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Chapter 4
Basic Theory (3)

—Theories of Covalent Bonding
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1.1 How do we describe the electronic structure of
atoms?

1.2 What is the Lewis model of bonding?

1.3 How do we predict bond angles and the shapes
of molecules?

1.4 How do we predict if a molecule is polar or
nonpolar?

1.5 What is resonance?

1.6 What is the orbital overlap model of covalent
bonding?
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1. Valence bond (VB) theory and orbital hybridization
Central themes of VB theory
Types of hybrid orbitals

2. Modes of orbital overlap and the types of covalent
bonds
Orbital overlap in single and multiple bonds
Orbital overlap and molecular rotation

3. Molecular orbital (MO) theory and electron
delocalization
Central themes of MO theory
Typical organic compounds
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(@) FFA4AT 1 valence bond theory and orbital hybridization
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The central themes of VBT

The basic principle of VB theory is that a covalent bond forms when orbitals
of two atoms overlap and a pair of electrons occupy the overlap region.
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1) Opposing spins of the electron pair.

As the exclusion principle requires, the space formed by the
overlapping orbitals has a maximum capacity for two electrons that
have opposite spins.
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2) Maximum overlap of bonding orbitals.
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Bond strength depends on the attraction between nuclei and shared

electrons, so the greater the orbital overlap, the stronger the bond.
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Extent of overlap depends on orbital shape and direction.

An s orbital is spherical, so its orientation is the same in any direction,
but p and d orbitals have specified directions. Thus, a p or d orbital
Involved in a bond is oriented to maximize overlan.
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The two half-filled 2p orbitals interact end to end, that is, along the long
axes of the orbitals.
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Methane has the formula CH,, not CH,, and its bond
angles are 109.5°
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4 X442 (2) Hybridization of atomic orbitals.

Linus Pauling proposed that, during bonding, the valence atomic
orbitals in the isolated atoms become different when they are in the
molecule.

Quantum-mechanical calculations show that if we mathematically “mix”
certain combinations of orbitals, we form new ones whose spatial
orientations do match the observed molecular shapes. The process of
orbital mixing is called hybridization, and the new atomic orbitals are
called hybrid orbitals.

In truth, hybridization is a concept that helps us explain the molecular
shapes we observe.
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The number of hybrid orbitals formed equals the number of atomic orbitals
mixed.

The type of hybrid orbitals formed varies with the types of atomic orbitals
mixed.

— sp hybridization
sp? hybridization
Types of hybrid orbitals sp? hybridization

spsd hybridization

_sp3d? hybridization



1) sp hybridization
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(a) An sp orbital

The shape of these hybrid orbitals, with one large and
one small lobe, differs markedly from the shapes of

the atomic orbitals that were mixed.
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(b) Two sp orbitals (c) Two sp orbitals
and two unhybridized
2p orbitals
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The orbital orientations increase electron density in
the bonding direction and minimize repulsions
between electrons that occupy them.

Thus, both shape and orientation maximize overlap
with the orbital of the other atom in the bond.

Acetylene 2 2p orbitals

2p orbitals



1) sp hybridization

BeCl,

Unhybridized 2p orbitals
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- Be | Cl orbital

overlap

) Formation of BeCl,

The hybrid orbitals overlap the half-filled 3p orbital
In each of two Cl atoms.



Unhybridized 2p orbitals
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Mixing one s and two p orbitals gives three sp-?
hybrid orbitals that point to the corners of an
equilateral triangle, their axes 120° apart.
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(@) An sp? orbital (b) Three sp? orbitals (c) Three sp? orbitals and an
unhybridized 2p orbital



Unhybridized 2p orbitals
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Mixing one s and two p orbitals gives three sp-?
hybrid orbitals that point to the corners of an
equilateral triangle, their axes 120° apart.
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(@) An sp? orbital (b) Three sp? orbitals (c) Three sp? orbitals and an
unhybridized 2p orbital



2) sp? hybridization
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(b) filled sp? hybrid orbitals  (€)
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BF;

The central B atom in BF; is sp?hybridized, with the
three sp? orbitals in a trigonal plane and the third 2p
orbital unhybridized and perpendicular to this plane.
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Isolated B atom

Each half-filled sp? orbital overlaps the half-filled 2p
orbital of an F atom.
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3) sp3 hybridization

T ]
2s 2s sp®

Mixing one s and three p orbitals gives four sp3
hybrid orbitals that point to the corners of a
tetrahedron.
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(a) An sp3 orbital (b) Four tetrahedral sp3 orbitals
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3) sp3 hybridization

