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e 1.1 Historical Development and Importance of Organic Chemistry
o 1.1.1 Early discoveries and milestones
o 1.1.2 Modern relevance and applications
e 1.2 Electronic Theory in Organic Chemistry
o 1.2.1 Concept of electronic.theory
o 1.2.2 Bonding and reactivity explained through electronic theory
o 1.3 Isolation and Purification of Organic Compounds
o 1.3.1 Common techniques of isolation
o 1.3.2 Purification methods and their significance
e 1.4 Structural Determination of Organic Compounds
o 1.4.1 Qualitative analysis of erganic compounds
o 1.4.2 Quantitative analysis of arganic compounds

Introduction

Organic chemistry has long been recognised as a cornerstone of modern science. From the
early discovery .of carbon-based compounds to the synthesis of life-saving medicines and
advanced materials, its influence is far-reaching. This Series introduces you to the foundations
of organic chemistry, preparing you for deeper exploration in subsequent Series.

The aim of this Series is to provide you with an understanding of how organic chemistry
developed, the theoretical principles that explain its behaviour, and the essential techniques
used to isolate, purify, and determine the structures of organic compounds.

We shall commence this Series by examining the historical development and importance of
organic chemistry. Next, we will explore the electronic theory that explains bonding and
reactivity. Following that, we will consider the techniques used in the isolation and purification
of organic compounds. Finally, we will conclude with methods of structural determination,
including qualitative and quantitative analysis.
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Series Learning Outcomes
Upon completing this Series, you should be able to:

e SLO 1.1 describe the historical development and importance of organic chemistry,

e SLO 1.2 explain the principles of electronic theory in organic chemistry,

e SLO 1.3 demonstrate techniques for isolating and purifying organic compounds,

e SLO 1.4 analyse qualitative and quantitative methods for determining the structures of
organic compounds.

1.1 Historical Development and Importance of Organic Chemistry

1.1.1 Early discoveries and milestones

Organic chemistry is the branch of chemistry that deals with compounds.containing carbon,
defined as the chemical element that forms the basis of life dueto its ability to create diverse
and stable bonds. The study of organic compounds began with the isolation of substances from
plants and animals, such as alcohol and urea, which were initially believed to be produced only
by living organisms. This belief was overturned in 1828 when Friedrich Wohler synthesised
urea, defined as an organic compound found in urine, from ammonium cyanate. This
experiment demonstrated that organic compounds could be created artificially, marking a
turning point in the history of organic chemistry.
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Figure 1.1 Historical milestones in organic chemistry

Fill'in the blank: The synthesis of by Friedrich Wohler in 1828 disproved the idea that
organic compounds could only be produced by living organisms.

1.1.2 Modern relevance and applications
Today, organic chemistry is central to many fields, including pharmaceuticals, defined as

chemical substances used to diagnose, treat, or prevent disease, and polymers, defined as large
molecules composed of repeating structural units that form materials such as plastics and fibres.
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Organic chemistry also underpins the development of fuels, dyes, agrochemicals, and
nanomaterials. Its importance lies not only in the creation of new substances but also in
understanding the mechanisms by which these substances interact and transform.
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Plate 1.1 Everyday applications of organic chemistry.

Fill in the blank: Organic chemistry contributes to_ fields such as pharmaceuticals, polymers,
fuels, and

Pilot questions 1.1

1. Who synthesised urea in 1828, marking a turning point in organic chemistry?

2. What element is considered the basis of organic chemistry due to its bonding
versatility?

3. Name two everyday applications of organic chemistry in modern society.

4. What belief about.organic compounds was disproved by Wohler’s experiment?

5. Define the term polymer and give one example.

1.2 Electronic Theory in‘Organic Chemistry

1.2.1 Concept.of electronic theory

The electronic theory is a principle in chemistry that explains the behaviour of atoms and
molecules based on the arrangement and movement of electrons, defined as negatively charged
particles that orbit the nucleus of an atom. In organic chemistry, this theory is vital because it
helps. us ‘understand why certain compounds react in specific ways. For example, the
distribution of electrons in bonds determines whether a molecule is stable or reactive.
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Figure 1.2 Electron distribution in a covalent bond.

Fill in the blank: The electronic theory explains chemical behaviour based onthe arrangement
of in atoms and molecules.

1.2.2 Bonding and reactivity explained through electrenic theory

Organic compounds are built upon the ability of carbon to form stable covalent bonds, defined
as chemical bonds created by the sharing of electron pairs between atoms. The electronic theory
explains how these bonds form and why they break during chemical reactions. When electrons
are unevenly distributed, molecules may develop polarity, defined as the separation of electric
charge leading to positive and negative regions within the molecule. This polarity influences
how molecules interact, making some reactions faster and others slower.

breaking and forming of bonds during a chemical transformation.

