Uvod do kvantové chemie

Operatory

Postulaty kvantové mechaniky
Schrodingerova rovnice

Aprximace vedouci k Hartree-Fockové metodé
Slatertiv determinant

Hartree-Fock metoda

Baze atomovych orbitali

Korela¢ni energie

Metody vypoctu korelacni energie




Operator algebra

OPERATOR - a rule that transform a given function into another function

0 f(x,y) = g(x,y)

Linear operator: (A)( fi+1)= (A) S+ (A) /5

écf1 = O 1,
A A AA A A Eigenvalue
Commutator: [P,Q]=PO-0P
Eigenfunctions and eigenvalues: Ot =0/,

Eigenfunction



. O ()@((x)dx =(D(x) | D(x)) =(D | D)
Diracova notace:

(“bracket”) [ (x) H®(x)dx =(@(x) | H | D)) <(@ | H | D)

“bra”’-vector “ket”’-vector

Orthonormalni funkce J(o (D)@, ()dx =@, |@)=ilj)=0.i# ]
‘.19)=5, [0, ()dx=(p, | ) =(i| ) =1

Kroneckerova delta

Hermitovsky operators: [ £ (X)Of (x)dx = £.(x)O f (x)dx

Vlastni hodnoty jsou realna ¢isla !
Vlastni funkce tvoii UPLNOU SADU ORTHONORMALNICH FUNKCI

CD:Zk:Ckfk Ck:<fk|q)>



Srovnani klasice a kvantove mechaniky

KLASICKA MECHANIKA

Pohyb castice se tidi druhym
Newtonovym zakonem:

d*x
dt’

Zname-li pozici a rychlost Castice v Case
t, a silu F => miuzeme vypocitat
soufadnice a hybnost v libovolném
okamziku

=> Uplny determinismus

F=m-a=m

KVANTOVA MECHANIKA

V disledu principu neurcitosti ani
nemuzeme splnit podminky pro to,
abychom mohli determinovat budouci
stav systému.

Postulujeme existenci vinove (stavove)
funkce Y(x,t), ktera je funkci soutradnic
a casu.

Pravdépodobnosti popis: Ctverec
vlnové funkce

[P (x, )| dx

Udava pravdépodobnost s jakou bude v
case t systém mit soutradnice x.




POSTULATY KVANTOVE MECHANIKY

1. Postulat

Ke kazdé pozorovatelné fyzikalni velicine A existuje linearni hermitovsky operator A . ktery 1ze ziskat nasledujicim postupen:
1. vyjdeme z klasického vyrazu pro prislusnou veli¢iu vyjadienou v Kartézskvch soutadnicich a hybnostech
2. souradnice a ¢as ponechame beze zmeny
3. za hybnost p, dosadime operator hybnosti

-

il
px—> 7 Ic?\'

2. Postulat

Stav systému je popsan vinovou funkci @. ktera musi splnovat nasledujici podminky:

. existuje v celem definicnim oboru promennych

2. jespojita a konec¢na v defini¢nim oboru (vyjma singularnich bodu)

3. jejednoznacna
Fyzikalni interpretace vinove funkce @ :  [D(x;.....X,. t)]

vyraz @*® dr udava pravdeépodobnost. ze v ¢ase t jsou promenne X, ... X, v intervalech (x,.x;+dx;) az (X,.X,+dx,)
Celkova pravdépodobnost musi byt rovna jedné:

j O*Ddr=1 (normovana funkce)



3. Postulat

Vinova funkce @ vyhovuje casove zavislé Schrodingerove rovnici

{QI)
HD = ih—

ct
kde H je Hamiltonuv operator daného systénn.

4. Postulat
Jediné mozné hodnoty. Které 1ze ziskat méfenim pozorovatelné veliciny A jsou jeji charakteristické (vlastni) hodnoty a, rovnice

I\JJ — s
AY P Ay I k
kde A je operator pozorovatelné velic¢iny A a 'y je vlastni funkei operatoru A.

