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Molekuly

¢ konstrukce zkusmé tunkce ve tvaru LCAO

b = ¢, @,
S

atomovy orbital - zndme

Vv

rozvojovy koeficient — nezname - pocitame



Atomove orbitaly - baze

-r

* HTO — vodikove e
¢ STO — podobné vodikovym (stejné jadro) e~

¢ GTO — gaussovy funkce (jiné jadro) e
s nerespektuji chovani elektronu v pot. poli
s STO (HTO) aproximuji rozvojem GTO

s prace s GTO (integrace) je snazsi



STO vs. GTO

N
AN

ISTO = ¥ GTO,



zavisi E na bazi?

(I)=Eci¢i

jen obsazen¢ AO — minimalni
napt. pro H, (1 X )
obsazené + n-nasobek neobs. AO —n-§&
napft. pro H, (2 X s) — ,,double-zeta*

obsazen¢ + n-nasobek neobs. AO + neob. orbitaly
s vySSim ang. kv. Cislem n-zeta + pol.
napt. pro H, (2 X s + 1 X p) —,,double-zeta + pol.*



HF

zavisi E na bazi?

¢ obecnéji - variaCni princip
s zkusma funkce f

j;mf*fdv=l

ﬁV)f Hfdv = E,

s rostoucim poctem AO v LCAO

energie konverguje ke spravne

—
DZ DZ+P

> \"4
velikost baze hodnoté shora !!!



A0 -

CBS = Complete basis set

E_HF — EHF _ E;lz’“: - E:lfl
- " l1-exp(-B)
napf. ze dvou hodnot 1ze feo n’ E*" —m3E,f,° o

CBS extrapolovat

pojem: variacni metoda

SZ

.‘
D 12 Q2 352 CBS



GTO detailnéji

tvar gaussianu

pocet primitivnich funkci

exponenty
Skalovaci faktor

kontrak¢ni koeficienty

Popleovy (6-31G*), Dunningovy (cc-pVDZ)



Nobelova cena za chemii 1998
za rozvoj kvantové chemickych vypocetnich metod

Popleovy baze

Podivejme se detailné na definici baze 6-31G pro H ze vstupu pro program Gaussian.

H O

S 3 1.00
0.1873113696D+02 0.3349460434D-01
0.2825394365D+01 .2347269535D+00
0.6401216923D+00 0.8137573262D+00

(&)

S 1 1.00
0.1612777588D+00 0.1000000000D+01
* kX kX %
-18.731172 —2.825472 ~0.64017>
¢, =0.03349¢ " +0.23473¢ " +0.81376¢ '

~0.1612777588#>

é; =1.0000e




Popleovy baze

6-311++G(3df,2p)

polarizaCni funkce pro tézké atomy
dlfuznl funkce pro vodik } dulezité pro popis aniont,

'm 1k
ﬁ polariza¢ni funkce pro vodik

CT komplexii apod.

difuzni funkce pro tézké atomy
A4

valenCni sféra (3+1+1 prim. gaussiany, triple-zeta)

N
core sféra (6-prim. gaussianu)

6-31G(d) resp. 6-31G(d,p) ic;?g?tr;eos;gniasa pro QCh



Baze prakticky

Some Recommended Standard Basis Sets

6-31+G(d) Adds diffuse functions: important for systems with
[H-Cl] [lone pairs, anions, excited states. |

6-31+G(d,p) Adds p functions to hydrogens as well: use when you’d
[H-Cl] use 6-31G(d,p) and diffuse functions are needed.

6-311+G(d,p) .
[H-Br]

Triple zeta: adds extra valence functions (3 sizes of s
and p functions) to 6-31+G(d). Diffuse functions can
also be added to the hydrogen atoms via a second +.

6-311+G(2d,p)
[H-Br]

Puts 2 d functions on heavy atoms (plus diffuse
functions), and 1 p function on hydrogens.

6-3114G(2df,2p)
[H-Br]

Puts 2 d functions and 1 f function on heavy atoms
(plus diffuse functions), and 2 p functions on the
hydrogen atoms.

Basis Set

[Applicable Atoms] Description

STO-3G ini i

[H-Xe] performance): use for more qualitative results on very
large systems when you cannot afford even 3-21G.

3-21G Split valence: 2 sets of functions in the valence region

[H-Xe] provide a more accurate representation of orbitals. Use
for very large molecules for which 6-31G(d) is too
expensive.

6-31G(d) Adds polarization functions to heavy atoms: use for

6-31G* most jobs on up to medium/large sized systems. (This

[H-CI] basis set uses the 6-component type d functions.)

6-31G** use when the hydrogens are the site of interest (for

[H-Cl] example, bond energies) and for final, accurate energy

calculations

6-311++G(3df,2pd)
[H-Br]

Puts 3 d functions and 1 f function on heavy atoms, and
2p functions and 1 d function on hydrogens, as well as
diffuse functions on both.



De¢lka vazby v H-F

Basis Set Bond Length (A)

6-31G(d) 0.93497
6-31G(d,p) 0.92099
I 6-31+G(d,p) 0.94208

6-31++G(d,p)
6-311G(d,p)

0.92643
0.91312

6-311++G(d,p)

0.91720

6-311G(3df,3pd)

0.91369

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

0.91739

d(HF)

exp.

=0.917 A



Jak na molekuly?

