -0.000788  0.000000
13 0 2 YY -0.004088 0.021313 0.000000 0.046296 0.000000
14 0 2 7ZZ -0.003943 -0.001033 0.000000 -0.011869 0.000000
15 0 2 XY 0.000000 0.000000 0.050878 0.000000 0.000000
16 0 2 XZ 0.000000 0.000000 0.000000 0.000000 0.000000
17 0 2 YZ 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 paznene properties for the RHF density BeixomgHoro
Gailyia MpUBOASATCS CBOMCTBA MOJIEKYJIbI, TIOJIyYCHHBIE B PE3yJIbTaTe
KBAaHTOBO-xuMuueckoro pacuera. binok ENERGY COMPONENTS co-
JNEPAKUT HAUOOJIEE BAXKHYIO XApPaKTEPUCTUKY — TMOJHYIO SHEPTHUI0
moJiekyJiel B Xaptpu (TOTAL ENERGY), a TakXke OTACIIbHBIC COCTaB-
JSAIOLIAE JAHHOM BEJIWYMHBI, OJHORJIEKTPOHHASA U JBYXDJIEKTPOHHAs
SHEPIrUM, YHEPTrUU OTTAIKUBAHUA SIAEP, DHEPTUSI MEKIICKTPOHHOTO
OTTAJIKUBAHUSI, SHEPTUS NPUTSHKEHHS JJIEKTPOHOB K SIpaM, IMOJHAS
MIOTCHIMAJIbHAS U KUHETUYECKAsl SQHEPT UU.

ONE ELECTRON ENERGY
TWO ELECTRON ENERGY
NUCLEAR REPULSION ENERGY

-123.2240561246
37.9247451966
9.2885644121

-76.0107465159

TOTAL ENERGY

ELECTRON-ELECTRON POTENTIAL ENERGY 37.9247451966

NUCLEUS-ELECTRON POTENTIAL ENERGY -199.0837112021
NUCLEUS-NUCLEUS POTENTIAL ENERGY = 9.2885644121
-151.8704015934
75.8596550774
2.0019917232

TOTAL POTENTIAL ENERGY
TOTAL KINETIC ENERGY
VIRIAL RATIO (V/T)

B cienyroniem 0s0ke NpUBEACHBI PE3YIbTaThl aHAIU3a 3aCEJICH-
HOCTH opOutasieid mo MamikeHny u JIeBAUHY U MOJIY4YEHHbIE B paM-
Kax aHajin3a 3apAabl Ha aroMax. /[aHHbIE 3HA4YE€HUs OTPAXKAIOT TEH-
JCHLWIO CMELIECHUS JJIEKTPOHHOM IIJIOTHOCTU B MOJIEKYJIE, HO HE OT-
paXkaroT peajibHbIE 3apsA/bl, IIOJIy4YaeMble C ITOMOILIBIO JKCIIEPUMEH-
TaJIbHBIX METOAOB. TeM He MEeHee 3TU 3HAYCHUS UCIIOIB3YIOT IIPUA UH-
TEpIIpETaLMU PE3yJIbTaTOB PACYETOB, HAIIPUMED IIPU aHAIU3E 3apsalo-
BOI'O0 KOHTPOJISL B peakuusx. B Mojekyne BoJbl HAOMOJaeTCsa 3HAYU-
TEIILHOE CMEIICHHE JJICKTPOHHOW IUIOTHOCTH C Bojopoda (3apsn
o Mammukeny +0,43) Ha kuciopoy (—0,86).

Coennn
TOTAL MULLIKEN AND LOWDIN ATOMIC POPULATIONS

ATOM MULL.POP.  CHARGE LOW.POP CHARGE

1 H 0.565621  0.434379 0.635136  0.364864

20 8.868758 -0.868758 8.729728  -0.729728

3 H 0.565621  0.434379 0.635136  0.364864
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Jlanee mpeacTaBieHbl IJIWHBI U TOPSAKA CBS3€H M BAJICHTHOCTH
Ha aToMax. Tak, o6e cBs3u O—H paBHO3HauHs! (mnHa cBsa3u 0,947 A,
nopsiok cBs3u 0,785 — yyTh MEHee eIMHUIIbI).

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
1H 0.781 0.781 0.000
20 1.571 1.571 0.000
3 H 0.781 0.781 0.000

JlutionsHBI MOMEHT B Jlebasx HaXOAUTCS B CIEAYIOIIEM OJIOKe
(2,198 D B paccmaTpuBaeMOM TIpUMeEpeE).

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
. 3
B camoM koHIle BbIxoAHOTO (aita mpuBOAUTCS WHOOpMAITUs
O TOM, KOPPEKTHO JIM 3aBEpIICH pacyeT, U €CJIHU HET, TO IOSICHECHHUE
MPUYXHBI, BbI3BaBIICH OMIMOKY. Tak, mMpy HOPMAJIBHOM 3aBEPIICHUU
pacuera nocliennss crpoka daiisia Beiiau OyJ1eT UMETh BUJL:

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

DTO, OJHAKO, HE TapaHTUPYET MpaBWIbHOCTH pacyeTta. Hampu-
Mep, ONTUMHU3AIUS TEOMETPUU MOTJIa 3aBEPIIUTHCS HE MO0 KPUTEPHUIO
rpaguenTa (mapamerp OPTTOL rpynmer $STATPT; ecinu He ykasaH,
ucronb3yercs 3HadueHue mo ymoiadanuto 0.0001), a mo cueTumky mpe-
nenpHoro uucia maroB (mapamerp NSTEP rpymmer $STATPT; ec-
JIM HE YKa3aH, UCIOJIb3yeTCs 3HaUYeHHE 1o yMordanuio 20).

B ciiyyae BOBHUKHOBEHUS OIIMOKH, HAIPUMEP €CIIH HEeTPaBHIHHO
yKa3aTh 3HaUCHHE MYJIbTUILJICTHOCTH, B KOHIIE BBIXOAHOTO (haiiia mo-
SBUTCS ()parMeHT BU/IA:

3
[Tpu yciioBuu, 4TO MOJIB30BATENb HE TPEPBAJ PACUET PUHYAUTEIBHO.

29



*** 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 3akmroueHue oOpaTMM BHHMaHHE Ha Ba)XKHOC OTJIUYHE pe-
3yJIbTATOB pacyeTa HEOMIMPUYSCKUMHU U TOJYyIMIUPUUCCKUMH Me-
TOJaMH. DHEPruH, MOJYUYCHHBIC MOJYIMIHUPUISCKHMH METOJaMH,
BCJICJCTBHE HCIIOJIb30BAaHUS BAJICHTHOTO MPHUOJMKEHHUS MO abco-
JTIOTHOHN BEJIMYMHE OyAYT TOpa3/io HIKE TEX K€ DHEPTHH, MONTydYcH-
HBIX HEOMITMPUYSCKHU. B BBIXOJHOM (aitie HEOMIUPUIECKOTO pac-
YyeTa BEJIIMYUHBI SHEPIMM MPUBOIATCSA B €IWHHUIIAX XapTpH, B BbI-
XOJIHOM (haiijie MOJyIMIUPHUUIECKOIO pacueTa — Kak B XapTpH, TaK
U B KKaj/MoJb (Terora o0pa3oBaHus).

3.3. Cnoco6bl 3adaHus1 2ceomempuu MoAeKYyN

['eomeTpusi MoOJIeKyJIbl B (POPMAIMCTHUKE KBAHTOBO-XMMHUYECKHUX
porpaMM TMpEJCTaBIsSIET CO0OM 3amaHue TMOJIOKEHU aTOMOB B IIPO-
CTpaHCTBE. B OONBIIMHCTBE CTy4aeB UCHOIB3YIOT OJIMH U3 JIBYX OCHOB-
HBIX (JOpMATOB: AEKAPTOBLI KOOPAMHATHI U BHYTPEHHUE KOOPIMHATHI.

JlexkapToBbl KOOpAMHATHI. [lo3ULMA KaXIOro aroMa 3aJacTcCs
TpEMSI YHCJIaMH, OMPEICISIOMMMH €ro IMOJIOKEHUE B MPOCTPAHCTBE
B BUJIE CMEIICHUW 10 MPOCTPAHCTBEHHBIM KOOPJIWHATHBIM OCSIM.
Kaxmass crpoka B rpymnme $SDATA, HauuHas ¢ TPEThEil, NMEET BHU

«Label Znuc X Y Z», rne Label — mpowmsBonbHas MeTka MIMHOMN
10 10 cumBoIIOB, ZNUC — 3apsia sapa (aTOMHBIH HOMEp dJeMeHTa), X,
Y, Z — nekapToBbl KOOpJAMHATHI atoma. Huke mpuBedeH npumep

OIMMCaHusl reoMeTpun Mojekyisl stuiieHa (C,H;) B aexkapToBBIX KO-
opauHaTax. OOpaTuTe BHUMAHHE, YTO DJIEMEHT 3aJacTCs HE €ro CUM-
BosioM (C u H), a 3apsom siapa (6 u 1).

$DATA

Ethylene C2H4

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
$END

30



OdeBUAHO, YTO JAaHHBIA (hopMaT SABIIIETCS a0COTIOTHO HEHATJISII-
HBIM W HETPUTOAHBIM JUIS PEAAKTUPOBAHHUS B TEKCTOBOM Bmje. Ilo-
3TOMYy JiIsi pabOTBI ¢ TakuM (OPMATOM HCIOJB3YIOT Pa3TUIHBIC
BCIIOMOTAaTeIbHbIC ITPOrpaMMbL. PaccMOTpHM, KaKiMM 00pa3oM MOKHO
CTCHEpUPOBATh NPHBEACHHYIO BBINIC TeOMETpHIO MOJIeKysIbl CoHy
¢ nmoMoIibio mporpammsl WXMacMolPlt.

1. 3amyckaem mporpammy WxMacMolPIt. Eciu ee ax3emrisip
yIKe 3aIlyIleH, BeionpaeM myHKT MeHio File — New (puc. 2).

