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KBaHTOBaA xmmusa

KBaHTOBasA XMMMS 3TO NPUMEHEHNE KBAHTOBOM MEXaHWKM A1 UCC/1Iel0BaHMA
XMMUYECKUX npobiem.

® DKCNepuMeHTa/IbHasA KBaHTOBAaA XMMUA CBA3aHa co cnekTpockonuen (IR,NMR)

* TeopeTnyeckasa KBaHTOBAA XMMMUA 3TO NCC/Ie0BaHNE 31eKTPOHHOMN CTPYKTYPbI
CUCTEMbI BbIYNCINTENbHBIMU METOAAMM.

e T.e. peweHne ypaBHeHua LLipeanHrepa 415 MOJIEKY/IIPHOM CUCTEMBI.
Mcnonb3oBaHue TepMmuHa Abinitio He NnpeanosiaraeT UCNoJib30BaHUe
3KCNepMMEHTaJIbHbIX AAHHbIX, TOJIbKO OCHOBHbIe PpU3NYeCcKne KOHCTAHTbI.
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JHeprua v BewecTso

Pazmep yacTumupbl CsonctBo YacTuubl CBOWCTBO BOJIHbI
KpynHbin (8apo) B ocHOBHOM He HabntopaeTca
CpeaHun (31eKTPOH) YactnyHo YactnyHo
Manbin (GOHOH) He MHoro B ocHOBHOM
NTak:
e CooTHoweHmne ge bponnsa
_h
P=X
® BosHa e bponns
f — Aeikx

i
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BosaiHoBasA ¢yHKUMA

e Ka)koe CoOCTOsIHME CMCTEMbI N-YACTUL, U €€ 3BOJIIOLMSA BO BPEMEHM NOSTHOCTbIO
OMMCbIBAETCA KOMMJIEKCHOM DYHKLMEN KOOPANHAT YacTuUL, x; U BpEMEHN
U(z1, 22, ..., Tp, t)

e BbipaxeHue U*({x},t)V({z},t)dx; NUMeeT CMbIC/1 BEPOATHOCTWN TOrO, YTO B MOMEHT
t yacTnua i HaxognTCA NHTepBane x;, x; + dx;

{x} coBoKYNHOCTb KOOPANHAT HYacTuL,

i
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BonHoBasa ¢yHKUMA

Wikipedia *:
BosiHoBas GyHKUNS — KOMMJIEKCHO3HAYHaA GYHKLUMSA, UCNONb3yeMan 415 ONUCaHMSA
YMCTOro KBAHTOBOMO COCTOAHNSA CUCTEMbI. OBbIYHO PYHKLMA MMEET KOMMJIEKCHbIEe

3HaYeHus, a AN OAHOM YacTMLbI 3TO GYHKLUMS NPOCTPAHCTBA U BpEMEHU. MI3MeHeHne
BOJIHOBOW GYHKLMMN CPABHMMO C NOBEAEHNEM BOJHbI.

dusnyecknm cMbicsl BOJIHOBOM GYHKLIMM 33KJ1H0Y3ETCH B TOM, YTO COI/1IaCHO
KOMeHrareHCKon NHTepnpeTaumm KBaHTOBOM MEXaHNKN NJIOTHOCTb BEPOATHOCTM
HaXx0XAeHMA YaCTULbl B JAHHON TOYKE NPOCTPAHCTBA B IaHHbIN MOMEHT BPEMEHMU
CYMTAETCH PaBHOM KBaApaTy abCcoMOTHOIrO 3Ha4YeHMA BOJTHOBOM GYHKLMM 3TOMO
COCTOAHMA B KOOPAWNHATHOM NpeaCcTaB/eHUMN.
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Pazgen:

BonHoBas pyHKUMS:

A B
« | @
TpaekTOpMKY rapMOHMNYECKOro OCUMIATOPA:
i D
ij : ® B KJ1accMyeckom mexaHuke A-B.
N/ ® B kBaHTOBOW MexaHuke C-H, peanbHas
4acTb BOJIHOBOM GYHKLUMK LLAPUKaA

= ¥ NOKa3aHa CMHUM, KPaCHbIM NOKa3aHa
P alran /d AN KOMMJIEKCHAA YacTb.

v \ V ® C-F 370 npumepbl CTaLMOHAPHOro

G H COCTOSIHMA.
\!f'\..-._ ‘

i
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YpaBHeHue LLpeanHrepa

BapunaHT ABM>KEHNA 3/1eKTpoHa (BEKTOP r) C yY4ETOM BPEMEHW B NPUCYTCTBUN BHELLHEro
3/1eKTpnYeckoro nons V. 3To He peNaTUBUCTCKUIA BApUaHT A1 O4HOM YacTuLbl.

s —h?_, )
iha W(r,t) = |5 =V2+ V(r,t)| U(r,t); ¥V =~ tap o

h -NOCTOSIHHAA NaaHKa; ¥ -BOJIHOBAsA d)yHKLI,VIFI.

Ecnn V He nameHsaeTca co BpeMeHeM TO A1 YaCTulbl C SHepruen E :

W(r,t) = (r)T(t)

[;ZVQ + v} U(r) = E¥(r)

i
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YpaBHeHue LLpeanHrepa
NTak 0630BeM onepatopoM H (FTaMUIbTOHNAH):
—h

2
H = o — V24V

TOrpa :

HYV = BV

[nA pelleHna 3Toro ypaBHEeHNA HaA0 HaNTK 3HaYeHMA E 1 BOJIHOBYHO GYHKLMIO TaK, YTO 6bl
ypaBHEHME BbIMOJIHANOCh.

