Orbital approximation

Assign the electrons to an atomic orbital and a spin

Construct an antisymmetrized wave function using a Slater
determinant

evaluate the energy with the Hamiltonian that includes the
electron-electron interactions
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Lithium

The antisymmetric 3 electron wavefunction can be written
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There are two possible configurations
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Construct the Hamiltonian matrix to see which has the lowest energy




Berylium

The antisymmetric 4 electron wave function can be written,
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Gold

The antisymmetric 79 electron wave function can be written,

V(0T ) =| 80 T (). 40 L (5,85 T (o))
The determinant of an NxN matrix has N! terms.

791 = 8.95 x 10116

(more than the atoms in the observable universe)

Start with the valence electrons. Stop adding electrons when the
matrix gets too big.



Paull exclusion

The sign of the wave function must change when two electrons are exchanged

o La® e® 1
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If two columns are exchanged, the wave function changes sign.

If two columns are the same, the determinant is zero.

The Pauli exclusion principle only holds in the noninteracting electron
approximation when the many electron wave function can be written as
a product of single electron wave functions, only one electron can
occupy each single electron state.



Atomic physics summary

Solutions to the Schrddinger equation accurately describe the observed
energy levels in atoms.

We know the equation that needs to be solved but it is intractable.

A common first approximation is the orbital approximation: Assign the
electrons to an atomic orbital and a spin antisymmetrized product of spin
orbitals.

The energy is then evaluated including the electron-electron interactions.
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Sometimes assumptions have to be made about the core wave functions
and the wave functions of the valence electrons are determined
numerically.



The full Hamiltonian of a molecule
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Everything you can know about the molecule is contained
In the Hamiltonian.

This explains life, the universe, and everything!




Born Oppenheimer approximation

Fix the positions of the nuclei and consider the many electron
Hamiltonian.
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This is still too difficult. Neglect the electron-electron interactions.



Separation of variables (Trennung der Veranderlichen)

The Schrodinger equation can be solved by the separation of variables
If the total Hamiltonian can be written as a sum of Hamiltonians each
depending on only one variable.

Ht(rlirZ""rn) = Hl(rl) + H2(r2) LR Hn(rn)
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Molecular orbital Hamiltonian

Fix the positions of the nuclei. Solve the Schrdodinger equation for one
electron. Find the ground state and the excited states.
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Molecular orbitals

Molecular orbitals of a molecule are like the atomic orbitals of an atom.

Vo, (F) #(F)
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Vo4 () ¢2py (F)

You can put two electrons, spin up and spin down, in each
molecular orbital.



Molecular orbitals

The first approximation for the many electron wave function of a
molecule is an antisymmetrized product of molecular orbitals. The

energy of this wave function should be evaluated using the electronic
Hamiltonian.
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Molecular orbitals

Calculate the energy of a molecular orbital using the electronic
Hamiltonian.
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Bond potentials
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Calculate the energies for different atomic distances.
The minimum yields the bond length and bond strength.



Bondlength (nm) and bond energy (eV)

Length| Energy| Bond| Length| Energy
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0.074 4.52 H--C 0103 4.28
0.154 ER H--iT  0.101 4.05
0.134 £, 36 H--F 0.0%2 5.89
0.120 5. il H--O 0036 279
0.143 573 H--C1 0,127 4. 45
01382 282  H--Br 0141 279
0.135 5.06 H--I 0.161 4,09
0177 542 M--I  0.145 176
0.1%4 2,98 I--I 0267 1.57
0214 224 0--0 0145 1.50
0.147 519 o= 0121 5.16
0.145 176 = 0.110 9479
0.143 1.50 Cl-C1 0,199 252
0.142 1.64 Br-Br 0220 2.00




XPS
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Bond angles

Find the angle that minimizes the energy.
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Shape of a molecule
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Shape of a molecule

109 5 I

. ID 107 nm

In Jmol, double click to start and stop a measurement.

http://lampx.tugraz.at/~hadley/ss1/molecules/moleculeviewer/viewer.php



Chemical reactions

Calculate the energy at every stage
of the reaction. .
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To calculate the speed of a chemical
reaction, solve the time-dependent
Schrodinger equation.
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Chemical reactions

Q).O* e
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CHy + 50, —» 3CO,+ 4H,0 + Energy

Propane Oxygen  Carbon Water
dioxide

It is possible to calculate if the reaction is endothermic or

exothermic.
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The molecular orbital can be found by:
Linear Combination of Atomic Orbitals

Look for a solution to the molecular orbital Hamiltonian,
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Here ¢, are atomic orbitals.