2. Beionpaem uactpyment Edit Ha manenn uactpymentos (puc. 3).

3. Betoupaem nysktr Mmenro Builder — Show Build Tools
1t otrobpaxenust okHa «Builder Tools» (pwuc. 5).

4, OgHUM #3 JBYX CIIOCOOOB CO3/Ja€M T'€OMETPHUIO MOJEKYJIbI
C,H; B rmaBHOM OKHE MporpaMmsbl: JIMOO MOATOMHO, BHIOpaB B OKHE
«Builder Tools» nyxHbIi1 THIT aToMa 1 3ateM mienkHyB JIKM B 1ipo-
CTPAHCTBE TJIABHOTO OKHA, JIMOO BHIOpaB YXKE TOTOBYIO CTPYKTYPY
B okHe «Builder Tools» na Bkimagke Prototypes u 3aTem Taxke IIeiK-
HyB JIKM B npocTpaHCTBE II1aBHOTO OKHA.

5.B rinaBHOM OKHE TIporpaMMbl BBIOMpPAcM TYHKT MEHIO
Subwindow — Coordinates. Otkpoercs oxHo «Coordinates
Window» ¢ otoOpaxenuem koopauHat atomoB (puc. 4). ITo ymoda-
HUI0 OynmeT BbIOpaH QopMar aekapToBbiXx koopamuHar (Cartesian);
albTepHATHBA — BHYTpPEeHHUE KoopauHATHI (Z-Matrix, cMm. Huxe).

6. B okre «Coordinates Window» Beiompaem myHKT Merro Edit —
Copy Coordinates. KoopauHaTbl aTOMOB B BHJIC IPUBEICHHOIO BBIIIES
TEKCTa OYIyT CKOIMPOBaHbI B Oy(dep oOMeHa. 3aTeM MepexoiuM B TEK-
CTOBBIN PEAKTOP M OCYIIECTBIISIEM BCTaBKY TeKCTa U3 Oydepa.

BuyTpeHnne koopauHaThbl. ['opa3no Oosee MpUCIOCOOICHHBIM
IS CO3MaHMS U PEAAKTUPOBAHUSA TeOMETpUU «BpyuHyro» (0e3 wc-
TIOJIb30BaHUS BCIIOMOTATENBHBIX pOrpamMm) siBjsieTcss (hopMar BHYT-
peHHuX koopauHat. CyIecTBYeT MHOKECTBO MOJBHUIOB Takoro Qop-
mata. JIJI1 TOHMMaHMS CYIIHOCTH JOCTaTOYHO PACCMOTPETh JIHIIh
onuH u3 HUX. Hmke mpuBeneHa reometpusi Mosekybl C,H, Bo BHYT-
peHHUX KoopauHatax ¢opmara Firefly.

$DATA
Ethylene C2H4
Cl
C (crpoka 1)
C 11.3 (cTpoka 2)

31



H 2 1.0 1 120.0 (crpoka 3)
H 1 1.0 2 120.0 3 180.0 (cTpoxa 4)
H 11.0 2 120.0 3 0.0 (cTpoka 5)
H 2 1.0 1 120.0 4 0.0 (cTpoka 6)
$END

Takyro hbopmy npencTaBaeHUs TEOMETPUA Ha3bIBAIOT Z-Mampuyetl.
B Z-matpuiie mepBbiit aToM” (cTpoka 1) IpHBOIUTCS TOIBKO C YKa3aHM-
eM ero Tuna (B MpUBEICHHOM IIpHMepe 3T0 atoM yriepoxaa, C). ¥V mep-
BOTO aTOMa HET MPOCTPAHCTBEHHBIX CTEMEHEW CBOOOIBI, T. K. OH SIBJISI-
€TCA TOYKOM OTCYETa I 3aJaHHUsl OCTAJIbHBIX aTOMOB. BTopoil atom
(ctpoka 2) 3amaeTcs uepe3 IepBhIi IyTeM YKa3aHUs ¢AUHCTBCHHOM CTe-
MIEHU CBOOOBI — PACCTOSTHUSI OT BTOPOTo atoma o mepBoro. [udpa 1
IIPH 3TOM yKa3bIBaeT HOMEP YXKe 3aJaHHOTO paHee aToMa, Ha KOTOPBI
«OTIMPACTCS» aTOM 3aJlaBaeMbIid. Tpernii atoM (cTpoka 3) 3amaeTcs de-
pe3 nepBbie aBa. [Ipy 3TOM 17151 0IHO3HAYHOTO 3aJaHUSI €0 TIOJI0KEHHUS
B IIPOCTPAHCTBE HYKHO OIPEJICIUTh JIBE CTEIIEHU CBOOOIBI. PacCTOSHUE
710 KaKOTO-JIM0O M3 yKe 3aJaHHBIX aTOMOB M IUIOCKHMH YToJI, oOpa3ye-
MBI 3a/71aBaéMbIM aTOMOM U Napoi JIIOOBIX paHee 3aJaHHBIX aTOMOB.
Tak, ctpoka 3 o3Hawaer, 4yTo TpeTud atoM — aroM H, paccrosiHue
oT Hero 110 Broporo aroma 1,0 A, a miockuii yron, KOTOpBIA 06pa3yioT
atombl 3—2—-1, coctapisier 120 rpaaycos.

YeTBepThIii M BCE MOCICAYIONINE aTOMBI 3aJJal0TCS Yepe3 JTH00bIC
paHee 3aJlaHHBIC aTOMBI, TIPU 3TOM TpeOyeTcsl yKa3bIBaTh yKe TpHU
CTENIEHU CBOOOBI: PACCTOSHUE, MJIOCKUM YroJl U AUDAPAIbHBINA yToJ.
B npuBeaeHHOM nIpuMepe CTpoka 4 03HavaeT, YTO YEeTBEPThIM aTOM —
H, paccTosiHHEE OT Hero 1o mepBoro cocrasuser 1,0 A, mmockwuit yrou,
oOpazyembiit atomamu 4—-1-2, cocraisier 120 rpanycos, a nudapaiib-
HBII yroi, 00pa3yemslili atomamu 4-1-2-3, cocrasnsier 180 rpagycos.

Hwke mpuBeneH eme OAWH MPUMEP TOCTPOCHUS CTPYKTYP
«BpyuHy10» 1151 Mosiekyiel CH3OOH.

H
) 0 11.0
0 21.3 1 120.0
O3)—C#—H® ¢ 3 1.5 2 120.0 1 180.0
H 41.0 3 120.0 2 60.0
H(1)——0(2) R0 H 41.0 3 120.0 2 -60.0
H 41.0 3 120.0 2 180.0

4 o
Br16op crienoBanusi aTOMOB MPOM3BOJBHBIA U OMpPENENsieTcss U3 cooopa-
KEHUM y1o0cTBa.
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Ilone3nbie coBernl. 1. Eciu B Z-Marpuile yka3aTh HaMMEHOBa-
HUEe aToMa «X» (0e3 kaBbIuek), nmporpamma Firefly Bocnpumer takoi
aTOM KakK «aTOM-MYCTBIIIKY», T. €. HECYIECTBYIOIIUNA aToOM; IJisl Ta-
KOro aTomMa He OyJeT MCIOoJib30BaHa HU OAHa (YHKIUS U3 OA3UCHOTO
Habopa. ITOT MPUEM MOXKHO HCIOJIb30BaTh JJIS CO3JaHUS B TeOMET-
PUU MOJIEKYJIbI OMOPHBIX TOYEK, YEPE3 KOTOPhIE MOXKET OBbITh 3aJ1aHO
MIOJIOKEHHUE TIOCTAEAYIONMX aTtoMoB. Kiaccudeckuii npumep —
Z-matpura mojiekyiasl merana (CHy4), koTtopyro ropasgo mporie co-
3/1aTh C UCMOJb30BaHUEM aToMa X, HeKelu 0e3 Hero.

2. B Z-matpuiie K HAUMEHOBAHUIO aTOMa MOKHO J00aBJIsATH MPO-
U3BOJIBHOE YMCIIO, HATIPUMED
H1

02 11.0
H3 2 1.0 1 109.0

B naHHOM NprMepe B KauecTBE TAKOT'O YMCjla MCIOJIb30BaH I0-
PAIKOBBIM HOMep aToma. J{ius mHTeprperatopa nporpammsl Firefly
Takas 3allCh HE ChIrpacT HHUKAKOW poiu (paBHO Kak M JJIsS MPO-
rpammbl WXMacMolPIt), Ho MoxeT OBITH OYCHB IOJIC3HA IJIs MOJIb-
30BaTeIsA MPH CO3JaHUM U PEAAKTHPOBAHUN Z-MaTPHUIBI C OOJIBIITUM
YKCIIOM aTOMOB.

3. Ecniu B Z-MaTpuiie 1mociie HeKOTOPOH CTPOKH BCTaBUTH ITYCTYIO
CTPOKY, TO BCE MOCJICAYIOIINE CTPOKH HE OyayT YUTAThCSA HU B IIPO-
rpamme Firefly, au B wxMacMolPIt. Jlanabii mprieM SKOHOMHUT BpeMst
IpHU TIOUCKE OIMMOKW B Z-MaTpuIle, W3-3a KOTOPOH CTPYKTypa OTOO-
paskaeTcsi HEKOPPEKTHO.

4. IIpu pabote B (popmaTe BHYTPEHHUX KOOPJIUHAT CIAETYET U30e-
raTh BaJeHTHBIX yrioB B 180 rpagycos. B mpoTuBHOM ciiydae pacueT
MOJKET 3aBEPIIUTHCS C OUTHOKOM.