JTO ypaBHeHME OTHOCUTCA K TUNY AnddepeHumasbHbIX ypaBHEHNIN C COBCTBEHHbIMM
3HaYeHNAMMW, rae onepaTop AeNCTBYIOLWMIA Ha GYHKLMIO BO3BPALLAET NponsseaeHme
CKaNIAPHOM BEINYMHbI HA DYHKLMIO.

— (W) =ry; if y=¢€*" then: r=a .L
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OnepaTopsl

OXunpaemoe 3HaueHUue (MOXHO pacCMaTpMBaTh Kak CpeJiHee 3Ha4YeHne) Kakoro sibo

CBOWCTBA: SHEPrvu, NOJIOXKEHNA, TMHENHOrO MOMEHTA, MOXHO ONpeAes/iUTb C MOMOLLbIO
onepaTopa.

MpuMep: raMnIbTOHMAH 3TO OMEpPaToOP A1 SHEPTMM MOXHO CKa3aTb, YTO 33/1aB
BOJIHOBYO PYHKLMIO:

o [ YHYOr
[ vwor
Ha[10 yunTbIBaTb, YTO BOJIHOBAA MOXET BbITb CZIOXKHbLIM YNC/IOM U MO3TOMY
KOMMJIEKCHAA COCTAB/IAOLLAA YKa3bIiBAETCA ABHO.

_ap
- dv

w

= |U(z,22...)]?
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ATOMHbIE eanHNnLUbI

PaboTana c KBAHTOBOW MEX3AHNKOW Mbl ONepupyeM 4acTULAMN M eCK BbipaXaTb A1
HUX 3HEPrUIo AN Maccy B cucteMe Cu, To MpUAETCA BOPOYATb 3HaYeHnamn 10-'°,
yNpoOCTUNIN:

1 Au, mass 9.1093826(16)x10-31

1 Au, charge 1.60217653(14)x10-19
1 Hartree, energy 4.35974417(75)x10-18
1 Bohr, length 5.291772108(18)x10-11

i
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OfHO-3/1eKTPOHHbIN aTOM

1v2 _ Z
4W€OT WK B YyNPOLLEHHbIX eanHnuax: H = V- — =

Tak Kak cucteMa nmeeT chepuryeckyro CMMMETPUIO, TO MO)KHO NpeAcCTaBUTb BOJIHOBYIO
dyHKUMIO B chepuryecknx KoopanHaTax.

E_,  Zeé?
(57 o) wlr0.9) = BV(r.6.0)

pacckpoem onepaTop Jlannaca:

P10 [ ,00 L0 (0 1 % Zer
2[7“287"<T8r)+r2sin989< ae)ﬂzsmaw} V=B

Ameqr

i
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OfHO-3/1eKTPOHHbIN aTOM

pa3penus nepemenHblie : U(r, 0, ¢) = R(r)Y (6, phi)

210 [ L0 Ze?
[aﬂ&(r&>‘®mJRm—*m”

h2[ 1 a< (‘92[)) 1 0%

o ~ [ sing== i o
2 |72smo00 \""" 00 ) T 125in20 9¢2

HaknaabiBas cTaHAapTHbIe ycnoBuaA (NepuoanyHoCTb U HOPMUPOBKY), NEPEXOANM K
ceayowemy cnanay

]Y&@=/W@@

i
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O,EI,HO-BﬂeKTpOHHbIVI daTOM BOAOpPOAAQ
NTak pewieHuns :

* PagnanbHas GyHKLMA
uZe*r >
R, (r) = R(r)bge -
R N

® 3eHUTUHAA 4YacCTb

B =) (Z P +>

n=1

roe
(n+m)(n+m+1)—A

(n+1)(n+2)

an42 = n

® A3MMyTaJIbHaA 4acTb
O (¢) = c1e™? ks
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OJHO-3/1eKTPOHHbIN aTOM BOAOPOAA

2 3(71_(—1)! —p/2 €120+1 m
Unem (1,9, ) = nao ) om0l ¢ P L2 1 (p) Y (0, 9);

2r
nag

L7} (p) - 06061wéHHBIN NONMHOM Jlareppa ctenenn n-l-1; p =
Y™ (9, ) - Cbepryeckas rapMOHMKaA ;

loe n,|,m 3TO OCHOBHble KBAaHTOBbIE YMCA1a
® n- ocHoBHOe yucao (1,2,3..)
e |- op6uTtanbHoe uncno (0,1,2.. n-1)

® m - MarHmutHoe 4yncno (-L.+l)

i
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OJHO-3/1eKTPOHHbIN aTOM, BOJIHOBbIE GYHKLNN

n I m dyHKLMA

10 0 ﬁ(%f’?e—r/ao

2 0 0| ;b (57))3/2 (2- )i
21 0 | i (2)" merrmoss
2 1 1| 32 (5)" mer/msinpetie
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BosiHoBble pyHKLMMK, python
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Paspen:

OfHO-3/1eKTPOHHbIN aTOM

n=1 n=2 =
Hydrogen Wave Function
-y 1=0 1=0
1s 3 120 3s
{ f 25 .
o 0

1=1

2p 1=2
" . 34
) L1 L (R

¥
A
4qr2w?
o

A®)

