Molecular Structure
Ch. 11 (72 Ch. 14)

Techniques of approximation (ch. 9, pp 310-)
(7™ ch.12, pp 355-)

Born-Oppenheimer approximation

Valence-bond theory

Molecular orbital theory

Molecular orbitals for polyatomic systems



Approximation Methods
He (Z=2), E «Z?

Table. Ground state energies of He atom by various methods

[onization
Method Energylan energy/au
Perturbation calaulations
Complete neglect of the inter-
electronic repulsion term — .00 200
First-order perturbation theory —275 0.75
Second-order perturbation theory - 2151 091
Thirteenth-order perturbation theoary® — 290372433 0904
Vartational calcularions
{15)* with { = 1.6873 —=2.8477 0.848
{ns)® with & = 1.61162
n= 0995 —18542 0.854
Hartree-Fock® —28617 0.862
Hylleras,” 10 parameters —~ 290363 0.904
Kinoshita,” 39 parameters —-29037225 0904
Pekeris,” 1078 paramsters —2.903724375 0.904

“ These are nonrelativistie, fixed-nucleus-approximation energies. Corrections for nuclear motion
and relativistic corrections can be estimated 1o be about 107 au. The experimental result for the
energy is — 29033 au .

® C. W. Scheer and R, E. Knight, Rev. Mod. Phys. 15, 426 (1963)..

“C.C L Roothaan, L. M. Sachs, and A. W, Weiss, Rev. Mod. Phys. 32, 186 (1960).

Y E. A. Hylleras, Z. Physik 34, 347 (1929).

< T. Kinoshita, Phys. Rev. /05, 1490 (1957).

Y C. L. Pekeris, Phys. Rev. 113, 1216 (1959).



1. Perturbation theory
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2. Variation method
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e.g., particle-in-a-box
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Molecular Structure 1

Reading: Atkins, Ch. 14.
- Question: Why molecule forms?
Shape? H\ 0)-‘ 0=C=o
Bond strength? N=N  06=0 H-H
- Quantum mechanical theories — Molecular electronic structure

(1) Valence-bond theory: shared electronic pair — c,n-bond, promotion,
hybridization....

(2) Molecular orbital theory: extended from atomic orbital — solid
properties, conduction, semiconductor.....



1. Born-Oppenheimer approximation

Nuclei: heavier than electron — move relatively slow — “fixed”
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2. Valence-bond theory

- widely used in chemistry, especially organic compound: spin-pair, ¢,m-bond,
promotion, hybridization
- pairing of the electrons: accumulation of electron density in the internuclear

region from pairing
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- the role of electron spin
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2) Homonuclear diatomic molecules
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3) Polyatomic molecules
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(i1)) Hybridization: formation of hybrid orbital — equal electron density
distribution
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Table 14.1. Some hybridization schemes

Table 14.1* Some hybridization schemes

Coordination Arrangement Compaosition

number

2 Linear sp,pd, sd
Angular sd

E] Trigonal planar sp*, prd
Unsymmetrical planar spd
Trigonal pyramidal pd*

4 Tetrahedral 502, sd?
Irreqular tetrahedral spd?, pid, pd®
Square planar prdt spid

5 Trigonal bipyramidal spod spd?
Tetragonal pyramidal sprd® sat, pa* pd®
Pentagonal planar pd

6 Dctahedral sphd®
Triganal prismatic spd*, pd®
Trigonal antiprismatic prd

*Source: H. Eyring, J. Walter, and G.E Kimball, Quontum chemistry. Wiley (19441,




3. Molecular orbital theory

- Electron should not be regarded as belonging to particular bonds
but should be treated as spreading throughout the entire molecule.

1) Hydrogenic molecule-ion, H,"
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- antibonding orbital
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2) Diatomic molecules
- build up many electron molecules using H,* molecular orbitals
“molecular configuration”

-1
-H,: (1S9
/ = \'\.
tts / \:}Elf = chemical bond
e " s
molecular orbital energy level diagram
. 2ot one—bond
=gy 20y L one- antibond
ondibond Z bond 3 Separsted abm s
Hels Hels e

does not f»rm diatemic Molecules



e L(mea) o of elecms i bundy arbita s

- bond order = 3 N* e " in antibending orbitals
Hy= L =|
He, 2 L:— 0]
bT —> shorler the bond , greater bond S‘ﬁ-ean'l

Table 14.2" Bond lengths Table 14.3" Bond dissociation energies
Bond Order R./pm Bond Order D,/ (k] mol=1)
HH | 74,14 HH 1 432.1
MM 3 109.76 NN 3 941.7
HCI 1 127.45 HCI 1 427.7
CH 1 14 CH 1 433
cc 1 154 cc 1 368
ce 2 134 e 2 720
cC 3 120 cC 3 962
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3) Heteronuclear diatomic molecules e.g., CO, HCI

- inbalance electron distribution: polar bond
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Cchi)
- Electronegativity (X ): charge distribution in bonds

(i) Pauling electronegativity (Volence bend "‘rﬁhw) o
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inear combination

- Variation principle: if an arbitrary wavefunction is used to calculate the
energy, the value calculated is never less than the true energy
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4. Molecular orbitals for polyatomic systems |

The Hiickel approximation

conjugated moleculss : 6, TC otbitals
- Hucked approw mabvn — 7T Molecwlan. orhi kel erengy |eed alrﬁjmj
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The Hiickel approximation

1. All overlap integrals are set equal to zero  : all diagoned elesads o= E

2. All resonance integrals between non-neighbors — zero  off-diagenal btwn neighborg
3. All remaining resonance integrals — B (equal) T odomg (3
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Extended Huickel theory (ETH)

1. ETH includes o and 1t orbitals: not confined to conjugated hydrocarbons
2. ETH does not ignore overlap: calculate all the overlap integrals — matrix S

Diagonal elements of the hamiltonian matrix (o terms of Hickel theory): set equal to
the negative of the ionization energy of the atom (H: 13.60 eV)
Off-diagonal elements (8 and O of Hlckel theory): assume to be proportional to the
overlap integral
H;; = VoKS;;(H;i + Hy)
K: constant (= 1.75)

STHC = CE
CISTHC = E

Population analysis: where is the e~ density in a molecule?
— 2 — 2 2 2 2 — 2 2

Atomic population: p; = ¢;?, overlap population: p; = 2¢,C;S;;

ETH: inability to predict correct 3-D structures



Self-consistent field calculations (SFC)

(a) Hartree-Fock equations
Many-electron wavefunction which satisfy the Pauli principle

(b) semi-empirical and ab initio methods

The integrals estimated by experimental data

The ab initio methods: calculate all the integrals

— complete neglect of differential overlap (CNDO)
Gaussian type orbital (GTO)



(c) Density functional theory (DFT)

To focus the elctron density (o), rather than waveftn W
— energy of molecule is ftn of p (E(0)) & © Is ftn f position (p(r))

(d) Graphical output

Isodensity surface