3.4. Onmumu3zayus ceomempuu MoJ/1€Ky
8 pedicuMe NoUCKa cmayuoHApHbIX MoYekK

TexHHYECKH IJI1 ONTUMHU3AIMKM TeoMeTpuu B mporpamme Firefly
HE0OX0JIMMO TIOJITOTOBUTHh BXOAHOW (Daiiyl 3aja4yd, yKa3aB B TI'PYIIIC
$CONTRL napamerp RUNTYP=OPTIMIZE, u oTnipaBuTh €ro Ha pac-
gyeT (b0 Yepe3 KOMaHAHYIO CTPOKY — cM. pazzaen 2.1, mubo ¢ mo-
MOIIBI0 YTHIIATBI FICO — cM. pazgen 2.2). Tak, /Ui ONTUMH3AIUU
T€OMETPUHU MOJICKYJIBI BOJBI METOIOM (DYHKIIFOHAJIA TIJIOTHOCTH C HC-
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MOJIb30BAHUEM KOPPEIALMOHHO-00MeHHOTO (yHKIMoHaia B3LYP
B Oasuce 6-311G(d,p) comepskrmoe Takoro (aitia OyaeT UMETh BUI;
$CONTRL RUNTYP= OPTIMIZE DFTTYP=B3LYP COORD=ZMT $END

$BASIS GBASIS=N311 NGAUSS=6 NDFUNC=1 NPFUNC=1 $END
$GUESS GUESS=HUCKEL $END

$DATA
H20_molecule

Cl

H

O 11.0

H 2 1.0 1 105.0
$END

st ctone HeOombION Monekyibl, kak H,O, mpuBeaeHHBIX Ta-
PaMETPOB BIOJIHE JOCTATOYHO JJISl TOTYUYEHUSI OJTHO3HAYHOTO PE3yIlb-
TaTa — TJI00anbHOro MuHNUMyma sHeprun Ha [1113. OnHako ciokHbIe
CTPYKTYpPhI U3 OOJIBIIIOTO YKCJIa aTOMOB 3a4acTyl0 XapaKTepU3YIOTCs
OOJIBIITUM YHCIIOM JIOKAJBHBIX MUHUMYMOB, OTBEYAIOIINX, KaK IMpaBH-
710, KOH(GOpMAIMOHHBIM TiepexojaM. [loaToMy Bo3HUKAET 3aaada Mo-
UCKa ri100aJIpHOr0 MUHUMYMa (MJId, 110 KpaliHel Mepe, OJTHOTO M3 JIO-
KaJIbHBIX MHHHMYMOB, OJIM3KOTO II0 SHEPIHM K TIJIOOAIBHOMY),
JUIs 94ero B 0OIIeM ciydae HeoOXOAMMO MOBTOPSATH ONTUMH3AIIMIO
F€OMETPUU CTOJIBKO Pa3, CKOJIBKO 3TO HEOOXOIWMO Jisi MPOBEPKHU
KakJ10M KoH(popmaruu. PekoMeHyeTcsl Takke pacCUUThIBATh TeCCH-
aH (CM. HIDKE) JJI KOHTPOJISI OTCYTCTBHS OTPUIIATEIBHBIX (MHUMBIX )
KoJIeOaTeJIbHbIX YacToOT.

OTMETHM TaKKe, 4TO B ClTydae OONBIINX CTPYKTYP CIEAYET JI0MOJI-
HUTh BXOJHOW (pailyl yBeIMUEHHBIMH 3HAYeHUSIMH mapameTpoB MAXIT
rpynmbl SCONTRL (o ymomuanuio 30) u NSTEP rpynmer $STATPT

(mo ymomyanmto 20). MHavye onTUMM3aIys I'eOMETPHH MOXKET 3aBep-
IIUTHCS JJOCPOYHO TI0 MPUYMUHE JIMOO HEXBATKW UTEpAIUil JIsl JOCTHU-
KEHHS CXOJIMMOCTH, JINOO HEJOCTATOYHOTO YHCIa II1aroB ONTUMH3AIH
JUTSL TOCTYYKEHUST KPUTEPUATBHOTO TPAJUCHTA.

[Ipu ycnemHoM 3aBeplIeHUH MPOIEAYPHl ONTUMHU3AIMNH BBIXO/I-
HOU (aiin OyJIeT coAepKaTh CIECAYIONIYIO CTPOKY:

1 FAxxF EQUILIBRIUM GEOMETRY LOCATED *****

— OHa JIOCJIOBHO O3HAYaeT, YTO JIOKAJIN30BaHa PABHOBECHAS T€OMET-
pus. Cpa3y 1moja I1aHHOW CTPOKOU CIEAYIOT OJOKHM ONTUMU3UPOBAHHON
r€OMETPUU — B JECKAPTOBBIX U BHYTPEHHUX KOOPJHUHATAX. JHEPTHIO
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ONTUMU3UPOBAHHON TE€OMETPUM MOKHO HAWTH IMOUCKOM C KOHIIA
daiina mo ¢pparmenry FINAL ENERGY 1S (Takyke MOXXHO MCIOJIb-
30Bath 3HaueHme B cTpoke TOTAL ENERGY, cm. pasmen 3.2).
JIJ1st mpuBEICHHOTO MTpUMeEpa JaHHas CTPOKA BBIMJISIAUT Tak:

FINAL ENERGY 1S -76.4482933940 AFTER 7 ITERATIONS

bosiee ynoOHbIM CITIOCOOOM aHaJIM3a BBIXOJHOTO (paiijia ONTUMU-
3allMM TEOMETPUH SBIIECTCS UCIIOIB30BaHUE MTPOTPaAMM BU3YaTU3aIINH.
Ha puc. 6 mokazan Buj riaBHOro okHa mporpammber WXMacMolPIt
C OTKPBITHIM BBIXOJHBIM (hail;IoM ONTUMHU3AIMH MOJICKYJIbI BoABI. Kak
BUJHO W3 PHCYHKA, B CTPOKE COCTOSIHHSI OTOOpa)xaeTcsi TEKCT
E=-76.4483 RMS=0.0000 Frame 5 of 5, koTopslii 03Ha4a-
€T, YTO JIaHHBIN (a1 COAEPIKUT PE3ybTaT MATH IIaroB ONTUMH3AIUN
reOMETPUN; OTOOpaKaeMBIM B TEKYIIUH MOMEHT SIBIISETCS Imar 5;
DHEPTUsS MOJICKYJIbl, TOJYYCHHAas Ha JaHHOM Iare, COCTaBIIsCT
—76,4483 Xaptpu. beryHok, pacnoyio)KeHHBIM B IPaBOM YacTH CTPOKH
COCTOSIHUS, TTO3BOJISIET MEPEMEIATHCS IO 1IaraMm.

Puc. 6. [IpocMoTp pe3ynbTara onTUMU3auu Mosiekysisl H,O
B mporpamme WxMacMolPIt

VBUACTh, KaK MEHSIACh PHEPTUS CHCTEMBI B XOJI¢ ONTHMHU3AIIHH,
MOJKHO Ha rpadHKe 3aBUCHMOCTH BEJIMYHMHBI SHEPTUU OT HOMEpa Iiara
ontumusanuu (myHkT Mexto Subwindow — Energy Plot).
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3.5. Pacuem ceccuaHa

I'eccrman (MaTpuIia BTOPBIX MPOU3BOJIHBIX OT SHEPTHUU IO KOOP-
JMHATaM) ITO3BOJISICT aHAJIM3UPOBATh KOJIeOATEIbHBIC YaCTOTHl U HH-
TeHCUBHOCTH JInHUM K-cniekTpoB paccunteiBaeMom CTpyKTyphl. I1o-
JIy4YuTh Teccrad B mporpamme Firefly moxxHO HECKONMBKUMU Ty TSAMU:

— OTACNBHBIM pacueToM ¢ ykasanueM B rpymnmne $CONTRL mapa-
meTpa RUNTYP=HESSIAN (onTumu3zanuu reoMeTpund HE MPOU30U-
JIeT, BBIXOJHOU hailsl OyneT coiepkaTh TOJBKO pe3ysibTaThl pacuera
reccHaHa);

— ONTUMU3AIUEN TEOMETPUU C NpedsapumeibHblM PacieToM rec-
chaHa, Ui 4dero ciueayeT ykasate B rpymme $STATPT mapamerp
HESS=CALC (BeixomHoi1 (haii OyaeT comepikarh pe3yabTaThl pacye-
Ta TeCCUaHa, 3a KOTOPBIMH MOCIICIYIOT Pe3yIbTaThl ONTUMHU3AIINN);

— ONTUMU3AIMEN T€OMETPUU C PAacueTOM TeccuaHa nocie onmu-
muzayuuy, 1A 4ero ciemyer ykasate B rpymmne $STATPT mapametp
HSSEND=.T. (BeixomHo#l (aiti OyaeT cojepKaTh pPe3yJbTaThl OII-
TUMU3AIIH, 32 KOTOPBIMU TOCICAYIOT pe3y/IbTaThl pacyeTa reCCHaHa).

Kpome TOrO, B mporpamme peaqn3oBaHa BO3MOXHOCTb CUUTATh
TeCCHaH HE TOJIPKO B Ha4aJie M B KOHIIE, HO M TIEPECUUTHIBATh €T0 Yepe3
kaxapie N 1maroB ontuMuzanuu, Jjis 4ero CleayeT yKa3aTh B IrpyIIe
$STATPT mapamerp IHREP=N (N — cooTBeTCcTBYy!OIIIEE YUCIIO).