5. Postulat

Pro system. ktery je ve stavu popsaneém vinovou funkei @ stiedni hodnota a pozorovatelne veliciny A

j O ADdr
[ ®dr

6. Postulat
Vlnova funkce popisujici elektrony musi byt antisymetricka vzhledem k zameéné souradnic dvou elektrom. (4nzisvmenizacni
postulat)

7. Postulat

Elektronim piislusi vnitini moment hybnosti — spin. . .S})I'I?O‘l-j" post wulat)



NAVOZENI KVANTOVE MECHANIKY

Vyjdeme z Hamilotonovy formulace klasické mechaniky:
Celkova energie systtmu ... H=T+V
(u konzervativniho systému se H s casem neméni)

Pohyb ¢astice podél oxy x v potencialu V(x) =>

1. Pro studovany systém vyjadiime T a V jako 1, 1
. 4 , T=—mv.=—np.| |H
funkce soutfadnic a hybnosti: 2 2m

E=—p;+V(x)
2m

o , ; NG - n
2. Aplikuje prvi postulat: |p —-in—| ——=> |H = _Evi +V (x)

3. Druhy postulat => existuje W(x) popisujici stav systemu

hZ
4. Aplikujeme Gtvrty postulat  |AY, = EW,| ——> {— py. V. + V(X)}Pk (x) = E¥, (x)

Schrodingerova rovnice pro pohyb ¢astice podél osy x




Obdobné muzeme sestavit Hamiltonian a Schrodingerovu rovnici pro jakykoliv systém.

1. Castice pohybujici se ve 3-D
2. Atom vodiku
3. Atomy a molekuly obecné

o , NI & n & 1
Hamiltonian pro atom vodiku H=——A—-—-A,- P —
2m, 2m dre, r
Hamiltonian pro molekulu vody:
oy A B S, e 3% Sy ey
H=- L _ A + —_—
2 5m, 2mei=l l 47[501111|R _7”| 471'5011]» ”- 472'5011J>1|R R |
Kinectic Kinetic energy Coulombic Coulombic Coulombic
gy of electrons attraction repulsion repulsion
of nuclei nuclei-electron elecrton-electron nucleus-nucleus

N N A

H = N+f+I7N+I} + Vo

e e ee



Vodikovy atom (atomy vodikového typu)

Jediny chemicky systém feSitelny presne.
Ziskan¢ vinove funkce — vodikové atomomé orbitaly — vychozi vinové funkce pro
feSeni Schrodingerovi rovnice pro molekuly

Gro Wy W, @ L
2m, ' 2m, ° 4nzg, r
Zanedbame vzhledem k rozdilu hmotnosti
2 12 12
I:I=—h Ae—e > A‘I’(x,y,z)+2nze E+S |w=0
2m, v h v

Schrodingerovi rovnice

ResSeni se hleda ve sférickych soutadnicich:
z=r.cosf

y =r.sin@sing

X =r.sinf@cos ¢

rr=x’+y +2°

dxdydz = r’dr-sin0d0-d ¢



=> Schrodingerova rovnice ve sférickvch souradnicich: \P(’” ,0, ¢)

2 2 12
i(rzaqu"‘ .12 8\I:+ .1 8(Sin¢8‘11j+2m2r £+ lw_g
or or ) sin“ @ 0¢° sinf 0¢ 06 h r

Umoznuje separaci proménnych:

Vo = Ry ()Y, (0,9)
— ~.

Radialni Uhlovd RaVse fosi tatnd
Clst .l Cast (Lm) a Y se resi samostatné.

l l

o( ,0¥\ 2mr e"” 1 o°%Y 1 o(. ,0¥
r +——| E+ V=-——7 === sin @—
or or h r sin“ @ O0¢~ sinf 0¢p 06




Energie vodikoveho atomu — zdvisi pouze na hlavnim kvantovéem cisle !

2 12 2 2 2
E=-2 ¢ |=—2| ¢ |- 13,598% [eV]
n-\ 2a n-\ 8rgya n

a (=a,)=0,529 4 Bohriiv polomer
e=160x10"C naboj elektronu
€y =885x 102 F/m  permitivita vakua

Definice nuly energie

Degenerace energie




Atomova spektra — atom vodiku

Emisni spektrum atomu vodiku — linie 410, H" +e  Continuum

os -
434, 486, 656 nm 5 5
4 4 r '4‘ r,lj
Balmer (1885) — pozorovane vlnové délky . <|_ [ VY <
jsou ve vztahu: 2k it
bl aschen
2 Y ¥ WY Series
> 1 1 Balmer Series
v —-— n23
2° n

Po objeveni Lymanovi a Paschenovi série
(Fidici s podobnym vztahem)
Rydberg (1890) — obecny vyraz:

973 A
1026 A

1216 A

2

~ 1 1
nl nZ

¥ Y Yy

n=1
Lyman Series



Resenim Schrodingerovi vinové funkce pro atomy vodikového typu

- Ziskame jednoelektronove vinové funkce — orbitaly

- Ctverec vlnové funkce udava pravdépodobnost nalezeni elektronu v daném bodé
- Zavisi na 3 kvantovych cislech — pouzivame je ke klasifikaci orbitalu

