Born-Oppenheimerova aproximace

Oddéleni elektronickeho a jaderného pohybu
Jadra jsou 2000 x tézsi nez elektrony

Elektrony — kvantova chemie, popis systemu (do 100
atomu) na zakladé¢ vlastnosti elektronu (jadra
nepohybliva), Ab initio vypocty

Jadra — klasicka Newtonova mechanika, popis celkove
energie systému (10 000 atomu) jen na zakladé polohy
jader, chovani elektrontu nepopisuje (chemicka vazba =
pruzina), Molekulova mechanika — silové pole,
Molekulova dynamika L L
T = kineticka energie
E=Ta+TeH Vet Vi + Ve V = potencialni energie



Molekulova mechanika

water
Continuum solvent model

Hydrophobic effect is roughly
proportional to surface area

torsion angle

Lennard Jones

Distance bond length or 3-atom angle

oo
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Y Y 45, {‘:_

i<j i

EE =

< 4re, A

+

1 >
+ —k,(r-r)° OwWw0
5;32 b( 0) 'r_’
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Q
i Z%k,,(e—a.,f Y
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angles

+ Y k[1+cos(ng-5)|
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VB versus MO

Teorie valencnich vazeb (VB) Teorie molekulovych orbitalu (MO)

Linus Pauling Robert S. Mulliken

(1901 - 1994) (1896 - 1986)
NP za chemiu 1954, za mir 1963 NP za chemii 1966

Lokalizované vazby Delokalizované vazby °



Rozdil mezi VB a MO
Protivazebny MO

MO
VB - 1®

Lokalizované vazby Vazebny MO

Delokalizované vazby
4



Teorie Molekulovych Orbitaliu (MO)

Kombinace atomovych orbitalu na
vSech atomech v molekule

* Vhodna symetrie
* Vhodna (podobnd) energie

Z n AO vytvorime n MO

Pro zacatek dvouatomove molekuly:
H,, F,, CO.,....

Vazebny MO v molekule H,
Stejné 1 pro viceatomové: BF;, CH,,....



Interference vinovych funkeci
Vazebny MO

Konstruktivni

Destruktivni




LCAO = Linearni kombinace atomovych orbitalu

Kombinace dvou vinovych
funkci (orbitalil) se
, Distance stejnym znaménkem

N 7
X
@y P

Nuclei

Kombinace dvou vlnovych
funkci (orbitalil) s
opaCnym znaménkem

Protivazebny MO

Distance




LCAO = Linearni kombinace atomovych orbitalu

A

Potential energy

Atomové orbitaly

ls ls

|Isolated H atoms

PoCet MO = pocCet AO

odecist

Y Protivazebny MO
Node

(1s—15)

secCist

P . ®

Energy of isolated H atoms

(1s+15)

Y Vazebny MO

8



LCAO = Linearni kombinace atomovych orbitalu

2°10 °
2
Wiea) 1510 - -
('J:'lsle2
(1ir1)2 1 10_5 — -
¥,y
*2) 500 —
('ﬁlsﬂ)z'*' ('lﬂlsB)2
2 Y .
o 100 200 300 400 500



Y Protivazebny MO

Energie

Out-of-phase

| ] ] |
V H, \l/

Destructive interference of the waves from two hydrogen 1s orbitals on adjacent atoms (the ‘out-of-phase’
combination).

Y Vazebny MO ‘
|

H, Hp H H
- a b
Reinforcement of the waves from two hydrogen 1s orbitals on adjacent atoms (the ‘in-phase’ combination). 10



Y= Protivazebny MO . O

Energeticka
s [ o’
: \ 3
destabilizace
-
GC') 1Si l 18
T l .
H atom ~ H atom stabilizace
' l;i"l:](r “ ; ‘ ' A 4
H, Molecule ve srovnani s

volnymi atomy

Y Vazebny MO ©

11



n MO vzniklé kombinaci p AO

: + 3 — 3: Protivazebny T MO
out of phase
in phase

12




H,"

Vzrista energie, klesa stabilita

@)