BbINOIHUM ONTUMM3ALNIO TEOMETPUM MOJIEKYJIBI BOJIbI, UCIIONb-
3ys TPUBEACHHBIM BBHIINIE TpUMEp U J00aBUB K HEMY CTPOKY
$STATPT HSSEND=.T. $END mns pacueTa reccrana mo OKOHYa-
HUW ONTUMH3AIMH. Pe3ynbTaThl pacuera reccuana oOHApYyKHBAIOTCS
B IIPEIIOCIIeIHEM OJIOKE BRIXOAHOTO (paiina:

NORMAL COORDINATE ANALYSIS IN THE HARMONIC APPROXIMATION

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 BuaHO, KojcOaTenbHbIC YacTOThl (MJIM TaK Ha3bIBacMbIE KO-

-1
niebameinbHble MOObL) BBIPAXKCHBI B CM ~ U PACIIOJIOKCHBI B ITOPSJIKE
BO3pacCTaHUs 3HAYCHUM 4acTOT. {14 KaX 101 MOJbI TAKKE€ ITPUBOIATCS
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IpUBEJICHHAs] Macca 00pa3yrolel ee Mmapbl aTOMOB, HHTEHCUBHOCTH
COOTBETCTBYIOIIEH 1oJ0Ckl B MK-criekTpe u psig Apyrux napaMmeTpos.
B wcronp30BaHHOM MPUMEPE OTPHUIIATEIHHBIX (MHUMBIX) KoJieOa-
TEJBHBIX YaCTOT HET. DTO TOBOPHUT O TOM, YTO TaKas TEOMETPHS OTBE-
yaeT MmuHumymy Ha [1IID. B mpoTuBHOM ciydae 3TO O3Hadasio ObI,
YTO HEKOTOPHIE aTOMBI PACIIOJIOKEHBI B TMO3ULUSIX HE YCTOWYHUBOTO
MHUHHMYMa, a HEYCTOHYMBOTO Makcumyma. [Tokaxkem 3To Ha mpumepe
ontumuzauu reomerpun moiiekysibl CH3;OOH momysmnupudeckum
metogoM AM1, Z-maTpuity 111 KOTOpPO# 3aMMCTBYEM U3 paszjena 3.3:
$CONTRL RUNTYP=OPTIMIZE COORD=ZMT $END
$BASIS GBASIS=AM1 $END

$GUESS GUESS=HUCKEL $END
$STATPT HSSEND=.T. $END

$DATA
CH300H _molecule hessian
Cl
H

11.0
O 21.3 1 120.0
C 3 1.5 2 120.0 1 180.0
H 41.0 3 120.0 2 60.0
H 41.0 3 120.0 2 -60.0
H 41.0 3 120.0 2 180.0

$END

B pesynbprare pacuera reccuaH OyJET BBITVISIACTH CJIEIYIOIIUM
o0Opa3oMm (IpeacTaBICHBI IEPBHIC CTPOKH):
FREQUENCIES IN CM**-1, IR INTENSITIES IN DEBYE**2/AMU-ANGSTROM**2

1 2 3 4 5
FREQUENCY: 145.26 1 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

Kaxk BugHO, TIepBas 1o cueTy KoJjiebaTeabHasi 4acToTa UMEeT 3Ha-
yeHrne MuHyC 145,26 CM_l, O YeM CBHUJICTCILCTBYET CIEAYIONIUN
3a 9TUM YnciIoM cuMBoi «I» (camMo 3HaYeHHWE NMPH 3TOM YKa3aHO
0e3 3HaKa «MHHYC»). UTOOBI OTHECTH JAHHYIO YacTOTY K KOJICOAHHIO
KOHKpETHOTO aroMa (aToOMOB), BOCIIOJB3yeMCS  IPOrPaMMOM
wxMacMOolPIt, oTkpeiB B Hell BbIXOAHOW (hail1 M O0TOOpa3MB OKHO
«Frequencies» (mynkt mento Subwindow — Frequencies). B nannom
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OKHE IEePEUNCIIEHbI Bce KojeOaTeIbHbIE MOJIBI, a TAKXKE MMOKAa3aHbI I10-
nocel UK-nornomienus. Pe3ynbrat nokasan Ha puc. /.

B rnmaBHOM OKHE ITporpaMMbl, 0TOOpa)karolleM MOJIEKYJy, MOKHO
BKJIFOUMTH TI0KA3 CTPEIKaMH HAIpaBJICHUS U HHTCHCUBHOCTH KoJjieOa-
HUM aTOMOB, OTBEUAIOIIUX BhIOpaHHOU MoJie. J[J1g 3TOr0 HE0OX0UMO
B TJIABHOM OKHE BBIOpaTh MyHKT MeHio View — Show Normal Mode.
B ucnonb3oBaHHOM IIpUMeEpe, KaK BUIHO U3 PUC. /, MHUMAas 4acToTa
OTHOCUTCS K KPYTHJIBHOMY KOJICOAHHIO aToMa BOJOPOJA TPYIIIBI
OOH. bonee HarmaaHO MOXXHO OTOOpa3uTh KOJieOaHHUS B JUHAMHUKE,
BOCIIOJIb30BABIIMCH MYHKTOM MeHIO View — Animate Mode.

Puc. 7. Busyanuzanus reccuana B mporpamme WxMacMolPIt

Kak yxe roBopuiaoch, MHUMBIX YacTOT HE JOJKHO OBITh, €C-
JY pe€Yb MAET O IOWUCKE cranuoHapHbix Touek Ha [II1D. Omnako
B HalreM cirydae (puc. 7) oHa UMEeTCs, M OT Hee CIIeayeT N30aBUThC.
B cnydae cHOXHBIX CTPYKTYp clAellaTh 3TO HE BCErja MpoCTo, HO B
JaHHOM IMPUMEpPE BCE OYEBUAHO: HY>KHO MOBTOPUTH pacyeT, U3MEHUB
CTapTOBYIO TEOMETPHIO TakK, uToObl aToM Bojoponaa (Ne 1) oxazaics
BHC IIOCKOCTH aTOMOB 2—3—4. JJIs1 3TOro JOCTaTOYHO M3MCHHUTH Be-
JAUYHUHY OU3JpalibHOrO yria 4-ro aroma, yka3aB BMecto 180 rpany-
coB, HanpuMep, 130. B pe3ynbTaTe Takoro pacuera MHUMasi 4acToTa
MCYE3HET, a SHEPIHsl CUCTEMbI TOHU3UTCHL.

B nocnennem 6510ke BhIXOHOTO (haiiyia pacyeTa reccrana mpuBo-
JSTCS. TEPMOXMMUYECKHUE BEJIMYMHBI, PACCUMTAHHBIE METOJIAMU CTa-
TUCTUYECKON TEPMOANHAMUKHU.
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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 1S (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  J3/mMOL-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 Temmneparypa, Uisi KOTOpOM paccyu-
TaHbl monpaBku (mo ymomdanuio 298,15 K). Dro 3HaueHHE MOKET
OBITH 3a/1aHO BO BXOJIHOM daiisie mapamerpoM TEMP rpymmsr $FORCE.
Jlommyckaetcsi yka3aHHWE HECKOJIBKMX 3HaueHWW B (OpME MacCuBa,
Hanpumep: TEMP(1)=500,1000. B mnocineayromux CTPOKax TOBO-
PHUTCS, YTO TIOJYYCHHBIC TCPMOXHUMHYECCKHE IONMPABKU PACCUNUTAHBI
C MCTIOJL30BAHMEM MPUOIMKEHUIA HIeaTbHOTO T'a3a, )KECTKOTO poTopa
U TapMOHHUYECKOTO ocmmuisTopa. Jlaiee yka3aHO, YTO BCE YaCTOTHI
B Te€CCHaHEe YMHOXKEHBI Ha BEJIMYMHY K03 uiirenTa mepecyera (scale
factor), pasaoro 1.00000 (3HaueHue MO yMOUYaHUWIO). B rpymme
$FORCE M0XHO yKa3zaTh Ipyroe 3Ha4€HHE, BHIOPAHHOE U3 CTOPOHHUX
HUCTOYHHUKOB B 3aBHCHUMOCTH OT HCIIOJIb3yeMOr0 MeToja M Oaswmca.
Tax, nanpumep, coraacuo http://cccbdb.nist.gov/vibscalejust.asp,
st metona AM1 crnenyer ucnonb30BaTh BEJNIUYMHY KO3 (dUIIMEeHTa
nepecuera 0,954: $FORCE SCLFAC=0.954 $END. Heckonbkumu
CTpOKaMH HW)XE TIpHBEACHA DJHEPrus HYJICBBIX  KoOJICOAHUH
(HARMONIC ZERO POINT ENERGY) B pa3iu4HbIX ¢AMHHIAX SHEP-
rud. 3aTeM CJIEIYyIOT CYMMBI IO COCTOSIHUSIM W HEMOCPEICTBEHHO
TEPMOXUMUYCCKHE ITONPaBKU K BenmuuHaM E (oOmias sHeprus),
H (oaTanenust) u G (3Heprust ['md0ca), a Takxke 3Hadenus CV (temno-

39



E€MKOCTb IIPHU MOCTOSITHHOM 00beMe), CP (TermioeMKoCTh IpH MOCTOSH-
HOM JjaBiieHun) U S (3HTponws). [ToHBIC 3HAUEHUS BCEX MapaMeTPOB
(TOTAL) pa3iokeHbI TI0 COCTABJISIONIMM BKJIAJaM: JICKTPOHHBIHI, T0-
CTyHaTeJIbHBIN, BpaIaTeIbHBIA 1 KOJICOaTEIbHBIM.

3.6. Onmumu3zayusi 2ceomempuu MoJ1eKy1
8 pedicuMe NOUCKda ced/108bIX Mo4YeK

CennoBol TOYKOW HA3bIBAKOT TOUYKY Ha moBepxHocTH 1113, coot-
BETCTBYIOIIYI0 MAKCUMAJIBHOW SHEPTUH KPATYANIIETO MyTH MEPEX0/IA
U3 JIOJUHBI PEarcHTOB U JIOJIMHY MPOJAYKTOB peakiuu (peaKIMOHHOIO
nyTH). 3ajadya HaXOXACHUS TaKOW TOYKM 3aKII0YACTCS B JIOKAJIM3a-
UM CTpYKTyphl iepexoqaoro cocrosaus (I1C) peakuu. TexHudaecku
npoleaypa ONTUMHU3AIMK reoMeTpuu B pexkume noucka IIC moutu
HE OTJIUYACTCSI OT TAKOBOU JIJIs TIOMCKA CTAI[AOHAPHBIX TOYCK (MHHH-
mymoB Ha I1I13). Pasznuna smmms B Tom, 9to B rpynmne $CONTRL ma-
pamerp RUNTYP nomken wumers 3HaueHue SADPOINT, a rpymma
$STATPT nomkna Bxarouats mapametp HESS=CALC mis mpeasapu-
TENBHOTO PAcueTa FeCCHaHa .

