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Korelacni energie Korel¢ni energii ma smysl pocitat pouze s

dostatecné velkou bazi

— je potfeba mit fadu neobsazenych MO
-MO z AO s vyssim vedlejSim kvantovym
Cislem (polarizacni funkce)

- pro zahrnuti korela¢ni energie musi

<«— HF limita

<—— Experimentalni energie

c .— Nerelativisticka exp. elektrony mit kam ,,uniknout*

Relativisticky prispévek
Pro vétSinu procest je maly a je identicky
na obou stranach rovnice (kompenzace).

DileZitost korelacni energie zavisi na povaze studovaného procesu (reakce).
V nékterych ptipadech je korelacni energie na obou strandch rovnice stejna — v
piipadé, ze pocet 1 prostorove uspofadani elektronovych part je na obou stranach
rovnice stejné.
HOMODESMICKE REAKCE - zachovava se pocet vazeb daného typu i jejich
usporadani:

CH,CH,CH,CH, + CH,CH; — 2 CH;CH,CH,
IZODESMICKE REAKCE - zachovava se pouze pocet vazeb

CH,CHO + CH, — CH,;CH; + CH,O
ANIZODESMICKE REAKCE - nezachovava se ani poéet vazeb
Zanik elektronového paru — bez korelac¢ni energie nema smysl popisovat.
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Koopmansiiv teorém —

Ioniza¢ni potencial pro elektron v orbitalu i je dan zapornou hodnotou energie tohoto
orbitalu:  IP;,(Koopmans) = -¢;

Podobn¢ pro elektronovou afinitu (EA).




Koopmansiiv teorém —
Ionizaéni potencial pro elektron v orbitalu i je dan zapornou hodnotou energie tohoto

orbitalu: IP;(Koopmans) = -g;
Podobné pro elektronovou afinitu (EA).

KT je zaloZzen na kompenzaci chyb: rozdil v zanedbané korela¢ni energii vs. zanedbana
relaxacni energie.

* HF energie

< Orbitalni relaxa¢ni en. E™2(j)

E Ecorr(j o
I } Nerelativisticka exp.

> Experimentalni energie gcorr (m) > gcorr (I)

<«—— HF energie

corr ___.corr f* relax /-
Ecorr(m Nerelativisticka exp. & (m) =& (I) +& (l)

—— <— Experimentalni energie

Princip KT:
Zadenbani korelacni energie
Zanedbani orbitalové relaxace
Zanedbani relativistickych efekt

- zanedbatelné pro valenéni elektrony

- nelze zanedbat pro ,,core* elektrony téZSich atomi

} CasteCné se kompenzuje



KT for , anthracenequinone and pentacenequinone

Journal of Electron Spectroscopy and Related Phenomena 178-179 (2010) 61-79

I HF/cc-pvdz Exp.

¢ 4b, (n) 11.92 | 1011

O y 5b,, (n) 1252 | 10.41
o VA 2b,, (r) 11.19 | 11.06
COONEE == = 11.17 | 11.23

[ 3bs, () 1584 | 13.43

© 0 1b29 (T[) 15.00 14.18
QU0

A(Ey - Ey)

cc-pVDZ cc-pVTZ cc-pVQZ cc-pVool
HF 10.843 10.873 10.892 10.923
MP2 9.334 9.680 9.823 9.859
MP3 10.180 10.514 10.646 10.680
MP4SDQ 10.234 10.615 10.765 10.802
CCSD 10.157 10.498 10.627 10.659

CCSD(T) 9.719 10.051 10.185 10.219




Spolehlivost Koopmansova theorému

[eV] KT ASCF Cl Experimen
t
H,O
1b, 13.86 11.10 12.34 12.61
3a, 15.87 13.32 14.54 14.73
la,  559.48 539.11 539.53 539.7
CH,
1t-, 14.85 13.67 14.23 14.40
la, 304.86 290.76 290.70 290.7




Relativisticky prispévek k energiim elektronu vnittnich slupek (v eV):

CH,(1s) 0.1
Ne(1s) 0.8
Ar(1s) 14
U(75s) 1.0
U(6d) 2.1

U(5f) 8.3



4. Hartree-Fock
description

Hartree-Fock description

He atom

BASIS No. No. of HF Orbital

SET of bf prim. G Energy En.

sto-3¢ 1 3 -2.807783 -0.87604
3-21G 2 3 -2.835679 -0.90357
6-31G 2 4 -2.855160 -0.91413
6-311G 3 5 -2.859895 -0.91687
6-31G(d,p) 5 7 -2.855160 -0.91413
tzvp 6 8 -2.859895 -0.91687
cc-pvdz 5 7 -2.855160 -0.91415
Cc-pvtz 14 18 -2.861153 -0.91763
CC-pvQz 30 38 -2.861514 -0.917/85
CC-pv5z 5 73 -2.861624 -0.91792

Koopmansuv teorém —

Piesna hodnota ioniza¢niho

potencialu je 0.90357

Presna hodnota:

EHe* + IP(He) = 2.90357 a. u.