A

Protivazebny MO

@ " . Nevazebny MO

Vzrusta pocet uzlovych rovin

Vazebny MO




H,"

Vzrusta energie,
% klesa stabilita

e Yoo
e

Vzrusta pocet uzlovych rovin

Protivazebné MO

Vazebny MO

14



LCAQO = Linearni kombinace AO

LCAO
obecné pro n atomu a m orbitalu

Ze 6 AO vznikne 6 MO
Centralni atom: 1xs + 2xp
Ligandy 3xs

MO s nejnizsi energii, nema
zadnou uzlovou rovinu, nejvice
vazebny, kombinace po jednom
AO z kazdeho atomu, vSechny se
stejnym znaménkem s




Q@

ls,

Zaplnovani MO elektrony

Aufbau

Hund

Pauli

1.9,, }

Pravidla pro zaplnovani MO elektrony

Nodal
plane

o

D

Antibonding

0*

Is

Bonding

o]

1s

Energy

Protivazebny MO
Molecule
ol
Atom . "'_“ Atom
1s ‘ 1s
{4 s

04

s

#
»
&
‘I
\‘ ?
(Y &
Y &
Y #
Y #
LY d
‘1_ S

Vazebny MO o




Rad vazby

sk
. eMQO —eMO
Rad =
2
A Molecule
o
Atom i RN Atom
> V' A
Ly 1s 7/ AN 1s
: *~
w — * __.(\ — + I—
\‘.\ Oys ',.""
\“‘.— T * _'",'

Rad vazby = % (poéet vazebnych e — pocet protivazebnych e)

17



Is

Is

Rad vazby

S

it 1s Is 1 1.0 T 1s

te

H," kation 5, H, molekula

t 1s 1s [Jf 0.0 W 1s

He," kation He, molekula



Rad vazby

Molekula | Vazebné | Protivaz. | Rad | Délka vazby, A | Vazebna energie,
elektrony | elektrony | vazby kJ mol-!
H,* 1 0 0.5 1.06 255
H, 2 0 1 0.74 432
H, 2 1 0.5 - -
He,* 2 1 0.5 1.08 230
He, 2 2 0 — 0

1 elektronova vazba: 1 vazebny e- tvori si1ln€jSi vazbu nez 2

vazebné a 1 protivazebny e-

19




Energy
Q
&

Energy
$

s s ~
’ * S S ~ \
N C1s “ S O1s N
’ N ’ .
, \ . ’ ‘ .
’ s ~
’ b ’
’ . ’
.\‘\ e . N g ’
AN s AN /
1s . ,:’ 13 13 N ‘IJ 1 S
\\\ »” \\\ /
O1s O1s

AO MO AO AO MO AO
of Li of Lip of Li of Be of Bez of Be

A Lip bond order = 1 B Besbond order =0



MO vzniklé kombinaci p AO

I
I
|
|
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MO vzniklé kombinaci p AO

Protivazebny MO G, ,*

Vazebny MO G,,,

22



MO vzniklé kombinaci p AO

Protivazebny MO 7,  *

Vazebny MO 1T,

23



Pi vazba v ethenu pomoci MO

. T LUMO

Al

LUMO = nejnizsi neobsazeny MO

s

¢

i
s
J
¢
¢
J
+,
LY
\
%
5
]
\
\
*

HOMO = nejvyssi obsazeny MO

24



Typy molekulovych orbitalu

— < 2x<J
“., o anti bonding

’
¢ -

A % m antibonding

L4
, \\
-
. - ' Y
4 - ‘ ‘ & anti-bondi
.~ .~ -
: r \ \ anti-bon

i ¢ O — ‘~ -~

, ~
-
g -~ -
.

~ .