9. Loy 055204 06 03 07702 04 06 08 10 12 14
()
(430 M P HEM r am

TyT eCcTb KpacMBasA aHMMALMA KOTOPAA Ha NpuMepe noBepxHocT bapabaHa o6bacHNT
oTkyaa 6epyTca Takne bopmbl. http://en.wikipedia.org/wiki/Atomic_orbital
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http://en.wikipedia.org/wiki/Atomic_orbital

MHOr03/1eKTPOHHbIN aTOM

MNMonHoe pelweHne ypaBHeHNe LLipegnHrepa A8 MHOr03/1eKTPOHHOrO aToMa
3aTpyAHEHO, No pAAY NPUYMH:
e N-body problem, cyTb Bonpoca, npeackasaTtb ABMXeHWNE TPEX 1 6onee Ten Ha BCEM
TeYEeHMM BPEMEHWN, €C/IN U3BECTHbI MOJIOXKEHWE N CKOPOCTUN HA TEKYLLNIA MOMEHT.

* [lo6aBsieHVe 4eTBEPTOro 3KCNepPUMEHTA/IbHOro KBAaHTOBOMO YMCAa, CMMHA, CO3A3ET
HeoBX0AMMOCTb Pa3/IMYaTh 3/IEKTPOHbI.

e KBagpaT BOJIHOBOM GYHKLMM PaBEH NJIOTHOCTU. TPaKTOBaHWE BOJTHOBOWN GYyHKLNK
KaK NIOTHOCTM 3/IeKTPOHA B JAHHOM MECTE, 03HaYaEeT, YTO NJIOTHOCTb MOXET 6bITb
06pazoBaHa 1t06bIM 31EKTPOHOM. DTOT GaKT CUIbHO 3aTPYAHAET PacUEThl.
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MpnbnnxeHne bopHa-Onneprenmepa

Ecnun Mbl cunTaem, 4To aapa ABUraOTCA CUAbHO MeaJIeHHee YeM 3/1eKTPOHbI, TO Mbl

MOXeM CHNTATb

\Ijtotal — Zpelectromjcwnuclez’c

Etotal — Eelectrom’c + Enucleic

Google:
electron mass = 9.10938188x10 31 kg
proton mass = 1.67262158x10~2"kg

i
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ATOM renwus

(Hl + HQ)\IJ(’Fl, TQ) = E\IJ(’I"l, T‘Q)
CnnH opbuTanb 310: X;(x;) = Xi(ri)o(s;)
JaBaniTe 3anuviem BoSIHOBYIO PYHKLIMIO 3/1IEKTPOHA Ha CAMOW HN3KOWM opbuTanm Kak:

x1(z1)x2(22); x1(22)Xx2(71)

Torga: U = %[M(M)Xz(m) — x1(z2)x2(21)]
HO W = =[x (21)x1(22) — X1(22)x1(21)] = 0

BoT oH npuHUmMn Nayam n MaTpru4yHoe OnncaHme:

1
V2

xi(z1) x2(71)

v xi(22)  Xa(w2)

i
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Jltobasa cnctema
NTak ana 1s MOXXHO NOCTPOUTb MaTpuLy:

_ 1 ha(r)oi(a) xi(rz)oz(e)
V2 [x1(r1)o1(B)  xi(re)oa(B)
nIm X |
= EXls(Tl)Xls(TZ) Ziégi ZEE;)
Torpa mbl nepexoanm K N:
xi() xa(2) - xa(V)
. x2(1)  x2(2) - x2(V)
U= : . . :
~ : : . :
VN xv(l) xn(2) - xw(V)
3TO M ecTb OnpeaenuTenn CnenTopa, opbutanbHoe NPUBANKEHNE BOJHOBOW o
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PacyéT sHeprum Aasa Mosieky/bl BoAOpOAa

Bocnosib3yemca Teopuent MoiekynapHbIX opbutanen n byaem cunTaTb, YTO Kaxaan
MoleKyipHaa opbuTanb ecTb IMHENHaA KOMOUHALNA aTOMHbIX opbuTanen:

%‘ = Z Kcui¢u
pn=1

JInHeHasa kombunHauma AByx 1s opbutanen: 1o, = A(lss + 1sp), rae A 3To KOOPULIEHT
HOpMan3aunu.

roe x1(1) = 1log(1)a(l) nT.A.

i
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PacuyéT aHeprumn g MoJsieKy bl BOAOPOAaA

MoactaBnaem MaTpuLy NOJIYYEHHYIO Bbllle B raMUIbTOHNAH:

wo e Lo 24 Zp Za Zp L
2°1 272 ra4 B Te TaA | TI2

_ [YHDOr

B f\il\llar

B=1/2 [ [onn(ua0ee - eOue)
[—1/2v§—1/2v§—i—i—i—i+i]
1A 1B T2A 2B T12
xa(1)x2(2) — x2(1)x1(2)])

i
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Moaoxon PyTxaHa-Xona

Ecnn MonekynapHaa opbutanb 3To cyMMa GYHKUMI € KO3 PUUMEHTAMM, TO U HAZO UX
NCcKaTb.