¢ zkusma funkce ve tvaru LCAO

D = Ecqpl

l atomove orbitaly - baze
rozvojove koeficienty - hledame

min f O Hbddv
(V)

%k

ciﬁV)(zcjgpj) H(zcl.qpi )dv -0

] l



MO-LCAO

ﬁV) 2 W Z Y S z‘,lecjc‘jﬁV)%*qﬂjdv =1
c’Se=1S5, =
J <120i Z
de, <Ecl- ’

A\ AB-AB" A -EB’
o il _
( ) B B

H EC}-%> p Y ecH, v Diracov¢ notaci

Ecj¢f> B aeS;

y

J

0=A4A-EB' =0




MO-LCAO

c\H.,—-ES.)=0, i=12,..n
E ]( y lJ)

J

S, =1 ¢ =c¢, =..=c, =0(nefyzikalni)
H,-E -+ H, -ES,
det H, - ES, = E 5 =0
H -ES, H -E
E E,,. . E sekularni rovnice
(H-ES)k=0

¢/'He = Ec’'Se = E 'V maticovem zapise



Dalsi aproximace

H . pocitaji se velmi obtizné
j

l

¢ Hartreecho metoda — separace pohybu
elektronu (ztrata elektronove korelace)

qjel(rl eees ] )=1p1 (’”1 )Lp (r ]

n n n

nerespektuje antisymetri1 vinove funkce

¢ Fok (Fock) — oprava na antisymetrii —
zavedeni Slaterova determinantu



Jednoelektronova aproximace

pole se pocita iterativné —
Hartree, met()dy - HF, SCF samokonzistentn& — self-

consistent field = SCF

(©

pramérné pole
ostatnich elektronu

realita jednoelektronova aprox.

dusledek: ztrata elektronové korelace!



Metoda SCF

¢ V HF metod¢ zavisi jednoelektronové orbitaly na
prumérném potencialu elektronu v poli ostatnich elektront

¢ Prumérny potencial ale zavisi na orbitalech

¢ Musi se tesit iterativné, dokud se orbitaly a potencial

neprestanou meénit — pak je dosazeno samokonzistentni pole
(self-consistent field - SCF)

1.

2.

3.

4.

Odhad rozvojovych koeficientl (napf. rozSifena Hiickelova metoda)
Vypocte se potencial a Fockliv operator

Vyftesi se Fockovy rovnice a vypoctou se nové orbitaly

Doslo ke zméné — ano, opakuje se od bodu €. 2; ne — mame feSeni!



Slateruv determinant

lI[l (rn) ‘Ijn(rn
respektuje antisymetrn vinove funkce

LIJel(rl 1) )= _‘Pel(rz » 1 )




Aproximace

Born-Oppenheimerova

LI’ (r9 R) = 1I’jaza’ (R)lpel (rﬂ?R) Helqjel - quel

tot

[ parametr ) elektronickd Sch. r.

zanedbani relativistickych efektu, spin-orbitalni
vazby, spin elektronu a jader

TR Fb

z;é] l] i,A ZA



Hiickelova metoda

¢ nt-elektronova aproximace

b =Y CuXi 2p, orbital na atomu w

u=l

detH, -¢3S,

H,, Coulombick}’/ integral

m

{/3 mez1 atomy spojenymi vazbou
0

=0,



Ethylen

G, =cuxy +CuXs tvar MO ve formé& LCAO
(H11 —-5,,&, )Cn + (le -S|, )Ciz =0 hledame rozvojové koef.

reSime sekularni rovnice
(H21 - S218i )Cil + (sz - S228i )Ciz =0

H, -8, H,-5,¢ ~0

H21 _S218i H22 _S22gi

a-le, p-0¢ oa-g p
p-0¢ a-lg, g a-g
(a_gi )2 _/3)2 =0

E =axp



Ethylen

8 = a + \V4 ° 1 4 \V4 \Y4 1 4
1 & obdobné 1 pro druhe¢ reSeni

G =c X X

(O{ — & )Cu + fc,, ==, + pc,, =0= ¢, =,

pe, +(0{—81 )Clz = pc,, - pc, =0=c¢, =¢,

B =ci X +C s uz jsme blizko rozvojovym koef.

<¢1 2 > =1= <Cl1)(1 TCX Gy T 611X2> = nOr’ﬁgj;iei
2 ,

= 6121(<)(1 X, >2 +2<;{1 X2>+<)C2 Xz> ) = 01212 pOdmlnka

1 1 oétené — —
Cﬁﬁ» " =\E(X1+Xz) vyp E_=2¢ =20+2p

rozvojove koef.




Butadien

- & p 0 0 - 9 8 .
/J) a—¢&, /J) 0 E, 8—9—9—8 v,
0 P a-E¢, P (L wmmmmmmemmemmmnnmnnnns
0 0 /3) a - &, E, k B_B_Q_Q v,
E, —0 Wy
e, =a+1.6188 E, =2¢ +2¢ 88 v
&, =a+0.61806

e, =a-0.6188 |DE=E, (butadien )— 2F (ethylen) =0472p

&, =a-16186  delokalizaéni nebo rezonanéni en.