.~

Lepsi prekryv snizuje energii vazebného MO a
zvysuje energil protivazebného MO: ¢ > 1 > 0

25



COee

Tvorba MO z d orbitalu

d(xz) d(xz) d(x*-y?) d(x*-y?)
d(yz) d(yz) d(xy) d(xy) **

d(z*) d(z%)



Miseni s-p orbitalu

Energeticky blizké orbitaly na stejném atomu se mohou smichat

500 |
1000 | Bez miseni s-p
—
1500 } RN
- \\\\
L I AN
5 2000 Y 3p
2 2500 |
S
2 3000 velky rozdil s-p
3500 Miseni s-p
_
4000 |
as00 maly rozdil s-p 2s
27
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Energie

A

Energy

Bez miseni s-p Miseni s-p

L
ﬁ ! '
/ . /s “
2 \ ’ \
’ m * ! m X
L
~ N
I,zl \\\ LA A
L 1'[' A ,’ ’ 1[" Y
T N\
’ 2p AR ‘7 2p A
N ’ \
’ W ‘. N
7 \N

\D/
0'23 GZS
AQ MO AO AO MO AO

A MO energy levels for Op, Fp, and Nep B MO energy levels for By, Co, and Np

Pro O, az Ne, Pro H,az N,
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Diatomické molekuly

" -
e
-~
™
-ﬂ- .

Pro O, az Ne, Pro H,az N,
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Energy (eV)

= = N W W
o 0 O O O O

LN,
A O O o O,

N R
G O

_______
p
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Energy

With 2s-2p mixing

Without 2s-2p

B2

C

Ng

Oz

Fa

Nez

Gzp 62‘0
T2p Top
029 Hzp
nao Gzp
G s
Cos Sog
[
5 907 159 945 - 150 T
g"—; 143 g,
E - — »
23 620 00 2
3= 30 498 . 5
. 2088 0 Bd 0 OF1 0 Bl B
0 |- 159 0
Bond order 1 2 3 2 1 0
gg‘ggne}ég Pammagnatic | Cxamagratic | Ciamagnatic | Pammagnetic | Dramapratic —
valence | (5,0200502 | (65020592 | f0592005:02 (029200502 | (029210502 | (0292 (0502
electron (0207 () | (0207 (g | 92)? frg)?
i o) Tod® | (o)t o2 % 2
configurations 2! 20l 2ol ) i ol | e i
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Diatomické molekuly

Li,

Be, B
c*(2p) 2 Ca

2 xT*(2p) i ~ F,
oH(25,2p) S

: \ — =1=1=~-1| 1
2 xn(2p) 14 \"~—\ 1

- .. I I %
= Bimia R

o ‘~ 4=



Diatomické molekuly v plynné fazi
Délka (pm) E_, (kJ mol?)

Li-Li o,’ 267 110
Be...Be ©,°c*, > ? ?

B-B C,,” 0%y Ty 159 290
C=C o,’0%’m,* 124 602
N=N o,’c%’m,*c,° 110 942
0=0 o,’0c*’0,°m,* ¥, 7 121 494
F-F C,,° 0%y 0,7 Tt ¥, 142 155

33



—2q

g
w
‘q.

. %
V| —
S x, ’ )
g N of .
- ' — P :‘: ‘.?_ P
P=. P ¥
o .

1x Nitrogen Nitrogen 1x Nitrogen

Atomic Otbital  Molecular Orbital  Atomie Orbital 1 % Oxygen Oxygen 1 x Oxygen

Atorrde Otbital  Molecular Orbital Atorrde Orbital

N; trojna vazba O, paramagnetickd molekula

34



PES spektrum molekuly O,

02+ Terms :=__—_f

Oxygen " (2p) 11, ——————— -
8 _ 8 —

T, (2p) L I,
2
l—lll
_ H
c,(2p) — Z,
o, (2s) 2y -

12

13

14

15

16

17

18

19

20

21

E(eV)
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Kyslik a jeho molekulové ionty

02+ 02 02_ 022_
Pocet valenc¢nich 11 12 13 14
elektroni
Obsazeni HOMO T T T T\L T T»L T\L
Tt an*

Rad vazby 25 2.0 1.5 1.0
Délka vazby, pm 112 121 126 149
Vazebna energie, 643 494 395 126

kJ/mol
Magnet. vlastnosti param param param diam

36




M=2S+1

Multiplicita

S = soucet neparovych spinu (72) v atomu nebo molekule

M nazev S
1 singlet 0 ™
2 dublet Y2 T
3 triplet 1 ™
4 kvartet 172 ™1
5 kvintet 2 ™1
6 sextet 2% | T

37



Singletovy Kkyslik 'A
Tripletovy Kyslik 3% e

2q, * ¥
— ‘ . —
. . .,,'u Jlé. —qﬁ
..‘ " L \‘..
. - o' v

{ 95 kJ mol!
2% ,-"‘f—i_\‘:-lf?

