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INTRODUCTIONS

The physical properties of an atom is related to the number of proton while
the number of electron influences the chemical properties. However, both
physical and chemical properties are ultimately explained in terms of the
structure and bonding.

Severa models on structure and bonding have been proposed and it seems
there is no unique model that can completely predict structure and bonding
onitsown. The development of atomic structure progressively received light
from earliest work to the present state of quantum theory. Generally atom is
still known as a component that has electron, neutron and proton (i.e
elemental particles), which are involves in defining atomic structure.
Knowledge of the structure is essential because their behaviour, usefulness
and other applicationsis based on their structures. Bonding is defined when
two or more atoms combine together. The combination requires a force that
holds them together, without which there will be no compound or molecules.
The structure of a compound depends on the type of bonding. For example,
most ionic compounds are assumes NaCl or CsCl crystalline structure and
therefore have high melting and boiling points among other properties.
Covalent compounds with low boiling and melting point have weak bonds.
Some weaker forces also present them weaker.

Generally, there are two major types of bonding, depending on how electron
isarranged or engaged to give acompound. Bonding that involve the transfer
of electron (from an atom with low ionization energy) to an electronegative
atom is called ionic or electrostatic or electrovalent bond. However, where
electron can not be transferred or accepted, the preferred bonding route is
called covaent bond and is a consequence of sharing of electron. Once a
bond is formed, severa anaysis can be assigned. For example, covalent
character in ionic bond, asymmetry centre for positive and negative charges,
charge distribution, etc. All these concepts are discussed under structure and
bonding.

COURSE COMPETENCIES

Structure and bonding (CHM 204) is a course which addresses the behaviour
of behaviour of compounds due to the nature of bonding which involves
(ionic: transfer and acceptance of electrons), covalent (sharing of electrons).
Factors that influence structure and bonding of compounds and their
implication are also treated under this course. Influence of bonding on the
shape of molecules are discussed through hybridization, valence shell
electron paired repulsion, molecular orbital and quantum theories. The
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course traces originated models on the structure of compounds and
considered nature of bonding.

This course is aimed to bring the student to the knowledge of fundamental
aspect, theory and laws in structure and bonding

COURSE OBJECTIVES
When you have studied this course, you should be able to:

To introduce the students to different models on atomic structure

To introduce the student to quantum model, orbitals and atomic
orbitals

To introduce the student to how chemical bonds are formed and their
effect on structure and bonding

To introduce the concept of covalent character in ionic bond

To explain the chemistry of the main group elements including their
structures and bonding

WORKING THROUGH THIS COURSE

The courseis structured into five models. Modules 1 to 3 consist of two units
each while modules 4 and 5 consist of one unit each. It is necessary that for
the student to study and understand the content of all the units in the
respective modules.

Y ou will be provided with the following materials:
1 Course Guide
2. Study Units

STUDY UNITS

The outline for this course include, Idea of quantum states. Orbitals, shape
and energy, simplevalencetheory. Electron repulsion theory; atomic spectra.

The structure and chemistry of some representative main group element
compounds.

This course materials is organised into three Modules. Module 1 consist of
two units, module 2, two units and module 3, three units. Descriptions of
each unit are asfollows,
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Module 1
Unit 1 Chemical bonding
Unit 2 Theory of bonding
Module 2

Unit 1 Valence shell electron paired repulsion
Unit 2 Quantum Mechanics

Module 3
Unit 1 Chemistry of the main group element
Unit 2 Second and higher main group elements

Module 1, Study Unit 1introducesthe studentsto different typesof chemical
bonds (including ionic and covalent), how they are formed, their properties
and conseguences on the structures of such compounds

In Study Unit 2 of modulel, Lewis structure of moleculesislinked to valence
bond theory. Molecular orbital theory is discussed in detail while
hybridization theory is discussed and applied in predicting the geometric of
molecules.

Study Unit 1 (Module 2) In this study unit, the concept of valence shell
electron paired repulsion is deeply visualized in developing geometric of
molecules. Steric number and other associated concept are aso discussed.

Study 2 (Module 2) In this study unit, quantum mechanic is used to derived
the Schrodinger equation and the derived equation is applied to structure and
bonding variables including atomic orbitals, molecular orbitals, quantum
number and other parameters

In Study Unit 1 of Module 3, considers the periodic table, position of
hydrogen in the periodic table, the alkali metals and periodicity of ionization
potential, atomic radius, electronegativity, electron affinity and other
properties.

Study Unit 2 (Module 2) consider the chemistry, structure and bonding in

groups 13 to 18 main group elements. Their usefulness are also discussed in
detail.
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PRESENTATION SCHEDULE

This course is presented in three different modules. Each modul e consists of
two study units. Each module begins with introduction, study outcomes and
mai n content. Within the main content, fundamental facts are presented along
with inline Worked examples and answers. Each unit ends with summary,
conclusion, bibliography, Worked examples/answers and activity for student
to test their comprehension.

ASSESSMENT

There are two aspects of assessment for this course: the tutor-marked
assignment (TMA) and end of course examination. The TMAs shal
constitute the continuous assessment component of the course. They will be
marked by the tutor and equally account for 30 % of the total course score.
Each learner shall be examined in four TMASs before the end of course
examination. The end of course examination shall constitute 70% of the total
course score.

HOW TO GET THE MOST FROM THE COURSE

Student are expected to comprehends best information out of this course
through careful study of each units. It is recommended that student should
test their ability to answer questionsthat follow each unit aswell as questions
in reference materials related to this course
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MODULE 1

Unit 1 Chemical bonding
Unit 2 Theory of bonding

CONTENTS

UNIT 1 CHEMICAL BONDING

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 lonicBond
3.2 Covaent Bond
3.3 Covaent Character in lonic Bond
3.4 Bond Enthalpy
3.5 Bond Haber Cycle
40 Conclusion
5.0 Summary
6.0 Tutor Mark Assignments
7.0 References/Further Readings

1.0 INTRODUCTION

Every chemical system seeks to be stabilized with the minimum attainable
energy or energy level. The electronic configurations of the noble gases
indicate stability due to completely filled energy/electronic level. Therefore,
the tendency for all atoms to attain stability is measured by considering the
configuration of the nearest noble gas. A completely filled valence energy
level represent octet configuration (when p-orbital is involved) or duplet
configuration (for s-orbital alone). Achievement of stability or minimum
energy level ispossible when atoms combine with each other. Since chemical
reactions involves only the valence electrons, the combination can lead to
stability through two major process, namely,

(i) Electron donation/acceptance
(i)  Sharing of electron

The most important types of chemical bonds are characterized as either ionic
or covalent. In ionic bonding, atoms transfer electrons to each other. lonic
bonds require at least one electron donor and one electron acceptor. In
contrast, atoms with the comparative el ectronegativity tend to share electrons

1
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in covalent bonds, because neither atom preferentially attracts or repels the
shared electrons.

When atom attain stability through sharing electrons or by transfer and
acceptance of electron, the process is called bonding and the new force that
holds the atom together is called chemical bonding. When bonding occurs,
the resulting molecule or compound has a lower energy than its constituent
atoms. Bonding is achieved by redistributing the valence (or bonding)
electrons. In ionic bonding, this redistribution occurs by the atoms
transferring one or moreelectrons. The term ionic bond describes the
electrostatic attraction of two oppositely chargedionsin a crystalline lattice.
Molecules that consist of charged ions with opposite charges are called
ionic molecules. These ionic compounds are generally solids with high
melting points and conduct electrical current. lonic compounds are generally
formed from metal and non-metal elements.

lons are completely different in physical and chemical properties from the
neutral atoms of the element. The notation of the + and - charges on ions
is very important as it conveys a definite meaning. Whereas elements are
neutral in charge, IONS have either a positive or negative charge depending
upon whether there is an excess of protons (positive ion) or excess of
electrons (negative ion).

2.0 OBJECTIVES
By the end of thisunit, you should be able to:

Know how atoms achieved stability through chemical bonding
Understand the attainment of octet or duplet configuration as a
condition for stability

Know the two major types of bonding in compounds

Know the conditions needed for the various bonding

Understand the properties of the various bonds

3.0 MAIN CONTENT

3.1 lonicBonds

Elements in the first few columns of the periodic table have few more
electrons than predicted by the octet rule: they therefore lose the

electronsin the outermost shellsfairly easily. For example, the alkali metals
(group 1), such as sodium (Na) or potassium (K), which have 11 and 19
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electronsrespectively, easily lose one electron to form mono- positiveions,

Na" and K. Elements in the last few columns of the periodic table have
one, two or three fewer electrons than predicted by the octet rule: they
therefore gain electronsfairly easily. For example, the halogens (group V1),
such asfluorine (F) or chlorine (Cl), which have 9 and 17 electrons,

respectively, easily gain one electron to form mono-negativeions, F or Cl
. These ions have 10 and 18 electrons, respectively. Also, elements in group

I form doubly positive ions such as Mg++ orCa' ', and elementsin group

V1 form doubly negativeionssuchas O™ or S . All theseions obey the octet
rule and so are fairly stable.

The resulting ions, which have opposite charges, will be attracted to one
another, and will draw closer, until they "touch". This happens when the
inner shell of electrons on the sodium ion (the smaller sphere) starts to
overlap with the outer shell of electrons onthe chloride anion (the bigger
sphere). This pair of ionslooks like this:

lonic bonding involves the transfer of valence electron(s) between atoms. It
is a type of chemical bond that generates two oppositely charged ions. In
ionic bonds, the metal 1oses electrons to become a positively charged cation,
whereas the nonmetal acceptsthose electronsto become anegatively charged
anion. lonic bonds require an electron donor, often a metal, and an electron
acceptor, a nonmetal. Thisimplies that the electron donating specie (metals
in most cases) must have low ionization energy while the electron accepting
specie should have comparable values of electronegativity.

lonic bonding is observed in metals that have few electrons in their outer-
most orbitals. By losing those electrons, these metals can achieve noble gas
configuration and satisfy the octet rule. Similarly, nonmetals that have close
to 8 electrons in their valence shells tend to readily accept electrons to
achieve noble gas configuration. In ionic bonding, more than 1 electron can
be donated or received to satisfy the octet rule. The charges on the anion and
cation correspond to the number of electrons donated or received. In ionic
bonds, the net charge of the compound must be zero since the positive
chargesin the metal is equally balance by equivalent negative chargesin the
nonmetals.

Consider sodium, which has 11 electrons and eleven protons. Its electronic
configuration is 1s%2s%2p®3s'. Also the electronic configuration of neonis
1522s5%2p°® indicating that sodium has excess of one electron over neon and
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its configuration can be written as, [Ne]3s'. When sodium ionize, it
configuration changes to
Na* = 1s%2s?2p® = [Ne]
Therefore, sodium ion is isoelectronic with neon and through ionization, its
attain the octet configuration and becomes stable.
Chlorine has seventeen electrons in its outermost level and its electronic
configuration given below and is one electron less the octet configuration
defines by argon
Cl= "15225°25°35“3p°
Ar = 15%25%2p®3s?3p°
Itiseasier for chlorine to ionize by gaining electron than to lose el ectron and
when it ionizes, its configuration becomes isoelectronic with argon, the
nearest noble gas
Clm = 1s%2s%2p®3s%3p® = [Ar]
From the above, the one electron from sodium can be accepted by chlorine
thus establishing an electrostatic interaction through chemical bond
formation. The higher the ionization energy, the less is the tendency to lose
electron and the more difficult is the tendency for that metal to go into ionic
(also called electrovalent or electrostatic bond). On the other hand, the lower
the electron affinity, the lessis the tendency to accept electron and formions
that can combine to form ionic bond. Hence since the number of electrons
lost is equal to the number of electrons accepted by the electronegative
specie, the compound formed is electrically neutral and not charged specie.
The processinvolvesinionic bond formation isalso indicated in the diagram

below
) \
o) 0
11 protons 11 protons

|
[ 11 electrons olo®@o o | 10electrons
k = zero overall D& e = 1+ overall
charge o charge
Na*

Na

This sodium molecul e donates the lone electron in its valence orbital in order
to achieve octet configuration. This creates a positively charged cation due
to the loss of electron.
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X 17 protons ,-* B F\\ 17 protons

| \ 17 electrons 18 electrons
l il i = zero overall ° rD e l ? = 1- overall
\\‘ charge D&E/O 0 f charge
\ai; =/
..-" ===
Cl-

This chlorine atom receives one electron to achieve its octet configuration,
which creates a negatively charged anion.

The predicted overall energy of the ionic bonding process, which includes
the ionization energy of the metal and electron affinity of the nonmetal, is
usually positive, indicating that the reaction is endothermic and unfavorable.
However, this reaction is highly favorable because of the electrostatic
attraction between the particles. At the ideal interatomic distance, attraction
between these particles releases enough energy to facilitate the reaction.
Most ionic compounds tend to dissociate in polar solvents because they are
often polar. This phenomenon is due to the opposite charges on each ion.

Na* $Cls —> Na© :Cl3~

.1'/_\*0/\'{0
CIT Mg «CId

> 200 Mg Wl

In the above example, the magnesium atom is donating both of its valence
electrons to chlorine atoms. Each chlorine atom can only accept 1 electron
before it can achieve its noble gas configuration; therefore, 2 atoms of
chlorine are required to accept the 2 electrons donated by the magnesium.
Notice that the net charge of the compound is 0.

3.1.1 Propertiesof ionic compounds

(i) They form crystals. ...

(ii) They have higher enthalpies of fusionand vaporization than
molecular compounds.

@iy ~ They are hard.and bristle because of strong bonding force
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vy  They have high melting points and also high boiling points.
(v) They dissolve in water and other solvents) with high dielectric
constant) to form electrolyte, which conduct electricity

3.1.2 Structure of ionic compound

nionic crystal consists of ions bound together by electrostatic attraction. The
arrangement of ionsin aregular, geometric structureiscalled acrystal lattice.
There are two common crystal form for most ionic compounds. These are
sodium chloride and caesium chloride structures. The arrangement is a
function of unit cell representation. Unit cell isdefined asthe smallest portion
of structure which when repeatedly stacked together at all directions, can
reproduce the entire lattice

In sodium structure, each ion in sodium chloride is surrounded by six
neighboring ions of opposite charge. The arrangement is made up of two
interpenetrating face-centered cubic lattices (f.c.c.) of each type of ion (Na",
Cl) to form asimple cubic lattice with each type of ion occupying alter nate
corners

CsCl structure

The CsCl structure arises because in some compounds, the positive and
negative ions usualy differ so much in size that packing is often much less
efficient forcing the solid to assume lattice geometries that differ from the
face centre cubic pagking. For example, The radius of the Cs" ion is 168 pm
(compared to 98 pm for Na"), and cannot possibly fit into the octahedral hole
of a ssimple cubic lattice of chloride ions (181 pm ionic radius). The CsCl
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|attice therefore assumes a different arrangement. The CsCl structure shown
above is made up of two inter-penetrating simple lattices of each type of ion
(Cs', CI") to form a body-centered cubic

lattice (b.c.c.)