Box 1.1 Key features of electronic theory in organic chemistry
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Fill

in the blank: When electrons are unevenly distributed in a molecule, occurs,

influencing reactivity.

Pilot questions 1.2

1.3

1.3.

What does the electronic theory explain in relation to atoms and molecules?
Define the term electron and state its charge.

What type of bond is formed when atoms share electron pairs?

How does polarity affect the reactivity of organic molecules?

Give one example of how electronic theory helps predict chemical behaviour.

orwpdPE

Isolation and Purification of Organic Compounds

1 Common techniques of isolation

Organic compounds are often found mixed with other substances in nature. To study them
effectively, chemists must first isolate them, which means separating the desired compound
from its natural source or mixture. Common isolation techniques include extraction from
plants, fermentation processes, and distillation. For example, essential oils can be isolated from
plant materials using steam distillation, while alcohol can be obtained through fermentation of
sugars.
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Figure 1.3 Steam distillation apparatus for isolation of organic compounds.

Fill

in.the blank: The process of separating a desired compound from its natural source or

mixture is.called

1.3.

2 Purification methods and their significance

Once isolated, organic compounds often contain impurities. Purification is the process of
removing these unwanted substances to obtain a pure compound suitable for analysis or
application. Common purification methods include recrystallisation, chromatography, and
distillation. For instance, recrystallisation involves dissolving a compound in a suitable solvent
and then allowing it to crystallise, leaving impurities behind. Chromatography, on the other
hand, separates compounds based on differences in their movement through a medium.
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Purification
Method

Recrystallisation

Simple
Distillation

Fractional
Distillation

Steam

Distillation

Chromatography

Solvent
Extraction

Underlying Principle

Difference in solubility
at different temperatures.

Difference in boiling
points of miscible liquids
(typically
$>25Mcirc\text{C}$
difference).

Repeated  vaporisation
and condensation in a
column; separates
components with close
boiling points.

Co-distillation with
water; lowers  the
effective boiling point of
temperature-sensitive
compounds.

Difference in the rate of
migration  through a
stationary phase based on
affinity.

Difference in solubility
of a substance between
two immiscible solvents
(liquid-liquid
partitioning).

Best Used For

Solid
compounds
with impurities
having
different
solubility
profiles.

Liquids  with
significantly
different
boiling points.

Liquids<  with
boiling points
relatively close
to each other.

Heat-sensitive
organic
compounds
that are
immiscible
with water.

Separating
complex
mixtures of
solids or liquids
on a small
scale.

Extracting
organic
compounds
from aqueous
reaction
mixtures.

Table 1.1 Common purification methods in organic chemistry

Common
Examples

Benzoic acid,

Aspirin

Ethanol/Water
(initial
separation)

Crude oil
refining,
Petroleum
fractions

Essential  oils
(e.g., Lavender
oil)

Plant pigments,
reaction
monitoring
(TLC)

Caffeine
extraction,
removal of
impurities

Fill in the blank: The method of separating compounds based on their movement through a

medium is called

]
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Pilot questions 1.3

Define the term isolation in the context of organic chemistry.

Name one technique used to isolate essential oils from plants.

What is the purpose of purification after isolation?

Which purification method involves dissolving and recrystallising a compound?
State one advantage of chromatography as a purification method.

orwdPE

1.4 Structural Determination of Organic Compounds

1.4.1 Qualitative analysis of organic compounds

Quialitative analysis refers to the identification of the types of elements or functional groups
present in an organic compound. This process does not measure quantity but focuses on
recognising the presence of specific features. For example, tests such as the bromine water test
can indicate the presence of unsaturation in hydrocarbons, while the silver nitrate test can detect
halides. These methods help chemists classify compounds'before moving on to more detailed
studies.

QUALITATIVE TEST FOR UNSATURATION USING BROMINE WATER (Br,)
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No reaction
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Alkene + Br, Water

POSITIVE
POSITIVE
RESULT

Figure 1.4 Bromine water test for unsaturation.

Fill in the blank: The bromine water test is commonly used to detect in hydrocarbons.

1.4.2 Quantitative analysis of organic compounds

Quantitative analysis involves measuring the exact amounts of elements or compounds
present in a sample. This is crucial for determining molecular formulas and verifying purity.
Techniques such as combustion analysis can measure the proportions of carbon, hydrogen, and
oxygen in a compound. Modern methods, including spectroscopy and chromatography,
provide precise data that allow chemists to construct accurate structural models.