BCNoMHMM CBOMCTBO ONepaTopoB:

K K K
v = § cviXv; F E CuiXv = €4 E CuiXv
v=1 v=1 v=1

FC =SCE, rae S 370 uHTerpan nepekpbiBanna , S;; = (b;|b;) = [ Xix;0r

1,1 Cl2 o Clk ec 0 -+ 0
€21 C22 “++ Cof 0 e -+ 0
Ck1 Ck2 "' Ckk 0 0 €;

i
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Pazgen:

HenocpeacTBeHHO nNpoueaypa cYéTa

\/—{ KOOp,D,VIHaTbI anep ‘

MepBn4yHas
reHepaums
opbutanen

1

—ﬁ MaTtpuua ®oka ‘(—\

~N

AnaroHonusauma
MaTpuLbl Doka

He
cownocb

‘ Pesynbtar H

MpoBepka SCF

—

cownochb
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CnoBamu:

MocunTaTb MHTErpasbl 41A 3anoJHEHMA MaTpuubl F

MocuynTaTb MaTpuMLy NepeKkpbIiBaHNA S

OwnaraHonnsnpyem maTtpuuy S

Ctpoum S—1/2

YragbiBaem nauv paccynMTbiBaemM MaTpuuy NAOTHOCTU P

CtpouMm mMaTpmuy F 3anoHAA 3HaYeHMSAMM MHTerpasios u P

Ctpoum F/ = §—1/2pg5-1/2

Pewaem |F’- El|=0 ana noncka cob6cTBeHHbIX 3HavyeHnn E n C' anaraHonmsaumm F'.
PaccunTbiBaeM opbuTasbHble ko3pdpuumenTsl C = S~ /2"

CynTaeM HOBYHO MATpULY MJIOTHOCTU M3 MaTpuLubl C

Ecnv nNOTHOCTb U3MEHWNNACh He 3HAYNTENIbHO 3aKaHUYMBAEM MM NPOAO0JIKAEM
3anoJIHATb maTpuuy F '
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NTaK ab initio:

KakK Mbl BUAENM BbllUE, 3/IEKTPOHHYIO CTPYKTYPY MOEKY/TbI MOXHO NMOCYMUTATb 3HASA
TO/IbKO OCHOBHble Pp13MYeckme KOHCTaHTbl, Takne NoAxoAbl v Ha3sbiBatoTca ab initio.

i
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Ba3ncHbie Habopbl

YacTo opbuTanbHble GyHKUMM CnenTopa annpoKCMMUPYHOT raycCMaHOBCKMMM
dyHKUMAMK. B 0bwem Buae 370:

o2
xaybzce ar

Ba)kHOe CBOMCTBO, CyMMY ABYX GYHKLNIA MOXKHO NPeACTaBUTb O4HNUM FayCCMAHOM, T.e.:

L
bu = Z dip®i(cvip)
i=1 _h
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S —,Gs R

MoppobHee:
Mpwu BbI6Ope 6a3nCHbIX GYHKLMI HAA0 BbINOJHUTL BCEro ABa YC/10BUA:
e OHM AOJI>KHbl UMEeTb d)VI3VI‘-IeCKVIVI CMbIC1.

® VHTerpasibl AOJIXHbI 6bITb CXOANMbIMMU.

0.6 :
X 2
€191 _ —ar?
0.4 202 I (0 ; ce
S —— 191 + C292 5 N
—c c
0.2 i 191 292
« c
0 | 1 0.151623 0.678914
0 2 4 6 8 2 0.851819 0.430129

€=-0.4665819 a.u. = 12.697 eV. B peanbHocTh 13.606 eV. N oumnbka 87.7 kx/Monb
Kaxxaasa MosiekynsapHaa opbuTtanb pasnaraetca B Habop 6a3ncHbix GYHKLUMI, LEHTPUPOBAHHbIX OKOJ0
AApa 1 06bIYHO Ha3bIBAEMbIX aTOMHbIMWN OPbUTANIAMM.
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BasucHble Habopbl

Yem 60/iblLIe raycCMaHOB OMUCbIBAOT OCHOBHbIe OpbuMTanM aToOMOB TeM 61MXKe 3TO
onucaHue K opbutanam CnenTopa:

0.0 1.0 2.0 3.0 4.0

rla,

EcTecTBEHHO MOXHO MeHSATb ABa NapameTpa d n anbda, Takme BbIYNC/IEHNS HA3bIBAKOT
uncontracted. Ho c TOYkM 3peHnA pacYETOB 3TO HE BbIFOAHO M YaCTO UCMONb3YIOT
contracted BbluMcneHus.

i
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[QyCcCHaHbI:

ls = Neo”2; 2p, = NeO‘T2x; 2py = Near2y; 2p, = NeaTQZ;
3dge = NeC”"sz; 3dyy = Neo”"me; 3dy, = NeO“"Z:cz;
3dyy = NeaﬂyQ; 3d,, = Nem2yz; 3d,, = NeO”QzQ;
Afuze = N'0% dfpry = N2y, dfune = Ne 2%,

W Tak panee.

i
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Basis set cokpauieHus:

PaccMOTpMM camyto NONyASIPHYO CXeMy COKpaLleHMA MHpopmaumm 06
MCMNOJIb30BaHHbIX 63a3Mcax Ha NpMMepe cepun nporpaMm Gaussian.