3.2 Covalent bond

Covalent bonding invol ves the sharing of electrons between atoms. Thistype
of bonding occurs between two atoms of the same element or of elements
close to each other in the periodic table. This bonding occurs primarily
between non-metals, however, it can also be observed to some extent
between non-metals and metals.

If atoms have similar electronegativities (the same affinity for electrons),
covalent bonds are most likely to occur. Because both atoms have the same
affinity for electrons and neither has a tendency to donate them, they share
electrons in order to achieve octet configuration and become more stable. In
addition, the ionization energy of the atom is too large and the electron
affinity of the atom is too small for ionic bonding to occur. For example:
carbon does not form ionic bonds because it has 4 valence electrons, half of
an octet. To form ionic bonds, Carbon molecules must either gain or lose 4
electrons. This is highly unfavourable; therefore, carbon molecules share
their 4 valence electronsthrough single, double, and triple bonds so that each
atom can achieve noble gas configurations. Covalent bonds include
interactions of the sigma and pi orbitals; therefore, covalent bonds lead to
formation of single, double, triple, and quadruple bonds. Example of
covaent bond is in PClsz. The valence electron in phosphorus is five while
chlorine has seven. Therefore, three chlorine molecules can use three
electrons from the phosphorus and form PClz having one pair of non bonding
electron. This combination satisfies the octet rule for both P and Cl

@8 - L as @
iCla *P* oClt —> :g:l:ﬁ:&'i:
; o1

:Cl® oo

We can also use the Bohr notation to represent the formation of hydrogen,
fluorine and carbon dioxide molecules (as shown below) with valence
electrons designated by colored dots. In the formation of Ho, both hydrogen
atoms achieve a helium-like pair of 1s-electrons by sharing, In the other
examples carbon, oxygen and fluorine achieve neon-like valence octets by
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sharing of electron pairs. Carbon dioxide formation involves two pairs of

electrons (four in all) been shared by the same two atoms. Thisisan example
of a double covalent bond.

+ i hydrogen
molecule

2 hydrogen
atoms

+ > fluorine
molecule

2 fluorine
atoms

carbon dioxide
? i . molecule

2 oxygen carbon
atoms atom

{o)-(&) —(aXe)e)

4 fluorine carbon

atoms atom a molecule of
carbon tetrafluoride

We can also draw Couper-Kekulé formulas in which each shared electron
pair isrepresented by aline between the atom symbols. Non-bonding valence
electrons are shown as dots. These was developed by A. Couper and A.
Kekulé, are applied for the compounds given below
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H H
H:C:iH H—C—H

H H

? !
H:IN: H—f}l:

H H

T &
H:C:C:H H—C—0—H

H H H H

H *.'
H:C:O:H H—(IZ—(:D:—H

H H
H H H, H
CuC c=C

4 A

H H H H
H H
- N
CuQ =0
H H
H:CiC:H H—C=C—H
H:CiiN: H—C=N:

3.2.1 ChargeDistribution

In the diatomic molecules, electron pair are donated and shared evenly and
thereisno fixed local charges within a molecule. However, in most covalent
compounds some degree of local charge separation, resulting in bond and /
or molecular dipoles are observed. A dipole exists when the centers of
positive and negative charge distribution do not coincide.

3.2.2 Formal Charges
A largelocal charge separation usually results when a shared electron pair is

donated unilaterally. The three Kekulé formulas shown here illustrate this
condition for ozone, nitrornethane and azide anion.

O'.
t:)=Q—O:G:j H—(lj—[L-J/g) G:IN—I"\l:Nel
e @® o At @ e
H 0.9

ozone azide anion

nitromethane
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In ozone the central oxygen atom has three bonds and a full positive charge
while the right hand oxygen has a single bond and is negatively charged. The
overal charge of the ozone molecule is zero. Similarly, nitromethane has a
positive-charged nitrogen and a negative-charged oxygen, thetotal molecular
charge again being zero. Findly, azide anion has two negative-charged
nitrogens and one positive-charged nitrogen, the total charge is minus one.

Generally, when the valence shell electron of covalently bonded compound
and the number of covalent bonds to an atom is greater than its normal
valencyy, thenit will carry apositive charge. If the number of covalent bonds
to an atomislessthan its normal valenceit will carry a negative charge. The
formal charge on an atom may also be calculated by the following formula

Formal _ Valence Electrons _ Unshared 4+ Half of the
Charge in Neutral Atom Valence Electrons  Shared Electrons

Different in nuclear charges, and shielding by inner electron shells, the
different atoms of the periodic table have different affinities for nearby
electrons. The ability of an element to attract or hold onto electrons is
called electronegativity. Eelectronegativity values was established by Linus
Pauling, as shown in the table below

Table1: Electronegativity of some elements

H (2.20)

Li(0.98) Be(1.57) |B C N (3.04) | O(344) F
(2.04) | (2.55) (3.98)

Na(0.90) Mg (1.31) | Al Si P(2.19) | S(258) | Cl
(1.61) | (1.90) (3.16)

K(0.62) Ca(1.00) | Ga Ge As Se Br
(1.81) | (2.01) |(2.18) (2.55) (2.96)

Fluorine hasthe greatest el ectronegativity of all the elements, and the heavier
alkali metals such as potassium, rubidium and caesium have the lowest
electronegativities. Carbon has electronegativity that is within the middle of
the range, which explains its behaviour in chemical reactions.

When two different atoms are bonded covalently, the shared electrons are
attracted to the more el ectronegative atom of the bond, resulting in a shift of
electron density toward the more el ectronegative atom. Such a covalent bond
iIspolar, and will have adipole (one end is positive and the other end
negative). The degree of polarity and the magnitude of the bond dipole will
be proportional to the difference in electronegativity of the bonded atoms.
For example, aO-H bond is more polar than a C-H bond, with the hydrogen
atom in -OH being more positive than the hydrogen bonded to carbon (in
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CH). Also, C-Cl and C-Li bonds are both polar, but the carbon end is
positive in the former and negative in the latter. The dipolar nature of these
bonds is often indicated by a partial charge notation (8+/-) or by an arrow
pointing to the negative end of the bond.

& 6+ 5 O+ 54 & 5 o+
G— O—~H C cl C—»Li
: ; = | +—> ——

Although there is a small electronegativity difference between carbon and
hydrogen, the C-H bond is regarded as weakly polar at best, and
hydrocarbons in general are considered to be non-polar compounds.

The shift of electron density in a covalent bond toward the more
electronegative atom or group can be assessed through the bonds to
hydrogen, which is an index of acidity. If the bonding electron pair moves
away from the hydrogen nucleus the proton will be more easily transferred
to abase (it will be more acidic). For example methane is non-acidic because
the C-H bond is nearly non-polar. However, O-H bond of water is polar, and
is more acidic than methane. H-F is more acidic than water due to greater
electronegativity differencein its atoms.

Electronegativity differences may also be transmitted through connecting
covaent bonds by an inductive effect. Replacing one of the hydrogens of
water by a more electronegative atom increases the acidity of the remaining
O-H bond. Tis explain why hydrogen peroxide, HO-O-H, is ten thousand
times more acidic than water, and hypochlorous acid, Cl-O-H is one
hundred million times more acidic. This inductive transfer of polarity
decreases as the number of transmitting bonds increases, and the presence of
more than one highly electronegative atom has a cumulative effect. For
example, trifluoro ethanol, CFsCH>-O-H is about ten thousand times more
acidic than ethanol, CH3zCH>—O-H.

3.3 Covalent character in ionic compound

lonic and covalent bonds are the two extremes of bonding. Polar covalent is
the intermediate type of bonding between the two extremes. Some ionic
bonds contain covalent characteristics and some covalent bonds are partially
ionic. For example, most carbon-based compounds are covalently bonded
but can also be partially ionic. Polarity is a measure of the separation of
chargein acompound. A compound's polarity is dependent on the symmetry
of the compound and on differences in electronegativity between atoms.
Polarity occurs when the electron pushing elements, found on the |eft side of

11
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the periodic table, exchanges el ectrons with the electron pulling e ements, on
the right side of the table. This creates a spectrum of polarity, with ionic
(polar) at one extreme, covalent (nonpolar) at another, and polar covalent in
the middle.

lonic bonds differ from covalent bonds. Both types result in the stable
electronic states associated with the noble gases. However, in covalent
bonds, the electrons are shared between the two atoms. All ionic bonds have
some covalent character, but the larger the difference in electronegativity
between the two atoms, the greater the ionic character of the interaction.

3.4 Latticeenergy

Lattice energy is a measure of the bond strength in an ionic compound. It
estimates the bond strength in ionic compounds. It is defined as the heat of
formation for ions of opposite charge in the gas phase to combine into an
ionic solid. As an example, the lattice energy of sodium chloride, NaCl, is
the energy released when gaseous Na" and Cl- ions come together to form a
lattice of alternating ions in the NaCl crystal.

Na{, + Cl, - NaCly AH= —787.3 kJ/mol

The negative sign of the energy is indicative of an exothermic reaction.
Lattice energy can aso be considered as the energy required to separate a
mole of an ionic solid into the gaseous form of itsions (that is, the reverse of
the reaction shown above and is consistent with Laplace law).
Born and Lande (1918) model for lattice energy can be written as
N,Mz*z e* 1

 Amgyr® ( n)
where Na is Avogadro’s constant; M is the Madelung constant, which
depends on the crystal geometry; z* is the charge number of the cation; z is
the charge number of the anion; e is the elementary charge of the electron; n
isthe Born exponent, a characteristic of the compressibility of the solid; €o is
the permittivity of free space; and rois the distance to the closest ion.
This model identifies two main factors that contribute to the | attice energy of
an ionic solid: the charge on the ions, and the radius, or size, of the ions.
Consequently, as the charge of the ions increases, the lattice energy
increases. But as the size of the ions increases, the lattice energy decreases.
L attice energies are also important in predicting the solubility of ionic solids
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in H20. lonic compounds with smaller lattice energies tend to be more
soluble in H20.

3.5 Bond Enthalpy

Chemica bonds hold compounds together. This maybe electrovalent or
covalent. Most often, the reactants have their individual bonds associated
with it. Therefore, before they can react, bonds have to be broken and before
products formation, new bonds must be formed Bonds are broken in the
reactants while new bonds are formed in the products. Bond enthalpy is the
energy needed to break bond in gaseous molecules under standard condition.
Due to some complications that may arise in using actual values of bond
enthal py, average bond enthal pies are often used. For example, water consist
of two O-H bond and it has been found that the energy needed to break the
first )-H bond is significantly higher than the energy needed to break the
second O-H bond. Also, the energy needed to break O-H bond in molecule
such as +ethanol is quite different from the energy needed to break the O-H
bond in water and other molecules. Hence the use of average bond enthal py
isjustified.

Let us consider the bond enthalpy associated with the breaking of H and O
bonds in water and hydroxyl.

H,0.5 = Hegy + OHgAH® + 502 kJ/mol
OHy = Hygy +  0)AH® + 427 kJ /mol
HZO(Q) - Hyg + H, + O(Q)AHD (502 + 427) kJ /mol
= 929kJ/mol

Therefore, the average bond enthal py for O-H is929/2 = 464.50 kJmol. The
average bond enthal pies and the corresponding bond lengths for some bonds
are presented in the Table 2. All bond energies are obtained in the gaseous
state so that the enthal py change associated with the breaking and formation
of intermolecular force can be eliminated.

Bond breaking is an exothermic process while the formation of new bond is
an endothermic process. The amount of energy absorbed during the
formation of bond is the same as the amount of energy liberated during the
breaking of bond. This is the consequence of the second law of
thermochemistry (i.e Laplace law), which states that the enthalpy change
needed for the formation of a compound is the same as the enthal py change
(but with reverse sign) needed for the decomposition of the compound.

13
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In the course of breaking bonds in the reactants and the formation of new
bonds in the products the difference between the bond energies of the
reactants and that of the products represents the enthalpy change of the
reaction. That is,

H = Z(bond broking energies)—z f (benddwoiinong e yies )

Therefore, when Y.(bondbrokingenergies) .
Y.(bonddormingenergies), the reaction is endothermic and whe
Y.(bondbrokingenergies) < ),(bonddormingenergies), the reaction is
exothermic. Bond breaking involves separation of atoms that were bonded in
a molecule indicating that energy is required (i.e endothermic reaction).
However bond forming involves bringing the atoms that are bonded by
electrostatic attraction, hence energy is released.

Table 2: Average bond enthalpy and bond length for some bonds

Bond Average  bond enthalpy Bond length (10° m)
(kJ/mol)
H-H 436 0.074
C-C 347 0.154
C=C 612 0.134
C-H 413 0.108
0=0 498 0.121
O-H 464 0.096
C=0 746 0.120
CI-Cl 243 0.199

3.6 Born-Haber cycle

L attice energy cannot be determined experimentally due to the difficulty in
isolating gaseous ions. The energy value can be estimated using the Born-
Haber cycle, or it can be calculated theoretically with an electrostatic
examination of the crystal structure. The Born-Haber cycle was devel oped
by Max Born and Fritz Haber (German Chemists). The cycle analyses details
enthalpies and lattice energy associated with the formation of ionic
compounds from its constituent elements. Born-Haber cycle hasfound wider
application in calculating enthalpy and lattice energy of compounds that can
not be easily determined experimentally. Lattice energy is the enthapy
change involves in the formation of an ionic compounds from gaseous ions
hence the processis exothermic. On the other hand, the endothermic process
associated with the breaking of ionic compound into gaseous ions is also
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equivalent to the lattice energy. Born-Haber cycle applies Hess law of
thermochemistry to solve problems involving enthal py change.

