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Born Oppenheimer approximation

many-electron wave function for a given set of positions R,

— > Single-electron wavefunction
—m = molecular orbital
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Linear combination of
atomic orbitals (LCAO)
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how AO contribute to each MO




ﬁzg_ Potential energy surface

electronic energy: serves as potential for nuclei
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bond potential in diatomic molecule
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nuclei move in potential energy surface
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U To be clarified
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local minimum

global minimum

energy Eelec({up})
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TU Degrees of freedom

Grazm

number of values to fully describe arrangement of atoms in space

n atoms: 3n degrees of freedom

center of mass

—

R

relative coordinates: r
reduced mass y

3 rotations

3n-6 internal
degrees of freedom




TU Degrees of freedom
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number of values to fully describe arrangement of atoms in space

n atoms: 3n degrees of freedom

2

N h
H=_—Vi+ Z ﬂVQ + Eelec(T1, -+, 3n-3)
p

center of mass / relative coordinates: r,
R’ reduced mass y
3 translations '/ 2 rotations

3n-5 internal
degrees of freedom
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3n-6 internal degrees of freedom

bond length bond angles dihedral angles

(stretching/compression) (torsions)

move with reduced mass of involved atoms




TU

Grazm

motion near minima?

energy Egec({Uy})

,degrees of freedom™




Ty Model bond potentials

Morse U(r) = Uy (e—Qa(T—ro) _ QQ—G(T_TO))
(covalent)

Lennard-Jones _ o\ (o 6)
(van der Waals) Ulr) = de ((r) (r)




ﬂ'E,La!_ Vibrational states

Morse potential U(r) = Uy (6_20(”’—7“0) _ 26—0("“—7”0))
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ﬂ'E,La!_ Vibrational states

harmonic oscillator

E/eV

v




ﬂ'E,E,JZ_ Vibrational states

Morse potential U(r) = Uy (e_Qa(T—To) _ 26—0("”—7”0))
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TU Vibrational levels in a Morse potential
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U(r) =Up (S—Qa(r—fr‘o) — 2€_a(74_r0)) as potential in I:IMorse

ansatz for wavefunction: linear combination of harmonic oscillator states

|¢LCHM) — Co\qbo) + 61|qb1) + 02|q52> 4+

eigenvalue problem

eigenenergies = energy of vibrational levels
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doi:10.1063/1.453761



https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1063%2F1.453761

U Vibrational energy levels in a Morse potential

Morse harm.osc.
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excite vibrations via ?

doi:10.1063/1.453761
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TU Sketch: Vibrational levels in a Morse potential
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U(T) — Uy (€—2a(r—rg) . 2€—a(r—ro))

ansatz for wavefunction: linear combination of harmonic oscillator states

[ULcaM) = coldo) + ci|o1) + calda) + ...
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doi:10.1063/1.453761
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Ty, Sketch: Vibrational levels in a Morse potential
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https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1063%2F1.453761

Ty, Vibrations: Mass spring model

in cartesian coordinates

d2 Ua
dt

kia(uy — ug) 4 koa(ug — ug) + ... + ka3n(usn — us)




TU Mass-spring model
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all elongations evolve with same frequency v, = Ape’:""t

http://lampx.tugraz.at/~hadley/ss1/phonons/natalia/modes.php




TU Mass-spring model
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all elongations evolve with same frequency v, = Ape’:"‘”t

p=1,...,3n
[ kip _kiz _kis . _ kian 17T i i
ZP#I ma mi1 ma mi Al Al
_Fay k2p _kas . _ kaan
my ZP-?'% my my my Az A
_ ka1 __ ks F2p - k330
T mey ZP#S mq mi AS AS
. _ w2
k3n—2,1 an—Q,'p k3n—2,3n—1 k3'n.—'2,3'n,
- my, T EP¢3'R—2 M B My, g A3n—2 ASH—Z
k3n_—1,1 K3n—1,3n—2 ksn—1,p k3n—1,3n
Mg e o My Zp#?m—l Mo, T ma ASn—l ASn—l
kSn,l k3n,311472 k:3n,3-n.71 kSn,p
L o mMpy e - My, - Moy Zp#Sn Mo i L ASn i L A3n
H —_ 111 [1] - -
eigenvectors = normal modes”, fundamental vibrations

eigenvalues =  frequencies of normal modes




TU Fundamental vibrations of water
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bending

vV =

1711.15cm?

N

O-H O-H
asymmetric stretching symmetric stretching
B1 Al
V3 = vV, =
3851.06 cm-! 3730.03 cm!

https://www.chemtube3d.com/vibrationsh2o0/ ‘
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o bonds

along interatomic axis (rotational symmety)

) p)
—O0—

2p) 2p)

angular momentum around interatomic axis = zero

parts of molecule can easily twist
with respect to axis

m bonds

forms between two p orbitals

p) p)

molecule cannot twist
around axis




TU Geometry vs nature of MO?
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electron density between atoms: bond length and strength

occupied MO?

antibonding

bonding contributes to bond

product of bonding and antibonding MO?

node in antibonding MO counteracts spread of electron density
between atoms
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ethyne (acetylene)

10 electrons

=6 T

linear

C C

triple bond
1.13 A

https://www.meta-synthesis.com/webbook/40 polyatomics/polyatomics.php




TU Bonding vs antibonding MO
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X

Uy

ethylene Ty w— '
. 00

double bond

1.34 A .

https://www.meta-synthesis.com/webbook/40 polyatomics/polyatomics.php
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12 electrons




TU Bonding vs antibonding MO
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ethane

14 electrons

C C
I
single bond
1.51 A —
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https://www.meta-synthesis.com/webbook/40 polyatomics/polyatomics.php
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TY.  hybridization

AO not participating in Tr bonds

form

set of hybrid orbitals:

» jdentical in shape and energy
» each participates in one o bond
= contain AO in fixed ratio

n bond

n bond

O O

o bond

number of hybrid orbitals determines bond angles
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methane

109 deg &p b 1
6577) = = (128) + 12p2) — [2py) — [2p2))

2

1

2

four sp3 orbitals, tetrahedral




Ty hybridization: sp2 orbitals 3’ (

each C atom: three in-plane sp?2 orbitals

ethylene
67) = o= (P9 +V22) )
6) = 125) = Z=P2ps) + S P2p) Q%
63" = = 12s) = —=l2pa) - —l2w) (]




n bond acetylene

n bond

o bond

- (126)+ 20)) 167) = — (129) = [202)

(= )

|617) =

Sl

2p.) 2p,) ()

two sp orbitals, linear = two o-bonds along same axis
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occupied MO

local contribution

o bonds 1 bond

AO C2
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