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Review: Molecules

Start with the full Hamiltonian
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Use the Bom-Oppenheimer approximation
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The molecular orbital Hamiltonian can be solved numerically or by the
Linear Combinations of Atomic Orbitals (LCAO)



Molecular orbitals of H,*

The Hamiltonian for H," 1s,
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y and 3 are the positions of the protons.
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Valence bond theory
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Heitler—London theory
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Need to antisymmetrize



Heitler—London theory
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Heitler—London theory

Antisymmetric wave function
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Symmetric wave function
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Molecular orbital:

WGui) = ol UL T )| = g e )+ G ) @a )+ bl — ) (1~ ).



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

lo,<lo,<20,<20,<30,~ I, <1m, <30,

©- e
C -0 |

g — inversion symmetry

from: Blinder, Introduction to Quantum Mechanics



number of electron pairs shared
TABLE 11.1 » Homonuclear Diatomic Molecules
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Molecular orbitals of carbon monoxide determined by LCAO

Carbon monoxide CO consists of one carbon atom and one oxygen atom. The bond length is 1.128 A.

Model: | Ball and Stick == Spacefill |




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 (e'V)
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0.074 4.52 H--C 0103 425
0.154 561 H--iT 0.101 4.05
0.134 £. 36 H--F 0.0%2 5.89
0.120 5. il H--O  0.0%6 279
0.143 573 H--C1 0127 4. 45
0182 282  H--Br  0.141 279
0.135 5.06 H--I 0.161 509
0177 542 M--IT  0.145 176
0.1%4 2.98 I--I 0267 e
0214 2. 24 0--0 0145 1.50
0.147 519 o= 0121 5.16
0.145 176 = 0.110 979
0.143 1.50 Cl-C1 0,199 202
0.142 1.64 Br-Br 0220 2.00




Bond angles

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




Shape of a molecule

.0 ‘_l{}?' nm

.

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

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



Chemical reactions
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CHy + 50, - 3CO,+ 4H,0 + Energy

Propane Oxygen  Carbon  Water
dioxide

It 1s possible to calculate if the reaction is endothermic or

exothermic.
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Chemical reactions

To calculate the speed of a chemical .
reaction, solve the time-dependent
Schrodinger equation.
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Benzene
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42 electrons

hydrogen 1s
carbon 1s, 2s, 2p

36 relevant atomic orbitals

_ . .c1 H1 c1 c1 c1 c1 C6
Ymo = C1Q15 T C7P1s + - C13P75 + = C1oPFpx + ** C25P7py T+ C31P7p; T+ C36P7p
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36 relevant atomic orbitals

Benzene
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Benzene
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Assume the valence molecular orbital is

C C C C C C
Yo = Cl¢2pzl +CZ¢2p22 +C3¢2pz3 +C4¢2pz4 +CS¢2pZS +C6¢2p26

HY,  =°LtY,,
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Translation operator

T and T? have the

same eigenvectors
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Translation operator
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Eigen values of the translation operator

Tii = Jii
TVi=A"ii=u
AN =1
Im(\) 4
Re(A)

¥

For each eigenvalue, solve (T—/H) u =0 to determine the eigenvectors.



Eigen vectors of the translation operator
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http://www.chemcomp.com/journal/molorbs.htm



Molecular orbitals benzene
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HCRAD

http://www.chemcomp.com/journal/molorbs.htm
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Molecular orbitals of a conjugated ring

The Roothaan equations for a conjugated ring of N atoms have the form,
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Particles confined to a ring

o, n O w(6)
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Aromatic molecules obey Hiickel's 4n + 2 rule
Molecules that don't obey the 4n+2 rule are radicals



Particles confined to a ring

cyclobutane benzene

dn + 2

Antiaromaticity

From Wikipedia, the free encyclopedia

Antiaromatic molecules are cyclic systems containing alternating single and double
honds, where the pi electran energy of antiaromatic compounds 12 higher than that of
its open-chain counterpart. Therefore antiaromatic compounds are unstable and

highly reactive; often antiaromatic compounds distort themselves out of plananty to
resolve this instability. Antiaromatic compounds usually fail Hickel's rule of aromaticity.




Radicals

Molecules are most stable with a closed shell configuration.

Ar

H,O 10 electrons
NH;

CH,

Radicals are electrically neutral but chemically reactive.

OH radical
CH, methylene radical



Linear chains

ethene butadiene
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Linear chains

C C C
Yo = 1¢2p21 +CZ¢2p22 T 'CN¢2pZN
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E. Heilbronner und H. Bock, Das HMO-Modell und seine Anwendung
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Molecular orbitals of a conjugated chain
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The Roothaan equations for a conjugated chain of IV atoms have the form,
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Particles confined to a line
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Polyacetylene

Hideki Shirakawa, Alan J. Heeger, and Alan G MacDiarmid
Nobel Prize in Chemistry in 2000



CO2

How were these orbtials calculated and what do the numbers mean?

Model: | Ball and Stick Spacefill
Molecular orbitals: | 1 2 3 4 5 6 7

8 9 10 | 11=HOMO | 12=LUMO 13 14

15 16 17

Energy = -15 68642ev

http://lampx.tugraz.at/~hadley/ss1/skriptum/outline.php
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List of quantum chemistry and solid-state physics software

From Wikipedia, the free encyclopedia

Cuantum chemistry computer programs are used in computational chemistry to implerment the methods of quantum chemistry. Most include the Hartree—Fo
post-Hartree—Fock methods. They may also include density functional theory (DFT), maolecular mechanics or semi-empirical quantum chemistry methads. The |
both open source and commercial software. Most of them are large, often containing several separate programs, and have developed over many years.

The following table illustrates the capabilities of the most versatile software packages that show an entry in two or more columns of the table.

Package ¢ License i Lang. 2, Basis 4 | Periodict 4 Mol.mech. # |Semiemp. 4
ARIMNIT GPL Fortran P 3d
ACES GPL Fortran GTO
ACES GPL ForraniC++ GTO
ADF Commercial Fartran ST
Atarnistix Toolkit (ATK) Commercial C++/Python MACEHT
BigDFT GPL Fartran Wiavelet
CADPAC Academic Fortran GTO
CASIMO (OMC) Academic Fartran 95 GTO ) PYW I Spline § Grid F STIO
CASTEF Academic (LK) I Cormmercial | Fortran P
CFOLR Academic Forran GTO
COLUMBUS Academic Fortran GTO
COMQUEST Academic Fortran 90 NACISpline
CP2K GPL Fortran 95 Hyhrid GTO /Py
CPmMD Academic Fortran P
CRYSTAL Acadernic (LK) f Commercial| Fortran GTO
DACAR O GPL 7 Fortran P
DALTOMN Acadermic Fartran GTO
DFTE+ & Academic f Commercial Fartran 95 MAC
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o molecular orbitals

https://pysct.org/index.html

HOMO-1

http://www.gaussian.com/g_prod/gv5b.htm