In order to analyse the Born-Haber cycle, let us consider the formation of
NaCl(. The stepsinvolves are as follows:

Sodium atom in the solid state is changed into sodium atom in the
gaseous state. The enthalpy change is called atomization energy,
DHatom. i.e,
- NagAHRom = 107 kj /mol

Sodium ion in the gaseous state ionizes to Jose one electron. The
enthalpy change ascociated with the ionization is called ionization
energy, DHiE,

Nagy = Naly + e AHj; = +496 kJ /mol
Chlorine molecule dissociates into chlorine atoms in the gaseous
state. The enthalpy change associated with this process is caled
dissociation energy, AHp,

1
ECI:»:(Q) - AH) = +243 kj/mol

The gaseous chlorine atom gaCl4)in one electron from that was lost
by sodium and become ionizes into chioride ion. The enthalpy change
associated with the ionization is called electron affinity, AHp,

Clygy + e = Cl,AHg, = —349 kJ /mol
Sodium ion (formed in step ii) and chloride ion (formed in step iv)
combine together to form one mole of NaCl. The enthalpy change
associated with this combination is called lattice energy,

Na(, + Clg,y = NaClAHDy,, =

The entire steps involves in the formation of NaCl from its constituent
element can be represented in a cycle called Born-Haber cycle as shown in
the figure below

15
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Na’ + =
(g) cr,

AHg =
cl
Na (g)
AHY
AHS o 2
1 AHY
Nag, T = Cly, » NaClg,

From the ebove diagrani , it 1s evident that the underlisted equation represent
conservation principle, according to Hess law

AH}J = AH}om + AH + AHY + AH24 + AHDy
Therefore, if the value of AH is known, the AHJ,, can easily be computed
using the following equation,

AHD,: = AHY,m + AH + AHY + AHR, — &HP

Substituting for the respective values of the enthalpy, the lattice energy
becomes,

1
AHD e = 107 + 5(243) + 496 — 349 + 411 = 786.5 kJ/mol

Another method that can be used to calculate the lattice energy is the ionic
model method. This method is based on the assumption that the crystal is
formed from perfect spherical ions and that the only interaction is due to
electrostatic force between the ions. For an ion pair, the energy needed to
separate the ions depends on the sum of the ionic radii on the product of the
ionic charges. Consequently, an increase in ionic charge will increase ionic
attraction between them. In crystal, ions are surrounded by oppositely charge
ions, hence the overall force of attraction between oppositely charged ion
will overwhel m the force repulsion between ionswith same charge. Theionic
model for calculating lattice energy can be expressed as follows,

Konn
(RMTL++ Rx?‘r —)

AHBatt =
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where K,,, is a constant, which depends on the geometry of the lattice,
R,m+andRym- areionic radius of the cation and anion respectively. In most
cases, the ionic model has been found to yield theoretical values of lattice
energy that are in good agreement with those calculated from Born-Haber
cycle. Table 3 presents values of |attice energy calculated from Born-Haber
cycle and ionic models for sodium and silver halides. The results generally
shows that the lattice energy obtained from experiment (i.e Born-Haber
cycle) are relatively higher than those calculated from ionic model. The
difference can be attributed to polarization effect. For example, the small
positively charged sodium ion can distort the electron cloud of the large and
Table 3: Lattice energy for some sodium and silver halides calculated
from Born-Haber cycle and ionic model methods

Compound Born-Haber lonic model % Difference
NaCl 790 769 2.7
NaBr 754 732 2.9
Nal 705 682 33
AgCl 918 864 5.9
AgBr 905 830 8.3
Agl 892 808 9.4

squashy iodide ion leading to the introduction of some covalent character in
the compound. Since the ionic model does not take the effect of polarization
into consideration, values of lattice energy obtained from this model is
expected to be relatively lower than those obtained from Born-Haber cycle,
which is an experimental method. The differences between the two set of
results is seems to increase from Cl to | due to increasing strength of
polarization. Generally, electronegativity of halides decreases from Cl to |
which correspond to increase in covalent character, increase in ionic radii
and expected increase in polarization.

SELF ASSESSMENT EXERCLSE

I. Given the following thermochemical equations,

3

S T EOZ(QJ _’Sos(g)AHB = —396 kJ/mol
1

50y9) + 50, - 803y AH? = —99 k] /mol

Calculate the standard enthalpy change for the reaction, Sy + 0y(4) =
S0x(g)

17
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i Given the under listed thermochemical equations, calculate the
standard enthalpy change for the reaction, 2Cy) + 2Hp, -

C2Hy(q)

C(.s) + 02(9) - COZ(Q)ﬂHG = —395 k]/mOE 1
HZ(Q) + ;Oz(g) - HZO(S)AHE’ = —287 k]/moi
2
62H4(g) + 302(9) - ZCOZ(Q) + 2H20(Q)AH6 = —1416 k]/mOI
3

i Calculate the entropy change associated with the follow/ing reaction.

Given that the entropy data for C;Ha, H2 and C.Hs are 219.56, 130.92 and

229.87 JK/mol respectively. Based on the equation for the reaction,

reconcile the expected direction of the entropy change with the calculated
CoHygy + Hag - CaHg

40 CONCLUSION

lonic bonds are form between elements which readily lose electrons and
others which readily gain electrons. Because the interaction between charges
as given by Coulomb's law is the same in al directions, ionic compounds
do not form molecules. Instead, they form periodic lattices with billions of
ions, in which each ion is surrounded by many ions of opposite charge.
Therefore, ionic compounds are almost always solids at room temperature.
By careful consideration of the properties of each ion, it is possible to
design ionic solids with certain well-defined and desirable properties, like
superconductors.

5.0 SUMMARY

Oppositely charged ions have a strong mutual electrostatic attraction when
brought together, but, if brought too close, the electron cloudsrepel each
other. Thus, a pair of mutually attracted ions will maintain a certain distance
from each other. Thisdistanceis called the bond length, and the electrostatic
attraction of the ions constitutes an ionic (or electrovaent) bond. However,
in situation where electron transfer and acceptance is not feasible,
due to high ionization energy or low electron affinity, the prefer
and feasible bond is covalent bond, which involves sharing of
electrons. However, no bond is entirely ionic or covaent indicating that
covaent character can be found in ionic compound and vice versa.
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6.0 TUTOR MARK ASSIGNMENT
1. Are these compoundsionic or covalent?
CH, Fe, O, KNO, & H,O BeCl,

2. In the following reactions, indicate whether the reactants and products are
ionic or covalently bonded.

Na,CO; + CaCl, —= CaCO; 4 2NaCl

b) Clarification: What is the nature of the bond between sodium and amide?
What kind of bond forms between the anion carbon chain and sodium?

H H

H—’%H +  NaNH, ——= H—~—:c— Nat*  +  NH,

H H

Br + MNaBr

1

m

o

o
=¥k
I—T—
T e
I—7—xI
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1.0 INTRODUCTION

There are two major approaches that can be used to calculate molecular
structure. These are the valence bond theory (VBT) and the molecular orbital
theory (MOT). VBT assumes that all bonds are localized bonds formed
between two atoms by the donation of an electron from each atom and that
electrons occupy atomic orbitals of individual atoms within a molecule, and
that the electrons of one atom are attracted to the nucleus of another atom.
The basis of VB theory is the Lewis concept of the electron pair bond. On
the other hand, the MOT relies on the combination of atomic orbitalsto form
bonding and antibonding molecular orbitals. The former stabilizes the
molecule while the latter destabilizes the molecule. However, these theories
lack the capacity to explain the nature of bonding in some molecules, hence
where the VBT fails, hybridization theory explain bonding in terms of
promotion of electrons, the formation of hybrid orbitals before overlapping.
Beyond the VBT, the MOT and hybridization, is the qguantum mechanics,
which hasthe potential of explaining chemical bonding in most compounds
by considering the behaviour of electrons during bonding. Combination of
all these theories are discussed in this study section

21



CHM 204 STRUCTURE AND BONDING

20 OBJECTIVE
When you have studied this session, you should be able to:

Understand the valence bond theory of bonding in molecules and the
conditions for overlap

How atomic orbitals are mixed through hybridization in order to form
bonding

Know different types of hybridization and provide examples for each
Know why resonance hybrid is needed to describe the chemical
structure of some compounds and how to calcul ate resonance energy
Understand the theory and application of Walsh’s rule

Understand the molecular orbital theory and their applications in
explaining bonding in some compounds

Differentiate between bonding molecular orbital and antibonding
molecular orbitals

Understand how pi and sigma bonds are formed

Use the molecular orbital theory to calculate bond order and interpret
magnetic property, stability and other properties of some compounds
using bond order

Understand theories of bonding in hydrogen molecular ion, helium
and hydrogen atoms

Be able to solve mathematical problems associated with theories of
bonding

3.0 Main Content
3.1 TheValencebond theory

The VBT considered that a bond is formed when an electron in an atomic
orbital of one atom pairs its spin with that of an electron in atomic orbital of
another atom. For example, in molecular hydrogen, the spatiad wave
functions for electron in each of the atom can be written as,

Y =Yy Ve, = YAQY(B)Q2) 1
where A and B denotes the two atomic nucle. In the case of hydrogen atom,
the outcome of y (A)(1) andy (B)(2) areequaly likely because the atoms
are indistinguishable. The application of quantum mechanics requires that
the total probability should be derived from superposition of the wave
function for each. Hence the valence bond wave function for hydrogen
molecule can bewrittenas,y = y (A)(1)y (B)(2) + y(B)(1)y (A)(2).
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The linear combination given by equation 1will have an energy lower than
that of any of the combining wave function because of constructive
interference betweeny (A)(1)y (B)(2) and y (B)(1)y (A)(2). Thisimplies
that there will be an enhancement of the probability density of electronin the
intermolecular region.

The valence bond theory relies on the overlap of orbitals of the combining

atoms. Orbital overlap requires that the following conditions are met,

i Completely filled orbital cannot overlap. Consequently, only half

ii. filled orbital from one atom can combine with half-filled orbital from
the other atom to form anew orbital, having opposite spin of electron

iii.  Theatomswith bonding orbitals should be closely and properly align
with the axis of their orbital

The strength of bond formed depends on the magnitude of the overlap, the

greater the overlap, the greater the bond strength. Overlap orbital has energy

lower than that of the isolated atoms, hence overlapping stabilises the

compound. The stabilization energy (or bond energy) isthe amount of energy

given off or released per mole at the time of overlapping of atomic orbitals

to form a bond. Since overlapping stabilizes the b orbital, it impliesthat it is

afunction of the distance of separation between the combining atoms. There

are three major types of interaction that can be encounter when atoms come

close to each other. Theseinclude,

I Repulsion between nuclei

ii. Repulsion between electrons

iii.  Attraction between electron and nuclei.

The strength of overlap increases as the atoms approaches each other more

closely. However, there exist a distance of closest approach such that forces

of repulsion and attraction are in equilibrium. This distance is called bond

length. The closer the atoms are to each other, the greater the overlap and

hence the better is the strength of the bond. Consequently, molecules with

shorter bond length are stronger than those with longer bond length.

The formation of hydrogen molecule can be explained using the valence

bond theory. In this case, electron from the 1s orbitals of the two hydrogen

atoms overlap and form a relatively larger electron cloud called molecular

orbital as shown below

§-Orbital 3-Oirital 58 Overlap Hs; Molecule

The newly form molecular orbital has energy lower than either of the two
hydrogen atoms, it was formed from. Further explanation of the dependent
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of the strength of covalent bond in hydrogen on distance of separation can be
viewed in the potential energy surface shownin Fig. 1.

i

Energy
=1

=

H—H i:-iatan:e
Fig. 1: Potential energy diagram of hydrogen molecule
In the diagram, at position A, the two hydrogen atoms are far from each other
but as the atoms comes much closer, the energy drops until it gets to the
minimum at B. After B, further decrease in distance destabilizesthe molecule
and leads to increase in repulsion (i.e. the energy increases). The minimum
distance corresponds to the equilibrium bond length. It is at this point that
maximum overlap occurs. The energy corresponding to the minimum of the
curveis called dissociation energy. It is the maximum energy that stabilizes
the molecule. Beyond the dissociation energy, the molecule will be
destabilised.

Overlap in covalent bonded compounds can be due to sigma or pi bond

depending on the molecular orbital and the orientation of the molecule before

overlapping. Sigma bond can be from through one of the following overlaps

I s-s overlapping results from the combination of s orbital with one
another. Exampleis the formation of hydrogen molecule

ii. S-p overlapping occurs when an s-orbital from one atom overlap with
a half-filled p-orbital from another atom. An example of molecule
with s-p overlapping is in the formation of HCl and HF

- 9 — (PP
5-Orbital p-Orbital 5 Overlap
iii.  p-p overlapping can lead to sigma bond when one p-orbital from one
atom overlaps with p-orbital from another orbital at the internuclear
axis.
Exampleisin the formation Cl2, F», etc. (see diagram below)
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D 09 -0 @

[-Oroital p-Orbital p-f Overlap Molecular
(head-on) orhital

On the other hand, pi bond results from half-filled p-orbitals. The overlap
occursthrough lateral or sideward interaction (see diagram below). S orbital
cannot form pi-bond no matter the manner they combine

-~ - - )

—  AA ®

p-Orbital p-Orbital pp Overlap
(zide-wize)

Generally, a sigma bond is stronger than a pi bond because the extent of

overlap is greater during the formation of a sigma bond compared to the

formation of api bond.

In-Text Question (ITQ)

(@  Why isasigmabond stronger than a pi bond?

(b)  State two conditions that are required before two orbitals can overlap
(c0 What is the different combination of orbitals that can lead to the
formation of overlapin  sigmaand pi bond. Give at |east one example for
each.

3.2 Hybridization theory

The valence bond theory (VBT) and the molecular orbital theory (MOT)

cannot explain the formation of bonds in some atom or molecules such as

carbon, helium etc. However, the concept of hybridization has been found to

offer useful explanation for most cases that cannot be better explained by the

VBT and MOT models. Hybridization combines atomic orbitals having

comparable energies to form hybrid orbitals equal in number to the atomic

orbitals from which they were formed. Some conditions required for

hybridization to be feasible include the following,

I Only orbital of one single atom will undergoes hybridization.

ii. The energy levels of the orbitals to be mixed must, be comparable

iii. ~ Number of hybrid orbitals generated is equal to the number of
hybridizing orbitals.

iv.  Thehybrid orbitals assume the direction of the dominating orbitals.
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V. For example, insp hybridization, the s-orbital does not contribute
towards the direction but it is the p orbitals that determine the
directional character of the hybrid orbitals.

vi.  Hybridization involves the orbitals and not the electrons.
vii.  The electron waves in hybrid orbitals repel each other and thus tend
to be farthest apart.