Minimal basis set: STO-nG, paccmMaTpurBalOTCA TOJIbKO opbuTann atomos. s
3/1IeMeHTOoB He coaepxawmx d opbutanen STO-3G aBnseTca abcoNtOTHbIM MUHUMYM.
Mnoxo paboTaeT AN1a Hechepnyecknx opbrTanen n 3N1eMeHTOB B KOHLIE Neproaa.
Double zetta basis: 310 nMHenHasa kombuHauma contracted u diffuse pyHKkUMA,
KOoTOpas AaéT pe3y/sibTaTt 6os1ee TouHbIN YeM STO. Ko3dduLmMeHTbl CHMTAOTCA B Xoe
nTepaumn, 4yTo No3BosifeT paboTaTb C aHN3OTPONMEN PX,pY,PZ.
Split valence double zetta: NMoaxoa npocToin, BasieHTHbie 060/104KK ONUCbIBAEM
60/1bINM KONMYECTBOM bYHKLNI, YEeM core 31eKTPOoHbI. 3-21G : 3 contracted rayccnHa
OMMCbIBAIOT core opbuTany, BHellHWe opbuTtanu: 2 contracted n 1 andysHbin. 3-21G,
4-21G, 6-31G.

et
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Onuncanunsa 6a3ncHbix HabopoB ana nporpammbl GAUSSIAN:

O6wmmn Bng obo3HavyeHnn ot Moynn n konner: M-ijk..G
e M - KO/INYECTBO OFPAHNYEHHbIX FayCMaHOB Ha OAMH He BaJIEHTHbIN 3N1EeKTPOH

un

e Hanunuue aByx n 6onee 6yks nocse “-” 03HayaeT, YTO BaJIEHTHbIE 3/1€KTPOHbI
ONMCbIBalOTCA 2 1 6oniee GYHKUMAMMN, KaxK1asA U3 KOTOPbIX COCTOUT U3 JIMHENHOM
koMbuHaumu i,j,k rayccnaHos

e *-03HaYaeT, YTo ANA TAXKE/bIN aTOMOB MCMNO/b3YIOTCA HE TOJIbKO rayCcChaHbl
XapaKTepHble A/19 KOHKPETHOW opburTanu, HO 1 raycCMaHbl cieaytollein opbutanu.

Hanpumep gna yrnepoga B 3-21*G: y BaJIEHTHbIX 3/1EKTPOHOB C 3 raycCMaHamm
npubasnsaeTca 6 rayccnaHoB ans d-opbutanen.
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Onuncanunsa 6a3ncHbix HabopoB ana nporpammbl GAUSSIAN:

® ** 70 )K€ CaMoe, YTo 1 * ,HO gobaBnAwTCA 3 rayccMaHa ans p-opbutanen K
rayccmaHam H m He.

e + O3HayvaeT AobaBneHne AONOJIHNTE/IbHbIX FAYyCCMAHOB TeX Xe opbuTanen, Ho C
MaJIeHbKMM 3HaYe€HMEM a. DTOT LIAT HYXXeH A1 TOYHOro CYETa CUCTEM rae
3HaUYMTEIbHAA 3N1eKTPOHHAA NJIOTHOCTb YAasieHa OT 8/1pa: 3/1IeKTPOHHbIe Napbl,
AHMWOHbI.

i
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NTak:

3anuncb
ba3unca
STO-3G
6-31G
6-31*G
6-31**G
6-31+G(2df)

6-311++
G(3df,3pd)

fonosuH A.B.

KoamyecTBo rayccmaHoB Ha
opbutanb, gna C

3

6 - He BaneHTHble 3+1 -
BaJIEHTHbIE

To xe camoe + 6 yHKUMI
T™na [+1

CM. Bbile + 3 p-dyHKUUMK
ana HwunHe
MonapusaumoHHble: 2*6 d-
byHKUMM + 7 F- yHKUMI (CM
*) Andpdy3HbIX : 4
OnddysHble Ha BCce aTOMbI
M NonApu3aumoHHble Ha C:
3*6 d Tmna + 7 f Tna H: 3*3
ptvna+ 1dTtuna

(®BB Mr'Y um M.B. JIoMOHOCOBa)

MpnuMmeHeHne

Bonblune cncTemsl
CucteMbl 6e3 nonapusaunm

CucteMbl C aHM3OTponuen
3apaja
BoaopoaHas cBA3b

HyXHO TaMm, rae BaXHO
TOYHO PaccynTaTh BbICOKYHO
NAOTHOCTb 3/1IEKTPOHOB
Ecam Bcé, uto 6bL10 g0
3TOro 661710 He 4OCTaTOYHO
TOYHbIM.

BecHa, 2025
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Kak He Hafo:

e 3-21++G(2df,2pd)

Tonbko ABe PYHKLMM HA BaJIEHTHYIO OpbuTasb 1 3 NONAPU3ALMOHHBIX Habopa
dYHKUMM € Kyyen rayccnaHoB u and@ysHblie Habopbl.

e 6-311+G(2dF)

3 Habopa Ha BaJIeHTHYO 0pbu1Tab, 3 NONIAPU3AUNOHHBIX + ANdY3HbIN Habop Ans
TAXKENbIX aTOMOM M OTCYTCTBME NOSIAPU3aLMM A5 BOLOPOAA?

i

fonosvH A.B. (®BB MrY nm M.B. JlomoHOCOBA) BecHa, 2025 36/52



CGMM-BMI’II/IDVI‘-IMCKI/IQ MeToAbl:

3a4a4a: YMC0 ABYX 3/IEKTPOHHbIX MHTErpasioB NponopuUnoHanbHo M4, rae M 3to
KOJINYEeCTBO MM Pa3MepHOCTb aTOMHOro 6asuca.
CNIOXKHO cYMTaTb 60/IbLLME SNEKTPOHHbIE CUCTEMDI.