{ET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION
STUDENTS



Key
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NMR maanetic field determination of @ Molar ratios of
Spectroscopy (intge il of functional group | protons/nuclei
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Spectrometry i(grr:ilga?m(;?:c%siesc’f molecular identification
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. concentration  of
Yy reaction between an L . Molar
Titration acidic/basic or

analyte and a
standard titrant.

redox-active
functional groups.

concentration

Table 1.2 Common quantitative analysis techniques in organic chemistry

Fill in the blank: Combustion analysis is a technique used to determine the proportions of
, hydrogen, and oxygen in a compound.

Pilot questions 1.4

1. Define qualitative analysis in the context of organic chemistry.
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N

Name one test used to detect halides in organic compounds.

What is the main purpose of quantitative analysis?

4. Which technique measures the proportions of carbon, hydrogen, and oxygen in a
compound?

5. Give one modern method used for quantitative analysis of organic compounds.

w

Series Summary

This Series has introduced you to the foundations of organic chemistry, ‘highlighting its
historical development, theoretical principles, and practical techniques.” We began by
examining the early discoveries and milestones that shaped the discipline, followed by its
modern relevance and applications. Then, we explored the electronic theory, which explains
bonding and reactivity in organic compounds. Moving forward, we studied the processes of
isolation and purification, essential for preparing compounds for analysis. Finally, we
considered structural determination, focusing on both qualitative and quantitative methods.

By engaging with these topics, you have achieved the Series Learning' ©Outcomes: you can now
describe the historical development and importance of organic.chemistry (SLO 1.1), explain
the principles of electronic theory (SLO 1.2), demonstrate isolation and purification
techniques (SLO 1.3), and analyse methods of structural determination (SLO 1.4). These skills
provide a strong foundation for progressing into-more advanced areas of organic chemistry.

Series Glossary

e Carbon: A chemical element that forms the basis of organic compounds due to its
ability to create diverse and stable bonds.

e Covalent bond: A chemical bond formed by the sharing of electron pairs between
atoms.

o Electron: A negatively charged particle that orbits the nucleus of an atom.

e Electronic theory: <A principle explaining chemical behaviour based on the
arrangement and movement of electrons in atoms and molecules.

e _lIsolation: The process of separating a desired compound from its natural source or
mixture.

e Pharmaceuticals: Chemical substances used to diagnose, treat, or prevent disease.

o Polymer: A large molecule composed of repeating structural units, often used in
plastics and fibres.

o . Polarity: The separation of electric charge within a molecule, leading to positive and
negative regions.

e Purification: The removal of impurities from an isolated compound to obtain a pure
substance.

o Qualitative analysis: The identification of the types of elements or functional groups
present in a compound.

e Quantitative analysis: The measurement of the exact amounts of elements or
compounds present in a sample.

e Urea: An organic compound found in urine, historically significant for being the first
artificially synthesised organic compound.

)
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Concept Check Questions [Series 1]

Objective questions

1. (Linked to SLO 1.1) Who synthesised urea in 18287

2. (Linked to SLO 1.2) What type of bond is formed when atoms share electron pairs?

3. (Linked to SLO 1.3) Which method separates compounds based on their movement
through a medium?

4. (Linked to SLO 1.4) Combustion analysis measures the proportions of which three
elements?

Short-answer questions

5. (Linked to SLO 1.1) Explain why Wdhler’s experiment was a turning point in organic
chemistry.

6. (Linked to SLO 1.2) Define polarity and state its effect-on reactivity.

7. (Linked to SLO 1.3) Name one technique used to isolate essential oils and describe its
principle.

8. (Linked to SLO 1.4) Distinguish between-qualitative and’ quantitative analysis in
organic chemistry.

Long-answer questions

9. (Linked to SLO 1.1) Discuss the historical development of organic chemistry,
highlighting its early misconceptions and breakthroughs.

10. (Linked to SLO 1.3 & 1.4) Analyse the importance of isolation, purification, and
structural determination in preparing organic compounds for study.

Answers to Concept Check Questions [Series 1]

Objective answers

1. Friedrich Wéhler.

2. Covalentbond.
3..~Chromatography.

4. Carbon, hydrogen, and oxygen.

Short-answer answers

5. It disproved the belief that organic compounds could only be produced by living
organisms.

6. Polarity is the uneven distribution of electrons in a molecule; it influences how

molecules interact and react.

Steam distillation; it uses steam to extract volatile compounds from plant material.

8. Qualitative analysis identifies elements or groups present, while quantitative analysis
measures their exact amounts.

~

Long-answer answers

)
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9. Basic response: Organic chemistry began with the study of compounds from living
organisms, believed to be unique to life. Wohler’s synthesis of urea disproved this,
leading to the recognition that organic compounds could be artificially created. Value-
added response: Beyond Wohler’s experiment, the development of structural theory,
electronic theory, and modern analytical techniques further advanced organic
chemistry, making it central to pharmaceuticals, polymers, and materials science.