3.2.1 Typesof hybridization
3.23.11 Sp hybridization:

Sp hybridization involves the mixing of s and p orbitals to produce two
hybrid orbitals in which the s-character and p-character are equal (i.e. 50 %
each). Thistype of hybridization is sometimes called linear hybridization and
the angle of separation is 180°. Diagrammatic representation of sp
hybridization is shown below

one j + one | B ) i Twwno Q}Q
R
et~ )

1= 2
(a)

o4 I . T

so S0

sp orbital hastwo lobes (acharacter of p orbital) one of whichisfarther than

the corresponding s or p orbitals and also protrudes farther along the axis. It
isthisbigger lobethat involvesitself in the process of an overlap with orbitals
of other atoms to form bonds.

In-Text Question (ITQ)
Explain the theory of sp hybridization in BeF>

2o 2p 1*
Promaodion S0 2 1 +
E e romazanoy il i
wi - sp Hybrid
orbitals
25 ﬂ. 25 ‘I‘
Ground State Excited State Hybridized State
. x . & =
D - D+ OD— O AD>AED>D
F Atom Be Atom F Atom BeF, Molecule

180°

@ =

H Fiaure 6.10 Beryllium flucride
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3.21.2 SP? hybridization

Sp? hybridization involves the mixing of one s-orbital with two p-orbitals
resulting in the formation of three orbitals with 33 and 67 % s and p
characters respectively. The hybrid orbitals lie on a plane father away from
each other and at an angle of 120 ° as shown below. Example of compound
formation that involves sp® hybridization is BeFs. The ground state el ectronic
configuration of Beis 1s%2522p, 2py 2p;. From the electronic configuration,
Beisexpected to form only one bond since thereisonly one bonding el ectron
but the existent of compound such as BFs, BH3, BCls contradict this
principle. However, the formation of such bond is achieved through
hybridization.

o dodim, ke
- B TR
s

Ground state carbon Excited state carbon sp? hybridized carbon

Wy OB g Dybndzaton,, 152 (2sp?)? 2p

Scheme for sp? hybridization

When Be is excited, the one of the 2s electron is promoted to the 2Py level
and the configuration becomes 1s%2s'2p,2p;2p7. One s-orbital will then
mix with 2p orbitals (P« and py) to form three hybrid orbitals by a process
called sp? hybridization. The three sp? hybrid orbitals lies in one plane and
subtends an angle of 120°. The three newly formed hybrid orbitals will
overlap with three p-orbitals (each supply by one atom of fluorine) to form
BeFs. The shape of sp? molecules is trigonal explaining why sp? why sp?
hybridization is sometime called trigonal hybridization.

F

o UL
]

Boron triflucride
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3.21.3 Sp? hybridization

Sp? hybridization has 25 % SOcharacter and 75% p-character. It consists of
four hybrid orbitals formed from one s and three p orbitals. The mixing of
the four orbitals takes place in space, hence, the four hybrid orbitals would
also liein space. An arrangement in space that keeps them farthest apart is
that of a tetrahedron. Consequently, each of the four hybrid orbitals are
directed towards the four corners of aregular tetrahedron, sp® hybridization
is aso called Tetrahedral hybridization. They are of the same shape as that
of the previous two types but bigger in size. Example of molecule that can
accommodate sp® hybridization is methane (CH.).

In-Text Question (ITQ)
Explain how carbon combine to form CHs in spite of the fact that its
electronic configuration suggests that only two bonds can be formed.

In-Text Question (ITQ)
What is the limitation of the valence bond theory?

- - - E—— -~
=
S s =en
—~—
P Pryw Pz sp? hybrid orbitals
tetrahedral
- - rEaT -
5
— sp? hybrid orbitals
trigonal planar
P Py

- —_— = -

sp hybrid orbitals
linear

Fig. 22 Summary of orbitals and orbital arrangement in the three basic
types of hybridization

3.3 Molecular orbital theory (MOT)

The MOT was proposed by Hund and Mulliken in 1932 and explain the
formation of molecular orbital through the combination of individual atomic
orbitals with each other. The theory explains that the formation of molecule
considers that the combining electrons in the atomic orbitals do not belong
to aparticular bond but spread throughout the entire molecule. According to
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the MOT, a molecular orbita is a system constructed from linear
combination of atomic orbitals. Thiscombination giveriseto two main types
of orbitals (i.e. the bonding and anti-bonding molecular orbitals). The
bonding molecular orbital arises from the constructive overlaps of
neighbouring atomic orbitals while anti bonding molecular orbital arises
from the destructive overlap of neighbouring atomic orbitals.

3.3.1 Linear combination of atomic orbital (LCAO)

Linear combination of atomic orbital provides atheoretical approach of using
the wave function to represent the formation of molecular orbital through
appropriate atomic orbitals. If awave function for a 1S electron belonging to
an atom, A is Y15 (A) and ¥, (B) describes the wave function for a 1s
electron found in atom B. The overall wave function for the system must be
written as a superposition of the two atomic orbitals (equation 2),
= N[V 15 (A + ¥15(B) 2

Where N is the normalization fector. The wave function resulting from
superposition of different atomic wave function (as expressed in equation
2.1) is called linear combination of atomic orbital (LCAO). An approximate
molecular orbital formed from a LCAO is caled linear combination of
atomic orbital-molecular orbital (LCAO-MO). According to the
Schrodineger model, the square if the wave function (i.e., |y |?) represents the
prabability density. Therefore, the probability density of the LCAO-MO of
a ls c-orbital can be written as,

2
Y12 = N[y () + w5 (B) 3

= N[ (A7 + 415 (B)* + 24 5y (A 1 (B))]
4

Equation 2.10 has three components which can be explained as follows,

i Y (1) (A)?, which represent the probability density of electron
confined to the orbital, A.

ii. Y 1s) (B)?, which represents the probability density of electron
confined to the orbital, B.

iii. 2y ) (A) Virs) (B), which is the extra contribution to the density of

electron and is called overlap density.

The overlap density aso represents an enhancement of the probability of
finding electrons in the internuclear region above what it would be if they
were confined to one of the two atoms. This enhancement is aso called
constructive interference of the two atomic orbitals. Similar analogy can be
extended to antibonding molecular orbital. The expression representing the
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formation of antibonding molecular orbital arising from combination of
atomic orbitals of atoms A and B can be written as,

LCAO-MO for the above wave function correspond to a molecular orbital
having energy higher than any of the contributing orbitals. Therefore,
antibonding molecular orbital increases the energy of a system Whereas
bonding molecular orbital is associated with constructive interferences,
antibonding molccular orbital isassociated with destructive interference. The
probability function of antibonding molecular orbital can also be derived as
it was done for bonding molecular orbital, hence we have

2
|y|2 = NZ[W(ISJ(A) - {,f/(ls)(B)] 2.5
= N? ["”(15)(‘4)2 + ¥ 5 (B =2y 15 (A) ""’(15)(8)]
2.6

It can be seen that the first two termsin equation 2.6 are the same asin those
obtained for bonding molecular orbital and their significant is the same.
However, the difference isin the sign of the third term, which is positive for
bonding molecular orbital and negative for antibonding molecular orbital.

The negative value (i.e. [-2y (15) (A) W1s) (B)] clearly signify the factor that

contribute to reduce the probebility of finding electron between the nuclei.
Antibonding orbital raisesthe energy of the moleculerelativeto the separated
atom and destabilizes the molecule relative to the separated atoms whereas
bonding electron stabilizes the molecule.

A combination of N number of atomic orbitals will yield N number of
molecular orbitals. There are two types of molecular orbitals, including
binding and antibonding molecular orbitals. Several combinations of s or p
electron can form bonding or antibonding molecular orbital. The formation
of these molecular orbitals involves combination of valence electronsin the
respective atomic orbitals. For example, combination of two hydrogen atoms
to form hydrogen molecules involves two 1s-electrons combining with each
other as shown below.
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The wave functions either have (+) or (=) sign. The positive sign shown on
1s orbitals of hydrogen atoms reveals that these orbitals are spherically
symmetrical and their wave functions are associated with +ve sign in al
directions. In case of p-orbitals one lobe has +ve sign while other has —-ve
sign. The overlapping of atomic orbitalstakes placeif they have similar signs
on their lobes

The combination generates two set of molecular orbitals. The first is called
sigma bonding molecular orbital i.e. s(1s) and sigma antibonding molecular
orbital, s*(1s). Ascan be seeninthe above diagram, s* (1s) molecular orbital
is positioned at a higher energy level than the s(1s) molecular orbital. This
confirmsthat the bonding molecul ar orbital contributesto thelowering of the
energy of a molecule and hence stabilizes the system while the antibonding
molecular orbital increases the energy of the system and thus tend to
destabilize the system. A sigma (S) electron is an electron that occupies a
sigma orbital. Sigma orbitals can also be formed from combination of pz
orbitals (z is assumed to be the internuclear axis) as shown in the diagram
below,

- B -{§++:¢ -9—;-—1-}-.1.:.9..“1_}_

% 2 o (2g,) MO

e e I ST
7 (20,) MO
Atomic orbitals Malecular orbitals

Apart from sigmaorbitals, Py and P« orbitals can combineto give pi-bonding
and pi antibonding molecular orbitals as shown below,
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2py 2py
+ + + + + ,
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+- @I = + -
o vYY
+ £ - 3
L ¥
Atomic orbitals 20y
Molecular orbital

From the above, m(2py) is pi bonding molecular orbital and is formed when
similar charges on the 2py orbitals meet side by side while m*(2py) (that is
the pi anti bonding molecular orbital) is formed when the adjacent charges
are not similar. Since Px and Py sub orbitals are degenerate orbitals because
they have similar energy, bot bonding or antibonding molecular orbitals
arising from them will also be degenerate. The 1(2py) and m(2px) bonding
molecular orbitals have zero electron density on the plane that contain the
nuclear axis but the electron density is concentrated above and below the
nodal region. The m* (2Py) and * (2Px) antibonding molecular orbitals have
higher energy than their corresponding molecular and atomic orbitals.

It can be stated that different molecular orbitals have different energy level.
For example, the energy of bonding molecular orbital variesin the following
order, s(1s) s(2s) s(2pz) n(Py)n(Px) while the order for the antibonding
molecular orbital is s*(1S)s*(2s) s*(2pz) m(*Py) m*(Px). However, m(*Py)
and m*(Px) are degenerate orbitals just like m(Py) and m(Px) orbitals. The
diagram below presents a pictorial trend for the variation of energy of the
bonding and nonbonding molecular orbitals.
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s and Pz orbital can combine end to end to form sigma bonding and sigma
antibonding molecular orbitals as shown below

o + @D — (PO — O

\‘lﬁl’.’ \\u.:*'r . o
4 3 o {sp) Bonding

5-Orbital p-Oriital molecular orbital
) - D —LPp— @ -

- - t’

s-Oirbital p-Orbital <*{sp) Antibonding

maolecular orbital

However, s-orbital cannot form a sigma molecular orbital with Py or Px

because they do not have the same symmetry about the internuclear axis.

Generally, the following conditions must be fulfilled before molecular

orbitals can be formed,

(i) The energies of the combining atomic orbitals should be comparable.
For homonuclear diatomic molecules similar atomic orbitals combine
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(i)

(iii)

STRUCTURE AND BONDING

to form molecular orbitals. For example, 1s from one atom can
combine with 1s atomic orbital from another atom to form molecular
orbital. However, Is cannot combine with 2s because the energy is not
comparable

Overlap between atomic orbitals should be considerable significant.
The greater the overlap between the atomic orbitals, greater is charge
density between the nuclei.

The symmetry of the combining atomic orbitals should be the same.
The atomic orbitals should have the same symmetry about the
internuclear axis. For example, 2s orbital of one atom can combine
with 2s or 2P, orbital of another atom but not with the 2P, or 2P«
orbital. Molecular orbitals that can be formed from combination of
possible atomic orbitals are presented in the Table 2.1 below,

Table 1. Combination of atomic orbitals and their corresponding
molecular orbitals

Atomic orbital 1 Atomic orbital 2 Molecular orbital
s-orbital s-orbital s (sigma) orbita
s-orbital Pz orbital S (sigma) orbital
Pz orbital Pz orbital S (sigma) orbital
P« orbital Px orbital 1 (pi) orbital

Py orbital Py orbital 1 (pi) orbital

Bonding molecular orbita[

T EEE N UK

TN C NN IR

addition) overlap of atomic orbitals

Tflnn wamole functiorbitas = Tglnti waing 1 functionr o y =
{\}L[../(lsj 2y = YasCey .’:’L[./ A Ay = YasCey
(— o — coanatraactiire P W 1 3
Form from constructive (or | Formed from

destructive(subtraction) overlap of
atomic orbitals

Formed when the lobes of atomic
orbitals have same signs

Formed when the lobes of atomic
orbitals have different signs

Energy is lower than that of the
combining atomic orbitals

Energy is higher than that of the
combining atomic orbitals

The electron density is high in the
region between the nuclei of bonded
atoms

Electron density islow in the region
between the nucleéi and bonded
atoms

Every electron in bonding MO
contributes towards the attractive
force

Electrons in antibonding molecular
orbital contributesto repulsiveforce

Stabilizes the molecule

Destabilizes the molecule
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In-Text Question (ITQ)

In a Tabular form, state five differences between bonding and antibonding
molecular orbitals

SELF ASSESSMENT EXERCISE

Apply the molecular orbital theory to explain bonding in the following
molecules

(i) Hydrogen molecule

(ii) Helium molecule

(i)  Oxygen molecule

Solution
In each case, calculate the bond order and comment on the result obtained
from the calculation

I Hydrogen molecule
Hydrogen molecule has two €electrons, each contributed by 1s orbital.
According to the Aufbau principle, the lowest level must first befilled before
the higher level. The molecular orbitals formed between the two hydrogen
atomic orbitals are sigma bonding and sigma antibonding molecular orbitals,

H(1s') + H(1s') - H,o (15%),0(1s°)

Consequently, the number of electrons in bonding molecular orbital is two
while the number in antibonding molecular orbital is zero. Therefore, the
bond order of hydrogen molecule isi

n—-—n" 2-0
b(H) = s =5 = 1
The calculated bond order indicate that two hydrogen atoms are bonded

together by only one bond to form hydrogen molecule. The formation
process can be represented as shown in the diagram below,
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Atomic orbetal Alomic orbital
of H atom of H atom
o
< (1s)
Molecular orbatal
b gl 4 of H molecule
ii. Helium

Helium has atomic number of two, hence two electrons. When two helium
atoms combine, four electrons will be formed. The molecular orbital formed
is developed from combination of two 1s atomic orbitals. That is a total of
two moleculer orbitals would be formed Thus

He(1s?) + He(1s?) - He,o (152),0*(1s?)
Therefore, the bond order for helium is

=0

n—-n" 2-2
b(He) = =

Calculated bond order of zero indicate that the molecule cannot exist.