CII0)HOCTh 3aKJIIOYaeTcss B TOM, 4TO ctapToBas reomerpus [1C
JOJDKHA JJOCTATOYHO OJIM3KO COOTBETCTBOBATH OYIyIIEMY ONTHUMHU3H-
pPOBaHHOMY pe3yJibTaTy. B TpPOTMBHOM clly4ae BEIMK PHUCK, YTO
B XO0JI€ ONTHMM3ALUKM CTAPTOBASI T€OMETPHUS KCBAJIUTCS» JTUOO B JIO-
JIMHY PEareHToB, JUOO0 B IOJIUHY NpoaykToB. [loaTomy miist cocTaie-
HUS CTapTOBOM T€OMETPUH HEOOXOAMMO, BO-TEPBBIX, ONMTHUMHU3HPO-
BaTb OOBIYHBIM  00pa30M TE€OMETPUM HUCXOJHBIX PEareHTOB
1, BO-BTOPBIX, NMPABWIBHO UX «COSAUHUTH» B CTPYKTYPY IpeIoiara-
emoro IIC. Takoe «coeauHEeHHE» MOMXKHO COBEPIIATH, OTTAIKHUBASACH
au00 OT peareHToB, CONMXKas WX JIO HEKOTOPOTO PaCCTOSHUS
1O/l HEKOTOPBIM YTJIOM, JUOO aHAJOTMYHO OT MPOAYKTOB PEaKIUH.
3auvactyto ctpykrypa [IC MOXET CUIBHO OTJIMYaThCS OT Mpenoara-
€MOH, B pe3yJIbTaTE YEro YKA3aHHBIX MPUEMOB OKa3bIBAETCA HEJIOCTA-
TOYHO U CUCTEMA «CBAJIMBACTCA» C CEIJIOBOU TOYKU. B Takux ciryyasx
MoOkeT momoub pacder reccuana (RUNTYP=HESSIAN B rpymme

>Ecnu reccuaH sl OOBEKTa yXKE PAaCCUUTAH, €ro MOXHO IPHBECTH
BO BxoHOM (haitne B rpymme $HESS, a mupexrusoit mporpamme Firefly cuurars
9TH JaHHBIC W3 BXOAHOTO (aina mocayxut napamerp HESS=READ rpynms
$STATPT (moapoOHOCTH CM. B PYKOBOJCTBE ITOJIb30BATEIIS).
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$CONTRL) mis xaxmoit mpoOHOHM cTapToBoii reomerpuu. [Ipu 3TOM
HEOO0XO0AMMO JOOUTHCSI TaKOTO Habopa KojebdaTeNbHBIX MOJ, B KOTO-
POM JIMIIIb OJIHA U3 OTPULIATEIBHBIX YaCTOT MO a0COIOTHON BEIUYHHE
OyJIeT 3HaYUTENIbHO MPEBOCXOJAUTh OCTaJbHbIC OTPHUIIATEIIbHBIC, U Ta-
Kast yacToTa OyJeT COOTBETCTBOBATh KOJCOAHMIO aToMa (aTOMOB), OT-
BEYAIOIIEI0 MEPEX0y OT PEareHTOB K MPOAYKTaM.

[TpowmrocTpupyem ckazanHoe Ha npumepe. [IycTe crout 3amaya
MetogoM AMI1 naittu [IC u BBIYMCIUTH AaKTUBAIIMOHHBIM Oapbep
JJIs1 paJIMKaJIbHOM peaKkIiuy OTphIBa aTOMa BOJOPO/Ia:

CHZZCH_CHZ_CHg + HOO® —» HOOH + CHZZCH—.CH—CHg

JI71s BBITIOJTHEHHST JAHHOM 3aJaull HEOOXOJHWMO BBIIIOJIHUTH CJIe-
IYIOILIUE NCUCTBUS.

1. CoctaButh Z-MaTpullbl HMCXOJHBIX PEAreHTOB M BBHIIIOJHUTH
ONTUMHM3AIMNIO TeoMeTprii. B cirydae OOJIbIINX CTPYKTYpP, B KOTOPBIX
BO3MOHBI KOH()OpMAIMOHHBIC BpAILCHUS, >KEIATEIbHO PACCUUTATh
recCHaH U yOeIUThCS B OTCYTCTBUM MHHUMBIX 4acTOT. Huxke mpuBeaeH
BUJ TTOJTYYEHHBIX Z-MaTpHII.

CHZZCH—CHZ—CHg:

H

C 1 1.0976760

C 2 1.3312990 1 122.7362924

H 3 1.1028967 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 6 1.1242568 3 109.3442707 2 58.2939843 O

H 6 1.1242568 3 109.3442707 2 -58.2939843 O

C 6 1.5082109 3 112.4365160 2 180.0000000 O

H 9 1.1167508 6 110.7110920 3 60.0461127 O

H 9 1.1167508 6 110.7110920 3 -60.0461127 O

H 9 1.1166697 6 110.1879045 3 180.0000000 O
HOO*:

H

O 1 1.0099500

O 2 1.1764700 1 112.5075000

2. CoOpaTh moJjiydeHHble Z-MaTpullbl B OJHY TaKuUM 00pa3oM,
yTOOBl MOJYYHUTh mpeamnonaraemyio crpykrypy IIC. Caenats 31O
MO>KHO JIUOO BPYUHYIO B TEKCTOBOM PE€JIaKTOpe, JUOO C MCIOJIb30Ba-
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HHUEM BCIIOMOTAaTeNbHBIX mporpamMM. C MOMOIIBIO MOPOrpaMMBbl
wxMacMOolPlIt aTo ocyIecTBiIseTCs ClIeIyIOMKUM 00pa3oM:

— OTKPBITh BBIXOJAHOM (paill 0JHOTO M3 PEareHTOB, BBIACIUTH BCE
ero atroMmbl, HaxkaTh [IKM Ha 110001 U3 HUX U B KOHTEKCTHOM MEHIO
BBIOpaTh MyHKT Prototype Selection, mocie 4ero BBECTH B IOSBHB-
1ieecsi OKHO MMs, MOJl KOTOPbIM JJaHHAsl CTPYKTypa OyJleT coOXpaHeHa
B IIEPEUCHB CTPYKTYP MOIH30BATEIBCKOTO THUIIA,

— B HOBOM 3Kk3eMIuisipe nporpammbl WXMacMolPIt oTkpbITh BbI-
XOJTHOM (haily BTOPOTO peareHTa, MeperTu K Bkiaake Prototypes okna
«Builder Tools» (cm. puc. 5), akruBupoBats rpynmy User-defined,
BBIJICTIUTh B CIIUCKE CTPYKTYPY, COXPAaHEHHYIO HA MPEAbIAYIIEM IIare,
u Haxath JIKM B rimaBHOM OkHE mporpaMMmbl 4TOOBI TOOABUTH 3TY
CTPYKTYPY K UMEIOLIEHCS;

— OTKOPPEKTUPOBATH O0BEAMHEHHYIO TEOMETPUIO TaK, YTOOBI OHA
COOTBETCTBOBAJIA Mpenosaraemon ctpykrype 11C;

— CKOMUPOBATh M BCTaBUTh uepe3 Oydep oOMeHa MOTyUYEHHYIO
T€OMETPUI0 BO  BXOJHOW  (haiisl, BOCMOJB30BABIINCH OKHOM
«Coordinates» (ImyHKT MEHIO TJIaBHOTO OKHa MporpaMmMbl Subwindow
— Coordinates).

CTpyKTypa MOJIy4eHHOTO TaKUM crioco0om mpeamnonaraemoro [1C
IpejcTaBieHa Ha puc. 8.

Puc. 8. Ctpykrypa npeanonaraemoro [1C
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3. CocTaBUTh BXOJHOU (hailst 17151 pacueTa MOJTyYEeHHON CTPYKTYpHlI,
ykazaB mapamerpel RUNTYP=SADPOINT B rpynne $CONTRL
u HESS=CALC B rpynne $STATPT, u ocymiectBuTh pacuet. CTpykTypa
MOJTydeHHOTo B pe3ynbrare pacueta I1C mpencraBinena Ha puc. 9. Kak
BUJTHO W3 pHUCYHKa, cTtpykrypa IIC mocie ontuMu3anuy MOYTH
HE U3MEHUJIACh 110 CPABHEHUIO CO CTAPTOBOW. BUAHO TakXke, 4TO reccu-
aH COJEPKUT TOJIBKO OJJHY OTPUIATEIBHYIO YaCTOTY, KOTOpPasi OTHOCHT-
cs1 k kojieOanuto atoma H (Ne 8) mexmy C (Ne 6) u O (Ne 13). Do moa-
TBEPKAACT, YTO HAWJIEHHasA CTpyKTypa siBisiercs [1C,

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

BeraucimM ternephb BEIMYMHY aKTHBAIIMOHHOTO Oaphepa (AE), ko-
TOPBIA TMPEO0JICBAIOT PEareHThl, MPEBpAIlasCh B MPOIYKTH Yepe3
[1C. Bpimumewm sueprum pearedaTos u [1C:

E, =-22,8627 Xaptpu (CH,=CH-CH,—CH5);
E, =-23,9431 Xaprpu (HOO®);
Enc = —-46,7647 Xaptpu.

Paccuutaem Oapbep kak pasuuily 3Hepruil [IC u ucxogueix pe-
arcHTOB!