Z v a
LI12,1,0 A (_j 1 cos @ (Z = rcos ‘9) => 2D, orbital
a
— —>—} ] -.,_- I
X ‘ P, p

Y P

]



‘P - 1 Z 7/2
120 81@(2) rie 7 (3cos 0 — 1)




Atom helia

Jedno atomové jadro a dva elektrony

Zanedbame

Zavisi na souradnicich obou elektronii

Zavisi na souradnicich elektronu 2

Zavisi na souradnicich elektronu 1

Nedovoli nam separovat promeénné
Neumime resit analyticky



Atom helia

. h2 26’2 hz 26'2 12

Upiné zanedbdni elektronové repulse

Hruba aproximace !
=> Dovoli ndm separovat promeénné

H=H +H,
2 12 2 12
le—h AI_ZL sz—h_Az_ze
2m, ’”1 2m, A

Separace proménnych v Hamiltonidnu nam dovoli hledat reseni (vinovou funkci)
ve tvaru produktu jednoeletronovych funkci (vezmeme ty z vodikového atomu,).

Y(L2) =y, (D)-v,(2)



Resime dvé nezavislé (jednoelektronové) Schrodingerovi rovnice:
Hy (D) =y, (1) Hy,(2)=¢ey,(2)

Celkova energie systému bude sou¢tem jednoelektronovych energii:

E=¢g +¢g,

Jako vlnovou funkci vezmeme feSeni atomu vodikového typu Z=2 (He"):

3/2
\{; — 1 (Zj e—Zr/a
1,0,0 \/; a

Z2 8'2 22
g = __Z(Z] = ~13,598- = ~54,4[eV ]

Totéz dostaneme pro druhy elektron (v nasi aproximaci spolu elektrony neinteraguji)

E=-1088¢eV



Jak spolehlivy je nas vysledek?

Experimentalné zmétfeny prvni ionizacni potencial atomu He je 24,6 eV.
Energii ,,zbylého* elktronu v 1ontu He™ umime spocitat — jde o atom vodikoveho typu:

e' 2?
== — =—13,598—2=—54,4[eV]
2a 1

—FEnergie atomu vodiku je —79,0 eV.

—=0Obrovska chyba naseho vypoctu.

=7 rozdilu presné a vypoctené energie miizeme urcit velikost repulse mezi elektrony.
= Priblizne 30 eV.

—>Interakci mezi elektronama nemiizeme zanedbat.

—>Musime najit zpiisob, jak vyresit Schrodingerovu rovnici pro viceelektronové
systémy a pritom respektovat interakci mezi elektrony.




Model nezavislvch elektronu

Formalné mizeme Hamiltonian psat ve tvaru: H= Z h OED Zv,] (1,2)

i j>i

AN

Ti T Vi] T

Zavisi na soufadnicich dvou,
elektronu - obecné nelze fesit

Z Z V,(l 2) Z V (1) analyticky.
i=1 j>i *

Efektivni potencial - elektron se pohybuje ve zprimérovaném
poli ostatnich elektronti

Interakce mezi elektrony neni zanedbdana

Je vsak ,,zprumeérovdna “

Elektrony se pohybuji nezavisle

Jejich pohyb neni korelovin ~ KORELACNI ENERGIE




VolumeREnBEnne}

T ‘

i, &lmel e
il ] )
L]}
SL LR LA ]
=0, NG
s, A

i, Fn i, 1
= '

il K-
i}

= i
SR L]
o SLELLE ]



Model nezavislvch elektronu

2.2v,1L2) = 2 V.(1)
v

Formalné muZeme Hamiltonian psat ve tvaru: H = Z hi(l) + Z sz’j(laz)

ij>i

AN A

Ti T Vi] T

Zavisi na soufadnicich dvou,
elektronll - obecné nelze tesit
analyticky.

poli ostatnich elektronti

Efektivni potencial - elektron se pohybuje ve zprimérovaném

v

ﬁz§@@+hm=§ﬁw)

r'd

Kazdy ¢len Hamiltonianu
plisobi pouze na jeden
z elektronil

Celkovou vlnovou funkci systému

——p | mizeme hledat ve tvaru produktu

jednoelektronovych funkci




> H'()P(1,2,..n) = E¥(L2,...,n)

Y(1,2,...1) = 1:[@(1')

Puvodni staciondrni Schrodingerova rovnice se
rozpada na n “yednoelektronovyh”
rovnic.