(-36 kJ/mol)



http://physchem.ox.ac.uk/~mb/teaching/vallectures78.pdf

Butadien

g =a+1.6184,0.371y,|+0.600y, +0.600y, +0.371y,
&, =a+0.61864,0.600y, +0.371y,|-0.371y, —0.600y,
g, =a—-0.6186,0.600y, —0.371x, -0.371x, +0.600y,
e, =a—-1.6184,0.371y, —0.600y, +0.600y, —0.371y,

q, = E N,c, elektronova hustota na atomu w

pocet elektronti ¢ =2(0.371) +2(0.600) =1
P, =Y N,c,c, vazebny fadd mezi atomy u-v

P, =2(0.371)0.600)+ 2(0.600)0.371)= 0.894 B, = 0.45



Butadien — staci 1 Maple

>with (LinearAlgebra) :
M := Matrix(4,[[a-e,b,0,0],[b,a-e,b,0],[0,b,a-e,b],[0,0,b,a-e]1]);

b a~e b 0

>Determinant (M) ;

b4_3b2a2+6b2ae_3bze2+6a2e2_4ae3+a4_4a3e+e4

>solve (%,e) ;

1 1 1 1 1 1 1 1
“htat=ssbh=brta-—+[5b—=b+tat=5b,—=b*ta-=/5b
2 2V 7y 2 2 2 2 2



- _l_n*
S HOMO - LUMO

Z
)
=
Eq }l T T T
Ground Excited
e state of state of
” ethylene  ethylene NI
¢ th 1 2 B-carotene
clnyicn ﬁ Amax 463 (log & 5.10); 494 (log ¢ 4.77)

¢ 1,3-butadien 1.24f3

Mot Energy
Name Structural Formula (nm) [KkJ (kcal)/mol]
Ethylene 7 165 724 (173)
1,3-Butadiene A 217 552 (132)
(3E)-1,3,5-Hexatriene ANANF 268 448 (107)

(3E,5E)-1,3,5,7-Octatetraene AN AN ANF 290 385 (92)




Cyklobutadien

o—& P 0 P
L a-g o] 0
0 g a-g o]
P 0 P a-—¢

E =a+2p

E, =& =

E,=a-20

delokaliza¢ni en. =0



Aromaticita

¢ Hiickelovo pravidlo: 2 + 4n & elektronti (2, 6, 10 ...)

5 ¢ C ™

tropyliovz ion

4 1t el. QO 8 1 el.

azulen je aromat




CO se spiny?

¢ RHF/UHF

¢ spinova kontaminace <Sz>, S(S+1)
s 0 singlet, 0.75 dublet, 2.00 triplet, 3.75 kvartet
= tolerance 5-10%

¢ ROHF

¢ jeden determinant ¢asto nestaci!



ab-1nitio metody

¢ SCF metoda zanedbava korelaCni energii
(dusledek jednoelektronové aproximace)

A

E | — DZbaze HF

_ TZAP+D baze HF nek. baze HF — limita

CBS metody

orelacni energie
presne nerelativistické feSeni

presne relativisticke reseni



KorelaCni energie

* rozdil mezi presnou nerelativistickou energii (£,) a
Hartree-Fockovou limitou £ /g,

E

correlation

= Eo — EHF/CBS

¢ Korelacni energie byva ,,mala®, ale v chemii Casto
pracujeme se zménami energie AE a v takovém
pripadé muze byt velmi vyznamna

= napi. Londonovy sily



Post HF metody

¢ Mluvime o post HF metodach, ty zahrnuji do
urcite miry el. korelaci (dynamickou,
statickou)

¢ Konfiguracni interakce — CI
¢ Vazane¢ klastry — CC

¢ Multikonfiguracni SCF — MCSCF
¢ Poruchove metody



Jak na korelaCni energn?

¢ konfiguracni interakce — CI

= vyuziva lin. kombinace Slaterovych det.
Y= Ek" O~ D+ kD + kD, + kD,

a zékladni det. — obsazené MO, dalsi zahrnuji
excitovane konfigurace (single, double ...), az
popr. full-CI

s nejdriv se provede vypocet SCF a pak se
konstruuje CI, ale ¢. z MO-LCAO se jiz
neoptimalizuji



Excitace

S S
86 —‘— 86



Jak s CI

¢ Mam-li n-elektronu a M baz. fci z RHF je
Slat. determinant Citajici N spinorbitalu (t;.
N/2 MO) k dispozici je dalSich M-N/2
virtualnich MO

¢ tj. ¢im vic elektronu tim vic excitaci a
zaroven ¢im vetsi baze tim vic excitaci (2D
metoda ... naroky rostou extrémné rychle!)



CIS

¢ CI — SINGLES
= Jen single-excitované stavy
= variacni a size-consistent (viz dale)
s Opt. excitovanych stavu
= Velmi nepiesné energie s chybou 1-3 ¢V
» Spatné potadi stavii

s Nezahrnuje dynamickou elektronovou korelaci



H, v CI

¢ Jelikoz H, ma 2e, je metoda CI-SD metoda
full-CI pro molekulu vodiku

s Korelacni energie v a.u. (Hartree)
e 6-31G(d) DCI=-0.03373, SDCI =-0.03387
e Large DCI=-0.03954, SDCI =-0.03969 (exact =
-0.0409)
+ Large = 10s, 5p, 1d
= Geometrie a.u. (a,, Bohr)
e 6-31G(d) SCF 1.385, Full CI 1.396

e Exact 1.401



Cena CI

¢ Pocet konfiguraci pro BeH, - DZ baze
= SD-CI 146
= SDT-CI 728
= SDTQ-CI 2173
s Full-CI 4544