AE = Epc - (E; + E») = 0,0051 Xaptpu =
= 3,2 kkan/momnb = 13,4 xJ[x/ Mok,

CrnenyeT y4uThIBaTh, YTO TOYHOCTH IMOJIYYEHHOTO pe3yJbTaTa Co-
orBerctByeT 0,0001 Xaptpu, T. €. okojo 0,3 x/[x/moms. [l Ooee BbI-
COKOM TOYHOCTH CIIEyeT OpaTh OOJIBIIIEE YUCIIO 3HAKOB ITOCIE 3aIsITON
B 3HAYCHUSX TTOJIHOM SHEPTUY HETIOCPEICTBEHHO M3 BBIXOIHBIX (haiijIoB.
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3.7. Cnyck c ced.s10801 MoOYKU
no éHympeHHel KoopouHame peakyuu

Nuorma npu noucke [1C tpeGyeTcst moaATBEpAUTH HE TOIBKO (PaKT
TOTO, YTO HalJeHHas CTPYKTypa siBisierca umeHnHo I1C, Ho u To, 4TO
nanHoe [1C oTBeuaer mepexoy OT 3aJlaHHBIX PEAreHTOB K 3aJaHHBIM
npoaykram. Jlisg storo B mporpamme Firefly peanmzosana Bo3mox-
HOCTh CITyCKa C CEJJIOBOM TOUYKH MO BHYTPEHHEW KOOpAMHATE peak-
muu (IRC, Intrinsic Reaction Coordinate) B goauHbI peareHTOB U MPO-
IYKTOB TIPU HAMOBICTPEUIITUM CHUKEHHEM dHEepruu. UToOBI BOCIIONb-
30BaThCsl ITON BO3MOKHOCTBIO, HEOOXOIUMO COOJIFOCTH PSiJl YCIOBUIA:

1. B xauecTBe CTapTOBOI r€OMETPUHU BO BXOJHOM (paiiie JoiKHA
OBITH MpHBeEICHA TeoMeTpus ontumusrpoBannoro [1C.

2. Bxognoit daiin gomkeH BkiatouaTh rpymmy $HESS, coxepika-
Iyl pe3yJbTaT pacuera reCCHaHa Jyisl ONTHUMHU3HPOBAHHOM reoMeT-
puu IIC. Takas rpynna pacnonoxena B ¢aine «<PUNCH», hbopmupy-
€MOM T10 OKOHYAaHHH pacueTa reccruaHa.

3. B rpynme $CONTRL mapametrp RUNTYP noskeH umeTh 3Have-
nue IRC.

4. BxogHo# (aiin gomwken coxepkath rpymmy $IRC, TunuuHbi
BUJ KOTOPOU CJIEAYIOLINIMA:
$IRC SADDLE=.T. STRIDE=0.20 NPOINT=400 OPTTOL=1.0E-5
FORWRD=.T. $END

ITapamerp SADDLE=.T. o03Hauaer, 4r0 B Kaye€CTBE CTapTOBOM
r€OMETPUU BO BXOJIHOM (paiijie MpUBEAEHAa FeOMETPUsl ONITUMU3UPO-
Ba"HHOrO [IC; STRIDE — mar paccTosiHusS MEXIy TOYKaMH CIyCKa
(moOupaeTcss ONMBITHBIM IyTeM Ui KOHKpEeTHOH 3amaun); NPOINT
OTPaHUYMBACT MPEACIbHOE YMCIIO TOYEK cmycka; mapamerp OPTTOL
10 CBOEMY JEUCTBUIO AHAJIOTUYEH OJHOUMEHHOMY Mapamerpy rpyli-
nbl $STATPT u 3amaeT KpUTEpuid OKOHUAHMS CIIyCKa IO TpajucHTY;
FORWRD ompenenser HamparieHue cnycka (.T. B OJHY CTOPOHY,
.F. — B npyryro; noadoupaercsi ONbITHBIM MYTEM JIsi KOHKPETHOU
3amaun). llpm  ycmemHOM — 3aBepHICHHMM  pacueToB  (OJMH
npu FORWRD=_T., npyroii mpu FORWRD=_F.) BeIXOJHBIC (pailsibl Oy-
IyT COIEpKaTb I'€OMETPUHU, COOTBETCTBYIOIIME IOJUHAM Mpeapeax-
LUOHHOTO U NOCTPEAKLIMOHHOIO KOMIUIEKCOB. Bu3yamn3upoBaTth pe-
3yIbTaThl pacueTa MO>KHO B rporpamme WxMacMolPIt.
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4. IIpaKkTUKYM 10 KBAaHTOBO-XMMHUYECKHUM pacyeTaM

B naHHOM paznerne npencTaBlIeHbl OCHOBHBIE JJAOOPATOPHBIE pa-
OOTBI, MOCBSILEHHbIE KBAaHTOBO-XMMHUYECKUM pacyeTam CTPYKTYpBHI,
CBOMCTB U PEAaKIMOHHON CIIOCOOHOCTH MOJEKyJd. B cuny orpaHuven-
HOCTU BBIYUCIIUTEINBHBIX MOIIIHOCTEN, & TAKKE BPEMEHHU, OTBOAUMOTO
Ha BBINOJIHEHHUE, B OOJBIIEH YacTu padoT MpeanoiaraeTcs UCroib30-
BaHME MOIYSMIIMPUUECKUX METOAO0B pacyeTa. OTaenbHble padoThI MOo-
CBSALICHBI IPUMEHEHHUIO HEOMITUPUYECKUX METOOB.

4.1. JJTabopaTopHasa pa6ota 1
ModeaupoeaHue cmpykmypul
U pacuem 3Hep2uu pa3pbsvied cessell
8 Op2aHUYecKux mMo/eKy/a1ax

Llenv pabomwl: OBNanCHNE HABBIKAMH TMPOBEICHHS KBAHTOBO-XU-
MHUECKUX pacueToB B makere Firefly, kBaHTOBO-XMMHUECKHiT pacdeT
TCIIOBBIX A(P(PEKTOB XUMHUUECKUX PEAKIUN ¢ y4acTHEM OPraHHYCCKUX
MOJIEKYJI ¢ TPUMEHEHHUEM MOy IMIuprudeckux MetogoB AM1 u PM3.

llopsiook evinonnenus pabomoi

3ananue 1. MozaenupoBaHre OpraHMYE€CKUX MOJIEKYJ B pa3iny-
HBIX KOH(pOopManusix.

1. CMopenupyiTe CTPYKTYpy 3aJaHHOM MOJIEKyJbl. JUJIsi 3TOrO
cocTaBbTe Z-MaTpuily MOJEKYJIbl B 3aJJaHHOM KOH(popmaiuu; chop-
MUPYHTE BXOJHON (hailyn Jyisi ONTUMHU3ALNKU T€OMETPUN MOJIEKYJIbI 3a-
JAHHBIM METOJIOM; OCYIIECTBUTE KBAHTOBO-XMMHUUYECKUH pacyeT
B iporpamme Firefly.

2. Buzyanu3upyiTe TreoMETpUUYECKYI0 CTPYKTYPY MOJEKYJIbI
C HCIIoNIb30BaHueM mporpamMmbel WXMacMolPIt.

3. AHQJIOTUYHO CMOJENUPYUTEe Apyrue KOHPOpMaluu 3aJaHHOU
MoJieKyJibl. Onpenenure TemioThl 00pa3oBaHus KOHPoOpMaUi U pa3-
HOCTh MEXIy 3TUMH BenuuuHamu. CrenaiiTe BbIBOA O HauOosee
yCTOMYHMBOI KOH(OpMALIUH.

4. [TogrotoBpTe OTYET O padbOTE, KOTOPHIM JOJIKEH COACPIKATh!
COJIEpP)KMMOE BXOAHOTO (hailima g MpoBeACHUs pacuera, rpaduye-
CKO€ HM300paKEHHE CTPYKTYPhl PA3IUYHBIX KOH()OPMEPOB, TEIUIOTHI
oOpa3oBaHusi KOH(POPMEPOB, BBIBOI 110 padoTe.
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OrpaHWYEHHBIN MeTo XapTpu — Doka.

3ananue 2. PacueT sHEprum pas3pbiBa CBs3€il B MOJIEKyIax.
1. CmonenupyiTe CTPYKTYypYy HCXOJHOM MOJIEKYJIbI, BU3yaJIH3U-
pyiiTe ee, onpeaennuTe TerIoTy o0pa30BaHus.
2. Onpenenure, Kakue pajukaiibl (aToMbI) 00Opa3yroTCs TMPU TO-
MOJINTUYECKOM pa3pblBE€ YKa3aHHOM CBSI3U B MoJieKyJie. CMoAenupyi-
T€ CTPYKTYpbI JaHHBIX PAUKaJIOB, BU3YAJIU3UPYHTE UX, ONPEICIHUTE
UX TEIIOoThl oOpa3zoBanus. [lpm MoaenupoBaHUM HCHOJB3YUTE He-

3. OnpenenuTe SHEPTUIO Pa3pbiBa CBSI3U MO PA3HOCTU TEIJIOT 00-
pa30BaHUs PAIUKAIOB U UCXOJHOW MOJIEKYJbl. COMOCTaBbTE IHEPTUU
pas3pbiBa Pa3IMYHBIX CBSI3€M W claenauTe BhIBOA. [logroroBere oTueT

o pabore.
Bapuanmul 3a0anuii 0ns evinonnenus pabomeol

Ne 3ananme 1 3ananue 2

1 DTaH: 3aCJIOHEHHAs U 3aTOPMO- Otunbenzon: cesizu C-H
KEHHas KoHGopMaluu B rpynmnax CH, u CHj
H-byTaH: 3aCJIOHEHHAs U 3aTOP- Tonyomxn: cBsizm C-H

2 | MOKEeHHas KoH(popManuu B rpyme CH3 1 n-moso-

JKEHNU O€H30JIbHOTO KOJIbIIA

3 n-byTtan: 3acmonenHas u yactud- | Mi300yTaH: mepBuyYHasI
HO 3acJIOHEHHast KOH(GOpMaIluu u TpetuyHas cBsa3u C—H