Abychom vyhovéli antisymetrizacnimu postulatu musime celkovou vlnovou funkci
hledat ve tvaru Slaterova determinantu (pii zdmén¢ soufadnice dvou elektroni vinova
funkce zméni znaménko).

o) o,d) .. o 01)

1 1 22 ¢,(2) .. 9,2)

Y(1,2,...,n) = Wdet(gol.) = ﬁ

o (n) @,(n) .. @, (n)



Celkova vinova funkce - ve tvaru produktoveé funkce (Slaterova determinantu)
sestavajici z jednoelektronovych vlinovych funkci o,

V jakém tvaru jsou jednoelektronové funkce @, ?
Jednoelektronové vlnové funkce molekul - MOLEKULOVE ORBITALY - hledame
ve tvaru linearni kombinace vlnovych funkci atomii:

MO LCAO metoda

b
MO, jednoelektronova | . @. = Z C. X
u=1

vlnova funkce :
AOQO, jednoelektronova vinova funkce

Index MO Index AO

BAZOVE FUNKCE, baze {y.}

*n MO znAO
* presnost aproximace kontrolujeme pomoci zmény velikost baze

* minimalizace energie v zavislosti na ¢;,



Variac¢ni teorém

<(I) | H | (I)> > F, Pfesna energie

Zkusma vinova funkce
Aproximativni vlnova funkce dava energii, ktera je vzdy vé€tsi (nebo rovna) E,

Priklad 3 - atom He varia¢né

Linearni variaéni funkce: @ = Zk:Ck f .
ow

—=0
oc,

Podminka pro nalezeni nejvhodné&jsi variacni funkce (minimalni energie):

b

=> vede na systém sekularnich rovnic: D [H, —WS,]c, =0
k=1

H =(f|H|f) Su={fi1S0)

Systém N linearnich rovnic o N neznamych - netrivialni feSeni pouze je-li determinant
soustavy roven 0



Bornova-Oppenheimerova aproximace

b4 W * . 14 14 J —
Atomova jadra povazujeme za stacionarni - £, =0

H — T{'I' Te_l_ VJJ+ VJe"‘ Vee

=() =konst.

H — Te+ VJe+ Vee‘l‘ kOl’lSt.

Jedno- , Dvou- )
glektronova glektronova
cast cast

Elektrony se pohybuji v potencidlu jader o soufadnicich R:
Hyperplocha potencialni energie

Uplna separace jaderného a elektronového pohybu
Pohyb jader feSime na ziskané PES - kvantova nebo klasicka dynamika pohybu jader



Hamiltonian pro molekulu vody

2 10

N )

2 m. i=l dre

| R

1



Configuration Interaction (CI)
Coupled Clusters (CC)
Perturbation Theory (PT, MP)

Electron
correlation

HY = EY

Born-Oppenheimer approximation
Model of independent electrons
Product wave function

(Slater determinant)
MO LCAO

Hartre-Fock method (HF)

Additional approximation

Semiempirical methods
(NDO, AM1, PM3)

Non-interacting electrons

Extended Hiickel Theory

Hickel MO




Hartree-Fockova metoda

H=YhO)+YYv,12)

o) o, ... o 1)
1 1 2(2) 9,(2) ... 9,(2)

Y(1,2,...,n) = Wdet(goi) = ﬁ

o, (n) @,(n) .. @,(n)
E[¥]=(¥|H|¥)
SE[¥]=0

Genialita metody spociva v ,,technickém feSeni* -

- postupné se fesi problém pro jednotlivé elektrony

- jednotlive elektrony se pohybuji v zprimérovaneém potencidlu ostatnich
elektront



EL¥]=(¥ | H|¥)=3h,+2 Y3, -K,)

Jednoelektronovy integral — j = (¢ (1)] I, | (1))
Coulombicky integrdl —J = (¢, (1)p,(2)|v,(1,2) | 9,(Dp, (2))

Vyménny integral K = (g, (p,(2)|v:(1,2) |0, (e, (2)

OE[¥Y]=0 => systém Fockovych rovnic
Fo'=50,
F)=hl)+ Z} (@, (2)[V'(1,2) | ¢,(2))

Reseni Fockovych rovnic probiha iteraéné - metoda oznacovana jako “SCF”



Closed-shell system: O, = (pﬁ =@ - f
a B
{(DB}_){(DBQ’(DBQ} D, =0 =0,

Spin-orbital ~x,y,z,s | = | Orbital ~x,y, z || Spin-function ~ s

Two-electron system:

o(s) = aoder 3 _ 1[40 4O 1 [a®a®)  a®BM|_
¥(1,2)=— = =
V2162 6,2 V2|e(a2) ¢(2)B(Q2)
= [aads =(3|8) = |
= ﬁ[% D) 9,(2) () -, (D) 9, (2)ex(2)]
(] 8) = [ aBds = (Ba) =