10. Basic response: Isolation separates compounds from mixtures, purification removes
impurities, and structural determination identifies composition. Together, they prepare
compounds for accurate study. Value-added response: These processes are essential
for ensuring reproducibility, enabling industrial applications, and supporting
innovations in medicine, materials, and nanotechnology.

Answers to Pilot Questions [Series 1]

e Part 1.1: Wohler; carbon; pharmaceuticals and polymers; disproved vitalism; polymer
is a large molecule, e.g., plastics.

o Part 1.2: Explains behaviour of atoms; electron is negatively charged; covalent bond;
polarity affects reactivity; predicts bond behaviour.

o Part 1.3: Isolation separates compounds; steam distillation; removes impurities;
recrystallisation; chromatography separates effectively.

o Part 1.4: Qualitative analysis identifies groups;. silver nitrate test; measures exact
amounts; combustion analysis; spectroscopy.

References and Attributions [Series 1]

o Standard organic chemistry textbooks (e.g., Morrison & Boyd, Organic Chemistry).
e Historical accounts of Friedrich Wohler’s synthesis of urea.
e Suggested OER sources for illustrations:
Figure 1.1 Timeline of organic chemistry milestones (OER diagram).
Plate 1.1 Everyday applications of organic chemistry (OER image).
Figure 1.2 Covalent bond electron distribution (OER diagram).
Box 1.1 Key features of electronic theory (Al-generated summary box).
Figure 1.3 Steam distillation apparatus (OER diagram).
Table 1.1 Purification methods comparison (Al-generated table).
Figure 1.4 Bromine water test (OER diagram).

o Table 1.2 Quantitative analysis techniques (Al-generated table).
e Al prompts used for illustration placeholders were noted in each Part.

0O o0 o0 O O O O
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Proposed Outline Series 2

2.1 Forms of Carbon Allotropes

o 2.1.1 Diamond: structure and properties
o 2.1.2 Graphite: structure and properties
o 2.1.3 Amorphous carbon

2.2 Discovery and Structure of Fullerenes

o 2.2.1 Historical background of fullerenes
2.2.2 Molecular structure and bonding

2.3 Properties and Applications of Fullerenes

o 2.3.1 Physical and chemical properties
2.3.2 Industrial and medical applications

2.4 Comparative Analysis of Carbon Allotropes

o 2.4.1 Structural differences
2.4.2 Functional significance

Introduction

Carbon is one of the most versatile elements in the periodic table, capable of forming a wide
range of structures with distinct properties. Its allotropes, such as diamond and graphite, have
fascinated scientists for centuries, while the discovery of fullerenes in the late twentieth century
opened new frontiers.in nanoscience and materials chemistry. This Series introduces you to the
diverse forms of carbon and their unique characteristics.

The aim of this Series is to provide you with a clear understanding of the structures, properties,
and applications of carbon allotropes and fullerenes, as well as their comparative significance
in science and technology.

We shall commence this Series by examining the different forms of carbon allotropes,
including diamond, graphite, and amorphous carbon. Next, we will explore the discovery and
molecular. structure of fullerenes. Following that, we will consider the properties and
applications of fullerenes in industry and medicine. Finally, we will conclude with a
comparative analysis of carbon allotropes, highlighting their structural differences and
functional importance.

Series Learning Outcomes
Upon completing this Series, you should be able to:

e SLO 2.1 describe the structures and properties of major carbon allotropes,
e SLO 2.2 explain the historical background and molecular structure of fullerenes,
)
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e SLO 2.3 analyse the physical and chemical properties of fullerenes and evaluate their
applications,
e SLO 2.4 compare carbon allotropes in terms of structure and functional significance.

2.1 Forms of Carbon Allotropes

2.1.1 Diamond: structure and properties

Diamond is a crystalline allotrope of carbon in which each carbon atom is covalently bonded
to four other carbon atoms in a tetrahedral arrangement. This strong bondingnetwork makes
diamond extremely hard, transparent, and an excellent conductor of heat but a poor conductor
of electricity. Diamonds are valued both as gemstones and for industrial-applications such as
cutting and drilling.

TETRAHEDRAL BONDING I DIAMOND

FOUR VALENCE %] [

ELECTRONS O
23

CARBON ATOM

4 EYDTI
CCOORDINATION

CARBON ATOM TETRAHEDRAL GEOMETRY DIAMOND CRYSTAL STRUCTURE

FOUR VALENCE EACH CARBON ATOM FORMS FIUR TO ENIGE
ELECTRONS. STRONG BONDS, AND OTHER CARBON ATOMS.
TO FORM TO FORM A TETRAHEDRAL ATOM.

sP3HYBAID
ORBITALS

O TETRAHEDRAL
 COORDINATION
C.