.. Ll 1x Oxygen Oxygen 1 x Oxygen
1 Atorrde Otbital  Molecular Orbital Atorrae Orbital
~T—i~ ,

1 x Oxygen Oxygen 1 x Oxygen
Atorrde Otbital  Molecular Orbital  Atorrde Otbital
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I1zoelektronové molekuly

Pocet val. elektr.

Priklady diatomickych Castic

9 BO, CN, CP, CO*

10 N,, CO, CN-, BF, NO*, TiO, SiO
11 0,*, -NO, SO*

12 0,, SO

13 0,-, CL*, -ClO

14 F,, 0,2, CIO-

39



MO v polarnich molekulach

VYe=c,¥Y, —c, ¥ : .
3 A Y4 7B v(A) <<y (B) 1ontova vazba
Atom A Molecular Orbitals Atom B

. c,— 0 vazebny MO =¥y
c, > 0 protivazebny MO =W,

s+ v(A) <y(B) polarni vazba

c,<c, vazebny MO ma vé&tsi
prispévek od B

al c;> ¢, protivazebny MO ma vetsi
. — prispévek od A

v(A) =y(B) nepolarni vazba
C;=C, C3=Cy
Y=c V¥, +c,¥Y; stejny prispévek od obou atomu 40
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MO v polarnich molekulach, HF

3o J‘J Protivazebny MO

o Nevazebny MO
2o ‘0 Slabé vazebny MO

te e Vazebny MO
H HF F

Vazebny MO koncentrovan na atomu s vyssi elektronegativitou - F
Protivazebny MO koncentrovan na atomu s nizsi elektronegativitou - H

2
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MO v CO

Oyr —

LUMO A
SRR ‘T
R
HOMO o
4
25-H— - -H_
Cﬁtﬁ’n‘i” -H— 2s
W ok

Carbon monoxide

CO
C + 0O =10 elektronu

42



HOMO

C+0O
10 elektronu
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*
n pPX, y
TCPX» y
Volny e par na C S
HOMO S‘\S
labé vazebny

(O>c=0)

Volny e parna O —

44
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Vazba CO v karbonylech prechodnych kovu

M-----C=0

(:bbc:o o-donation
O 2
OQ — %’SC—OQ

BAD=I

S

r-accepting




Molekulové orbitaly v NO

tht
2
L ’ P48 it
Atomove orbitaly N TR 2
Atomove orbitaly O
by :
? 2s | AE; A'
: v i
Multiplicita ? . | 2
Rad vazby ? 4 .
.
| AE, A
[ s A
. 1s
A co NO™? '
N NO 0
Atomic Molecular Atomic 46

orbitals orbitals orbitals



Molekulove orbitaly CH,

_ Pouzité
atomove orbitaly
o C s+3xp
4H 4xs
8 atom. orbitalu
s PR
C+4H
8 elektronu
I -
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Electrons emitted

PES methanu souhlasi s modelem MO

«—1—
—t—
«—1—
—t—
«—1—

1 I | | ]

12 15 18 21 24
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pveé orbitaly CH,
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Benzen
H H ;
H H 4 e
3 S
S ¥ I
3
$3 e 1

A Benzens, Cyt, Odd¢leny pohled na sigma a pi systém
50



Vazebné MO v benzenu

B




C3H3+

C4H42+

Al

13

all

13
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Al
13

CsH;
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CeHg

Al

Al

13

Al

13

L3
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1,3-butadien

O Q
2 3
— T

!