Molecular orbitals of H,

The molecular orbital Hamiltonian for H, s,

-"-) P [
H _ h- v e? e2

mo 2m., 4‘;‘1‘60‘; — F,{‘ ; 4?TEU|F — FB‘

—

I, and Tg are the positions of the protons.

H H H H
Wimo = 1¢1s,A —I—C2¢1S,B +CS¢25,A +C4¢23,B 4.

What about spin?



Molecular orbitals of H,

The time independent Schrodinger equation,
Hl//mo — EWmo

Multiply from the left by @ »

C <¢1|:,A Hoo ¢1|:,A>+C2 <¢1|:,A Hoo ¢1|:,B>+"': E(C1 <¢1|:,A ¢1|:,A>+C2 <¢1|:,A ¢1|:,B>+"')
Multiply from the left by %e.e
Cl<¢1|:,B Hmo ¢1|:,A>+C2 <¢1|:,B Hmo ¢1|:,B>+"': E(C1<¢1|:,B ¢1|:,A>+C2 <¢1|:,B ¢1|:,B>+"')

Two equations with two unknowns: ¢, and c,
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Molecular orbitals of H,

{HAA H}N _ E{cl}
HAB HAA C2 C2
The eigenvalues and eigenfunctions are:

Ei:HAAiHAB lljyk/\

Symmetric

W, (F) - $(¢1|:A (F) + ¢1|:B (F)) "PA Anti-symmetric

Both H,, and H,g are negative E, < E.



Molecular orbitals of H,

In the ground state, both electrons occupy the lower energy
symmetric orbital (bonding orbital).

v, T({) v, L(F)
v, T[@) v ¥ (T)
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Use this wave function including the electron-electron
Interaction to calculate the bond potential.



Student project: Draw the Bond potential of H,
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http://hyperphysics.phy-astr.gsu.edu/hbase/molecule/hmol.htmi
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Energy (V)
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Homonuclear diatomic molecules

H2, Nz, 02,

All homonuclear diatomic molecules use the molecular orbitals of H,,.

z z z z z z
Wino = CiPis a T Cofis g +Cofos a +Cohog g +Cs) o AT Co BT

The Hamiltonian matrix is as large as the number of atomic orbitals in
the molecular orbital sum.



Homonuclear diatomic molecules

All homonuclear diatomic molecules use the molecular orbitals of H,,.
loy,<1lo,<20,<20,< 30y~ 1, <1m, <30,

©- o
C> -0 |

g — inversion symmetry

from: Blinder, Introduction to Quantum Mechanics



number of electron pairs shared
TABLE 11.1 » Homonuclear Diatomic Molecules /

Electron Bond /

Molecule Configuration Order D, /eV R/ A "
Hy log 25 0.5 2.79 1.06 %
Hy log 'sf 1 475 0.741 §
He; logloy 'z 0 0.0009¢ 3.0 E

logloy20, 3T b 1 2.6 1.05 *2
He, loglo, 2% 0.5 2.5 1.08 %S,
Lip loglo20} 1xf i 1.07 2.67 =
Be) loglog20220% 15} 0 0.1 2.5 é
B, L Amy 3pp © 1 3.0 1.59 §
Ca NS E.ASNRD i3 2 6.3 1.24 E
Ny . Amy3e? lzd 3 9.91 1.10 g
N7 o mg3eg 2xg 2.5 8.857 1.12 %
0 . 3olintial 3xg e 2 5.21 1.21 e
0y oG lmglng 2 2.5 6.78 ¢ 112 £

F’) __‘Ijri:,{"%rr,zlvr‘i' ‘[5_'+ 1 1 £ 4 A1



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76