® OCHOBHaf NAEeN: 3TO YMEHbLUNTb CTOMMOCTb CYETA 33 CYET ABYX 3JIEKTPOHHbIX
NHTErpanos.

e Llenb: onncaHme nnbo 6onbLUMX cMcTeM, IM60 KayeCcTBEHHAA OLLEeHKaA.

i
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OcHOBHble npubanxeHna

PaccMaTpMBaOTCA TOJIbKO BAJSIEHTHbIE 3/IEKTPOHbI
* B MonekynapHbIX opbuTanax yuntbisatotcsa AO € N, COOTBETCTBYHOLLMM BbICLLIMM
3acesiéHHbIM opbuTanam

e 1nA ABYX3/IeKTPOHHbIX MHTErpasioB BBOAAT NPUBIMXKEHME HYNEBOIO
anddepeHumnanbHOro nepekpbiBaHNS.

X ()Xo (r)dr = 0,1 # v

[BYX31eKTPOHHbIE NHTErpasibl 3aBMCAT TOJIbKO OT NPUPOAbI aTOMOB, Ha KOTOPbIX
LLeHTPMPOBaHbl OPOUTANN X, 1 Xy, N HE 3aBMCAT OT KOHKPETHOro BMAa opbuTanei.
[Ona 0603HaYeHNs cpegHEero 3Ha4YeHMA MHTErpanoB NUCMOJb3YIOT Y4B
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MpubnunxeHne Hynesoro aAnddepeHLManbHOro nepekpbiBaHNS:

OCHOBHas upen: yMeHbLUEHNEe KOIMYECTBa MHTErpPaoB, 3a CYET 0OHyeHns
nepekpbIBaHNA HEKOTOPbIX opbutanen.

Ecnun aBa sapa paneko Apyr oT Apyra TO BEPOATHO LLEHTPMPOBaHHbIE K SApaM GYHKLNK
He NnepeKkpbIBalOTCA.

OCHOBHOW pe3y/bTaT C TOYKN 3pEHMSA YPaBHEHWI 3TO MaTpuMua o6MeHa, S=1 Toraa
ypaBHeHue PyTaH-Xona byaet BbirnaaeTtb Kak: FC=CE

370 npnbamnKeHme Ha3sbiBaoT ZDO.

i
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MpubnunxeHune Hynesoro agnddepeHLMarbHOro NnepeKkpbiBaHUA:

3710 NpMbAMXKEHME C/IULIKOM CUJIbHOE 418 aTOMOB 06beAMHEHHbIX B MOJIEKYY.
CyLlecTBYIOT HECKOJIbKO MOANDUKALNIA:

e CNDO: naes npumeHseTca Ko BceM napamM GpyHKLMN, He HYyIEBbIMW OCTaBa/INCb
TOJIbKO KYJIOHOBCKME MHTErpasbl

e INDO, MINDO/X: yunTbIBa/I0Cb NepeKpbiBaHNe BCeX GYHKLIMN LLIEHTPUPOBAHHbIX Ha
ogHOM agpe.

e NDDO,MNDO: npeHebperaeTcs AByXxaTOMHOE NepeKpbIBaHMeE.

AM1,PM3: YnyylleHHbIe 1 COBpEMEHHbIe BapuaHTbl NapamMmeTpupusaumm MNDO.
Mporpammbli: MOPAC, OPENMOPAC, AMPAC

i
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NCTOYHUKN napamMeTpm3aunmn

MeToa MCTOYHUK
CNDO/2 3/1eKTPOHHASA MNJIOTHOCTb, 3/IEKTPOHbI CNAPEHbI
CNDOQ/S CreKTpbl, 31E€KTPOHbI CapeHbl
INDO 3/1eKTPOHHAA NJIOTHOCTb, 3/1IeKTPOHbI HEe CMapeHbl
INDO/S CMNeKTPbl, 3/IEKTPOHbI HE CNapeHbl
ZNDO 1 ZNDO/S To)e camoe TOJIbKO AJ18 MepexoAHbIX 3/1eMeHTOB
MINDO/3 TensioTbl 06pa3oBaHUA

i
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CpaBHEeHVe MeTO/10B

MeTop MapameTpu3yemoe CB-BO XOpOLLO BOCMPOV3BOANMbIE CB-Ba I10X0 BOCNPOM3BOAVMbBIE CB-Ba
CNDO/2 Pa3HOCTU SHepruit Mexay JnnonbHble  MOMEHTbl,  AJIMHbI TennoTbl 06pa3oBaHWsA, noTeHuWan
3aHATbIMKU MO CBA3eil, BaJIEHTHbIE YI/ibl, CUIOBbIE VNOHW33aLMK, CPOACTBO K 3JIEKTPOHY,
KOHCTaHTbI CNeKTpbl, pe-akumn
CNDOY/S, DN1IeKTPOHHbIV CNeKTp CnekTp Tennotbl o6pa3oBaHus, reomeTpus
INDO/S, MosIeKyn, peakunn
ZINDO
INDO CnnHOBbIE NJOTHOCTH CnnHOBbIE NNOTHOCTW, KOHCTaHTbI Tennotbl 06pasoBaHus, no-
CBEPXTOHKOIO B3anMMoOAeNCTBMA, TeHUManbl MOHM3aLMKN, CPOA-CTBO K
reoMeTpus Mosiekys 3/1eKTPOHY, 3/IEKTPOH-HbI€ CEeKTPbI
MINDO/3 MoTteHuman TennoTbl 06pa3oBaHus, NOTeHUMa- ONeKTPOHHbIe CreKTpbl, BO-
aTOMaTOMHOro Jibl MIOHM3aLMK, AJIMHbI CBS3ei [lopoAHas CBA3b
B3aMMOZJEeNCTBUA
MNDO TennoTbl 06pa3oBaHuA TennoTbl 06pa3oBaHWA,reoMeTpus DNeKTPOHHble CneKTpbl,
Mosekyn BOJIOPO/IHAA CBA3b
AM1 TennoTbl 06pazoBaHuA TennoTtbl 06pa3oBaHWA,reomMeTpus ONeKTPOHHbIe CNeKTPbI
MoJIeKyn
PM3 Tennotbl 06pa3oBaHus, Tennotbl 06pasoBaHus, SNEeKTPOHHbIE CNeKTPbl
napameTpbl reomMeTpus MOJIeKys, BOJOPOAHas
MEXMOJIEKY/IAPHOTO CBA3b, MeXMOJIeKyIApHble
B3aMMOJENCTBUA B3anMMOJeNCTBUA