-C

YDTHTICAL ~~

TETRAHEDRAL BONDING
(LOCAL VIEW) DIAMOND CRYSTAL STRUCTURE @ O

Figure 2.1 Structure of diamond

Fill in the blank: In diamond, each carbon atom is bonded to other carbon atoms in a
tetrahedral arrangement.

2.1

.2 Graphite: structure and properties

Graphite isan allotrope of carbon where atoms are arranged in layers of hexagonal rings. Each
carbon atom is bonded to three others, leaving one electron free to move. This gives graphite
its electrical conductivity and lubricating properties. Graphite is soft, opaque, and used in
pencils, electrodes; and as a lubricant.

LAYERED HEXAGONAL STRUCTURE OF GRAPHITE

STRONG COVALENT —— ==
BONDS WITHIN LAYERS

WEAK VAN DER WAALS
FORCES BETWEEN
LAYERS (3.35 A)

STACKING SEQUENCE
(e.g., ABAB)

SINGLE HEXAGONAL LAYER
(GRAPHENE)

(GRAPHENE)

INTERLAYER
SPACING

INTERLAYER ATTRACTIVE
FORCES

STACKING SEQUENCE ATOMS
(e.g., ABAB) INTERLAYER ATTRACTIVE FORCES

Figure 2.2 Layered structure of graphite
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Fill

in the blank: Graphite conducts electricity because each carbon atom has one that

is free to move.

2.1.3 Amorphous carbon

Am

orphous carbon refers to carbon that lacks a crystalline structure. Examples include

charcoal, soot, and activated carbon. These forms are less ordered but have important uses,
such as filtration, fuel, and pigments. Activated carbon, in particular, is highly porous and

effe

ctive in adsorbing impurities, making it valuable in water purification and.medical

treatments.

CHARCOAL S00T ACTIVATED CARBON
Aot GARBON L MICRO-POROUS

DISORDERED
ATOMIC ARRANGEMENT

EXAMPLES OF AMORPHOUS CARBON

o 8

NON-CRYSTALLINE

FINE PARTICLES

MICRO-POROUS

i C | Non-cRysTALLINE: USES: C | uses: STRUCTURE
omew. | Disordered ATOMIC ARRANGEMENT Disordered ATOMIC ARRANGEMENT E Form, fuel, pigment, filtration

POROUS STRUCTURE

o

Plate 2.1 Examples of amorphous carbon

Fill

in the blank: Activated-carbon is highly , making it useful for adsorbing impurities.

Pilot questions 2¢1

2.2
2.2.

Ful

How many carbon atoms is each atom bonded to in diamond?
Why is graphite able to conduct electricity?

Give two.industrial uses of diamond.

Name one example of amorphous carbon.

What property makes activated carbon useful in water purification?

g~ wn e

Discovery and Structure of Fullerenes

1 Historical background of fullerenes

lerenes are a unique class of carbon molecules discovered in 1985 by scientists Harold

Kroto, Robert Curl, and Richard Smalley. They consist of carbon atoms arranged in hollow,
cage-like structures resembling spheres or tubes. The most famous fullerene is Cso, also called
buckminsterfullerene, named after architect Buckminster Fuller because its shape resembles
the geodesic domes he designed. This discovery was groundbreaking, as it revealed a new form

D
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of carbon beyond diamond, graphite, and amorphous carbon, opening up possibilities in
nanotechnology and materials science.

THE SPHERICAL STRUCTURE OF C,, FULLERENE (BUCKMINSTERFULLERENE)

We!

6-MEMBERED  5-MEMBERED
RING RING

HEXAGONAL FACE —— #f
(20 total)

PENTAGONAL FACE — &

(o ——
FORMATION GEOMETRY
(12 total)

SINGLE BOND —
(C-C, approx. 1.45 A)

DOUBLE BOND
(C=C, approx. 1.40 A,

il gexedon'ings) Cgo MOLECULE (BUCKYBALL)

Figure 2.3 Structure of buckminsterfullerene (Ceo)

Fill in the blank: The most famous fullerene, Ceo,-is-also called because its shape
resembles a geodesic dome.

2.2.2 Molecular structure and bonding

Fullerenes are composed entirely of carbon atoms, defined as the chemical element that forms
the basis of organic compounds. In Ceo, the atoms are arranged in a pattern of 12 pentagons and
20 hexagons, similar to a football. Each carbon atom forms three covalent bonds, creating a
stable yet flexible structure. This bonding pattern gives fullerenes unique properties, such as
high strength, electrical conductivity, and the ability to act as electron acceptors. These features
make them useful in electronics, medicine, and materials engineering.