(@ In a Tabular form, state four differences between sigma and Pi
molecular orbitals
(b)  What is common between pi and sigma molecular orbitals
Solution
(a)
Sigma molecular orbital Pi molecular orbital
Formed by head to head | Formed by sideward overlapping of

overlapping of atomic orbitals.

Px or Py atomic orbitals

The overlap is along internuclear | Overlap is  perpendicular to
axis. internuclear axis
This orbital is symmetrica to| Orbital is not symmetrical to

rotation about the line joining the
two nuclei.

rotation about the line joining the
two nuclei.

The region of overlap is greater
leading to the formation of strong
bond

Region of overlapislessresulting in
the formation of weak bond.
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(b)  The common feature is that they are both formed from proper
combination of atomic orbitals, leading to the formation of overlap.
iii.

What is bond order? Use oxygen atom to explain the concept

Solution

The term bond order (b) is often use to predict the stability of a molecule.
Bond order, b is defined as half the difference between the number of
electrons in the bonding molecular orbital (n) and the electrons in the
antibonding molecular orbital (n*). That isb = %2 (n = n*). The greater the
bond order, the more stable is the compound. Generally, bond order greater
than unity points toward stability whereas bond order less than unity points
toward instability. Let us calculate bond order of some molecules as shown
below,

a *(1s)

.
1 =< i —
2 Is Is
il Atomic orbital o Atomic orbital
of He atom of He atom
—i—
T (ls])

Molecular orbital
of He, malecule

[ o ee— )

iv Oxygen molecule
The electronic configuration of oxygen is 1s?2s?2P;2P;2P; In this case,
only the 2s and Zp orbitals would be involved in bonding (i.e. velence shell)
giving a total of five electrons for each contributing oxygen atom and 6(2)
=12 for the oxygen molecule. The equation can be written as,
0 (1s22522P22P} 2P, + O (1s*2522P?2P}2P})

~ 0,a(25%)a’ (2s*)a(2p3)n(2p;)n(2p3)n* (2py)n* (2p3)
From the molecular orbital configuration 1S
0(2s%)0* (2s*)apHn(2p2)n(2pH)n* (2p;)n* (2p}) indicating that the
number of bonding electron is 8 while the number of antibonding electron is
4 (see diagram below). Therefore, the bond order is

n—n" 8-—-4
b (0) = o ——=
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The calculated bond order of 2 indicate that oxygen moleculeis stable (n>n*)
and from the above diagram, there are unpaired electrons hence it is
paramagnetic.

40 CONCLUSION

Lewis structures are useful in handling valence bond theory while molecular
orbital are functional parameters for molecular orbital theory. Mixing of
atomic orbitalsis called hybridization. The geometry of an organic molecule
can be linked to the type of hybridization associated with its formation.
Commonest types of hybridization are sp®, sp? and sp hybridization and they
giveriseto different geometrics

50 SUMMARY

There are two major approaches that can be used to calculate molecular
structure. These are the valence bond theory (VBT) and the molecular orbital
theory (MOT). VBT assumes that all bonds are localized bonds formed
between two atoms by the donation of an electron from each atom and that
electrons occupy atomic orbitals of individual atoms within a molecule, and
that the electrons of one atom are attracted to the nucleus of another atom.
The basis of VB theory is the Lewis concept of the electron pair bond. On
the other hand, the MOT relies on the combination of atomic orbitalsto form
bonding and antibonding molecular orbitals.

6.0 TUTOR MARK ASSIGNMENT

1. Differentiate between valence bond theory and molecular orbital
theory

2. What are the short coming of the valence bond theory?

3. Differentiate between bonding molecular and antibonding molecular
orbital

4, Calculate the bond order for neon

7.0 REFERENCESFURTHER READINGS

Burrows, A., Holman, J., Parsons, A. and Pilling, G. (2017). Introducing
Inorganic and Physical Chemistry, Oxford University Press, London.

Chan, K. S. and Tan, J. (2016). Understanding advanced physical inorganic
chemistry. World Scientific Education, London.



CHM 204 MODULE 1

Douglas, B. E., McDanidl, D. H. & Alexamder, J. J. (2019). Concepts and
Models of inorganic Chemistry. John Wiley and Sons.

Hadzovic, A. (2018). Solutions manual to accompany inorganic chemistry,
7t edition, Oxford University Press, London.

Housecroft, C. (2018). Inorganic Chemistry Solution manual, Oxford
University Press, London.

Matson, M. L. and Orbaek, A. W. (2013). Inorganic chemistry for dummies,
Jogn Willey and Sons Hobokem.

Walter, M., Overton, T., Rouke, J. and Amrstrong, F. , Inorganic Chemistry,
Oxford University Press, London.

Weller, M., Overton, T. and Rouke, J. (2018). Inorganic Chemistry 7E.
Oxford University Press, London.

Wédls, A. F. (2012). Structural inorganic chemistry, Oxford University Press,
London.

Wilde, B. (2017). Inorganic Chemistry. Reactions and Mechanism. Oxford
University Press, London

39



CHM 204 MODULE 2

MODULE 2

Unit 1 Valence shell electron paired repulsion

Unit 2 Quantum Mechanics

UNIT 1 VALENCE SHELL ELECTRON PAIR
REPUL SION (VSEPR)
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1.0 INTRODUCTION

Lewis structure is used to represent the electrons in the valence shell of a
molecule by using the concept of electron dot diagram through the addition
of lines between vaence electron in atoms to denote shared pairs in a
chemical bond and also to represent nonbonding electrons with the dot
Lewis structureisasimplified model that accounts for the satisfaction of the
octet requirement for the valence shell. It provides information in how
electrons are arranged around individual atoms in a molecule. Electrons are
shown as "dots" or for bonding electrons as a line between the two atoms.
Addition of formal charges are also required in the Lewis structure
representation of a molecule.

However, Lewis structure cannot help in presenting the picture of ageometry
of a molecule neither can it give information on how bonds are formed and
how electrons are shared between the combining atoms.

The limitation of the Lewis concept in predicting the geometry of amolecule
is overcome through the valence shell electron repulsion (VSER) theory.
V SER can predict the structure of most molecules and polyatomic ions when
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the central atom is a nonmetal and for some cases where the central ionisa
metal

V SEPR s developed from the Lewis electron dot structures. Lewis structures
alone can only predict the connectivity of electrons (to form chemical bonds
between atoms). However, combination of the Lewis structure and the
VSEPR is informative on predicting the geometry of each atom in a
molecule.

20 OBJECTIVES
By the end of this unit, you should be able to:

Know how to draw the Lewis structure of a molecule

Know the assumptions of valence shell electron pair repulsion
(VSEPR)

Apply the VSEPR theory to predict the geometric of a molecule
Understand what is steric number/factor and how to calculate the
factor for agiven molecule

Know the influence of the number of bonding and non bonding
electrons on the shape of molecule

Differentiate between electronic and molecular geometrics

3.0 Main Content
3.1 VSEPR theory

According to the Lewis theory of bonding. The two types of electronsin a
molecule are bonding electrons (which are electron involves in bonding) and
non bonding electrons (which are electrons that are not involve in bonding
and are also called lone pair electron). The VSEPR theory considers a pairs
of bonding electrons and lone pair electrons having the tendency to repel
each other (note, like charges repel while unlike charges attract). These pair
of electronsare called groups. Dueto el ectrostatic repul sion between el ectron
pairs, the most stable arrangement of electron groups is the one with the
lowest energy and this will correspond to the one that minimize repulsion
(Since repulsion leads to increase in energy). Consequently, achievement of
a stable structure is achieved by orientation that position the groups around
the central atom in a way that produces the molecular structure with the
lowest energy. Thisimplies that the favourable geometry would be the one
in which the groups are as far apart from each other as possible.
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The VSER can be summarized as follows, Atoms are bonded together by
electron pairs in valence orbitals. Electrons are all negatively charged and
tend to repel other electrons. Bonding pairs of shared electrons tend to repel
other bonding pairs of electrons in the valence orbital. The best spatial
arrangement of the bonding pairs of electrons in the valence orbitals is one
in which the repulsions are minimized. Let us consider some simple
compound

(i) The Lewis structure of ammonia can be written as follows,
L

It can be seen that there are four electrons pairs in ammonia. This consist of
three bonding pair of electrons and one lone pair. Each of this pair will repel
each other, Consequently, the electron shell repulsion between these four
electron pairsisminimized in atetrahedral arrangement (i.e. the electron pair
geometry istetrahedral for ammonia molecule) as shown below

H\“}‘!N \H

The molecular geometry isthe location of the atoms of a compound in space.

We can predict the molecular geometry from the electron pair geometry. In

the above example (ammonia), it is predicted that the three hydrogens would

form the vertices of a tetrahedron, and the nonbonding electron pair the

fourth. Thus, ammonia would have atrigonal pyramid arrangement of its H

atoms Steps involved in determining the VSEPR model are

(i) Drawing of the Lewis structure

(i)  Determination of the total number of electron pairs around the central
atom.

(iii)  Arrangement of the atoms to minimize the electron shell repulsion

(iv) Description of the molecular geometry in terms of the angular
arrangement of the bonding pairs
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Generally, thefollowing rules may apply for geometry arrangement based on
the number of electron pair:

(i) Two electron pairsin the valence orbital are arranged linearly

(i)  Threeelectron pairs are organized in atrigonal planar arrangement
(iii)  Four electron pairs are organized in atetrahedral arrangement

(iv)  Fiveeélectron pairs are arranged in atrigonal bipyramid

(v)  Six electron pairs are organized in an octahedral arrangement

In-Text Question (ITQ)
Predict (with example) the geometry of molecules that have two and three
electrons pairs respectively

3.2.1 Steric number

Consideration of the Lewis structure of water indicates that it has bonding
pairs and two lone pairs of electrons as shown below

O

rd

H™ "H

Therefore, there are four units around the central atom (i.e oxygen) including
two hydrogen atom and two lone pairs as shown below

Steric number is the sum of the number of atom and the lone pairs deduced
from the Lewis structure of the molecule. Therefore, the steric number of
water molecule is 2(two hydrogen atoms) +2 (two lone pairs) =4.

Further demonstration can be ascertained by cal culating the steric number of
the following compounds). In the underlisted examples, the central atom is
marked with red colour asterisk.

¥ i F .'O . lﬁ oo
Cl-Be-Cl  H-C=N B ok HCH  Heed
F°F HH H H
SN=2 SN-2  SN=3  SN=3 SN=4 SN=4

3.2 Electronic and molecular geometries

The steric numbers of water and methane are equal. M ethane has no lone pair
of electron (unlike water). The observed similarity and expected geometries
for the two molecules can be explained in of electronic and molecular
geometries. terms Some molecules may have similar electronic and
molecular geometries
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For the Electron Geometry, we treat the atoms and electrons equally for
example, CHsand NH3 are both tetrahedral .

SN (C) =4 atoms+ Olonepairs=4

SN (N) =3 atoms + 1 lone pair = 4

This corresponds to atetrahedral electron geometry:

H -

l -
ook Ny
3
LY LI

Tetrahedral electron geometry

However, their molecular geometries are different. For methane (CHa), it
istetrahedral and for ammonia (NHs), it istrigonal pyramidal. The lone
pair on the ammonia nitrogen is significant and if it wasn’t there, we would
have a hypothetic molecule with aflat/planar geometry:

GO Lone pair pushes

(,N-).H the H's down

A\H
H=NQT

Without the lone pair

In-Text Question (ITQ)
Why do we ignore the lone pair for naming the molecular geometry?

The Figure below provide a guide in classification of molecules and their
expected geometry based on the number of atom and lone pair electrons
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A summary of Electron and Molecular Geometries

Steric Number 2 3 4
Type AX, AX, AXGE AX, AXE AXE,
$ b e
i | g0 O, 0, 000 o@o o€
Geometry [ %] L g © @ o
Linear Inigonal planar - Trigenal planar | letrahedral Teliahedrol  Tetrahedral

o
Molecul ' G-
w000 o8y o8, oo T o8,

Lincor : Trigonal
Trigona! planar Bt Tetrohedrol il Bent
Bond Angle 180° 120° 109.5¢
H - H i BoE
Cl—Ba—(] -  Memy O
Example :Cl-Be—Cl: H"é\H HEC”N‘E-i H/&_,,H HOY KO
A = central atom, X = an atom or a group, E = a lone pair of electrons m ChemistrySteps.com

Lewis structure, steric number and classes of more molecules are presented
below
(i) BeCl»

The Lewisstructureis

:Cl—Be—ClI:
The steric number with respect to the central atom(Be) = 2 atoms+ 0 lone

pairs = 2. Therefore, BeClz isaAXaz type. The angle of separation is 180° as
shown below

:C I—\B_/e—CI -
180°

Therefore, the compound is linear for both electron and molecular geometry

since it does not have alone pair

(i) BHa3

The Lewis structureis

f
H-B—H
The steric number of boron is SN. (B) = 3 atoms + 0 lone pairs = 3.