(®BB Mr'Y um M.B. JIoMOHOCOBa)

BecHa, 2025
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HepocTaTtok noaxona doka:

MeTon ®oka paboTaeT Ana cucteM 6IM3KNX K MUHUMYMY 3Hepruun. N He paboTaeT ana

BO36YXXAEHHbIX CUCTEM, CUCTEM TAe HabntoJaeTcsa nepexos U3 oAHOro ctabmabHoro
COCTOAHMA B Apyroe cTabuabHoe 1 TA.

(1 ZZ Z KN (D) Yra(2) - hen (V)

k1 ko

Ci
U(1,2...N)=> Ukl
K

3TO nepeBoAMTCA B 6€CKOHEYHbIN psaa n B csiydae Poka Mbl yY4MTbIBAEM TOJIbKO OAUH
yneH.

i
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HepocTaTtok noaxona doka:

MoBbICNTb TOYHOCTb CYETA Mbl MOXEM YAAYHO YYTS HEKOTOPblE KOMMOHEHTbI psAa.
3HAUMT Ha40 MUHMMWN3MPOBATD:

E=FE.cu—FEnr
CywecTBYHOT TPU OCHOBHbIX MeTOAa:
o KOHCbVIrypaLI,VIOHHOFO B3aMMOLENCTBUA

°* MeTo[ CAaMOCOINNaCoOBAHHOIO NoJA
e Teopuda Bo3MywieHne Mennepa-fnecce

i
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MeTo KOHOUIYpPaLIMOHHOI0 B3aMMOAENCTBNA

MbI HawwIM M cnMHOBbLIX opbuTanen n N U3 HUX 3aHATbI I1EKTPOHAMM, UMEHHO MX Mbl U1
NCMosib3yeM A9 Pacy€TOB M NOAMEHNM HEKOTOPble OpbMTasiv B HAMAEHHOM MaTpule
HOBbIMM OpbuTanamu. T. e. cO343aANM BO3OYXXAEHHYO MONIEKYNY.

o0
Veor = Z CxVg
K=0

MpumeHaeM noaxon PyTxaHa-Xona n Haxoanm KoadouumeHTsi C.

DTOT NOAXOA W ABNAETCS METOAOM KOHbUrypaumoHHoro B3anmogenctaua (Cl). Tyt
Heo6Xx0ANMO 3aMeTUTb, YTO A1 KaXX40ro Bo36yX AEHHOI0 COCTOAHMA HaZl0 CBOWM
JeTepMuHaHT CnenTopa 1 cYynTaTb opbmuTann 3aHOBO.

i
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Koppenaumsa 3/71eKTpOHOB

® Pac4yéT 3/1eKTPOHHbIX B3anmoaencTeum no Xaptpm-Ooky nrHopnupyeT MrHoBeHHoe
KYJIOHOBCKOE OTTaJIKMBaHWNE, YTO NPUBOANT K OLUMOKAM NpuMepHoO B 1% obuien
3HEpPrmn 1 3TO0 XMMMYECKN 3HAYMMO.

¢ Cl KOHEYHO OrpaHMY€eH 13-3a CJIOXKHOCTWN CYETA, HO 0BbIYHO YYET OAHOKPATHO- 1
[ABYXKPAaTHOBO36yXAeHHble KOHOUIYpaLMIi NO3BoAsSET NOKPbITb 95%
KOpPPeNSLMOHHOW SHEPTMM U MOHM3NTb SHEPTMIO cMcTeMbI Ha 200-300 K X.

e Taknm 06pa3omM MOXKHO MPaBUJIbHO ONMNCATb AMccoLMaUmo No

i
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Pazpen: MeToza camocoriacoBaHHOro noss

MeTo4 CaMOoCOors1acoBaHHOIo Nonga

MeTop, Cl xopoll Koraa npefckasaHHble metogoM ®oka opbuTanm 4oCcTaTouHO 6113KK
K peasibHOCTW. B MeToe caMoCornacoBaHHOro NosiA NpejJsiaraeTca BapbMpoBaTh He
TOJIbKO Ko3dduumeHTbl C, HO U dopMy opbuTtanen:

U= Z CrV k(091093 ...00K)

K=0

Kak 1 paHee Mbl He MOXEeM B3fITb 1 UCMNOJ/1Ib30BaTb BCE KOMBUHALMK, MO3TOMY
PacCMATPMBAIOT TOJIbKO OAHOKPATHbIE M ABYXKPATHbIE COCTOAHUA BO3OYXAEHUA.
MO>HO AABHO YKa3aTb Ha Kakon ypoBeHb byaeT nepexoanTb Bo36Y>XAAaEMbIN 3/1EKTPOH.