Box 2.1 Key structural features of fullerenes

Fill in the blank: In Ceo, carbon atoms are arranged in a pattern of 12 and 20 hexagons.

-
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Pilot questions 2.2

Who discovered fullerenes in 1985?

What is the most famous fullerene called?

Why was the discovery of fullerenes considered groundbreaking?
How are carbon atoms arranged in Ceo?

State one property of fullerenes that makes them useful in technology.

orwdPE

2.3 Properties and Applications of Fullerenes

2.3.1 Physical and chemical properties

Fullerenes possess remarkable physical properties, defined as characteristics that can be
observed without changing the substance’s chemical identity. They are stable, lightweight, and
capable of withstanding high pressures. Their spherical structure allows them to roll like tiny
ball bearings, and they can dissolve in organic solvents such.asbenzene.

In terms of chemical properties, defined as characteristics that describe how a substance
interacts with other substances, fullerenes can act as-electron acceptors, making them useful in
electronic devices. They can also undergo. reactions such as hydrogenation and halogenation,
which modify their properties for specific applications.

PHYSICAL AND CHEMICAL PROPERTIES OF FULLERENES

PHYSICAL PROPERTIES ( CHEMICAL PROPERTIES

S ggtglgrgwﬁpsﬂﬁthANCE T zﬁt\si?;ﬂ‘glc(rophile, electron acceptor)
A — N o Yl o —
soluble in organic . NLY Catls (T FEATURES:

solvents like toluene)

r\_{_i' HARDNESS
=% (relatively soft solid)

o :

AN o Sa=f' e sp?HYBRIDIZATION

ﬂ‘ CeoCl. ‘

(00) Sulle, l‘& $e « CAGESTRAIN
Caolliz  NC T W

=~ X o ELECTRON

R ACCEPTOR
! REACTIONS o, BENAVIOR
:%’_ (semiconductor,
¥

@
N superconductivity OC0) —2= 0]
when doped) Ly " Y

E THERMAL STABILITY AN caor LXK
& 00 —5 G
LY LXK
ol

Figure 2.4 Physical and chemical properties of fullerenes.

Fill in the blank: Fullerenes can act as electron , making them useful in electronic
devices.

2.3.2 Industrial and medical applications
The unique properties of fullerenes have led to diverse applications. In industry, they are used
in lubricants, superconductors, and solar cells. Their ability to conduct electricity and withstand

stress makes them valuable in advanced materials engineering.

In medicine, fullerenes are being researched for drug delivery, as their hollow structure can
encapsulate molecules. They also show potential as antioxidants, neutralising harmful free

-
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radicals in the body. These applications highlight the versatility of fullerenes in improving
technology and healthcare.

SOLAR CELLS  cusce aaseom — CURICAL’S
. ([j‘( >, O

’ \ =L

% - > AN i
Calnodac' A > .E%E?r‘n“.‘is\* ) / C ) '\O“‘é = ’vz\,i
seve e P & we - Lo N
i FULLERENES

EFFICIENT CHARGE Imiiction Cey NANO-BEARING EFFECT
Ceo TRANSPORT

LUBRICANTS

YAl

4/ LUBRICANT

\/
@ca@@ Qg ™ ©
_M_A_M

)
e
M ED I C| N E ' DRUG DELNERV SYSTEM .
DO % . @N i
m\i 5 L(L Lj @ = | Y &W
A ® .
& ELECTRON ACCEFTORS I RECNONM VAGUE AD o
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Plate 2.2 Applications of fullerenes in industry and medicine.

Fill in the blank: In medicine, fullerenes are being researched for delivery due to their
hollow structure.

Pilot questions 2.3

State one physical property of fullerenes.

What chemical role can fullerenes play in electronic devices?
Name two industrial applications of fullerenes.

How can fullerenes be used in-medicine?

Why are fullerenes considered versatile materials?

agkrownPE

2.4 Comparative Analysis of Carbon Allotropes

2.4.1 Structural differences

Carbon allotropes differ significantly in their structure, defined as the arrangement of atoms
within a substance. In diamond, each carbon atom is bonded to four others in a tetrahedral
pattern,.forming a rigid three-dimensional lattice. In graphite, carbon atoms are bonded in
layers of hexagonal rings, with weak forces between the layers allowing them to slide over one
another. Amorphous carbon lacks a regular crystalline structure, appearing as irregular
arrangements of carbon atoms. Fullerenes, on the other hand, consist of carbon atoms arranged
in hollow cages of pentagons and hexagons.