Therefore, BHz is a A X3 type and the boron must be at 120° to minimize the
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repulsion giving rise to trigona planar geometry with all the atoms in the
same plane

H
I

=N
H™H

(iif) CH2NH has the following Lewis structure
H,C=N—H

SN (N) =2 atoms + 1 lone pair = 3 giving rise to AXzE type. The atoms
and electrons around the nitrogen are at about 120°

/N\
H,C? “H

The geometry is said to be bent geometry since the molecule looks bent if
we ignore the lone pairs. The lone pairs in NHCH> have stronger repulsion
than atoms. Therefore, the expected angles are not aways 100% in
agreement with what they actually are:

N Lone pair repulsion
H,C* "H is stronger

< 120°
(iv) CHs hasthe following Lewis structure,
i
H-C-H
H

SN. (C) =4 aoms + 0 lone pairs = 4. Thisisan AX4 type. The atoms are
at 109.5° and molecular istetrahedral for electron and molecular geometry
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H

|
/C"H
H ‘H

(vi)  NHs hasthe following Lewis structure

H-N-H
H

The SN. (N) = 3atoms+ 1 lone pair =4 and it isan AX3E type molecule.
The atoms at the lone pair are expected to be at 109.5°, however, because the
revulsion from the lone pair is stronger, the angle between the hydrogensis
about 107° and the geometry is called atrigonal pyramidal geometry.

The SN. (O) = 2 atoms + 2 lone pairs = 4. This is under the AX2E> type
molecule. The atoms at the lone pair are expected to be at 109.5°, however,
because the revulsion from the lone pair is stronger, the angle between the
hydrogens is about 104.5°:

o

- e

H H
L

104.5°

This resulting geometry is called abent geometry. It can be observed that
the angles in water and molecule C (CH2NH) are different even if they are
both bent. This is because the angle is defined based on the electron
geometry.

SELF ASSESSMENT EXERCISE

I Justify the reasonsfor the steric numbers of methane, water, ammonia,
ethylene, acetylene and carbon dioxide
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Solution

Methane (CH4) — Methane consists of carbon bonded to 4 hydrogen atoms
and O lone pairs. SN is 4.

Water (H20) — Water has two hydrogen atoms bonded to oxygen and also 2
lone pairs, so its SN is 4.

Ammonia (NH3) — Ammonia also has a steric number of 4 because it has 3
hydrogen atoms bonded to nitrogen and 1 lone electron pair.

Ethylene (C2H4) — Ethylene has 3 bonded atoms and no lone pairs. Note the
carbon double bond. SN = 3.

Acetylene (C2H2) — The carbons are bonded by a triple bond. There are 2
bonded atoms and no lone pairs. SN = 2.

Carbon Dioxide (CO2) — Carbon dioxide is an example of a compound that
contains 2 sets of double bonds. There are 2 oxygen atoms bonded to carbon,
with no lone pairs, so the SN is 2.

I Use the VSEPR to explain bonding, lone pair and expected geometry
of formaldehyde. Based on this model, how will you classify this
molecule?

Solution
The VSEPR model predictsthat CH,O istrigonal planar with bond angles of
about 120 °.The Lewis structure of formaldehyde (CH20) is

H H

There are three electron regions around the central carbon atom. The VSEPR
model states that the electron regions around an atom spread out to make
each one as far from the others as possible.

In formaldehyde, the central atom has three electron clouds emanating from
it. The carbon atom has two single bonds to hydrogen and a double bond to
oxygen. For these clouds to be as far as possible from one another, they will
form a plane containing the central atom. The bonds will emanate from the
central atom at angles of about 120° to each other. The structure will be
trigonal planar.
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The central atom isin the centre of the triangle, with the ends of the electron
clouds at the corners of thetriangle. Therefore CH,O isclassified as an AX3
molecule

4.0 CONCLUSION

VESPR standsfor valence shell electron pair repulsion. Thistheory basicaly
says that bonding and non-bonding electron pairs of the central atom in a
molecule will repel (push away from) each other in three dimensiona space
and this gives the molecules their shape.

We can use the following notations when examining a Lewis structure of a
molecule.

A = central atom

X = peripheral atoms

E = non-bonding electron pairs of the central atom
AX2 = linear molecule (example CO2)

AX3 =trigonal planar (example, AIH3)

AX3E =trigonal pyrimidal (example, NH3)
AX2E2 = bent (example. H20)

AX4 = tetrahedral molecule (example, CH4)

5.0 SUMMARY

VSEPR isastrong model in structure and bonding because it can be used to
predict the geometry of a molecule based on number of bonding and
nonbonding electrons. The model has been successfully used to successfully
analyse geometrics of several compounds with central atoms.

6.0 TUTOR MARK ASSIGNMENTS

(1) Completethefollowing Table

No of attach atom Molecular Geometry Examples of
compounds

1

2

3

4

(2)  Determine the molecular geometry of XeF
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(3  What isthe relationship between Lewis structure and VSEPR?
(4) Statetheprinciples of VSEPR, advantage and disadvantages
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INTRODUCTION

Quantum chemistry applies the principles of quantum mechanics to solved
problems in chemistry. Quantum chemistry is widely applied in several
branches of chemistry including the following,

Physical chemists apply quantum mechanics (together with statistical
mechanics) to calculate thermodynamic properties of a system,
interpret molecular spectra (refer to the chapter on molecular
spectroscopy), calculation of molecular properties (such as bond
length, bond angle, dipole moment), calculations of transition state,
rate constant, intermolecular forces, €tc.

In organic chemistry, quantum mechanics can be used to predict the
relative stability and reactivity of a compound, investigation of
mechanism of a compound, interpretation of spectra and to calculate
electronic and molecular properties of molecules such as the frontier
molecular orbital energies (the energy of the highest occupied
molecular orbital, the energy of the lowest occupied molecular orbital,
the energy gap), polizability, Hemet constant, etc.

In Analytical chemistry, the major application of quantum mechanics
isin the interpretation of frequencies and intensities of spectralines.
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iv.  Ininorganic chemistry, quantum mechanics is used in ligand field
theory, which is an approximate quantum approach in predicting and
explaining the properties of transition metal complex.

V. In pharmaceutical chemistry, quantum mechanics is used in drug
discovery through the calculation of quantitative structure activity
relation (QSAR) parameters, which are mostly quantum chemical
parameters.

vi.  In polymer and biological chemistry also apply quantum mechanics
to study macromolecul es, since macromolecules can be considered as
a composite of micro molecules.

In recent times, several softwares have been produced for used in quantum
chemical calculations. Most of them are designed for used, even with user
inadequate theoretical knowledge.

20 OBJECTIVES
When you have studied this section, you should be able to

understand the concept of quantum chemistry of bonding
historical development of quantum mechanics

derive the Schrodinger equation

how orbitals are formed

relate wave function with orbitals

different types of orbitals

3.0 MAIN CONTENT
3.1 Historical development of quantum mechanics

The beginning of quantum mechanics was in 1980 when Planck discovered
that a heated solid gives out light. However, detail information on the nature
of light giving out was not provided by Planck.

In 1800, Thomas Y oung provided experimental evidenceson thewave nature
of light, when he observed diffraction and interferences of light as it passes
through two adjacent pinholes. Diffraction described the bending of light
around an obstacle while interferences defines the algebraic or vector sum of
different light of similar or closely similar frequencies.

Further exploration into the science of electromagnetic radiation by James
Clark Maxwell in 1860, who developed a set of equations called Maxwell
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eguations. These equation bridges the gap between the laws of electricity and
magnetism by providing evidences that an accelerating electric charge will
radiate energy similar to electromagnetic waves consisting of oscillating
electric and magnetic fields. Fortunately, the speed, predicted by Maxwell
coincided with the speed of light.

In 1888, Heinrich Hertz discovered that an electromagnetic light was
produced by an accelerating electric charge in a spark. This findings also
supported Maxwell’s work and confirmed that light is an electromagnetic
radiation. Generally, an electromagnetic waves travels at a speed of 2.998 x
10% m/s in a vacuum. The frequency and wavelength are related by the
equation, | v = ¢, where c is the speed of light, | isthe wavelength and v is
the frequency of the light.

In the late 18" century, studies were conducted on the emission of radiation
by a black body. A black body is an object that absorbed all the light that
fallson it. A good example of a black body is a cavity with atiny hole. The
surprising feature of the black body radiation was that curves developed for
variation of intensity with frequency using classical approaches (statistical
mechanics and electromagnetic wave model) were at variance with curves
obtained from experiments. It was Planck, in 1900 that gave explanation to
this phenomenon. Planck concluded that the atom of the black body could
emit light energy only in an amount given by hv. where h (h = 6.625 x 103
J.s) isthe Planck constant and v is the frequency of radiation. In view of its
importance in the history of quantum mechanics, black body radiation is
single out for more discussion as follows.

3.2 Structure of atom and quantization

Atom consist of proton, electron and neutron. The proton is positively
charged and is about 1836 times heavier than the negatively charged el ectron.
Neutron, which was discovered in 1932 has no charge and is slightly heavier
than the proton. The first set of investigation on the structure of atom started
between 1908 and 1913, when Rutherford, Hans Geiger and Ernest Marsden
repeatedly passed a beam of alpha particle through a thin metal foil in the
Physical Laboratories of the University of Manchester and observed the
deflection of the particle through a fluorescence screen. In their experiment,
they discovered that most of the alpha particle passed through the foil
undeflected, few were strongly deflected and others were deflected
backward. From the findings of their experiment, they noted that such large
deflection is possible if the positive charge was concentrated in atiny heavy
nucleus and concluded that every atom contains a nucleus where its positive
charge and most of its mass are concentrated. In 1904, J. J. Thompson
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suggested that the positive charges were spread throughout the atom but
Rutherford and co-workers refuted this fact on the grounds that if it were so,
then once the high energy atom penetrates the atoms, the repulsive forces
would have fallen off and eventually become zero.

Nowadays, it is known that atom contain Z number of proton and number of
Z electrons (where Z is the atomic number). The mass of the atom is
concentrated in the central nucleus (which contains proton and neutron,
collectively called nucleons). The nucleus is held together by strong nuclear
forceswhilethe nucleus and the el ectrons are held together by columbic force
of attraction. In 1911, Rutherford proposed the planetary model of the atom,
which stated that €l ectron revolves around the nucleus. However, this model
was exposed to several criticism. Classically, electromagnetic theory expects
an accelerating ally charge particle to radiate el ectromagnetic waves. Also, a
rotating charge radiating electromagnetic waves with changing velocity and
direction will gradualy lose energy and the atom will be unstable and
eventually collapse.

In 1913, Niels Bohr offered explanation to the Rutherford theory through the
concept of quantization of energy in the hydrogen atom. Bohr stated the
energy of electron in hydrogen is quantized with electron allowed to move
only in anumber of alowed circle.

Bohr found that when hydrogen gas is heated, it emits electromagnetic
radiation, characterised by certain distinct frequencies. Such spectra
frequencies were explained according to equation 1

v 1 1 1

2wt ) 0

wherenp = 1,2,3...... ,Ma = 2,3....... N> N and R isthe Rydberg constant
=1.096776 x 10°cmt

Classically, all frequencies of light ought to have been emitted but thisis not
true hence Einstein equation implies that the hydrogen atom exist in certain
energy states. Indeed, an atom can has only certain energies, Ei1, Ez, Es
................ These allowed states of constant energy are called the stationary
states. An atom in a stationary state can only emit radiation when its makes
transition from a stationary state of higher level to the stationary states of
lower energy and will therefore satisfyy equations 2 and 3;

El-i'lgher - ELower = hv (2)
Ea - Eb = hv ©)
Combination of equations 2 and 3, yields equation 4

1 1
E,— E, = Rhc (;g_n—ﬁ) 4)
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The implication of equation 4 is that the energies of the H-atom stationary
states can be written as

E=—— (5)

The maor limitation of the Bohr theory arises from the use of classical
mechanics to describe the motion of an electron in an atom. Evidence
obtained from spectra of atoms reveals discrete frequencies which indicates
that only certain energies of motion is allowed and that the electronic energy
is quantized. Classically, continuous range of energies are possible but
guantum mechanically, the energy is restricted to certain permissible values.
Although Bohr model was satisfactory in explaining the hydrogen atom, it
fails to explain poly-electron systems. In order to extend quantization to
systems with two or more electrons, Louis de Brogliein 1923 found that just
as light shows both wave and particle aspect, matter also has a dual nature,
as well as showing particle like behaviour, eectron could also show wave
like behaviour, which manifest itself in the quantized energy levels of
electrons in atoms and molecules. For photons, we have, Ephoton = hv.
Einstein special theory of relativity gives the energy of a photon as Epnoton =
Pc, where P is the momentum of the photon and c is the speed of light.
Equating the two equations, we have hv = pcand sincev = i, we have
he hc h
~ = pc orl—;—ﬁ (6)
In 1927, the German physicist, Werner Heisenberg stated that the more
precise the position of some particle is determine, the less precisely the
momentum can be known and vice versa. However,, Earle Hesse Kennard
and Hermann Wey in 1928 were able to derived the formal inequality that
relates the standard deviation of position, ax and that of momentum & as
follows,

., 2 7)
In quantum mechanics, uncertainty principle is any of the variety
mathematical inequalities that sustain a fundamental limit to the precision
withwhich certain pairs of complementary physical properties can be known.
Uncertainty principle is inherent in the properties of all wave like systems
and its originate from the de Broglie wave matter duality principle. In
guantum chemistry, the uncertainty principle is mostly use to explore the
relationship between simultaneous measurement of position and momentum.
Therefore, the principle can be restated as, the product of the uncertaintiesin
position and in momentum isin the order of magnitude of Planck constant or
greater i.e.
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Ax.Ap =2 ©)
where h isthe reduced Planck constant. h = ;—ﬁ

3.3 Thetimeindependent Schrdinger equation

The Schrédinger equation is like the Newton’ s law and the law of
conservation of energy in classical physics because it aids in predicting the
future behaviour of dynamic system. Thiswork of Schrédinger was initiated
by Einstein in 1925, when he published a paper on quantum theory of ideal
gas, and the de Broglie theory of matter waves. However, in 1926 Erwin
Schrodinger proposed an equation that describes the evolution of a quantum
mechanical system & SWE which represents quantum equations of motionin
the following forms::

2

Y VW t) = oY

2madx? dt
ho™ V(%) £) = n 2
2max? x)| yLx, ‘ dt

Thisis an eguation that describes how the quantum state of a system changes
with time. We can derive, the Schrédinger equation using the unique
equation,

sin2mx

¥ =4 ©)
leferentlatmg equati on 13 with respect to x, we have;

) (10

Taking a seccond derivative of equation 9 with respect to x yields equationl11;
Y~ A pgin 2 (11)

dx? A2 A

Since y = L} equation 11 can be simplified to the form given by equation
12

= = 12

Equation 16 can be simplified by applying the de Bmghe equation, which
relates particle momentum to wavelength as, A = m— Therefore, A% = }:vz

and substituting for A% in equation16, equation 13 is obtained

d?ep _ 4m? _ —4m?v?n?

a;_ ( ;2122)‘1"_- h2 LIJ (13)

The toted énergy of asystem is the sum of the kinetic energy (KE = %2 mv?)
and the potential energy (U), i.eE=KE+ U =%mv?+ U and v?>=2/m (E
— U). Modification of equation 13 through substituting the value of v2 by
2/m (E - U) leads to equation 14
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d? -8

L0 =20 (B - U)y (14)

Introducmg the reduced Planck constant, h = h/2m, equation 14 becomes,
d? -2

o = E- DU (15)

Equations 14 and 15 are the various differential forms of the time
independent Schrédinger equation for a one dimensional system. For athree

dimensional system, the following equations are obtained,
a?y | d*y d*y _ —8mm?