4 H-byTaH: 3aTOPMOKEHHAA [IponaH: mepBUYHas
U TolI-KOH(opManuu u BTOopuyuHas cBs3u C—H

5 1,2-nuxI0p3TaH: 3aCIOHCHHAS Ortan: cBsizu C—H u C-C
U 3aTOPMO’KEHHas1 KOH(OpMalUU
1,2-auXI0p3TaH: 3aCIOHEHHAS byTaH: nepBu4Has U BTO-

6 | JyacTUYHO 3acioHeHHas KoH(op- | puuHasg cBs3u C—H
MaIuu
1,2-nuxnopatan: 3aTopMokeHHast | [Iponuien: amiuibHas

7 | 1 rom-koHpopMaIuu Y BUHHJIbHAs (B TpyIIIIe

CH,) cBs3u C-H

3 [{ukmorekcad: KOH(pOpPMaIIUH byran:
«BaHHA» M KKPECIO» cBsi3u C1—C, u C,—C;

9 [{uxnorekcan: kKoH(popMauu Casizu C—H B meTane
«BaHHA» U KTBUCT» U TaHe

10 [{uknorekcan: KOHpOpMaIIUU Heonenrtan: cBsizu C—H

KKPCCJIO0» U KTBUCT»

u C-C
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4.2. JJabopaTopHasa pa6oTa 2
Keanmoeo-xumuueckuil pacuem
€80licme op2aHuU4ecKux Mo/eKy.1

[env pabompi. KBAHTOBO-XUMUUYECKUN pacueT CBOMCTB U aHAIMU3
PEaKIIMOHHOW CITOCOOHOCTH OPraHUYECKUX MOJIEKYJ C MPUMEHEHUEM
noxysMmnupudeckux MerogoB AM1 u PM3, xumuyeckas nuHreprpera-
1[MsI TOJIYYEHHBIX PE3YJIbTATOB.

llopsiook evinonnenus pabomol

1. CMmopenupyiiTe CTPYKTYpy 3aJaHHON MOJEKYJIbI, BU3yalu3U-
pyiite ee. OToOpa3uTe HA N300pPAKEHUN MOJIEKYJIbl €€ OCHOBHBIE I'€0-
METPUYCCKUE TTapaMeTpPhl (JUTMHBI CBSA3CH, BAJICHTHBIC YIJIbI).

2. OnpenenuTe AUNOJIbHBIA MOMEHT MOJieKyJsbl. CaenaiTe BbI-
BOJI O PACTBOPUMOCTH COCAUHEHUS B MOJISIPHBIX U HETIOJISPHBIX pac-
TBOPUTEIISIX.

3. Busyanusupyiite TpaHUYHbIE  MOJEKYJISIpHbIE  OpOUTAIH
('MO). Omnpenenute aTOMHBIC OpPOWTAIHM, BHOCSIIHE HAUOOJBIITHIA
Bkias B I'MO. 1o 3naky sneprun HBMO onpenenure, KakuMu CBOM-
ctBaMu  (JIEKTPOMUIBHBIMH HWIIM HYKJICO(PUIHHBIMH) IPEUMYIIIC-
CTBEHHO 00JIaJIaeT TaHHAs MOJIEKYJia.

4. Onpenenure Mecta 3IEKTPOUIbHON U HYKICOPUIHLHON aTak
C TOYKHU 3PEHUS 3apsI0BOr0 U OpOUTAITBHOTO KOHTPOJIsi. COMoCTaBbTe
MOJTYYCHHBIE PE3YJbTAThl C U3BECTHBIMU MPEACTABICHUSMHU OpPraHU-
yecko xumuu. CrennaiTe BBIBOJ, KaKOW KOHTPOJIb MpeodIagacT B 13-
BECTHBIX BaM PEAKIUAX SJIEKTPOPUIBHOTO U HYKICO(DUIHLHOTO 3aMe-
IIEHUS 1JISI JAHHOTO COEIUHEHUS.

5. PaccunTaite )KeCTKOCTh U MATKOCTh MOJIEKYJIbl. ClenaiTe Bbl-
BOJ, KAKUM pearcHTOM (KECTKHUM WM MSTKHM) SIBJIICTCS JaHHAsS MO-
JIeKyJIa.

6. [IpousBenuTe pacuer reccMaHa MOJIEKYJbl. BuzyanusupyuTte
CIIEKTp 4acTOT KoJjieOaHuii MojekyJibl. CoOTHECUTEe HanboJiee MHTEH-
CUBHBIC YaCTOTHI C TUMIAMU KOJEOaHWUU B MOJIEKYJie, MpU HEOOXOu-
MOCTH TIpuOerasi K BU3yaan3aluu JaHHbIX 4acToT.

Bapuaumul 3a0anuii onsa evinonnenus pabomol

1. n-Hutpoxnop6eHn3on.

2. m-MeTokcudeHo.

3. n-AMUHOOEH30HasL KUCITOTA.
4. beH30HUTpPUIIL.
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5. n-HutpoMeToKCcrnOeH3011.
6. [Tupuaun.

7. 4-X1opnupuIvH.

8. IMuppou.

9. dypdypor.

10. AxposnenH.

4.3. JJTabopaTopHasa pa6oTa 3
CpaeHeHue moyHocmu pacdyema
ceolicme npocmetuiux Mo/aeKy/1
HeIMnupu4ecKumu Mmemodamu

Llenv pabomul: OBNajicHWE HABBIKAMH HEIMITUPUUYECKUX KBAHTO-
BO-XMMHMUYECKHUX PACUETOB, aHAJIN3 BIUSIHUS METOJIa pacueTa u Oa3uc-
HOTO Ha0Opa Ha pe3yJIbTaThl pacyeTa CBOMCTB MPOCTEHIIINX MOJIEKYJI.

llopsook evinonnenuss pabomoi

1. CMmogenupyiiTe CTPYKTYpYy 3aJaHHOW MOJIEKYJbl, MPOU3BE.S
IpEeABAPUTEIBHYIO ONTUMHU3AIMIO TEOMETPUU MOJYIMIUPUUECKUMU
METOJaMHU.

2. OcymiecTBUTE ONTUMU3AIMIO TEOMETPUU MOJIEKYJIBI C UCTIOJIb-
3oBaHueM Metoja Xaptpu — ®oka B 0Oazucax STO-3G, 3-21G,
6-31G, 6-31G*, 6-31+G(2d,p), 6-311+G(3df,2p), metomamu B3LYP
u MP2 B 6asuce 6-31G*. Ilpu Hamuuuu B MOJIEKYJE HECIMApEHHBIX
AJIEKTPOHOB HUCIIOJBb3YUTE HEOTPAHUYEHHBIA MeTO1 XapTpu — DoKa.

3. OnpenenuTe MO pe3yJibTaTaM PacuyeToOB JJIUHY CBS3H, JUIOJb-
HBIIT MOMEHT MOJICKYJIbI, OLICHUTE MTOTEHIIMAl HOHU3AIIUU TI0 TEOPEME
Kynmanca. CBenurte pe3yibTaThl B TAOIHILY, COMOCTABbTE C DKCIIEPH-
MEHTaJIbHBIMU JIAaHHBIMH, CJeJaiTe BBIBOJ, KAKOM METO]I Jydllle BOC-
POU3BOIUT CBOMCTBA MOJICKYJIBI.

4. B oTaenbHbIE KOJOHKHU TAOIHUIBI BHIMUILIATE MOJIHYIO SHEPTHUIO
MOJICKYJIBI U BpeMs, 3aTpadyeHHOe Ha pacueT. Kak wm3MeHsieTcs pac-
CUMTaHHas METOJA0M XapTpu — Doka PHEPrusi MOJIEKYJIbI C YCIIOXK-
HeHHeM OasucHoro Habopa? Kak u3MeHsSETCS SHEpPrus MOJICKYJIbI
MIPHU pacueTe Pa3IudHBIMU METOJIaMH C MCIOJb30BAaHUEM OJHOTO Oa-
3ucHoro Habopa? Kak B 00oux ciydasx HM3MEHSIETCS 3aTpaTHOCTh
pacuetoB? Kakoif M3 HCIIOJIB30BAHHBIX METOJOB pacuera MOJHOM
SHEPTUH BBl CUUTAETE ONTUMAJIBHBIM U IIOYEMY ?
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5. Kakoit MmeTon Xy»ke BCero BOCIPOM3BOAUT IMOTESHIIMA HOHU3A-
muu coeauHeHMA? Kak 3TO CBS3aHO C TCOPETHYCCKHUMH OCHOBAMH
JTAHHOTO MeToaa?

Bapuanmer 3a0anuii 015 evinonnenus pabomol
Ne 1 12 3] 45 6] 7] 819 10
Moaexyaa | HE | H,0 | FCI | F,0 | HCI | CO | *NO | HBr | NH; | VO

2
d, A 09209 163141127113 |1,15]1,41 1,02 1,19
IP, 5B 16,1 | 126 | 12,7 13,1 12,7 |140|9,26 | 11,7 | 10,2 | 9,78
u, D 1,82,185|0,88|030|111|0,11/0,16 |0,79 | 1,46 | 0,33

4.4. /JabopaTopHasa pa6ora 4
Keanmoeo-xumuueckuil pacuem
mepmMooduHamMu4ecKux oyHKYuii Mo/1€KYy/1bl

Llenv pabomwi’: OBNaieHHE HABBIKAMU pacdeTa TepMOAMHAMUYE-
CKUX (DYHKIIMA METOJaMH KBAaHTOBOM XMMHU M TEOPETUUYECKOTO pac-
yeTa XMMUYECKUX PAaBHOBECUM, aHAJIU3 BJIMSHUS METO/a HA TOYHOCTh
pacuera.

llopsiook evinonnenus pabomoi

3amanme 1. PacueT TepMoguHaMudeckux (QyHKIUN TPOCTEHIITUX
MOJIEKYI.

1. CMonenupyite CTPYKTYypy 3aJaHHOW MosekyJibl. Ocymie-
CTBUTE ONTHUMH3aIMI0 Teomerpum Mmetogamu AMI1, HF/6-31G*,
B3LYP/6-31+G(d,p).