Konecéne CI neni size-consistent

¢ Si1ze-consistent error
E(A..B(d(AB =x))= E(A)+ E(B)

» napt. dulezité pro vypocet interakénich energii
¢ Full-CI je size consistent

¢ Konecne (truncated) CI nejsou size
consistent (az na CIS)



Poruchove metody

¢ poruchové metody
= HF feSeni + porucha
H=H"+H"
= metoda Moller-Plesset MP(x), x-porucha do x-
tthotadu  E=E"™ 4 Er? 4 EP7 4.,
= hojné pouzivana metoda
= neni variacni, je size-consistent
s dalSi modifikace, RI-MP2, SOS-MP2



Nevariacni MP

0,002 ¢ 0,002

!
_l:l.i“".:

0,002

cc-pVDZ at R, aug-cc-p VDZ at R,

~0,006 ~0.006}

3 () 30X
0 40 0,5

-0.010

ce-pVDZ at 25 R,
10
~0.300}

~0,030 aug-cc-p VDZ at 25 R

Lucjan Piela, /deas of Quantum Chemistry, Elsevier 2007



R {0} (1) (2) ¢ 3
EH_EH +En +En T IPH—IP;U}—I—T?-I—TE;}—I- ]
EQ =90 |H|w) (v H|w)

l}ﬂil} _ Z L i) lP,:[]:,
0| &5 ) 2 no E.:n;. _E(r}) M
o hsliee) L e s
noo (] 0
=0 E:; ) — E:;u )
PT for electron correlation - Moller-Plesset formulation
Perturbation H'=>1" -3V ()
iy i
AV
. ,- o . poo  ooo et virt {- {TJ | ?"3.':- _ -:'.a{TJ | ST:‘ o
EMP: — g0 L gl L g — pEF L g N
— LEF zgzz&: Eg_Eb_EF_ES

*

Size-consistent, nonvariational

MP2. MP3. MP4
MP2 - cheapest post-HF method for electron correlation

Most popular method

Can be closeto 0!

PN — podz. skola



Vazane klastry

+ metoda vazanych klastrii - Cizek
Y= eTl/}OD I'= ET;
m operator 7 tvofi mono-, di-, etc. excitovane stavy
= omezujeme se na diexcitace - CCD
s pouzitelna metoda CCSD(T) — desitky atomu



MC-SCF

¢ Rozvoj jako u CI, ale MO-LCAO rozvoje
jsou optimalizovany
¢ Pozn. MRCI — CI ale vin. fce. je MC-SCF



Stationary Schridinger equation

HY =EY

[ ccspm |
—

Non-relativistic Hamailtonian

Bom-Oppenheimer approximaion

Electron Density IR R
Y o7 =3 e, )

One-el. Functions  ¢,(1)=>c,7.(D)

Hvybnd functionals
B3LYP. B3PWO91._. ..

_ 1

A
Electron Generalized gradient
correlation approximation (GGA)
| E=E[p.Vp]

WFT

Expansion over Slater det.
(b — CQ\IlO =5 CSWS -+ Cl)\Ij.') + -

Traditional
Ab initio

Post-HF
methods

A

DFT

PWO91. BP86. BLYP. PBE....

A

Model of independent electrons

>

Non-interacting reference system
Kohn-Sham orbaitals

HYG. )= ZIJ Q)

Hartree-Fock method
®,(1) ... HF orbitals

Y(l.2...n)= 711—’det le. (M@, (2)...0,(1)

Electron correlation neglected

Local density approximation
LDA (LSD, SVWN)
E =E[p]

zname

-

probereme >




Density Functional Theory

¢ nez zacneme: funkce piirazuje funkcni
hodnotu proménné, funkcional prirazuje
hodnotu funkci (napf. urcity integral ..)

¢ systém je jednoznaCné popsan rozlozenim
elektronové hustoty p, ktera je funkci
soufadnic X,y,z.



W. Kohn: Nobelova cena za chemii 1998 (spolu s J. Poplem)
za rozvoj teorie DFT

¢ DFT — Hohenberg, Kohn, Sham (1965)

¢ Energie systemu v zakladnim stavu je
jednoznaCnym funkciondlem el. hustory E[p,].
(plati podobné 1 pro vSechny vlastnosti systému)

IIJ0 - qj[po]

0Wlp,]
HW¥[p,]

ol p, | = <1P:,00 |

E, = E[p,]1=¥[p, ]




W. Kohn: Nobelova cena za chemii 1998 (spolu s J. Poplem)
za rozvoj teorie DFT

Y-

A&/ Hohenberg-Kohniv teorém

¢ Plati variacni princip
¢ E nabyva nejnizsi hodnoty energie pro skuteCnou
elektronovou hustotu zakladniho stavu

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been
corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and
then insert it again

¢ Problém: nezname piesny tvar funkcionalu




W. Kohn: Nobelova cena za chemii 1998 (spolu s J. Poplem)
za rozvoj teorie DFT

pr Hohenberg-Kohnuv teorem

¢ Slozky funkcionalu energie

E = { p)+ [V r)ole)dr + E, [ o]

kineticka energie

coulombicka repulze el.

coulombicka int el.-jadra

v

vymeénny-korelacni funkcional

,0(1'1 )= 2 @ (r1 }pl (r1 ) Kohn-Shamovy orbitaly — nejsou koSer MO



Tvary funkcionalu

Teorie VF — A N1 N M ’ NN 1 MM Z,Z,
casticovy hamiltonian H=-%—A, - —+ —+
' 22 Z;};A Z;C] ;;4 RAB
\\
DFT N 3 2N\2/3 5/3 — (99
funkcinal hustoty T =E(3” ) fp (r)ar Ec —f- Ydr
v \ :
/ Korelace e
Kineticka E: _
Thomas-Fermi Exe —f,O(I”)VNedr !