(w29, |r1.2) = {6 Oa)- ¢, SR -a1 AV ¢, (2)a(2)]\i\ [0.(0a()- 9, L@ -9 VAW -9, (a(2)]) =

1
2{<¢1(1)¢1(2)| |¢1(1)<01(2)><0!(1)|0!(1)><ﬁ(2)|ﬂ(2)> <¢1(1)<01(2)| |(01(1)<01(2) “(W“(M

<¢1(D¢1(2)'Z|¢1(D(’)‘(2) )Y BE(2)+ 401(1)(p1(2)|Z|401(l)wl(2)><a(1)|a(1)><ﬂ(2)|ﬁ(2)>}=J

OPEN SHELL CLOSED SHELL
A n 1 non n/2 n/2 n/2
EL¥I=(¥|H|¥) =3 h+ 330, -K,)
i-1 i

) [Y]=(¥|H|P)= ZZh”+ZZ(ZJ -K,)

- Example: atom Li




Hartree-Fock-Roothaan

MO LCAO FOCK EQUATIONS
3 L L
= ¢, X mm) F(i) c.x,=¢)> c,X - 9
; piXp ; pi X g ; piAp ZI<XV f(z) Xu>cm'
i
SECULAR EQUATIONS EL: < >
. L = & Xv | Xy ) Cui
Z F,uy = & Z S/LV i = Z C,ui (F/u/ o gzs,uu) p=1 ' '
p=1 p=l1
A B B 1
E, :<Xu f(7) Xy>:hw ZZ; ,LLI/|I£)\)—§(,LL)\|I{I/)
=1 =1
SCF procedure: w2
1) Starting MO ~ set of ¢ ; F, = 22 CjCaj
2) Calculate integrals (uv|1<k) S /=1

pv? uv

3) Constructing P,
4) Constucting F |
5) Solving Fock equations => new set ——— | Let computer to do it !
of ¢ .
pi
6) Check the convergence
[back to 3]




BASIS SET

n—I[-1

_ [ _—Zr/na, j
1. Hydrogen atom orbitals: ¢=Nre JZ:(; br'Y,,(4,9)

B [zg/ao]n+l/2

2. Slater-type orbitals: 510 = L) r" e Y, ($,9)

: : Loty L _—ar’
3. Gaussian orbitals: ¢GTO = Nz y'z%¢ “ [Boys (Proc. R. Soc. A, 200 (1950) 542)]

=1=1=0 ... s
I +1+L=1..p

L +1+1,=2..d (! 6d-components)

o5 SLATER
o4

0.3

Pis

o.2r

oir

1 L [ r
5 |10 15 20 25 30 35
Radius (a.u.)

Significant differences between GTO and
STO description of electons close to the
nucleus



Contracted GTO orbitals:

SLATER

--- §TO-16

o(c = 1.24) ~ 0.44¢,(a = 0.17)
+ 0.54¢5,,(a = 0.62)
+0.15¢55,, (a = 3.43)

L 1 'l L L — - J
.0 .5 10 15 20 25 30 35 40
Radius (a.u.)

Basis set classification:

 minimal basis set
Example: STO-3G for C atom
S 3100 * double-C bs
0.7161683735D+02 0.1543289673D+00 ° Valence double 'C_, bS
0.1304509632D+02 0.5353281423D+00 « trinle-C b
0.3530512160D+01 0.4446345422D+00 riple-C bs
SP 31.00 » polarization function
0.2941249355D+01 -0.9996722919D-01 0.1559162750D+00  diffuse fucti
0.6834830964D+00 0.3995128261D+00 0.6076837186D+00 HTuSe Tuction

0.22228X9159D+00 0.70011K689 D+00 0.3919573931D+00

a exponent | | Contr. coef. | | Contr. coef.
for s for p




Gaussian 03 Online Manual  "www.gaussian.com"”
Tech. Support/ Gaussiaon 03 Online Munual / Basis sefs  fhitp://wow. gaussion.com’z_ur'm_basis sefs.hitmyf

Polarization |Diffuse
|Basis Set |Applies to |Functi0ns |Functi0ns
STO-3G H-Xe *
3-21G H-Xe * oF ** +
6-31G |H-Kr |(3df,3pd) +H+
6-311G |H-Kr |(3df,3pd) +H+
D95 H-Cl except Na and Mg |(3df,3pd) ++
D95V H-Ne (d) or (d,p) ++
ILanL.2MB |H-Ba, La-Bi
Lanl.2DZ H, Li-Ba, La-Bi