T e Ce Ce Ce®



Molekulové ionty

—2q,
" ' + .
"‘_T_ xg:c _f_‘j‘tgy 02 % 02 + C
p— =S

e 4] %} OdtrZeni nejslabéji vazaného e
v HOMO

56
1 x Oxygen Oxygen 1x Oxygen

Atorrie Otbital  Molecular Orbital Atorrde Orbital



Molekulové ionty

CN+e — CN-

Piidani e do HOMO

57



Excitace molekul
E..x = E(elektronova) + E(vibra¢ni) + E(rotacni) + E_,

Jednotlivé slozky E_,, jsou nezavislé — velmi rozdilné velikosti
(Bornova-Oppenheimmerova aproximace)

E(elektron) 100 kJ mol~! UV a viditelna
E(vibra¢ni) 1.5 —50 kJ mol™! Infracervena

E(rotacni) 0.1 —1.5 kJ mol! Mikrovlnna a daleka IC

.
®@ o
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Rotacni energie

Kvantovani rotaCni energie A otational states (J=0,1,2...)

ground
electronic
state

E(rota¢ni) = (h?/21) J(J +1)
J = rotacéni kvantové Cislo

Energy o
Il

I = moment setrva¢nosti (U r?) i potential
":1 well of
\j’:

L =m;m,/(m; + m,) | molecule

Vybérove pravidlo AJ = +1

Za normalni teploty jsou molekuly v mnoha
excitovanych rotaCnich stavech, rotacni energie
srovnatelna s tepelnou energii pohybu molekul 59



Mikrovinna spektroskopie
Rotacni spektra jen pro latky v plynné fazi

Lze ziskat velmi pfesna data o vazebnych délkach a thlech
I = moment setrva¢nosti = i r?

Vazebna délkav H, 0.74116 A

CF4l Rotational Spectrum in the 2-8 GHz region

o
9

9

J=2+~1,K=0,1

sity (arb. units)

Inten

60

20 3.0 40 5.0 6.0 7.0 8.0
Frequency (GHz)



Vibracni energie
Kvantovani vibracni energie
A rotational states (J=0,1,2...)

: i) = 2 1 0
E Slfifgyr)ﬂ klv{atrlltg; 01/30 5 | =/ ground
g =— electronic
- state
Vybérove pravidlo Av = +1 potential
— 71 well of
Energie nulového bodu: = molecule

Pro v=0 E(vibra¢ni)='%kh2 —
H, E(disoc) = 432 kJ mol™!
E(v=0) =25 kJ mol™!

Za normalni teploty jsou molekuly v zakladnim vibra¢nim
stavuv =0 61



Vibracni energie

A rotational states (J=0,1,2...)

0
Molekula | Vibraéni energie, cm™! - g/ ground
‘g == electronic
— % state
H, 4159.2 — potential
= /"2 wellof
D, 2990.3 =/""1  molecule
v=0
H," 2173
—




Rotacné — vibracni spektrum HCl(g)

IC oblast Av = +£1
Vo= 2886 cm™! AJ = £l
Vo
i
UNUULY

800 820 840 860 880 9.00 920
Frequency (10" Hz)



Typy vibraci

Stretching vibrations
Valenc¢ni vibrace

Zmeéna vazebne délky 3{ &{

Symmetric Asymmetric
Deformacni vibrace
7ména uhlu Bending vibrations
Near Near Near
y % Farj{
In-plane rocking In-plane scissoring  Out-of-plane wagging  Out-of-plane twisting
kyvadlovd  nuzkova v€jitova  kroutiva

64



Vibracni spektroskopie

Oblast A (um) vinocet (cm™!)
Blizka IC 0.78 - 2.5 12800 - 4000
Stredni IC 2.5-50 4000 - 200
Daleka IC 50 -1000 200 - 10

v e\wv/

vetSiny molekul
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InfraCervena a Ramanova spektroskopie

InfraCervena spektroskopie

* Vibrace musi ménit dipolovy moment molekuly (HCI, H,O)
* Pruchod IC zareni pres vzorek, méfime absorbované mnozstvi