1 wp(r)p()
Coulombicka interakce elektronu \Eee = Eff dndr,
- pozor! — obsahuje interakci 2

elektronu sama se sebou

4/3
(Self-Interaction Error, SIE) E, = CXf,O(r) dr

Navrh vyménného funkcionalu, Slater




DFT metody

¢ fesi se podobneé rovnice jako pi1 HF metod¢
H%g, (rl )= 'z (rl )
¢ nezname tvar vyménne-korel. funkcionalu

¢ tvar 1ze odvodit z homogenniho
elektronoveho plynu — LDA aproximace

Efc,DA _ EfDA +EfDA
a dalSi zpfesnéni
EX =EP'+ EM v EPP 4+ EY



DFT vs. WFT

¢ miuze byt rychlejsi nez HF (zaleZi na tvaru XC
funkcionalu)
¢ obsahuje dynamickou korelacni energii, ale jen

lokalni (pf1 popisu nelokalni el. korelace selhava —
napr. disperzni mezimolekulova interakce)

¢ nevyhodou je, Ze nezname formu XC funkcionalu, a
nemuzeme jej tedy ani systematicky zlepSovat
¢ problematicky je popis excitovanych stavu



optB88-vdW
6-311G(2dp,2p) PW
cc-pVXZ

ANO-X
LANL2DzZ CBS

SDAII

physics
(equations)

approximations
(abreviations)

implementation
(software)

results
(quality!?)




Z0ologie funkcionalu

LDA (LSDA, LSD) — local density approximation
=  model homogenniho el. plynu
s XC zavisi na el. hustoté
GGA — generalized gradient approximation
m  XC energie zavisi na el. hustoté a gradientu
Hydridni funkcionaly
= X neni funkciondlem dostateCné opravena, proto hydridni feSeni smés HF a
DFT vymény
= empirickd aproximace, dobr¢ kalibracni sety (S22), trocha magie
» prudky a neptehledny vyvoj (mate uz sviyj funkcional?)
MetaGGA

m  XC zavisi na hustoté€, gradientu a 2. der (laplacian hustoty, T)

Funkcionaly s empirickou disperzi
» DFT-D, DFT-D2, DFT-D3



Funkcionaly

¢ Vyménné (exchange)
= LSD (local spin density) = Slater ex. (S)
= Becke (88) = Slater ex. + gradient density (B)
s Perdew-Wang (91) (PWOI)
= Barone‘s mod. PW91 (mPW)

¢ Korelacni (correlation)
= VWN = LSD correlation f.
s LYP (Lee, Yang, Parr) — local + nonlocal
= PWOI (1991) — gradient corr. corel. f.
s PBE (1996) — grad. corr. corel. f.



PBE

¢ Perdew—Burke—Ernzerhof

E" = jd’r pel®* (p)F.(s) E™ = jd"‘r plet™ (p)+ H(p.0),
5 i . K : 1+ Af’
F.(s)=1+x- YL Hep:y=yInd1+ £ :
I +bs/x )=y y |1+ A48 + A%
s=1VPl B
2k, p A= LDA ’
ylexp(=&. " /y)=1)
_|Vol
2k.p’

k.= J4k,/m  Bope=0.066 725 and ypgg = 0.031 091



Funkcionaly

¢+ Kombinace E+C
= SVWN = Slater + VWN oznacuje se 1 jako LSDA (Local
Spin Density Approximation)
= BLYP=B+LYP
¢ Hybridni funkcionaly
= 3-par. Becke, 3 parametry A, B, C — optimalizovany na
G1 set (popularni)
A-ES* 4 (1-A)- E™ + B- AE> 4 EY™N 4+ C - AE™ o
= PBEO
1 3

EPBE0 _ " pHF | ° pPBE | pPBE
XC 4 X 4 X C ]



B3LYP

¢ popularni funkcional
¢ kvalitativne srovnatelné¢ s MP2 Urovni,

definovana vinova funkce, vypocetné
dostupna

¢ selhava pri1 popisu nelokalni disperzni
interakce (stacking v DNA, sbalovani
proteinu, protein-ligand)



Computer Cost

Description of Stacking

GGA DFT-D
(PBE, BLYP) (B97-D, DFT-D3)
meta-GGA
@ (TPSS, MO06-L)

(B3LYP, M06)
ouble hybric
(B2PLYP)




Navod pro chemiky

¢ Kinetika reakce — bariery
s Hybridni funkcionaly
¢ Termodynamika reakce
s GGA, metaGGA jsou Casto dostacCujici
¢ Nekovalentni interakce
s Dobré zahrnuti korelace DFT-Dx, vdW-DF, RPA

¢ Bari¢ry + nekov. Interakce
= Hybrid + el. korel



Table 1. Interaction energies [kcalmol™'] for the 14 fragmented complexes (see Figure 3), determined at the
MP2, B3ALYFE DFTB, DFTB-D and Amber levels.