SDD, SDDANl  |all but Frand Ra
cc-pV(DTQS)Z |H-He, B-Ne, Al-Ar, Ga-Kr |inchided in definition |added via AUG- prefix

cc-pVoz H, B-Ne included in definition |added via AUG- prefix
SV and SVP H-Kr included in definition
|TZV and TZVP |H-Kr |included in definition

EPR-II, EPR-III1[H, B, C, N, O, F included in definition




Example: 6-31G(d) basis set for carbon atom:

Standard basis: 6-31G(d) (6D, 7F)
Basis set 1n the form of general basis Input:

1
S

wn

wn
O TVTOOOTOOOOOO

D

0
6 1.00

-3047524880D+04
-4573695180D+03
-1039486850D+03
-2921015530D+02
-9286662960D+01
-3163926960D+01

3 1.00

. 7868272350D+01
-1881288540D+01
-5442492580D+00

11.00

-1687144782D+00

1 1.00 R

ololoNoNeNe)

-0.
-0.
0.

0.

a exponent

-1834737130D-02
-1403732280D-01
.6884262220D-01
-2321844430D+00
-4679413480D+00
-3623119850D+00

1193324200D+00
1608541520D+00
1143456440D+01

1000000000D+01

:

Contr. coef.
for s

0.6899906660D-01
0.3164239610D+00
0.7443082910D+00

0.1000000000D+01

\

Contr. coef.
for p




Basis sets

Atom-centered basis sets
Gaussian Type Orbitals (GTO)

N
Slater Type Or.bltals (GTO) A 4 B N
Numerical basis set

Inherent problem: Basis set superposition error (BSSE)
Correction for BSSE - counterpoise correction method

Plane-wave basis set - for periodic systems
- no BSSE



Staciondrni Schrodingerova rovnice HY = E¥

Metoda k(,)nﬁg,uraéni intoerakce Bornova-Oppenheimerova aproximace
Metoda vazanych klastru Model nezavislych elektronu .
Poruchova teorie Vlnova funkce ve tvaru Slaterova determinantu

MO LCAO + variaéni princip

Zahrnuti el.

korelace
Hartreeho-Fockova metoda (HF)
Separace O-TC _Zanedbéni nékter}'lch
integralu
Empirické parametry
Neempirické
n-elektronové Semiempirické metody
metody (NDO, AM1, PM3)
Zanedbani nekterych Zanedbani elektronové
integralu repulse
Empirické parametry
Semiempirické Metoda EHT
nt-elektronové
metody

., , Separace o-7t
Zanedbani elektronoveé P

repulse

Hickelova metoda MO




Configuration Interaction (CI)
Coupled Clusters (CC)
Perturbation Theory (PT, MP)

Electron
correlation

HY = EY

Born-Oppenheimer approximation
Model of independent electrons
Product wave function

(Slater determinant)
MO LCAO

Hartre-Fock method (HF)

Additional approximation

Semiempirical methods
(NDO, AM1, PM3)

Non-interacting electrons

Extended Hiickel Theory

Hickel MO




Correlation energy

Importance of electron correlation strongly
depend on the nature of studied system/process.

HF limit It may partially cancel out.

<
I / Non-relativistic exp.

Experimental energy

Electron correlation raises from the close proximity of electrons.

To include electron correlation electrons must have a chance to escape away from other electrons.
Instead of using single Slater determinant we use combination of more Slater determinants
in the wavefunction of the system.

Mono-, di-, tri,- ... excited determinant from

«— Virtual orbitals “reference” Slater determinant

Example: CH,, linear CH,

<« Valence - unoccupied

Dynamic vs. static correlation energy

< Valence - occupied

<«— Core orbitals



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

D = Z C¥, Various methods differ in the specification of
I 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)

Number of SD in given NSD Bl(B+1)!
basis set: M/ 2/ 2+ Db =n/2)(B-n/1+1)!

Brillouin’s theorem: <T0 |];7 ‘ ‘Pf‘> =0

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



oCccC unocc
. . PI=> N e
Monoexcited determinants: — &~ Pl

0CC unocc

. . . . D _ ab ab
Biexcited determinants: V" = Z Z c; \Pl.j

j#i b#a

Tri- and tetra-excitation

oD oD | ... o0 o) oD .. o,
_ 1122 |22 .. 9,02) | 1 102 0.2 .. 2,2
o(n) |g(n)| ... @,(n) ¢ (n) o, ()| ... @,(n)

Configuration interaction (CI)

Wavefunction in the form: O c, ¥, + P Ll Ll Ll
Variation theorem applied

Search only for C coefficients of CI expansion

MO are kept fixed (coefficients ¢ does not change) CISD - 2el ~ 100% E(corr)
Various implementations (CID, CISD, CISDTQ,..) - 100el ~ 60% E(corr)
Not size consistent ! Example: He...He
Davidson correction for size consistency: (1-¢y)2.E_