i
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Paspen: Teopusa GyHKUMOHANA naoTHOCTH, DFT

Teopua GYHKLUMOHANA NAOTHOCTKN, DFT

e B DFT cucTeMa onncbiBaeTcA He BOJIHOBOM dyHKUMEN, 3 GYHKLMEN 3/IeKTPOHHOM
MJOTHOCTW , BKJIFOYAIOLLLEN BKJ1a/, BCEX 3/IEKTPOHOB.

e [lpeanonaraeTca, YTo AJ18 Nto60on peasibHOM CUCTEMbI C MOTEHLIMAJIOM U NJIOTHOCTbIO
CyllecTByeT Takas Boobpaxkaemasn «HeB3anMOAenCTBYIoLLLAA» cMcTeMa (T.e. CUCTeMa, B
KOTOPOW OTCYTCTBYET MeX3JIeKTPOHHOE B3aUMOIeCTBME) C HEKOTOPbIM
OAHO3NEKTPOHHbIM NMOTEHLMANIOM, I/IEKTPOHHAs MJIOTHOCTb KOTOPOW (p,(r)) coBnagaeT c
TOYHOW 3/IEKTPOHHOM NMJIOTHOCTbIO peaJsibHON CUCTEMBI.

e To4yHOe pelleHne MHOro3/1eKTPOHHOrO ypaBHeHnA LLipeanHrepa npeacrasniaeTca
CN3TEPOBCKMM JeTePMUHAHTOM W (1), COCTOALLMM M3 OAHO3NEKTPOHHbIX OpbuTanen.

N
o) = p(r) = 106 P

K2
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Teopua byHKUMOHANA MJIOTHOCTY

OcHoBHasa npen TeopeMbl Xo3H6epra-KoHa:

Ecnun B cncteme NOCTOAHHOE KOJI-BO 3/1IEKTPOHOB, TO MX B3aMMHOE B3aUMOAENCTBUE He
33aBMCUT OT BHELLHero noTeHunana.

Toraa pa3brBaeM 3HEPruto 3/IeKTPOHOB Ha:

E:ET+EV+EJEXC

® T KNWHeTnYyecKana cocTaBngaroLWwan

V noTeHuUWanbHasa sHeprma (aapa)
e J OoTTa/ZIKMBaHMe 3/1eKTPOHOB

XC O6M€HHO-KODD€)’IF|LI,VIOHH8H CcoCTaB/1a0oLWan.

i
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Pazpgen: DFT: ®yHKUMOHaNbI

Teopuna GYHKLMOHANA NNOTHOCTH

XoHeH6epr 1 KoxH nokasanu, 4to EXC 3aBUCUT TOIbKO OT 3/IeKTPOHHOW NJOTHOCTMK.
O6blyHO EXC pasbusatot: EX¢ = EX + EC

O6e YyacTu 3aBMCAT OT MJIOTHOCTM M UX YaCTo npeacTaB/IAT Kak:
® J10KaJIbHble, KOTOPbIle 3aBNCAT TOJIbKO OT MJIOTHOCTU

X 3\ 4/3 53
Eppa=3/2 in PO

° rpa}J,MEHT-KODDEKTMpOBaHHbIe, OHM 3aBUCAT OT NJIOTHOCTU U eé rpaaneHTa
LLInpoko ncnosb3ayemMbin ceroaHsa eyHkumoHan Bekke 88 roaa:
4 2 2
3z \Y%
14 / 837" _ ‘ p|

(1+6ysinh—1z) . p/3

X _ X
EBerkess = ELpa — 7/

i
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Teopua byHKUMOHANA MJIOTHOCTY

MoABMANCH KOpPeNaUMOHHbIe GYHKLMOHANbI:
e Pedrew n Wang (1991)

e Vosko, Wilk 1 Nusair (1980)
M Tak ganee. Yacto npuMeHa0TCcAa rubpuaHbie GyHKLNOHANbI:

Bl = ;z [ [ w1003 itra)sra)radry

rae:
ESE ng,ny] = /exc(nT,mﬁnTﬁni)n(F)d%

i
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Teopua GyHKUMOHANA MNJIOTHOCTY

NMpumeHeHue:
e CoBpeMeHHble PYHKLMOHAIbI AAKOT XOPOLLY NPOM3BOAMNTENIbHOCTL NPY XOPOLLEHN
TOYHOCTM pe3y/IbTaTOB.
® B pacyétax KBAHTOBOM XMMNWN OJIHMM U3 PACNPOCTPAHEHHbIX ABNAETCA BUAbI
obMeHHoro ¢yHkumMoHana BLYP, B3LYP.

® B DFT ecTtb npobsieMbl B onncaHnn Ban-aep-BaanbcoBbix B3aMMOAeNCTBUIA NN
[AMCNEepPCMOHHOro B3aMMOAENCTBUSA, T.€. CTIKUHT U ™ — T B3aMMOAEeNCTBMA. MNX B
MPUHLMMNE MOXHO KOMMEHCUPOBATb aHA/IMTUYECKMMM NOTEHLMAIAMMU.

* «B uenom, Tekyuiee coctoaHMe MeToaa Teopnmn GYHKLMOHANA NJIOTHOCTMN TAaKOBO,
YTO HEBO3MOXXHO OLEHUTb NOrPEeLLUHOCTb PACYETa, He CPAaBHMBAA €ro pe3ysibTaTbl C
APYrMMM noaxo4aMm Uan c pesynbTatamum skcnepumMmeHToB” ru.wikipedia.org
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