B3LYP: néco z domu

Interaction energy

Figure 1. Secondary structure of cdk2 with roscovitine.

Complex MP2/aug-cc-pVDZ B3LYP/6-31G** DFTB DFTB-D Amber
ER —4.79 —3.86 —2.03 —2.47 —1.88
110 —7.36 (-7.76, —8.08)1 1.44 —1.09 —7.57 —7.14
V18 —2.11 2.1 0.18 —2.91 —2.8

A3l —1.06 2.9 037 —1.84 —1.6

K33D145 —760 194 0.14 —3.18 —1.82
V6d —091 0.41 0.03 —1.00 —1.0
F80 [ —3.18(—335 —3.47. 041" 09 | 0.07 —3.14 —3.19
ER1F321.83 —1336 —6.12 —439 —9.78 —9.04
LRB3HB40Q85 —818 0.98 —253 —8.57 —8.54
QRSDR6KRY —1053 —5.02 —256 —12.02 —7.98
Q13IN132 —1.59 1.69 0.67 —2.13 —0.98
L134 —5.17 (=542, —=5.64, 0.7)" 2.68 —0.19 —5.28 —5.52
Alad —1.19 0.96 —0.05 —2.06 —1.6

G11E12G13 —3.71 —1.53 -125 —3.35 —4.26
sum [ —6583 —053 | —12.63 —57.36

[a] Numbers in parentheses correspond to MP2/aug-cc-pVTZ and MP2 CBS interaction energies, respectively.
[B] Numbers in parentheses correspond to MP2/aug-cec-pVTZ and MP2 CBS interaction energies and to the
CCSD(T) correction term, respectively.

Chem. Fare 220006, 12, 4297 4304

Interaction Energies for the Purine Inhibitor Roscovitine with Cyclin-
Dependent Kinase 2: Correlated Ab Initio Quantum-Chemical, DFT and
Empirical Calculations

Petr Dobes,""! Michal Otyepka,™ Miroslav Strnad,”! and Pavel Hobza*!" "
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MPW 1K: néco z domu
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Table Il
| Activation Barrier AE' for QM Part of the System Studied (cf. Fig. 3) in the
Gas Phase

Method AE* (kcal - mol™")
HF 56.9
BLYP 31.9
MPW1K 37.1

The barrer is calculated with three different methods, using in all cases the
6-31G(d) basis set.

\

Asp108

Proteins 2008; 70:707-717.
© 2007 Wiley-Liss, Inc. A&

Second step of hydr-olytic\dehalogenation
in haloalkane dehalogenase investigated
by QM/MM methods

Michal Otyepka,1 Pavel Banas,! Alessandra ]l\flagistrato,2 Paolo Carloni,?* and Jif1 Damborskf'



Review Article
Theoretical studies of RNA catalysis: Hybrid QM/MM methods and their
comparison with MD and QM

Methods 49 (2009) 202-216

Pavel Banai?, Petr Jurecka®, Nils G. Walter”, Jifi Sponer®*, Michal Otyepka <+

MPW 1K: néco z domu
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Fig. 3. Basis set dependence of DFT results for the MPWI1K DFT functional as
applied to backbone self-cleavage by catalytic RNA [29]. A medium basis set (6
31+G(dp), red curve) yields results that are ~2 kcal/mol lower than those from a
large basis set (MG3, green curve). For this particular functional the results for the
smaller basis (MPW1K/6-31+G(d,p), red curve) are close to the reference (CCSD{T)/
CBS, blue curve), because the MPWI1K functional is parameterized for the 6

31+G(dp) basis set.
TS, I, TS, TS, P P
g; g ﬁ ﬁ -g% .g} i
" S

(A) R
General Base Catalysis for Cleavage by the Active-Site Cytosine of the Hepatitis Delta Virus
Ribozyme: QM/MM Calculations Establish Chemical Feasibility

Fig. 4. Reaction barriers of backbone self-cleavage by catalytic RNA [29] calculated
using different methods in amedium 6-31+G(d,p) basis. The CCSD(T)/CBS reference
data are in red. HF significantly overestimates barner heights (blue). BLYP
reproduces the reference data very poorly, especially the third TS (black).

Pavel Banas,"# Lubomir Rulidek,™! Veronika HanoSova," Daniel Svozil ! Nils G. Walter,-
Jifi Sponer, &% and Michal Otyepka™#

J. Phys. Chem. B 2008, 112, 11177-11187



The Nature of the Binding of Au, Ag, and Pd to Benzene, Coronene,
and Graphene: From Benchmark CCSD(T) Calculations to Plane-Wave
DFT Calculations

Jaroslav Granatier,” Petr Lazar,”' Michal Otyepka,** and Pavel Hobza*""8
dx.doi.org/10.1021/ct200625h IJ. Chem. Theory Comput. 2011, 7, 3743-3755
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Quantification of the Interaction Forces
between Metals and Graphene by
Quantum Chemical Calculations and
Dynamic Force Measurements under
Ambient Conditions

New and Quantitative
experiment

L : 4 = 1 O i3 : .3 iar§ 5
Petr Lazar,"" Shuai Zhang,** Klara $afafova,' Qiang Li,* Jens Peter Froning,"* Jaroslav Granatier, VOL.7 = NO.2 = 1646-1651 = 2013 A@NAN@

Pavel Hobza,"® Radek Zbofil,"' F i her,* Mingdong Dong,** and Michal Otyepka"*

A

www.acsnano.org

Dynamic AFM spectroscopy — = T V |
with metalized tip "

-interaction forces on micro-second timescale
-can be converted to force-separation curve Si .