Applications

Modern variant of CI method: AQCC, ACPF



Coupled Clusters (CC)

. Y
RTETLIE S S N N S NS CT)N SRUCT S N o
- = k!
\
Wave function Taylor expansion
A 1 A 1 A
D) :(1+T+§T2 +§T3 +.)19,.)
Eg., double excitation
T U — Zzzztabqjab Zzzztabqjab
1 j<t¢ a b<a i Jj<i a b<a
=2.2.2.0.0.0 0 0 NVl
v g<t <k a b<a ¢ d<c

CID O =1+T,)¥,,

\

Makes it size-consistent !




CCSD * quite precise
CCSD(T), CCSDT | ° size consistent

* best routine method for description of dynamic el. correlation

QCISD(T) - neglects some of T, T, cross-terms - only small computer saving,
lost of accuracy




PERTURBATION THEORY Rayleigh-Schrodinger formulation
(non-degenerate systems)

. HY =E VY
System of interest: o
0 0 0
“Reference” (known) system: HY, =E"¥,”
Perturbation (small !): V=H'=H-H,
Introducing an ordering parameter A and H=H ,+A H'

expand eigenfunctions and eigenvalues in

_ () W), 22p@) ..
Taylor series: E,=E"+AE, "+ AE” +

¥ =90 2e0 e
Twziywwz E“f):-l_akE”l=
"k ooak "kl oak 0

A0 + A0 PO + B9+ 22090 + 7,9 .. =
:E(O)LIJ(O) +ﬂ(E(1)\P(0) +E(O)\P(1))+ﬂ,2(E(2)\P(O) +E(1)\Ij(1) +E(0)\Ij(2))+,“

Results cannot depend on A — independent equations for each Ak

Using “intermediate normalization” + additional manipulation:



E :E(°)+E(”+E(2)+---
E(l) <‘P(°)‘ )ik ‘LP<0)>

(|

E® — Z

m#*n

© _ £
En o Em

\PI’Z

O _ Z

_ O )0

(e
E,EO) . E’;O)

(0)

m

PT for electron correlation - Moller-Plesset formulation

Perturbation H'=>r"- Z v (i)

i<j

occ occ wvirt virt

IF {(ab | rs) — (ab | sr ?
_ g +§‘§‘§‘y‘| | | s7) |

S

5—|—5 — €. — €&,

Size-consistent, nonvariational
MP2, MP3, MP4

Most popular method

MP?2 - cheapest post-HF method for electron correlation

:

Can be close to 0 !




He atom - various approaches

2 2 2 2 2
A Ze” 1 Ze 1 1
H = _ h Al—h—AZ—L——L—+ ¢c -
2m, 2m, dre, v, 4rne, r, 4ng, 1,
. hZ Z 12 hZ Z 12 12
H"™ 5———A, - ° |- A, — il
2m, | 2m, r ||
]’21 };2 ‘;12

Exact value: EHe* + IP(He) = 2.000 + 0,90357 = 2.90357 a. u.

VAR

Exact energy of He™: Experiment
2

E

He+

= —?-O.Sa.u.

1 au.=272114 eV =627.51 kcal/mol



1. Electron repulsion completely neglected

= H=h~+h . o ze®) 1 (z)"
21 hy, (1) = (— . A, - jf(_] exp(—Zr,/a,) =
=>¥(1,2) = —=|p, Oy, (2)| ¢
J2 .
=>FE=¢g +¢&, :_EZ =—2(au.)
EHe=-4.000 a.u.

Error: +1,09643 a. u.

2. Electron repulsion treated as perturbation

A h Ze” W’ Ze"”| | e”
Afed-— A 25 2 A -2
2m, noo 2m, no| | s
ﬁo F[v
ED = (g© I:]' V) e TATTTT 2211 ay =274 . 2 2 1
n —\ L n p I j”_”e 1 —sin 6, sin 0,drdr,d0,d0,d ¢, dp, =
0 00000 ”12
12
ZSZe é au.=1.250a.u.
8a, 4

EHe ~ EO) + E(D =-2.750 a.u. Error: -0.15357 a. u.




2

(v

© _ ;O
En - Em

E® _ Z

m#*n

=0.15802a.u.

EHe~ E© + EM + E@) =-2.908 a.u.

Error: +0.00445 a. u.

Note: convergence of PT with H’~electron repulsion is not nearly as good in genral.