Korelacni energie Korel¢ni energii ma smysl pocitat pouze s
dostate¢né velkou bazi

E — je potieba mit fadu neobsazenych MO
-MO z AO s vyssim vedlejSim kvantovym
HE limita Cislem (polarizacni funkce)

) - pro zahrnuti korela¢ni energie musi
/ Nerelativisticka exp. elektrony mit kam ,,uniknout*

Experimentalni energie

Elektronova korelace je disledkem toho, Ze elektrony se vyskytuji prili§ blizko sebe.

Pro zahrnuti korela¢ni energie musi elektrony mit moznost se vyhnout jeden druhému — uniknout
do jiného (neobsazeného) molekulového orbitalu.

Zahrnuti dalSich molekulovych orbitali ndm umozZni vétsi pocet Slaterovych orbitalli vzniklych z
HF orbitali.

«— Virtualni orbitaly Mono-, di-, tri,- ... excitované determinanty z
“referen¢niho” Slaterova determinantu

- Valencni - neobsazené

Example: molekula vody

< Valenéni - obsazené

«— Core orbitaly



Resenim HF rovnic ziskame molekulové orbitaly.
MO ziskame jako linedrni kombinaci atomovych orbitalti — ziskame rozvojové c ;

L
Yi = Zcmxu
p=1

Ptiklad: molekula H,O — v minimalni bazi (kazdy vnitini a valen¢ni orbital atomii H a O je
reprezentovan prave jednou funkci — gaussianem.
H ... 1 X (1s) — jednda funkce typu s na kazdém z vodikt
O ... 1 x (1s) — reprezentuje vnitini orbital
1 X (29)
3 X (zp) - 2px1 2pyv 2pz
Celkem 7 AO — ziskame 7 MO

— 0, =2s+2p,— 1s(H,) — 1s(Hp) Celkem mame 10 elektronti
— 0 = 2P, — 1s(Ha) + 1s(Hp) -Umistime je do péti

- 0s = 2P, energeticky nejnizsich orbitalil.
ﬁ— 04 = 2s — 2pz

+t- 03 = 2p, + 1s(Hp) — 1s(Hp) Ziskame referenc¢ni, HF,

s ¢, =2S +2pz + 1s(H,) + 1s(Hg) Slatertiv determinant:

it ¢=1800) ¥, = ﬁkﬂﬁoﬁcfﬁ viE| =[17273°4%5")



Molekulove orbitaly
H,O
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@, =25+ 2p,— 1s(H,) — 1s(Hg) Celkem mame 10 elektronu

P = 2P, — 1s(H,) + 1s(Hp) -Umistime je do péti

05 = 2P, energeticky nejnizsich orbitali.
G4 = 2s - 2pz

03 =2p,+ 1s(Ha) — 1s(Hp) Ziskame referenc¢ni, HF,

¢, =25 + 2pz + 1s(H,) + 1s(Hg) Slateriiv determinant:

_ 1
91 = 15(0) o= Pl S pi il | =|1°2734%5

Ze sady MO plynoucich z feSeni Fockovych rovnic a daného poctu elektronti v molekule
muZeme sestavit fadu Slaterovych determinantt. Naptiklad:

AT

6 1 2 2 2 2 1 1|_ (124242 42711
¥ ﬁ\¢1¢2¢3¢4¢5¢6\=\123456\

1
¥ = |eioivivivial|= 2356 T

£ R

Dolni index oznacuje ,,uprazdnéné* MO a horni index oznacuje
,,zaplnéné MO vzhledem k referené¢nimu HF Slaterovu determinantu




Monoexcitované determinanty:

Biexcitovane determinanty:
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0CC unocc

Pi=> > ¢yl

— ¥

0CC unocc

Y= > ¢

j#i bza

1

~

b b
¥;

2D . @D] ..
?(2) 19,(2)] ..