Tips coated with various metals
-Au, Ag, Pt, Cu, AFM tip itself from Si

) ] TABLE 1. Interaction Energies E;,, and Forces F;,, of a
10 : Tetrahedral Metal Tip Positioned on Top of One of Carbon
oyl 1 Atoms of Graphene Calculated by the EE+vdW Method®

o / = PBE+V 1
el e — EEwaw. 1 metal Ee (kcal/mol) Fine (nN) Fapp (AN) F,, (nN)
— EE+vdW+SOC

W/
\
%

SiO2

Energy (kcal/mol)
o

- ' Q@ %6 16 16+ 03 74+ 14
z &‘“ Ag 158 13 12401 52402

8
[ oeoatiing Wihdaw € OF i Au 163 08 08 =+ 02 20+ 01
B . , : Pt 16.5 12406 62 + 03
c : B Caraanen AT ° s 49 03 0.7 +£02 14+ 01

100 200 30 40 500
Time (ps)

| “The experimental interaction forces were recorded during both the approach (F,pp)
- and withdrawal (F,,) processes.
A

2.0
m Experiment
F(nN) = Calculation
1.2
0.8
120000
1100000 0.4
80000
Si
60000 0.0 N
10000 A Cu Ag Pt Au Si
C
o 10 20000 0 Au Au Au Figure 4. The experimentally derived interaction forces
2, T T T T T 1 - T T T T 1 0t T 1 T 7 i T from the approach processes (in blue) are compared with
-1 0 1 2 3 4 5 0 5 10 15 20 0 2 4 6 8 10 12

the interaction forces calculated by the EE-vdW method
(in red).

Separation (nm) Separation (nm) keV
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Figure 1. Reaction scheme showing the quintet Fe’ + 2H,O reaction
path in the gas phase (red) at the CCSD(T)-3s3p-DKH/CBS level
Minimal energy paths excluding (black) and including (blue) zero-
point energy are added for comparison. The plus sign denotes infinite
separation of the complex. Energies of the first four compounds were
adopted from ref 31.

l‘ I ‘ Journal of Chemical Theory and Computation
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Random Phase Approximation in Surface Chemistry: Water Splitting

on Iron

FrantiSek Karlicky, Petr Lazar, MatGs Dubecky, and Michal Otyepka*

Regional Centre of Advanced Technologies and Materials, Department of Physical Chemistry, Palacky University Olomouc, tf. 17.

listopadu 12, 771 46 Olomouc, Czech Republic
© Supporting Information

ABSTRACT: The reaction of water with zero-valent iron P\W91 - HSEO06 —» B97-1 - RPA —» CCSD(T)

(anaerobic corrosion) is a complex chemical process involving
physisorption and chemisorption events. We employ random
phase approximation (RPA) along with gradient-corrected and
hybrid density functional theory (DFT) functionals to study
the reaction of water with the Fe atom and Fe(100) surface.
We show that the involvement of the exact electron exchange
and nonlocal correlation effects in RPA improves the
description of all steps of the reaction on the Fe surface
with respect to standard [meaning local density approximation
(LDA) or generalized gradient approximation (GGA)] DFT
methods. The reaction profile calculated by range-separated
hybrid functional HSE06 agrees reasonably well with the RPA

| Fe, OHH

Iron Surface

. 8 3 P
\ %
I I
\ =\§ §
\ =\
-40 \ / \ - =
& — =
AE [kcal/mol] o " —

<>

Fes2(H,0)
Fe..OH#H0

Iron Atom

profile, which makes HSE06 a computationally less demanding alternative to RPA. We also investigate the reaction of the Fe
atom with water using DFT, RPA, and coupled-cluster through the perturbative triples complete basis set [CCSD(T)-3s3p-
DKH/CBS] method. Local DFT methods significantly underestimate reaction barriers, while the reaction kinetics and
thermodynamics from RPA agree with the reference CCSD(T) data. Both systems, i.e., the Fe atom and Fe(100), provide the
same reaction mechanism, indicating that anaerobic corrosion is a stepwise process involving one-electron steps, with the first

reaction step (formation of the HFeOH intermediate) representing the rate-limiting step.
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Figure 2. Minimal energy path of the Fe” + 2H,0 reaction scheme

reaction path

calculated using various methods.

Figure 3. Reaction scheme showing the minimal energy path of the
reaction of the water molecule on the Fe(100) surface obtained using
the (RPA+EX)@PBE method. The geometries (PW91) and the
PW91 and HSE06 energies (calculated using a 3 X 3 X 1 k-point grid
and an energy cutoff of 400 eV) are reproduced from ref 44 and are
displayed for comparison.