3. Variation improvement of the wave function

w1(1)=%[£ exp (=47 /a,)

a,

EHe~=-2.848 a.u.

e

=>F = —(Z—i)2
167 a,

Error: -0.05591 a. u.



4. Hartree-Fock He atom
description
Hartree-Fock description
BASIS No. No. of HF Orbital NOTE:
SET of bf prim. G Energy En. « only s-functions play a role
sto-3g 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 HF limit
cc-pvqz 30 38 -2.861514 -0.91785
cc-pviz 55 73 -2.861624 -0.91792
g -2:856 N
?—; -2,858
2 286 N . :
-2,862 - = M

-2,864 -
basis set size : cc-pVDZ - ccpV5Z




5. Post-HF

description
Method 6-311G 6-311G(d,p)
hf 2.859895  -2.859895 Notes:
mp?2 22 872802 20 884577 » CID/CCD and CISD/CCSD gives
mp3 -2.875503  -2.889403 the same energies
mp4 22 876169 22890341 » CID and CISD does not give the
CID -2.876289 -2.890484 same energies
CISD -2.876418 -2.890571
CCD -2.876289 -2.890484
CCSD -2.876418 -2.890571
CPU dependence on the size of the system:
Basisset #BF  E(HF) full CI e Formal A
MP2 OB* O’B’
cc-pvdz 5 -2.855160 -2.88759 MP4, QCISD(T) o’V* o'v*
cc-pvtz 14 -2.861153 -2.90023 Full CI (O+V)/OIV!Y?
B... total number of basis function
S g 2 30 -2.861514  -2.90241 O... 1§)umbel:1r of f)cgupiesdsor%it(;ls S
CC—pVSZ 55 -2.861624 -2.90315 V... number of unoccupied orbitals




Stationary Schrodinger equation

HY = E¥Y

|| CCSD(T) ||

Non-relativistic Hamiltonian

Born-Oppenheimer approxictcnalon st Ruastionl

Electron Density p(F) = Z|(/’i(?)|2 B3LYP, B3PWOI....

One-el. Functions  ¢,(1)=> ¢, 7,(1)
)i

Electron Generalized gradient
correlation approximation (GGA)
E=E[p,Vp]
. PWOI1, BP86, BLYP, PBE,...
Expansion over Slater det. Traditional
O=CY¥ +C ¥ +C,¥ ), +-- Ab initio DFT 4
A >

Post-HF I}/Ilodc?l ofmd;p;ndent electrons Non-interacting reference system
H (i, )=V (0)

methods Kohn-Sham orbitals

Hartree-Fock method
¢.(1) ... HF orbitals

Local density approximation
1
(1,2,m) == detlp (D, ()., 0) LDAiLﬂlfYWN)
: E=E[p

Electron correlation neglected




Kvantova chemie

Stacionarni Schrodingerova .,
rovnice Reseni .  Ey(R) ... Energie systému
HY =EY Rada aproximaci TO(R’ ], 2, n) VanVdfunkce

(urcuji spolehlivost)

YR, 1,2 n <‘P‘LP> ... hustota pravdépodbnosti

... hodnoty pozorovatelnych
fyzikalnich veli¢in pro dané¢ R

E,(R) Konstrukc'e PES
» Geometrie molekul
* Vlastnosti zavisejici na pohybu jader

Priklady pouziti kvantoveé mechanického jsou predmétem nasledujicih predndsek

Geometrie molekul, akivacni bariery chemickych reakci
Elektrické a magneticke viastnosti

Rotacne vibracni spektroskopie
NMR, EPR




Spolehlivost vypocetni chemie

Malé molekuly (ionty) v plynné fazi:
-maly pocet elektronit dovoluje pouziti ,,drahych* metod — vysoka spolehlivost,
hovotime o spektroskopické piesnosti

Velkeé molekuly a molekuly v kondenzované fazi:
- musime se spokojit s meén¢ presnymi metodai — nizsi spolehlivost

 Prakticky jakakoliv vlastnosti systému miize byt modelovana

» Kvalitativné korektni popis (za ptedpokladu vhodné volby modelu a metody)

« Kvantitativni shoda s experimentem — mnohem naro¢néjsi uloha, ne vzdy fesitelna
Velké naroky na pouzitou metodu
Velke narodky na pouzity model



Selecting a proper model/method:

Compromise between model size and method reliability

IPF semiempirical LDA GGA  hybrid DFT MP2 CCSD(T)

Reliability.ofinethod.

>
<
] Size of the model 7 ]
10000 1000 100 10
Representative (reliable) model Unreliable model
Approximative method (less reliable) \/ Reliable electronic structure

Common compromise
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