@ (n) {o.(n)] -

Analogicky — tri-, tetra-, ... excitovanéné determinanty

®,(1)
?,(2)

@,(n)




=> single Slater determinant is replaced by linear combination of many determinants

®=>CV,
|

Various methods differ in the specification of
Slater determinants in linear expansion and in the
criteria used in search for optimal coefficients C,

If all Slater determinant that can be created with the given basis set are considered
full CI (configuration interaction)

N ... number of electrons

B ... number of basis functions

N electrons
in 2B spin-orbitals

[ZB) N-electron
N ) Slater determinants

Water in minimum basis set:

14) 14
= i =1001
10) 1004

Water in VDZ basis set:

26 26!
=——-=5311735
10) 10:16!

Water in VTZP basis set:

60 10
=7.54-10
10

Freezing O(1s): 495

7.35x 10°

1.92 x 10°




A+ B « C

QCH description:
Cannot be described exactly (full Cl) in general.
Approximate methods

REQUIREMENTS
» “consistent”, “balanced” description for L and R side of chemical eq.
» Quality/accuracy should not depend on the size of the system

E(A) + E(B) = E(A...B); size consistent description
HF ... Size consistent for closed-shell monomers
Full CI ... always size consistent
CI-SD ... not!




=> single Slater determinant is replaced by linear combination of many determinants

®=>CV,
|

Many of integrals are zero !

Various methods differ in the specification of
Slater determinants in linear expansion and in the
criteria used in search for optimal coefficients C,

Not exact solution.
Variational principle — upper limit

Slater determinants mush have the same spin

Brillouin’s theorem: (¥,|H ‘\P?> =0

Slater-Condon’s rules: majority of integrals formed by different Slater determinant

vanishes




Example:

H, in @ minimum basis set
» Show all possible Slater determinants — how many are there
* How man of them can really contribute to the wavefuntion ?



Slaterova-Condonova pravidla

‘K>:M”mn”>
\L)z‘---pn--)
‘M)z‘---pq--)
(K\Ol\K>:Z::<m\ﬁ(l)\m>:Z::[m ()| m |
01=ilelﬁ(i) (K\ol\L>=(m\ﬁ(|)\p>=[m AGi) p}
<K‘61‘M>:O
(K[, |K) =5 22 (] o)
AR (K[8L)= 23 o )

N

n

(K[0y[M)=(mn|| pg) =(mn| pg)—(mn|gp) =[mp|ng]-[mq | np]



OCC unocc OCC unhocc 0 o
. - . a al
Mono-, di-, tri-, tetra-, ... etc. determinants: ¥ = E E ciy? E E b &
i a

jil b¢a

@) =C,|'¥, >+ZC“1” +> eaWn + ) oo+

a<b a<b<c

Cl wavefunction r<s r<s<t
[ D)=,y |¥o)+Cs|S)+Co| D)+ |T)+

Cl matrix (#o[H|¥) 0 <\P°|ﬁ D) 0 0
(S[H[s) (S[H[D) (S[H[T) 0 ..
(DIH|D) (D[H|T) (DIH|Q) ..
(TIH[T) (TIH|Q) .
(QH[Q) ..
Brillouin’s theorem

rs |13 [\ptoww a,b must be in c,d,e,f
Slater-Condon rules (D|H|Q) <‘Pab H‘\Pcdef> s must be in t.u.v.w

Effect of singles
Effect of doubles




Cl expression for correlation energy

@)=, | ¥, >+ZC“I” +D P+ D C Wi+

a<b a<b<c
r<s r<s<t

Intermediate normalization: (‘If | D, >=

Linear variational method: H|®,)=&|D,)

(= E5)|P) = (& ~ Ey)|Po) = Ex | @)

(Po|(H =By )|®y) = By (¥ | D) = Eooy = i (o IH|¥E)

a<b
r<s

Expression for correlation energy is simple !
We have to know expansion coefficients
Expansion coefficients for S, D, etc. are coupled !
Coupling equations from Eq. (1) multiplied by S, D, etc.
Cannot be managed except for small systems




Configuration interaction (Cl)

Wavefunction in the form: - c, ¥, + WS WP LT Ly
Variation theorem applied

Wavefunction expansion must be truncated:

NSD — ( N ](ZB —-N ) For n-tuple excitations considered in a system of N

“n n electrons in 2B spinorbitals

Search only for C coefficients of Cl expansion
MO are kept fixed (coefficients ¢ does not change)

Various implementations (CID, CISD, CISDTQ,..)

Not size consistent ! CISD - 2el ~ 100% E(corr)
Davidson correction for size consistency: (1-C5)2.E g el - 100el ~ 60% E(corr)

Applications Example: He...He
Modern variant of Cl method: AQCC, ACPF
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