Allotrope Structure Bonding Key Properties

Giant covalent = $sp”3$ hybridization; = Extremely hard, high
Diamond network each carbon bondedto = melting point,
(tetrahedral) 4 others electrical insulator
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Allotrope

Graphite

Amorphous
Carbon

Fullerenes

Structure

Layered
hexagonal sheets
(graphene)

Disordered, non-
crystalline
arrangement

Closed cage or
spherical
structures
($C_{60}9)

Bonding

$sp”2$ hybridization;
3 bonds per carbon;
delocalized $\pi$-
electrons

Mixture of $sp”2$
and $sp”3$ bonding

$sp”2$ hybridization;
curved  sheets of
pentagons and
hexagons

Key Properties

Soft/slippery,  high
melting point, good
electrical conductor

Opaque, chemically
reactive, high surface
area  (e.g«. carbon
black)

Molecular, soluble in
some organic
solvents, unique

electronic properties

Table 2.1 Structural comparison of carbon allotropes

Fill in the blank: In graphite, carbon atoms are arranged in layers of rings.

2.4.2 Functional significance

The differences in structure lead to distinct functional significance, defined as the practical
uses and behaviours of a material based on its properties. Diamond’s hardness makes it ideal
for cutting tools and jewellery. Graphite’s conductivity and lubricating ability make it useful
in electrodes and pencils. Amorphous carbon, such as charcoal, is used in filtration and fuels.
Fullerenes, with their unique cage-like structures, are applied in nanotechnology, medicine,
and advanced materials.

APPLICATIONS OF CARBON ALLOTROPES BASED ON THEIR PROPERTIES

ALLOTROPE & STRUCTURE KEY PROPERTIES MAJOR APPLICATIONS APPLICATION EXAMPLES
Diamond Graphite Amorphous Carbon Fullerenes (C,)
,.r"& INDUSTRIAL i ﬁ BATTERY. High = (acvATED Unique
Extremely || cytting & | ‘pRiLt BITS High | |y Cels & || ELECTRODES | | | surface Adsorption|,, CARBON Molecular | |“TRANSPORT
Hard& 1 “priling I [BEecmelie Elrgmodes M ELECTRIC Area ||&Filtration| " ot U ERS| PINanotechnology )
Abrasive Tools GEMSTONES | | |Conductivity MOTOR (Porous) AR &Drug Delivery MOLECULAR
L J BRUSHES | PURIFIERS SIEVES
e HEATSINKS | | | Soft& o Ph I
nsulator, | loctronic Sii oL LUBRICANTS Chemical Fuel oto-optical ORGANIC
Excellent FOR 1| Slippery eiLubrication i COKE FOR i
cihemal | Substrates cTRonics (WeaElayers) peNCIL LEAD| | | Reactvity | Source | e pomeiectpls (sa%ckce(;tt(}rs)
T I PRODUCTION I
A FOUNDRY ‘

D win || T || covces A | oo
Chemical S[ecialized INERT Thermal = Crucibles gg&%& CQEE&N S ME(:;I {\to_ms
Inertness abware || COATINGS Stability &Lining ol PIGMENT atalysis CATALYSTS

CARBON ALLOTROPES'S DIVERSE PROPERTIES DRIVE APPLICATIONS ACROSS SEVERAL INDUSTRIES OER

Figure 2.5 Functional significance of carbon allotropes.
Fill in the blank: Diamond’s extreme hardness makes it ideal for

]
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Pilot questions 2.4

How are carbon atoms arranged in diamond compared to graphite?

What structural feature makes graphite a good conductor of electricity?
Name one use of amorphous carbon.

Why are fullerenes considered significant in nanotechnology?

How does the structure of an allotrope determine its functional significance?

orwdPE

Series Summary

This Series has introduced you to the diverse forms of carbon and the remarkable discovery of
fullerenes. We began by examining the structures and properties of diamond, graphite, and
amorphous carbon. Then, we explored the historical background and molecular structure of
fullerenes, highlighting their unique cage-like arrangement. Following that, we considered the
physical and chemical properties of fullerenes and their wide-ranging applications in industry
and medicine. Finally, we concluded with a comparative analysis of carbon allotropes, linking
their structures to their functional significance.

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now
describe the structures and properties of carbon-allotropes (SLO 2.1), explain the discovery
and molecular structure of fullerenes (SLO 2.2), analyse their properties and evaluate their
applications (SLO 2.3), and compare allotropes in terms of structure and functional importance
(SLO 2.4). These skills provide a solid foundation for understanding carbon’s versatility in
science and technology.

Series Glossary

o Activated carbon: A porous form of carbon used for adsorption in purification
processes.

o Allotrope: Different structural forms of the same element.

e Amorphous carbon:Carbon lacking a crystalline structure, such as charcoal or soot.

e Buckminsterfullerene (Cso): A spherical fullerene molecule composed of 60 carbon
atoms arranged‘in pentagons and hexagons.