2. OcyiiecTBUTE pacyeT reccuaHa TeMH ke Meroaamu. Pacuer
reccuana npousBoaute s Temmepatyp 298 u 400-1000 K ¢ marom
100 K. Ilpu pacuete ucnonb3yite 3HadeHus mapamerpa SCLFAC:
0,954 (AM1), 0,899 (HF/6-31G*), 0,964 (B3LYP/6-31+G(d,p)).

3. Bemmuimmre 3HaYeHUS TEMITepaTypPHBIX IOMPABOK K SHTAJIBIIHH,
3HAYECHMS DHTPONMM M TemoeMKkocTH C, NpH KaXIOH TeMmmepaType
B Tabnuiry. ComnocTaBbTe MOJYUYEHHBIC 3HAUEHHUS C DKCIIEPUMEHTAIIb-
HBIMU pe3yJibTaTamMu U3 0a3el JanHbIX hitp://webbook.nist.gov. Caenaii-
T€ BBIBOJI O MPUMEHUMOCTH HCIOIb30BAHHBIX METOJOB JUIsl pacdera
TEPMOANHAMUYECKUX (PYHKIIHUH.
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3ananme 2. Teopernueckuil pacyeT KOHCTAHTHI XMUMHUYECKOIO
paBHOBECHSI.

1. OcyiiecTBUTE MOJEIUPOBAHUE CTPYKTYp PEAreHTOB M MPOAYK-
TOB 3aJ1aHHOM peakiuu MetogoM B3LYP/6-31+G(d,p) ¢ mocnemyromnym
pacueToM reccuana IpHu 3aJaHHbIX Temreparypax (298, 500 u 100 K).

2. Beimumure Juisi KaxJ0ro COEIMHEHHMS W3 BBIXOJHOTO (haiina
3HaueHus MOIHOW SHepruM (Ey), dHEPrHM HYJIEBBIX KOJIeOaHUN
(ZPE), o6mux cymm 1o coctostausiM (Q).

3. Paccuuraiite Benuuuny AUy = AEy, + AZPE, roe 3nakom A
0003Ha4YeHa Pa3HOCTh COOTBETCTBYIOIIUX BEIMYHMH ISl MPOTYKTOB
pPEaKIMu U UCXOAHBIX BEIIECTB C YYETOM CTEXHMOMETPUUECKUX KOA(D-
(UITMEHTOB.

4. PaccunTaiiTe KOHCTAHTY PAaBHOBECHs MPU Pa3IMYHBIX TEMIIC-
paTypax Mo COOTHOIIECHUIO:

cAd _AUp

Kp = Q(;Q[b) e &
QaQs

rne A u B — pearentsl, C u D — npoayKThl peakiiu, MaJible JaTUHCKHE
OYKBBI — COOTBETCTBYIOIIHE CTEXHOMETPHUUECKHE KO PHUITMESHTHI.

5. CormocTaBbTe pacCUMTaHHBIC 3HAUEHUS C IKCIEPUMEHTATHLHBIMU
naHHbIMU. CrienaiTe BBIBOJ O BO3MOXKHOCTH TMPUMEHEHHUS HCIIOJIb30-
BaHHOT'O METOAA /ISl TEOPETUYECKOTO pacuyeTa KOHCTAHThl pABHOBECHSI.

Bapuanmwi 3a0anuti o5 vinonenus pabomol

3ananue 2

Mo | Sananne 1 Peakuus Ko2es Kos00 Ko1000
1 CH, CO + Cl, = COCl, 7,3-10% 7,9-10* 0,11
2 CO, CO + H,0 = CO, + 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, = 2NHj 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, = CH,4 + H,0 8,9-10% 1,2-10%° 0,38
7 F, 4HCI + 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, + O, = 2NO 4110 | 2610 |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 COCMOSHUAA
XuMuy4eckoll peakyuu

Llenv pabomul. oBIIaJicHNE HaBBIKAMU MOJCIHPOBAHUS IIEPEXO/-
HBIX COCTOSIHUM XMMHUYECKUX PEAKIMI, pacueTa SHEPTruil aKTUBALUH U
aHajv3a PEaKIMOHHOW CIOCOOHOCTH C HMCIOJIB30BAHUEM IOJYIMIIH-
pudecknx MetooB AM1 u PM3.

Ilopsoox evinonnenus pabomoi

1. CMopenupyiTe CTpyKTYpbl peareHTOB C UCIOJIb30BAHUEM MIPU-
omxkenus UHF.

2. C wucnonb3oBanneM mnporpammbl  WXMacMolPIt  cocraBbTe
HauyajgbHOe npuoamxenue s [1C peakiuu. [1pu 3amannu reomeTpun
BOJIM3U PEAKIIMOHHOTO IIEHTpa HCIMOJb3yHTEe PEKOMEHJIAIUU, H3JI0-
JKEHHBbIE B paznene 3.6.

3. 3ajaiiTe HeOOXOAMMBIE KIIFOUEBBIE CJIOBAa BO BXOJHOM (haiine
151 moucka [1C u ocyiiecTBuTe pacuer.

4. Buzyanuzupyute NmoiayduBIIyIOCS CTPYKTYypy. Mcnoib3ys reo-
METPUYECKHE MApaMETPbl y PEAKIIMOHHOTO I[EHTPA, OLICHUTE, MOXKET
JI TAHHASI CTPYKTYPa SIBIATHCS MEPEXOIHBIM COCTOSIHUEM JIAHHOU pe-
akuuu. Ecam HeT — BO3BpaTUTECh K IIary 2, BHECUTE W3MEHEHUS
B CTPYKTYPY HauaJIbHOTO MIPUOIUAKEHUS U TTIOBTOPUTE pacuer.

5. OCylIecTBUTE pacyeT recCuaHa i HAWJACHHOW CTPYKTYpPHI
IPEIONAraEMOro IMEePEXOAHOTO COCTOSIHUS. OnpeAenuTe 4YacTOThI
KoJeOaHui nyd HaWJIeHHOM CTpyKTyphl. llepexomHoe cocTtosHUe
JOJKHO UMETh OJHY MHUMYIO (OTpHIIATEIbHYI0) YacTOTY KOJICOAHMI.
Busyanuzupyiite kojeOaHMs, COOTBETCTBYIOIIHWE ITAHHOW 4YacTOTE,
MIPOBEPHTE UX COOTBETCTBUE JBUKEHHIO BIOJIb KOOPIMHATHI PEAKIINH.

6. OnpenenuTe, KakWe CBSI3U Pa3phIBAlOTCS U 00pazyroTcs
IIPY MIPOTEKAHNHU PEAKIINH, KaK MPU 3TOM MEHSFOTCS BAaJCHTHBIE YTJIbI.
Kakue 3HaueHUs MMEIOT JJIMHBI TAHHBIX CBSI3€M W BAJICHTHBIE YTJIbI
B MIEPEXOTHOM cocTosiHUM? OToOpasuTe 3TH MapamMeTphbl Ha BU3yasu-
3UPOBAHHOW CTPYKTYpPE MEPEXOHOTO COCTOSTHHUS.

7. OCylIecTBUTE CIyCK IO KOOPJAMHATE PEAKIMH OT CEIJIOBOM
TOYKW B 30HY PEareHTOB W MPOAYKTOB. YOEIUTECh, UTO HaWJEHHOE
MEPEXOAHOE COCTOSTHUE OTBEYAET UMEHHO JAHHOW PEaKIUH.
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8. PaccuuTaiiTe sHEpruto0 akTHUBAIMU KaK Pa3HOCTh TEIUIOT o0pa-
30BaHMS MEPEXOJIHOTO COCTOSIHUS U PEAreHTOB, a TaK)K€ SHTAJBIIHIO
pPeaKIuy Mo pa3HOCTU TEIUIOT 00pa30BaHUs MPOIYKTOB U PEAareHTOB.

9. Bapuantsl 1-5 u 6-10 npencraBisitoT co00i 1B€ peaKIIMOHHBIC
cepun. Mcnonws3ysl pe3yibTaThl, MOJYUYCHHBIC IS JIPYTUX peakKIlui,
OIIpPECIINTE:. a) COOI0IACTCS JIN B PEAKIIMOHHON CepUu MPUHIIUIL JIN-
HEHHOCTH CBOOOJHBIX SHEPIHid; 0) HaOII0IAIOTCS JIM KOJIMYCCTBCH-
HbIE KOpPEJAINN MEXIy JoraprudMOM KOHCTAaHTBI CKOPOCTH M pac-
YETHOM PHEPIUEN aKTUBALMH WUJIA SHTAIBIIMENA PEAKIIUU.

Bapuaumul 3a0anuii 0ns evinonnenusi pabomsot

k, Mt¢?

No Peakmus (30 °C)
1 tBOO® + CH,=C(CH53)CN — tBOOCH,C*(CH3)CN 0,01

, tBOO" + CH,=C(CH3)COOCH; — 0.004

— tBOOCH,C*(CH3)COOCH; '

3 | tBOO®+ CH,=CHCOOC,Hs — tBOOCH,C*"HCOOC,Hs 0,013

4 tBOO* + CH,=CHC¢H5 - tBOOCH,C*"HC¢H;5 1,3

5 tBOO® + CHZZC(CH3)C6H5 — tBOOCHQC.(CH3)C6H5 2,9

6 tBOO* + C4HsCH3 — tBOOH + C¢HsC'H, 0,010

7 tBOO* + C¢HsCH,CH3; — tBOOH + C¢H;C*"HCH; 0,10

8 tBOO® + CgHsCH(CH5), — tBOOH + C¢HsC*(CHs), 0,22

9 tBOO"® + n-NO,CgHsCH3; — tBOOH + n-NO,CsHsC"H, 0,0050
10 tBOO"® + n-CH3C¢HsCH; — tBOOH + n-CH3CgHsCH, 0,019

IIpumeuanue: tBOO® — Tper-OyTUII-TIEPOKCUIHBIA paguKal
(CH5);COO0".
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