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Prednaska 6: Od vodiku k proteinum

Atomove orbitaly vodiku
(,,presné* jednoelektronové vinové funkce
elektronu v kulové symetrické poli jadra)

-

0 Molekulové orbitaly ,,realnych® systému
(,,pFiblizné* jednoelektronové vinové funkce,
.. ‘ o jejichz antisymetrizovany soucin nam da
»PFibliznou* vinovou funkci systéemu, tedy uplny
w i popis jeho elektronové struktury)
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1A (D)) ~ 0.61((1a)*(1B)* - (1a)* 1a)*(16F 25" - 0.25(1a)*(15)*(2bY

1B (D,) ~ 0.68((1a)*(15)* + (15 Zb) 0.206155°(25)* - (1a)*(2bY)
1'A (Qp) ~ 1.00(1a)*(1H)*(2b
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Schrodinger Equation
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Free-Particle Dirac Equation H=T = ( e oco Ij)

co-p —mc
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Q Chem World

Wave Function Theory g

¥_(r;R) = E, V(r;R)

Variational, perturbational

treatment, (QMC)

HF
MR-SCF (CASSCF)
Cl

MP2 ;

CASPT?2
CCSD(T)
MR-CI electron [
correlation
energy

FCI

Hierarchy

— Hartree-Fock energy

— Hartree-Fock limit

== Post-Hartree-Fock methods

__ Exact solution of nonrelativistic
Schrodinger equation

— Relativistic energy

N
1
Density Functional Theory (DFT)

Elpl=TLlpl+V lpl+Vylpl+ £ [p]

[_lv + V. (r )+j%d ¢I(r)=€,¢,(r)

Hundreds of functionals available

- Local density approximation (LDA)

- Generalized gradient approx. (GGA)
-  Meta-GGA

- Hybrid (+HF exchange)

+ (empirical dispersion, density-fitting)

John Perdew: Jaccob’s Ladder?

“LR personal pick”:
PBE, TPSS(h), B3LYP,
MO06’s, wB97XD
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Vicelektronove atomy, linearni molekuly, nelinearni molekuly

Bornova-Oppenheimerova aproximace

.?_2 ZAEQ ZAZBE:'Q 62
H=-—YV? & S D -
gm Z Vi Z OIM, A 2; dmegrai  jsp AmeoRaB N ; dmegri;
. 1 1 Za YA::
H=--YV;- Vi — + —
2 Z § 2My A ; rai EB Rap ; rij

o~

H=TyxR)+T.(r) + Vin(r,R) + Van(R) + Vee(1)

V. N@M neumoziiuje provést separaci, proménnych, U(r,R) = ¥(r)x(R)
my ji pfesto provedeme (BO aproximace)

U(r,R) = ¥(r; R)y(R)

He =T, (r) + Vo (r; R) + Vo (1)

H.U(r;R) = E.U.(r;R)
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Tvar vinové funkce (vicecasticové systémy)

Prednaska Cislo 1: Pauliho vylucovaci princip

W) = W(r,r,r;3..,TN)
Castice (elektrony, protony) jsou identické — rys kvantové mechaniky
Pro fermiony (elektrony)

Y(r,r,rs; .., mn) = —W(r,r;r, .., mm)
Pro bosony (fotony, atomova jadra)

Y(ry,ry,rs; .., ™) =¥@,r;r, .., r)
Pauliho vyluCovaci princip: Zzadné fermiony nemohou byt ve stejném
stavu
Nemuzeme fici, Ze jeden elektron je zde, a druhy tam, jde vZdy o par
elektrond...
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Hartreeho soucin (bosony)

X(ry,ry,r3, ....,tn) = x1(r) x2(ry) .. xa.(r,)

Antisymetrizovany Hartreeho souéin: Slatertv determinant (fermiony)

p1(1)  w1(2) ... pi(N)
p2(1)  w2(2) ... pa(N)

Atomovy €i molekulovy orbital
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Vystavbovy princip (Aufbau principle)
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N-elektronove stavy v atomech

-

El. konfigurace: pocet elektront v danych atomovych (molekulovych) orbitalech

Priklad: Ni = [Ar]4s23d8, [Ar]4s13d?, [Ar]4s°3d10 Cu = [Ar]4s13d19, [Ar]4st3d10

dobre popsany pomoci momentu hybnosti
25+1
LJ

Podrobna kuchafka, jak pro danou konfiguraci vyrobit vSechny termy:
https://en.wikipedia.org/wiki/Term_symbol (Youtube: Term symbols)

Tabulky



s e

Hundova pravidla
zakladni elektronovy stav molekuly vzdy, excitovane stavy vétsinou

"N v s ~ 7

1. Pro danou elektronovou konfiguraci ma nejnizsi energii €len s nejvyssi

multiplicitou, tedy i s maximalni velikosti celkového spinu.

orbitalniho momentu hybnosti, tedy s maximalni hodnotou orbitalniho kvantového
Cisla.
3. Ma-li atom valenéni slupku zaplnénou méné jak z pulky, nabyva v zakladnim

stavu hodnota celkového momentu hybnosti J = L + S minimalni hodnoty. Je-li

valenéni slupka zaplnéna vice jak z pulky, nabyva hodnoty maximalni.