P W + = E-we (16)
=G+ + ;)w— S (E —wy (17)
=2y = 22 (F —u)y (18)
=Vey = (E Wy (19)

where V? is called Lapiacian operator, V= a/dx - a/dy + a/dz' . The
Schrodinger equatton can be re-arranged by collecting like terms as follows,
—h2 dzlp __h?. dZ

+ U =Ey or (o +U) Y = Ey (20)

2m dx?
h?. 2

The first term (—mﬂ + U) is calied the Hamiltonian operator, H which

operates on | to give the energy E and the wave function. Therefore, the
general form of the Schrédinger equation can be written as HY = Ey. The
Schrodinger equation is on eigen equation or eigen function of the form
(operator) (function) = (numerical value ) x (function). The numerical
function in this case is the energy and is called an eigen value. Solving the
Schrdodinger equation involves finding the value of the eigen value. The
importance of eigen value equation isthat it is consistent with the following
patterns,

(Energy operator) (wave function) = (Energy) (wave function)
(operator)(wave function) = (observable)(wave function)

From the above, if we know both ) and the operator corresponding to the
observable of interest, we can predict the outcome of an observation of that

property.
3.3.1 Thewavefunction

The Schrodinger equation is the fundamental equation in quantum
mechanics. The wave function does not has any physical significant but the
square of the wave function represent the probability density of finding a
system in a given time. . This assertion was proposed by Max Born. Max,
also proposed four conditions that must be fulfilled when the solution to the
Schrodinger equation is sought for. Born’s conditions to be imposed on the
wave function, s are:
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i. The wave function must be single valued. This means that for any
given values of x and t s, must have a unique value. Thisis away of
guaranteeing that thereisonly a single value for the probability of the
system being in agiven state. Actualy, if y isa proper mathematical
function, it will satisfy this requirement automatically, since one
condition all functions must satisfy isthat they are single-valued.

ii. The wave function must be quadratically integratable. This implies
that, the integral of || over all space must be finite. Thisis another
way of saying that it must be possible to use ||%as a probability
density, since any probability density must integrate over all space to
giveavalue of 1, whichisclearly not possible if theintegral of |{s|?%is
infinite. One consequence of this proposal is that the wave function
must tend to O for infinite distances.

iii. The wave function must be continuous at all points, indicating that
there should not be a sudden jump in the probability density when
moving through space. If afunction hasadiscontinuity such asasharp
step upwards or downwards, this can be seen as a limiting case of a
very rapid change in the function. Such a rapid change would mean
that the derivative of the function was very large (either a very large
positive or negative number). Inthe limit of astep function, thiswould
imply an infinite derivative. Since the momentum of the system is
found using the momentum operator, which isafirst order derivative,
this would imply an infinite momentum, which is not possible in a
physically realistic system.

iv. All first-order derivatives of the wave function must be continuous.

Following the same reasoning as in condition iii, a discontinuous first
derivative would imply an infinite second derivative, and since the energy of
the system is found using the second derivative, a discontinuous first
derivative would imply an infinite energy, which is not physically realistic.

3.3.2 The Operator

An operator isan instruction, asymbol which tells usto perform one or more
mathematical acts on afunction, say f(x). The essential point is that they act
on a function. Operators act on everything to the right, unless the action is
constrained by brackets.

I. Addition and subtraction rule for operators:
(A, £4,)f(x) = Af(x) A f(x)
(21)
i. The product of two operators requires successive operation. For
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examiple,

AL A f(x) = Ay [Azf(x))] (22)

It should be noted that the product of two operatorsis the third operator, i.e,
AS - Al'A2

i1, Two operators are said to commute if the obey the simple operator
expression
[ﬁ].ﬁz] - AI'AZ — AZ'A'I == 0 . ThlSIﬂdlcaIethat A].AZ == AZ'A'I

3.3.3 Schrodinger equation and or bital

The solution of the Schrddinger equation involves finding the eigen value
through the eigen function. Several wavefunctionssuchasy 1,y 2,y3,VY 4,.....
may satisfy the requirements for the Schrédinger equation and each of them
has corresponding eigen value such as the energy, Ei1, Ez, Es, Ea.......
respectively. Each of these wave function is called an orbital and the square
of each of them represent the probability of finding electron within a given
volume element. For example, y 1 can be used to represent the ground state
orbital of hydrogen atom because its single electron will first occupied the
first orbital. The energy of thisorbital will be E;.

Each atom has a number of acceptable solutions to the Schrédinger wave

equation and each orbital may be described by a set of three quantum

numbers namely,

i The Principal quantum number, n: describes the energy level of
electron

ii. The subsidiary quantum number, |: describes the shape of orbital
occupied by electrons. Values of | includes the integers and zero, i.e
0,1, 23 4.... When | =0, 1, 2,3.. the orbitals are s-orbital, the p-
orbital, the d-orbital and the f-orbital respectively. The letter s, p, d
and f originates from spectroscopy and are sharp, principal, diffuse
and fundamental respectively

iii.  The magnetic quantum number, m: describes the paramagnetic or
diamagnetic properties of electron. Whenl =0, m=0

Based on alowed solutions to the Schrodinger equation, orbitals can

generaly be classified into three groups. These are

i Those whose probability of finding electronsiis afunction of distance,
r from the nucleus and the probability, |{|? isthe samein all direction.
The s-orbital isthe only orbital in this group
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ii. Those whose wave function depends on the distant from the nucleus
and on the direction in space (X, y, z). Orbitals in this group are
characterised by subsidiary quantum number equal to 1 and are called
p-orbital. There are three possible values of the magnetic quantum
number, i.e m = -1, 0, +1, indicating that there are three sub orbitals
for orbital in this group. These are,

y x = f(r).f(x)
yy=1f(r)f(y)
y 2 =1(r).f(2)

These sub orbitals have the same energy. Therefore, there are three
degenerate orbital for each of thevalueof n=2, 3,4

iii. ~ Thethird group consist of orbitals whose wave function depends on
distance from the nucleus, r and also on two directionsin space. For example
the d and f orbitals. For the d-orbital, the subsidiary quantum number, is 2
and the magnetic quantum number, m=4,i.e, -2,-1, 0, +1, +2. Therefore,
there are four degenerate sub orbitals for the d-orbital formed when n =3, 4,
5. These are,

i Yxy = f(n).f(x).f(y)
ii. Yxz = f(r).f(x).f(2)
i, Yy, = f(r).f(y).f(2)
iv. Yy, = f(r.f(2).f(2)
V. Y j2_y2 = f(r).f(z%) .f(y?)

The subsidiary quantum number for the f-orbital, | is 3 indicating that the
magnetic quantum number m=7,i.e-3,-2, -1, 0, +1, +2, +3. Therefore there
are seven degenerates sub orbitals for the f- orbital, which are formed when
n=4,5,6.

3.4 Atomic Orbitals

An orbital is the quantum mechanical refinement of Bohr’s orbit. In contrast
to his concept of a ssimple circular orbit with a fixed radius, orbitals are
mathematically derived regions of space with different probabilities of
having an electron. Because W? gives the probability of finding an electron
in a given volume of space (such as a cubic picometer), a plot of W2 versus
distance from the nucleus (r) is a plot of theprobability density. The
1sorbital is spherically symmetrical, so the probability of finding a
1s electron at any given point depends only on its distance from the nucleus.
The probability density is greatest at r = O (at the nucleus) and decreases
steadily with increasing distance. At very large values of r, the electron
probability density isvery small but not zero.
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Theradial probability (the probability of finding a 1selectron a a
distancer from the nucleus) can be calculated by adding together the
probabilities of an electron being at all points on a series of x spherical shells
of radiusry, r2, r3,..., I'x - 1, 'x. The approach divides the atom into different
shells and calculate the probability for each of the shell beore adding them
together (consider different layers of onions and think of calculating the
probability for the different layersand obtain the overall probability by
adding theindividual probability) .

The greatest probability is found when r = 0 and the surface area of each
spherical shells is 4pr?. Since the surface area is a function of r, it will
increase with increase inr even at arate greater than the increase in electron
density. Consequently, a plot of radial probability has a maximum at a
maximum at a particular distance (Fig. 1).

52.9 pm
(most probable radius
for the 1s electron)

\112

| Probability density

Spherical surface area

q:2r2

Radial probability

Distance from nucleus (r)

Fig. 1 Most Probable Radiusfor the Electron in the Ground State of the
Hydrogen Atom.
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The first plot is a plot of electron probability density W? versusr , which
reveals that that the electron probability density is greatest at r = 0 and falls
off smoothly with increasing r. The density of the dots is therefore greatest
in the innermost shells. The second plot shows the plot of spherical surface
(4pr?) versus the radius, and it increases that the surface area increases
increases rapidly with increasing radius. r. The last diagram is a radial
probability plots which represents a plot of the product of the sguare of the
atomic orbital function and the r2. Since the surface area of each shell
increases more rapidly with increasing r than the electron probability density
decreases, a plot of electron probability versusr (theradial probability)
shows a peak. This peak corresponds to the most probable radius for the
electron, 52.9 pm, which is exactly the radius predicted by Bohr’s model of
the hydrogen atom.

For the hydrogen atom, the peak in the radial probability plot occursat r =
0.529 A (52.9 pm), which agrees with the radius calculated by Bohr for
the n =1 orbit. Therefore, the most probable radius obtained from quantum
mechanics is identical to the radius calculated by classical mechanics. In
Bohr’s model, however, the electron was assumed to be at this distance 100%
of the time, whereas in the quantum mechanical Schrodinger model, it is at
this distance only some of the time. The difference between the two models
is attributable to the wavelike behavior of the electron and the Heisenberg
uncertainty principle.

Fig. 2 compares the electron probability densities for the hydrogen 1s, 2s,
and 3s orbitals. Notethat all three are spherically symmetrical. For the 2s and
3sorbitals, however (and for al other sorbitals as well), the electron
probability density does not fall off smoothly with increasing r. Instead, a
series of minima and maxima are observed in the radia probability plots).
The minima correspond to spherical nodes (regions of zero electron
probability), which alternate with spherical regions of nonzero electron
probability.
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Nodes - Nodes 8
Node

.

1s 25 3s 1s 25 3s
(a) Electron probability (b) Contour probability

2

Electron probability (W2r?)

25

3s

Vo

Distance from nucleus (r)
(c) Radial probability
Fig. 2. Probability Densities for the 1s, 2s, and 3sOrbitals of the
Hydrogen Atom.
In-Text Question (ITQ)
(1) What Kind of orbital is show below?

X

'
i
!
:
T —

(2)  Which of the following is furthest from the nucleus: 2s, 3s, or 4s?
(3)  Which of thefollowing orbital has the lowest energy : 2s, 3s, or 4s?
(4) Whatisthel valuefor a3p orbital?

3.5 Typesof Orbitals

(1) s-Orbitals
Three things happen to s orbitals as n increases
(1) They become larger, extending farther from the nucleus.

63



CHM 204 MODULE 2

(i)  They contain more nodes. This is similar to a standing wave
that has regions of significant amplitude separated by nodes,
points with zero amplitude.

(ili)  For agiven atom, the s orbitals also become higher in energy
asnincreases because of their increased distance from the
nucleus.

Orbitalsare generally drawn asthree-dimensional surfaces that
enclose 90% of theelectron density, Such diagram should
show the relative sizes of the orbitals, they do not normally
show the spherical nodes in the 2s and 3s orbitals because the
spherical nodeslieinside the 90% surface. Thisisinsignificant
since, the positions of the spherical nodes are not important for
chemical bonding.

(i)  pOrbitals

Only sorbitals are spherically symmetrical. As the value of | increases, the

number of orbitalsin agiven subshell increases, and the shapes of the orbitals

become more complex. Because the 2p subshell has| = 1, with three values

of m (-1, 0, and +1), there are three 2p orbitals.

Z axis

—————— xy nodal
plane

The colors correspond to regions of space where the phase of the wave
function is positive (orange) and negative (blue).

The electron probability distribution for one of the hydrogen 2p orbitals is
shown in Fig 3.. Because this orbital has two lobes of electron density
arranged along the zaxis, with an electron density of zero in the xy plane
(i.e,, thexyplane is a noda plane), it is a 2p;orbital. The other two
2p orbitals have identical shapes, but they liealong the x axis (2px) and y axis
(2py), respectively. Each p orbital hasone nodal plane. In each case, the phase
of the wave function for each of the 2p orbitals is positive for the lobe that
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points along the positive axis and negative for the lobe that points along the
negative axis. It is important to emphasize that these signs correspond to
the phase of the wave that describes the electron motion, not to positive or
negative charges.

Nodal i z
plane | \ . < z
i -

2, 2,
Fig. 2: The Three Equivalent 2p Orbitals of the Hydrogen Atom

The surfaces shown enclose 90% of the total electron probability for the 2px,
2py, and 2p; orbitals. Each orbital is oriented along the axis indicated by the
subscript and a nodal plane that is perpendicular to that axis bisects each
2p orbital. The phase of the wave function is positive (orange) in the region
of space wherex, y, or zis positive and negative (blue) wherex,y, or zis
negative.