Ramanova spektroskopie
* Vibrace musi ménit polarizaci molekuly (H,)
* Pruchod viditelného zareni (laser) pres vzorek, méfime

rozptylené mnozstvi
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Infrared and Raman Spectra of Polyamide (Nylon 66)
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Elektronova energie

Vybérove pravidlo AS =0 Excitovany
A r stav
—= 1 l
A 1
S H—
— | LUMO
S 1)
" HOMO

povoleny zakézany
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Molekula H,

H, > H,"+e"

oq (Hy) =0.74 A
r*(H+)—106A

(Sy) =432 kJ mol™!
(S;) =255 kJ mol™!

dlSOC

dlSOC

IE(H,) = 1490 kJ mol~!

Excitovany (*)
stav H2+




Energy

Elektronové prechody

Antibonding o

Antibonding m

Prazdné

/N
Tn—n:r* Yoy
* *
nN—T1 /L TTT—)TT
g (&) J\
(&)
Ce}

Non-bonding n
Bonding 1T

Bonding o

Zaplnéno elektrony
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Elektronové prechody

¢ -0

O-ll(

150 nm
o« @
Q). O B
@ »
180 nm

oo *

TUTU*
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Elektronové prechody

¢ oD

190 nm no*

285 nm N
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Encrgy

Ground
state,S,

Excitace - deexcitace

Singlet excited states

Ziakladni elektronicky stav

lnsornal Vibrational ) . ,
conversion relaxation Excitovany stav
S, £ e
1% &!/ Triplet excited state
4 ¥ 4 * -
S HHE—F
_:_i T|
*
Fluorescence Intersystem B E :
crossing : E E E
Absorption Phosphorescence
v P é 56
LI Vibrational s
Y ¥ t‘fClaKallO
v - -y
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Excitace - deexcitace

A = absorpce fotonu
vr = vibracni relaxace, uvolnéni tepla

IC = vnitini pfemeéna, nezafiva, mezi stavy se stejnou multiplicitou,
spinoveé povolend, 1soenergeticka

ISC = mezisystemovy piechod, nezafiva, mezi stavy se riznou
multiplicitou, spinove zakazany, isoenergeticky

F = fluorescence, spinove povolena emise S; — S, rychla, vyzafeni
fotonu

P = fosforescence, spinové zakazana emise T, — S, pomald, vyzafeni
fotonu

S = singlet, T = triplet 74



AVA N

ISC

— — -4
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Lambert-Beeruv zakon

=1, exp[—&(}) c d] e(A) = molarni extink¢ni koeficient
¢ = molarni koncentrace (M)
d = dé¢lka kyvety

d

L Ly Plati pro urcitou A
| Johann H. Lambert (1728-1777)
& August Beer (1825-1863)
% Transmitance = (I /1) 100 [

Absorbance = —log(I /1)) =¢e(A)cd

=
) Red

400 500 600 700

Wavelength (nm)

020 O

400 700
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Absorpci spektrum

Blue

Absorption ———

Red

400 500 600 700

Wavelength (nm)

700

400
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LUMO Oxyluciferins. Absorption Maxima

LUMO

HOMO

HOMO' I ﬂ T_T '

keto-s-trans keto-s-cis(-1) enol-s-trans(-1)’
enol-s-trans keto-s-trans(-1)
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Mechanismy pretrzeni chemické vazby

Termalni excitace

dodana tepelna energie je napumpovana do vibra¢nich modu
(valenCnich vibraci), vazba se prodluzuje, zeslabuje, az se
prerusi

relativné pomalé, 10-1% s

Elektronicka excitace

energie dopadajiciho zareni (fotony, elektrony) je pouzita na
excitaci vazebného elektronu do protivazebného orbitalu

okamzité, 10715 s
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Mechanismy pretrzeni chemické vazby

SmisSena vibraéné elektronicka excitace

energie (tepelna) nékolika vibraci (fonont) je spojena a
napumpovana do elektronickeho prechodu valen¢niho
elektronu do protivazebneho orbitalu
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