10
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Obecné pristupy k reseni SchR: variacni, perturbacni

] (q electrons) timized
LP(q electrons )guess —— H electrons\P —EY — optimize

E\_ optimized J
Optimize ¥ and obtain E through a Optimize ¥ and obtain E through a
variation perturbation
. H(i)=H® + 1V Let A be a perturbational parameter
< guess | Helectrons |\Pguess> _ < opt | Helectrons |\Popt> ( )
g[nguess] 2E lIlopt]_ 0 S 7\« S 1
< guess |\P9“955> < ont | Topt> We seek the solution in the form:
e[W(c,,CnCo)]  96(C0CunCe) ()= WO + 299 4 29D 4
oc

i E(A)=EQ+E® + E® +...

g(c) Then, solving F(A)¥(1)= E(1)¥(4)

%

'U"”m) + 11!)[]{1} + 1]1")[}{2)'*' .
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Kvantova chemie: WFET (nize), DFT(dale)

Aneb jak vyreSit SchR pro atomoveé a molekuloveé systéemy

Semi-empirické metody (MNDO, AM1, PM3, etc.)

Ab initio metody

t

Hartree—Fock
(HF-SCF)

I
I
I
I
nl
ol
c 1
>0 | . :
O 1 | Multiconfigurational HF
‘@ ]|  (MCSCF, CASSCF)
o=
cl . .
+ 1 | perturbational hierarchy
o | (CASPT2, CASPT3)
Q)
Q.
;. excitation hierarchy
: (MR-CISD, MR-CCSD)
I
I
I
I
I
v

Korelacni
energie

(vétSinou <1%
celkové energie)

Full Cl

perturbational hierarchy
(MP2, MP3, MP4, ...)

excitation hierarchy
(CIS, CISD, CISDT, ...)
(CCs, cCsD, ccsDr, ...)

12
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Nastin Hartreeho-Fockovy(-Roothanovy) metody
alias SCF metody

Antisymetrizovany Hartreeho soucin: Slatertv determinant

p1(1)  p1(2) .. (V)
p2(1)  w2(2) ... pa(N)

SON:(Q) @N:(N)

Atomovy ¢i molekulovy orbital

13
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Molekulové orbitaly, coby prvky Slaterova det., jsou konstruovany z atomovych orbitalt:

1

Sada bazovych funkci (basis set)

N
Wi — E i=1 Cai ¢a (linedrni kombinace atomovych orbitalii, LCAO)

/ \

+ | emt

Hydrogen-like (one-electron) AOs are always of the form:

go(r, 0, 9) = R(r)Y,, ((9, l9) where R(r) is the radial component that decays exponentially

with increasing distance from the nucleus edr 14
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Baze atomovych orbitalu

DZ
DZP
TZ
TZP
TZPD
QZVPD

15
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HF rovnice: Co se stane, kdyz dosadime SD to Schr.

o I Ce? HA eIectronsLP(relectrons ) — ELP(relectrons )
|
<\P | I;I\electrons | LP> _
WYY
it =1
Z<\P | ﬁone—electron,i | LP> + Z<LP | ﬁtWO—eIectron,ij | LP> =E
: <]

Slaterova-Condonova pravidla
(pusobeni jedno a dvou-elektronovych operatori na SD)

E= Z<Z| | Fione—electron | Zi > +;Z {<Z'ZJ | ﬁtwo—electron | XX > B <Zilj | ﬁtwo—electron | Liki >}

'] . .
one-electron integrals two-electron Coulomb integrals two-electron exchange integrals 16
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E[LP] Z<\P | hone electron,i | LIj> + Z<LP | htwo electron,ij | LP>

i<j

spinorbitals l If ¥ — 1 Slater determinant

/

Z - .
E = Z<Zl | hone electron | Z'> ; Z <ZiZj | htwo—electron | ZiZj>_<ZiZj | htwo—electron | ZZ'>}

I,j
one-electron integrals two-electron Coulomb mtegra wo-electron exchange integrals

[ d

||‘—‘\

| Fockequftionl Z<Wi | J-K | Wi>

Condition: <Z. | ZJ> = 5”' — FZ| — giZi i
MOs = LCAO F= hone—electron +J-K

Fock operator = Fockian

(and E minimized trough variational approach)

orbital energy of j-th MO

Fock matrix _ In fact, F depends on c:
in the basis of AOs \ AO-overlap matrix
. Vector of LCAO coefficients see next page
WorI:ng \ for j—th MO thus, equations has to be solved
Roothaan ; ; ; :
_ iteratively -> self-consistent field
equation: {F(C) & S}C =0 — {F (C) & 1}0