The trigonal pyramidal shape of NH; arises when a lone pair fills
any one of the four sp3 orbitals of N, and the bent shape of H,O
arises when lone pairs fill any two of the sp?3 orbitals of O.
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Mixing one 3s, the three 3p, and one of the five 3d orbitals gives five sp3d

hybrid orbitals, which point to the corners of a trigonal bipyramid.
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Unhybridized
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One of five
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| 3p r_3£‘_ _3p | Il five sp3d |

Hybridized P atom

One CI 3p

orbital ———
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The P atom in PCl; is sp3d hybridized. Each hybrid
orbital overlaps a 3p orbital of a Cl atom.
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Mixing one 3s, the three 3p, and two 3d orbitals gives six sp3d? hybrid
orbitals, which point to the corners of an octahedron.
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The S atom in SF4 is sp3d? hybridized. Each half-filled hybrid orbital
overlaps a half-filled 2p orbital of an F atom.
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CH,OH

The C atom has four half-filled sp® orbitals.
The O atom has two half-filled sp® orbitals and two

filled with lone pairs.
H

H }CCE\ i : ‘J/“ \&.)
ié H/ H ® 9

The electron-group arrangement is trigonal
bipyramidal, so the central S atom is sp3d hybridized.

One hybrid orbital is filled

- |
Fe, | . ~ with a lone pair, and four are
.. 'S : o i i
fE"'"’:FQ “ half-filled. Four unhybridized

3d orbitals remain empty.
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(1) Sigma (o) B—FEFMEGXRHMARES (kXIk)
chE

A o bond allows
free rotation
because the extent
of overlap is not
affected.

ot m—al LGB eSS, FE.

End-to-end overlap forms a sigma bond, which has
Its highest electron density along the bond axis and
IS shaped like an ellipse rotated about its long axis.
All single bonds are o bonds, including the six C-H
bonds in ethane.
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(2) Pi () B—pMEFITEE (BHBE)
A T bond restricts
rotation because p

parallel to each
other to overlap
most effectively.

it R —ABEE eSS ZERZ,

It has two regions of electron density, one above and
one below the o-bond axis. The two electrons in one

T bond occupy both lobes.

Orbitals overlap less side to side than end to end, a
T bond is weaker than a o bond.
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The MO model is a quantum-mechanical treatment for molecules
similar to the one for atoms.

A molecular orbitals (MOs) of given energies and shapes that are
occupied by the molecule’s electrons.

VB theory pictures a molecule as a group of atoms bonded through

localized overlapping of valence-shell atomic and/or hybrid orbitals

occupied by electrons.

MO theory pictures a molecule as a collection of nuclei with orbitals

delocalized over the whole molecule and occupied by electrons.
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(1) The central themes of MO theory

Formation of molecular orbitals

The approximation is to mathematically combine (add or
subtract) AOs (atomic wave functions) of nearby atoms to

form MOs(molecular wave functions).

The sigma-1s antibonding
. MO is higher in energy
than the uncombined

1s orbitals.

The sigma-1s bonding MO
is lower in energy than the
uncombined 1s orbitals.




Waves reinforce
+ + +
N/
D i'x"i
* = ,
N ./ Distance
Nuclei

A Amplitudes of wave functions added

Waves cancel

Distance

B Amplitudes of wave functions
subtracted

This combination forms a
bonding MO, which has a
region of high electron

density between the nuclel.

This combination forms an
antibonding MO, which
has a node, a region of
zero electron density,
between the nuclel.




1) Filling MOs with electrons. Electrons enter Mos just as they
do AOs:

v" MOs are filled in order of increasing energy (Aufbau principle).

v An MO can hold a maximum of two electrons with opposite spins
(exclusion principle).

v Orbitals of equal energy are half-filled, with spins parallel, before any
of them are filled (Hund’s rule).

2) MO energy-level diagrams.

A molecular orbital (MO) diagram shows the relative energy
and number of electrons for each MO.
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3) Electron configuration.

The electron configuration of H, is (0,,)?

4) Bond order

In a Lewis structure, bond order is the number of
electron pairs per atom-to-atom linkage.xWEF45Fxit, mREETF

HERERTFHNEEN—F, MARE

Bond order = ¥2[(no. of e- in bonding MO) -

Energy

AQ
of H

™|
T1s

MO
of Ha

Ho bond order = %{2 -0)=1

AQO
of H

(no. of e in antibonding MO)]

H, bond order =% (2-0) =1



T » 4
(@ FFRAAY
\ € XIAN HAOTONG UNIVERSITY

2 MO energy diagram for H,: (a) ground state and (b) lowest
excited state

Ground state Lowest excited state
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1 computed sigma bonding and antibonding MOs for H,
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Here are key points about MO bond order:

v Bond order>0, the molecule is more stable than the separate

atoms, so it will form. For H,, the bond order is % (2-0) = 1.

v Bond order =0, the molecule is as stable as the separate atoms,

so it will not form.