The size and complexity of thep orbitals for any atom increase as the
principal quantum number nincreases. The shapes of the 90% probability
surfaces of the 3p, 4p, and higher-energy p orbitals are, however, essentially
the same as those shown in Fig. 2

The electron configuration of an atomis the representation of the
arrangement of electrons distributed among the orbital shells and subshells.
Commonly, the electron configuration is used to describe the orbitals of an
atom in its ground state, but it can also be used to represent an atom that has
ionized into a cation or anion by compensating with the loss of or gain of
electrons in their subsequent orbitals. Many of the physical and chemical
properties of elementscan be correlated to their unique electron
configurations. The valence electrons, electrons in the outermost shell, are
the determining factor for the unique chemistry of the element.

In-Text Question (ITQ)

Identify all the possibilities of the four quantum numbers for principal
guantum number equal to 5
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In-Text Question (ITQ)
Given 6s and m = +1, identify al the possibilities of the four quantum
numbers.

In-Text Question (ITQ)
Given 4d and ms= +1/2, identify all the possibilities of the four quantum
numbers.

3.6 Pauli Exclusion Principle

The Pauli exclusion principle states that there can only be a maximum of two
electrons for every one orientation, and the two electrons must be opposite
in spin direction; meaning one electron has ms=+1/2 and the other electron
has ms=—1/2. Thisimplies that the spin must be opposed when the electrons
are paired.

3.7 Hund'sRule

Hund’s rule states that the electrons in the orbital are filled up first by the
+1/2 spin. Once al the orbitals are filled with unpaired +1/2 spins, the
orbitals are then filled with the -1/2 spin (as shown in the diagram below).
Example of Hund’s Rule:
p orbital with 6 electrons

Stgp 1 P ﬁrbital | : | Fill all orientations with

| + % spin electrons first

- | Then complete crientations
| & | | with -} spin electrons

Step 2 p orbital —
3.8 Atomic spectra

When atoms are excited they emit light of certain wavelengths which
correspond to different colors. The emitted light can be observed as a series
of colored lines with dark spaces in between. These series of colored linesis
called alineor atomic spectra. Each element produces a unique set of
spectral lines. Since no two elements emit the same spectral lines, e ements
can be identified by their line spectrum.

The emission spectrum of a chemical element or chemical compound is the
spectrum of frequencies of electromagnetic radiation emitted due to an atom
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or molecule making a transition from a high energy state to a lower energy
state

The emission spectrum of a chemical element or chemical compound is the
spectrum of frequencies of electromagnetic radiation emitted due to an atom
or molecule making a transition from a high energy state to a lower energy
State

Spectra can be generated through one of the following means:

(1) Inmost cases the spectra arise from single-electron excitations. For
spectrain or near the visibleregion atransition of one of the outermost
electronsis responsible for the spectrum; in the x-ray region an inner
shell electron isinvolved.

(2) Most of the atomic spectra are of the electric dipole type with
transition probabilitiesin the range of 10”to 10°sec™. Magnetic
dipole and electric quadrupole transitions are less probabl e by afactor
of 10° but may nevertheless be observed in special situations.

(3 Very few spectra conform to pure LSor jj coupling. In passing from
light to heavy atoms there is a continuous transition from
predominantly LSto predominantly jj coupling.

(4)  Asthe departure from LS coupling increases, intercombination lines
(AS# 0) become more probable. Such lines are weak in the spectra of
the light atoms and become fairly strong in heavy atoms.

The classification of spectrais achieved by separating the atoms into
groups based on the number and type of electrons that are excitable.
The most commonly studied spectrum isthat of hydrogen whose main
features are contained in the expression,

1 1 1

3= Ry [E gt ;—%—]m

4

R ue 4
>=109678.758 cm™ = 13595 eV

Ry = 1(m/M)4: 2h

me
R, = Rz 109 737.311 cm™ = 13.605 eV

and mis the mass of electron, M the mass of proton, p is the reduced mass
=mM/(m + M), R4, which is based on the reduced mass of the electron-
proton system, is the ionization potential of hydrogen, and R.. the Rydberg
constant. Spectra can be classified based on the transition from one principal
guantum number to another as shown in Table 1..
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Table 1: Classification of spectra based on the transition quantum
number

L ongest wavelength
Series Nt | n2 (A°)
Lyman 1 2,3, ... 1215.68
Balmer 2 34, ... 6562.79
Ritz-Paschen 3 45, ... 18,751
Brackett 4 5,6, ... 40,510
Pfund 5 6,7, ... 74,560

Another classification method is based on angular momentum quantum
number (Table 2)

Table2: Classification of spectrabased on angular momentum quantum
number

Series Transition n Number of
lines

Principal 12S1/2-n2P1/2,3/2 23, |2

Sharp 22P1/2,3/2-n2S1/2 34, |2

Diffuse 22P1/2-—n 2D3/222P3/2-—n2D3/2,5/2 | 3,4, | 3

Fundamental | 32D3/2—n 2F5/232D5/2—n 2F5/2,7/2 | 4,5, | 3

The akali elements (Li, Na, K, Rb, Cs, Fr) have a single electron outside of
a filled s or p shell; the ground state is2Sy,. Because of the spherical
symmetry of the filled shells, the outer electron movesin acentral field asin
hydrogen. Therefore, the spectra of these elements resemble the spectrum of
hydrogen and consist of analogous series. In the ground state, the outer s
electron is more loosely bound than any of the other electrons in the filled
shellsand is a'so more loosaly bound than the s electron in hydrogen. Hence
the ionization potentials of these elements are lower; however, the doublet
splitting due to spin-orbit interaction is much larger than in hydrogen.

Cu, Ag, and Auin their ground states have an s electron outside of afilled d
shell. However, the binding energies of the s and d electrons are comparable
so that the spectra of these elements and can be interpreted on the basis of
either s or d excitation.

Elements with a single p electron outside of closed shells are B, Al, Ga, In,
and T1. In boron, for example, the ground state configuration is 1s?2s?2p; the
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spectrum therefore resembles that of an alkali atom but with the lowest 2S
missing. In the same category are the elements F, C1, Br, |, and At whose
ground state configurations are np® which gives rise to the single term 2P as
in the case of np but the multiplet structure is inverted because the shell is
more than half-full.

Helium, the lightest element with a closed shell configuration in the ground
state can produce two-term systems including singlets (parahelium) and
triplets (orthohelium); however, both singlet and triplet S states must remain
single. In the ground state the configuration is 1s%, hence the only possible
term consistent with the Pauli principle isSo. The lowest triplet 3S; arises
from the configuration 1s’s and each triplet term is lower than the singlet
term with the same values of n. The two-term systems do not mix since
transitions between singlets and triplets are forbidden in the LS coupling
approximation, and as a result there are two separate spectral systems, one
associated with singlet states and the other with triplet states. The lowest
triplet state 1s2s3S; is metastable since there is no alowed transition to a
lower state. There is a curious anomaly in the 2 3P term which shows a
reversal in the order of the levels, i.e, the levels increase in energy in the
order 23P,, 23P1, 23Po. This is surprising since LScoupling predicts the
opposite order. An explanation of this phenomenon has been given on the
basis of spin-spin interactions and relativistic corrections.

The alkaline earth elements, Be, Mg, Ca, Sr, Ba, Ra, Zn, Cd, and Hg, contain
two electrons (ns?) outside of closed shells. Hence there are singlet and triplet
terms as in helium with the triplet terms lying lower than the corresponding
singlets. However, the selection rule AS= 0 is not as strict as in helium so
the spectra contain intercombination lines which increase in strength as one
progresses from the lighter to the heavier elements due to increasing
departure from LS coupling. Also, the ionization potentials are smaller than
in helium. These elements aso provide examplesin which it is necessary to
consider configuration interaction. Thus, in calcium, 3d5s 3D liesin the same
energy region as 4s8d D and 4s9d D and the states are all of the same type,
thatis, inregardto L, S and the parity; hence each of these states are properly
regarded as a mixture of configurations.

For the elements C, Si, Ge, Sn, and Pb the ground state configuration
isnp? and the ground term is 3Py as required by Hund-s rule for a shell that
isless than half-full. In configurations of the type np(n + 1)slike 2p3sin C,
3pdsin S, etc., there is a gradual transition from LS coupling in the light
elements to jj coupling in the heavier elements. O, S, Se, Te, Po have the
configuration np* which produces the same terms as those arising
from np? but with an inverted multiplet structure. A half-full shell np®is

69



CHM 204 MODULE 2

found in the ground states of N, P, As, Sh, and Bi. The lowest term is“S
while the other terms from np>—?P, 2D—are metastable because of the
selection rule AS= 0, but some intercombinations are observed in the heavier
elements. The closed shell configuration np® occurs in Ne, Ar, Kr, Xe, and
Rn; in each case the lowest term is 1So.

There are several groups of elements in which the occupation of s orbitals
competes with the occupation of d orbitals. As aresult, these elements have
one or two s electrons outside of partially filled d shells. The groups are
classified according to their unfilled d shells: the 3d (iron) group (Sc, Ti, V,
Cr, Mn, Fe, Co, Ni), the 4d (palladium) group (Y, Zr, Nb, Mo, Tc, Ru, Rb,
Pd), and the 5d (platinum) group (Lu, Hf, Ta, W, Re, Os, Ir, Pt). In view of
the large number of terms that are produced by several d electrons, these
elements have rich spectra in the visible and ultraviolet. These elements
include those with significant magnetic properties also are attributabl e to the
unfilled d shells.

Finally we have the elements whose properties are mainly determined by
their f electrons. These are the lanthanides (4f) group (Ce, Pr, Nd, Pn, Sm,
Eu, Gd, Th, Dy, Ho, Er, Tm, Yb) and the actinides (5f) group (Ac, Th, Pa,
U, Np, Pu, Am, Cm, BK, Cf). Here too there are numerous terms arising from
f electron configurations and consequently many lines in the spectra. The
magnetic properties of the lanthanides are also determined by the partially
filled 4f shell which is shielded by the outer 5s and 5p shells.

Spectra which originate from transitions by inner shell (core) electrons are
known as X-ray spectra. In order to produce X-ray spectrait isnecessary to
remove (ionize) an electron from an inner shell thus creating a vacancy or
hole. This can be accomplished by electron bombardment or by other means
depending on the depth of the shell. Upon reverting to its ground state the
atom may undergo a transition whereby the vacancy is filled by an electron
from an outer shell with the release of an X-ray photon.

SELF ASSESSMENT EXERCISE
I a State and use appropriate conditions needed for an atom in a
stationary state to emit radiation. Hence write an expression for

the energy of the hydrogen atom stationary states.
b. Discuss the limitation of the Bohr’s theory
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What are the shortcoming of the Bohr’s model of atom

oo

The Bohr theory cannot explain the spectra of atoms
containing more than one el ectron.

Even for the atoms with one electron, the theory does not
predict the relative intensities of the lines or the splitting of the
lines observed when the atoms are excited in a magnetic field
(the Zeeman effect). Even in the absence of external fields,
the spectral lines were found to be more complex when
examined with high resolution equipments. (The theory could
not explain the fine details of the spectra).

The theory ignores the wave nature of the electron.

It violates the Heisenberg’s Uncertainty Principle — Bohr
clamsit is possible to know exactly the position and study the
motion of the electron at the same time.

It regards the electron as being stationary, with a specific
position and distance from the nucleus.

It does not explain molecular bonds.

It does not predict the relative intensities of spectral lines.

The Bohr model does not explain fine structure and
hyperfine structure in spectral lines

What is a quantum of energy?

Explain the significance of the photoel ectric effect.

If an atom has a frequency of 5.357 x 10'* s, using Planck's
eguation, what is the energy of a single photon?

Using the answer from number 3, calculate the energy of a
mole of photons.

Assume you have light at a wavelength of 640 nm. Calculate
the energy of one photon of light at that wavelength.
Remember that c= 3.00 x 108 m stand A is wavelength in
meters.

5.0 CONCLUSION

Quantum mechanics can be used to explain intrinsic properties associated

with structure and bonding in atoms. The major functional parameter of

guantum mechanics is the Schrodinger equation, which defines atomic
orbital asthe wave function and molecular orbital asacombination of atomic
orbitals through the square of the wave function.
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50 SUMMARY

Models of addressing structure and bonding can not be completed without
guantum approach. Quantum mechanics can explain the intrinsic properties
that can not be easily handled by experiments. The major contribution of
guantum mechanicsin structure and bonding is the explanation of atomic and
molecular orbital, spin and angular momentum, transition dipole and spectra
emission.

6.0 TUTOR MARK ASSIGNMENTS

(1) Given that the spectral frequencies for emission of radiation is
expressed as follow

v 1 1 1
L b= G !
wheren, = 1,2,3......,10a = 2,3 ....... N> np and R isthe Rydberg constant
= 1.096776 x 10°cm’!
Calculate the frequencies associated with transitions from
(1) n=1ton=2
(i) n=2ton=3
(i) n=3ton=4
(2) Usethe Einstein equation to show that hf = pc

(3  Given that the wave function isdefined as¥W = A

Schrodinger equation

(4)  From the derived Schrodinger equation, define atomic and molecular
orbitals using the wave function.

(5)  Statethree properties of Hamiltonian operators

(6)  State Pauli exclusion principle and Hund’s law

(7)  ldentify the spin direction (e.g. ms=-1212 or +1212 or £+1212) of
the outermost electron in a Sodium (Na) atom.

(8 Identify the spin direction of the outermost electron in aChlorine (Cl)
atom.

(9 Identify the spin direction of the outermost electron in a Calcium (Ca)
atom.

(10) Given 5p and ms= +1212, identify all the possibilities of the four
guantum numbers.

(11) Given 6f, identify all the possibilities of the four quantum numbers.

(12) How many electronscan haven=4andL =17

(13) How many electronscan haven=4,L =1, m. =-2and ms = +1212?

(14) How many electrons can have n =5, L = 3, m =%+ 2 and ms=
+12127?

(15) How many electronscan haven =5, L =4, m_ = +3 and ms = -1212?

sin 2mx
A

, derive the
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(16) How many electronscanhaven=4,L =2, m_ = ++1 and ms =-12127
(17) How many electronscan haven=3,L =3, m_ = +2?
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1.0 INTRODUCTION

Themain group is the group of elements (representative elements) whose
lightest members are represented by helium, lithium, beryllium, boron,
oxygen and flourine as arranged in the periodic table of the elements. The
main group includes the elements (except hydrogen, which is sometimes not
included) in groups 1 and 2 (s-block), and groups 13 to 18 (p-block). The s-
block elements are primarily characterised by one main oxidation state, and
the p-block elements, when they have multiple oxidation states, often have
common oxidation states separated by two units.
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