17
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nuclei

k

qu :<¢p |T\el |¢q>_ Z<¢p |\7e—n,k |¢q>‘+z Prs
- r,s

AOs — l
h

P

-
- 1 A
<¢p¢r |Ve—e | ¢q¢s> _2<¢p¢r |Ve—e | Ps Py >—‘
L
l occupied
density matrix= 2 Z C,.Cq This is what is optimized

iteratively to get E minimized

ik

Program flow:

v

[ Choose a basis set ]

HF yes

converged

[ Choose a molecular geometry ] [

Compute and store all overlap,
one-electron and two electron

integrals

Guess initial density matrix P(©) ]

l

Construct and solve Roothaan

equation

Construct P from occupied MOs

l

Vs

g

Is new P™ similar to P(n-1) ?

1 AO
Er = 22 P (hpq + qu) for restricted Hartree-Fock method
pd

— [ Replace P-1) with P" ]

A

Nno

18




N ) ) ) S

e Computational bottleneck
— the evaluation of two-electron (four-center) integrals

UXAANYY

e Restricted (closed-shell / open-shell HF)
unrestricted HF — spin-symmetry broken

F* -5 jee =0 ; .
T A
F/—gls’ I/ =0 4 > —4
I <
=Y. (c p ) Y. (c p e ) S*Woe =hAS(S +1)Wepr S®W, e #hS(S +D)W,, e
“Spin contamination”

Koopmanstiv teorém: |IP =—¢
19
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Post-SCF (post-HF)

metody

Korelacni energie: E_, = E

exact

Enr

?fl e
%

A
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DFT metody: 2 zdkladni teorémy

15t Hohenberg-Kohn theorem:

shows that electron density of an arbitrary molecular system (in an electronically non-
degenerate ground state) in the absence of external electromagnetic fields determines

unambiguously static external potential nuclei 1
Ve (N =2, ZyT =R,

2"d Hohenberg-Kohn theorem:

proves that the correct ground state electron density minimizes the energy E[p]

The total energy is represented as a functional of density:

Elp]=V..[pl+Tlpl+V.lpl= [ o)V (Ndr +T[p]+V.. o]
e —— —

nucleus-electron kinetic energy electron-electron
attraction energy of (interacting) electrons Interaction energy

21



P Y PG GERN

Molekulové vlastnosti

e Consider a molecule in an external electric field &.

dE d°E
E(e)=E(e=0)+e O] +129El
de |, de £=0
dE
— Dipole moment (p) A=
& &=0
o Y d°E
— Polarizability (o) de?|
- ° ege d3E
— First hyperpolarizability (3) p=- e
e=0

22
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Molekulové vlastnosti

dE
de,
d’E
de,de,
d°E
de,de,de,
dE
dx,
d’E
dx;dx;
d°E
dx;dx;dx,
d'E

dx;dx; dx, dx,
d’E
dx.de,
d°E
dx,de,de,

dipole moment; in a similar way also multipole moments,
electric field gradients, etc.

polarizability

(first) hyperpolarizability

forces on nuclei

harmonic force constants; harmonic vibrational frequencies

cubic force constants; anharmonic corrections to distances
and rotational constants

quartic force constants; anharmonic corrections to
vibrational frequencies

dipole derivatives; infrared intensities

polarizability derivatives; Raman intensities
23
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Optimalizace molekulové geometrie

Second Order Saddle Point

Transition
Structure B

Transition Structure A

Minimum for
Product A

Minimum
II::f-::r Product B

-0.5

Second Order 0
Saddle Point
Valley-Ridge

Minimum for Reactant 05 Inflection Point

24
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Od vodiku k proteinum

Kvantova chemie: vyvoj Vypoéetni chemie: Molekulové modelovani:

DFT a WFT metod

aplikace metod vétsSi systémy (+Statisticka

Molekulové
vlastnosti

Chemicka
reaktivita: napf.
teorie
aktivovaného
komplexu (TST)

Mechanika, solvatace,
molekulova mechanika a

dynamika)
Chemicka struktura (pr. 1-5):
tajemny kvantovy sveét, Molekulova symetrie
formalismus QM, postulaty QM,
analytické reSeni zakladnich Nevazebné
uloh, atom vodiku (intermolekularni)
interakce

Kvantova
dynamika

Atomova a molekulova

Struktura atomu, spektroskopie (pfF. 7-12):

atomova spektra

obecné principy, MW (rotacni),
IR (vibracni), Ramanova, CD,
EPR, NMR, ...

25
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“God speed, and good luck to you"
(Armageddon)

26
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