J. Chem. Theory Comput.
2013,9, 3670-3676



Stationary Schridinger equation

|| CCSD(T) ||
_—x

A

Electron
correlation

HY =EY

Non-relativistic Hamiltonian

Bom-Oppenheimer approximaion

Electron Density el 2
Y o7 =3 e,

One-el. Functions  ¢,(1)=3 ¢, 7.(1)

Hybnd functionals
B3LYP. B3PWO1. .

o |

Expansion over Slater det.

Traditional

Generalized gradient

approximation (GGA)
E=E[p.Vp]

PW91, BP86, BLYP. PBE....

A

Non-interacting reference system
Kohn-Sham orbitals

PG+ O+ Cp¥pt Ab initio  DFT
4 «— >
Post-HF :\/[odel of independent electrons
methods H(i.)= ZI"‘L? (@)

Hartree-Fock method
®,(1) ... HF orbitals

Electron correlation neglected

¥Y(l,2,..n)= 7}"—’det |¢1_(1)¢:(2)...¢9,,(n)|

Local density approximation
LDA (LSD, SVWN)
E=E[p0]




Analyza vlnove funkce

¢ vinova funkce je tabelovana svymi rozvojovymi
koeficienty — ponckud neprehledne

¢ parcialni naboje, fady vazeb (viz Hiickel)
¢ Mullikenova populacni analyza —

s fada nedostatku — negativni populace, znana zavislost
na metod¢ a bazi, chybny popis pro ionty ...

¢+ NPA (Weinhold)



NPA analyza

¢ transformace vlnové funkce

vstup > NAO > NHO > NBO >NLMO

NAO — transformace do minimalni baze atomovych orbitalt
NHO — sestaveni hybridnich orbitali — sméfuji k sousediim
NBO - tvorba vazebnych orbitalt z hybridnich — Lewisova
chemie

NLMO - lokaliza¢ni procedura



Basis Set Type
Minimal

~ Split-valence
Polarized
Diffuse

High ang. momentum

Metody

HF

Electron Correlation —

MP2

MP3

MP4

QCISD(T)

Full CI

HF
Limit

Schrodinger
Equation




Pouzitelnost metod

Range of

MAD'/Max. Error  Applicability
Model Chemistry on G2 Molecule Set [# heavy atoms] Relative Cost
AM1// AM1 19.7/176.3 many hundreds 1
B3LYP/6-31G(d) // AM1 11.7/54.2 hundreds 25
B3LYP/6-31G(d) // HF/3-21G(d) 8.0/54.2 100 10
B3LYP/6-311+G(3df,2df,2p) // HF/6-31G(d)* ~3.2/~21.2 50-75 40-50
B3LYP/6-311+G(3df,2df,2p) // B3LYP/6-31G(d) 2.7/12.5 50 50-100
CBS-4 2.017.0 25  80-100
CBS-Q 1.0/3.8 10 400-800
CBS-APNO 0.5/1.5 5 >5000

"' Mean absolute deviation. ¥ Larger, floppy molecules might need to be optimized with a smaller basis set.
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CBS metody

Components of CBS Methods

Energy Component CBS-4 CBS-Q

Optimized geometry HF)S-ZIG(d) MP2/6-31G(d)

ZPE (scale factor) HF/3-21G(d) (0.91671) HF/6-31GT (0.91844)
SCF energy HF/6-311+G(3d2f,2df,p) HF/6-311+G(3d2f,2df,2p)

2nd order correlation

MP2/6-31+Gt

MP2/6-311+G(3d2f,2df,2p)

CBS extrapolation

>5 configurations

210 configurations

Higher order correlation

MP4(SDQ}/6-31G

MP4(SDQ)/6-31+G(d(f),d,D)
QCISD(T)/6-31+G+

Additional
empirical
corrections

1 and 2-electron
higher-order corrections
(size-consistent), spin
contamination

2-electron higher-order
correction (size-consistent),
spin contamination, core
correlation for sodium




Kvantova chemie

Stacionarni Schrddingerova

. Reseni
rovnice

. »  LEofR).. Energie systemu
HY =EY¥ Rada aproximaci YR, 1, 2, n) ... Vinova funkce

(urcuji spolehlivost)

Y(R, 1,2, n) {1}'|1{1} ... hustota pravdépodbnosti

/ 3 [
HT|D|1PI ... hodnoty pozorovatelnych

fyzikalnich veli¢in pro dane R

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




Spolehlivost vypocetni chemie

Malé molekuly (1onty) v plynné fazi:
-maly pocet elektronu dovoluje pouziti ,.drahych™ metod — vysoka spolehlivost,
hovoiime o spektroskopicke presnosti

Velké molekuly a molekuly v kondenzovaneé fazi:
- musime se spokojit s meéné piesnymi metodal — mzsi spolehlivost

» Prakticky jakakoliv vlastnosti systému muze byt modelovana

« Kvalitativné korektni popis (za predpokladu vhodné volby modelu a metody)

« Kvantitativoi shoda s experimentem — mnohem naro¢néjsi uloha, ne vzdy resitelna
Velke naroky na pouZitou metodu
Velke narodky na pouZity model



Metoda vs. Model

Selecting a proper model/method:

Compromise between model size and method reliability

IPF semiempirical LDA GGA hybrid DFT MP2 CCSD(T)

Size of the model

00 1000 100
Representative (reliable) model Unreliable model
Approximative method (less reliable) Reliable electronic structure

Common compromise