In general, the higher the bond order, the stronger the bond is.

Do H,*and H, exist ?

Do He,* and He, exist ?
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For H.,*, H, has two e-, so H," has only one,
which enters the bonding MO. The bond order
IS %(1-0)=1/2, so we predict that H,* exists.
The electron configuration is (o;)?.

For H,, H, has two e-, so H,” has three. The
bond order is %(2-1)=1/2, so we predict that
H, exists. The electron configuration is (o;.)?

(g;)".
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He2
+ A He,* bond order = 1/2
y ;S on “f] | He,* has arelatively weak bond, but it should
Energy o5 N/ Ts exist. Its electron configuration is (0,.)?(0;,)*
AO of He o1, AO of He*
MO of He,*
He, A He, bond order =0
AN In He, , with four electrons in the o, ando,’
/o ﬂ MOs, both the bonding and antibonding
( ’ . c
Energyk\\\ /s orbitals are filled. A covalent
NG He, molecule does not exist.
AO of He AO of He —

O1s
MO of He,
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Li,
. A Li, bond order =1
/,, Gs* \\\\ .
F¢ 2 p Li, has been observed, the electron
Energy o5 ™\ n ;2 configuration is (0,.)2
AO of Li G AO of Li
MO of Li,
Be, A Be, bond order =0
N‘/ ™R The ground state of Be, has
Energy 55 ./ 28 never been observed.

MO of Bez
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Nod
A Px = Px 1
>
03 MO : : :
> _ antibonding End-to-end combination gives a
; .
S " pair of o MOs, the o,, and
Px*Px Q_Q_
GZpMO
bonding
. Node ..
A _Py-Py ‘
T2, MO |
2 — sntibending | Side-to-side combination
= gives a pair of Pi (1r) MOs, the
Py Py py+py *
- m,, and 1, .
anMO

bonding
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= pi bonding and antibonding MOs

The pi antibonding MO is
higher in energy than the
uncombined 2p atomic orbitals.

2pz 2pz

The pi bonding MO is
lower in energy than the
uncombined 2p atomic orbitals.
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The order of energy levels for MOs, whether bonding or antibonding, is
based on the order of AO energy levels and on the mode of the p-orbital
overlap:

v' MOs formed from 2s orbitals are lower in energy than MOs formed from

2p orbitals because 2s AOs are lower in energy than 2p AOs.

v" Bonding MOs are lower in energy than antibonding MOs: o,,is lower in

energy than o,,"and m,,is lower than r,,".

v' Atomic p orbitals overlap more extensively end to end than side to side.

Thus, the o,, MO Is usually lower in energy than the m,, MO.
\/ Iﬂ*zyi,g¥ﬁ¥ﬂgﬁ?ﬁhﬁ~aﬁg—e&;x,§: o.j_s < o.j_s* < 0.25 < 0.25* < 02px <Tr2py:

Tr2pz <."-Zpy :Tery <o.2px
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Homonuclear Diatomic Molecules (p-block)
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(HOMO) (LUMO)
Highest Occupied Lowest Unoccupied
Molecular Orbital Molecular Orbital

B LEFR  BiZiE
REBEMWE  EMO (Frontier Molecular Orbital)
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computed pi bonding and antibonding MOs for ethylene.
THE
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computed pi bonding and antibonding orbitals for
formaldehyde
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Each sp? hybridized C in the ring has an unhybridized p orbital
perpendicular to the ring which overlaps around the ring

Benzene (C,Hy) is not “cyclohexatriene!”

Benzene x bo p'f | q
\ . y
{
\ ?
» " - 4
\ /
N,
- &

o FEER, FEAERIT-mikies
R, tTRTEEEE, BTEERS
Fiyie, A ERFRE. NEORXA,
sRFOEERERNERS  RIESEENEER,
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MO Rules for Benzenel

+SiX overlapping p orbitals must form six molecular orbitals
*Three will be bonding, three antibonding

-Lowest energy MO will have all bonding interactions, no nodes
+As energy of MO increases, the number of nodes increases

+System symmetric so 2 pairs of degenerate orbitals

f = b
@ @ ENERGY + ENERGY 11’7 {-F

-
-~ L




Energy Diagram for BenzeneC

6 atomic orbitals - 6 molecular orbitals

System symmetric so 2 pairs of degenerate orbitals

==
1T[ -

« I
.l'-.
¥

nonbonding
line

The six electrons fill three bonding pi orbitals.

energy

A

L

All bonding orbitals are filled (“closed shell”), an extremely stable

arrangement (AROMATIC STABILIZATION).
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