« Carbon: A chemical element that forms the basis of organic and inorganic compounds.

o Diamond: A crystalline allotrope of carbon with tetrahedral bonding, known for its
hardness.

« Electron acceptor: A substance that can receive electrons during a chemical reaction.

o Fullerenes: Hollow, cage-like molecules composed entirely of carbon atoms.

o Graphite: An allotrope of carbon with layered hexagonal structures, conductive and
lubricating.

« Pentagon and hexagon arrangement: The structural pattern in fullerenes that creates
their cage-like shape.

« Physical properties: Observable characteristics of a substance without changing its
identity.

e Polarity: Uneven distribution of electrons within a molecule.

e Superconductors: Materials that conduct electricity without resistance under certain

conditions.
)
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Concept Check Questions [Series 2]

Objective questions

1. (Linked to SLO 2.1) How many carbon atoms is each atom bonded to in diamond?

2. (Linked to SLO 2.2) Who discovered fullerenes in 1985?

3. (Linked to SLO 2.3) What chemical role can fullerenes play in electronic devices?

4. (Linked to SLO 2.4) In graphite, carbon atoms are arranged in layers of what type of
rings?

Short-answer questions

5. (Linked to SLO 2.1) Explain why graphite can conduct electricity.

6. (Linked to SLO 2.2) Define buckminsterfullerene and state why it was named after
Buckminster Fuller.

7. (Linked to SLO 2.3) Name two industrial applications of fullerenes.

8. (Linked to SLO 2.4) Distinguish between the structures of diamond and graphite.

Long-answer questions

9. (Linked to SLO 2.2) Discuss the historical significance of the discovery of fullerenes
and its impact on materials science.

10. (Linked to SLO 2.4) Analyse how the structural differences among carbon allotropes
determine their functional significance in industry and medicine.

Answers to Concept Check Questions [Series 2]
Objective answers

Four.

Harold Kroto,-Robert Curl, and Richard Smalley.

Electron acceptors.
Hexagonal rings.

el N =

Short-answer answers

5. Graphite conducts electricity because each carbon atom has one free electron that can
move between layers.

6. Buckminsterfullerene (Ceo) is a spherical molecule of 60 carbon atoms arranged in

pentagons and hexagons; it was named after Buckminster Fuller because its shape

resembles his geodesic domes.

Lubricants and solar cells.

8. Diamond has a tetrahedral three-dimensional lattice, while graphite has layered
hexagonal structures with weak forces between layers.

=

Long-answer answers

9. Basic response: The discovery of fullerenes in 1985 revealed a new form of carbon
beyond diamond, graphite, and amorphous carbon. Value-added response: This

-
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breakthrough opened up nanotechnology and advanced materials research, leading to
applications in electronics, medicine, and energy.

10. Basic response: Diamond’s hardness makes it useful in cutting tools, graphite’s
conductivity suits electrodes, amorphous carbon is used in filtration, and fullerenes are
applied in nanotechnology. Value-added response: These differences illustrate how
atomic arrangements directly influence practical uses, from jewellery to drug delivery
systems, highlighting carbon’s versatility.

Answers to Pilot Questions [Series 2]

o Part 2.1: Four; free electron; cutting tools and jewellery; charcoal; porosity.

e Part 2.2: Kroto, Curl, Smalley; buckminsterfullerene; new carbon form; pentagons and
hexagons; conductivity.

o Part 2.3: Stable and lightweight; electron acceptors; lubricants and solar cells; drug
delivery; versatility.

e Part 2.4: Diamond vs graphite bonding; free electrons in graphite; charcoal;
nanotechnology; structure determines function.

References and Attributions [Series 2]

« Standard inorganic chemistry.and materials science textbooks (e.g., Atkins & Jones,
Chemical Principles).
« Historical accounts of the discovery of fullerenes (1985 Nobel Prize-winning research).
e Suggested OER sources for illustrations:
Figure 2.1 Diamond structure (OER diagram).
Figure 2.2 Graphite layered structure (OER diagram).
Plate 2.1 Amorphous carbon examples (OER image).
Figure 2.3 Buckminsterfullerene structure (OER diagram).
Box 2.1 Fullerene structural features (Al-generated summary box).
Figure 2.4 Fullerene properties (OER diagram).
Plate 2.2 Fullerene applications (OER image).
Table 2.1 Structural comparison of allotropes (Al-generated table).
o Figure 2.5 Functional significance of allotropes (OER diagram).
o Al prompts used for illustration placeholders were noted in each Part.

O 0 O O 0O 0O O O

)
L S
IET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION

STUDENTS



Proposed Outline Series 3

3.1 Structure of Organic Compounds

o 3.1.1 Structural formulae and representations
3.1.2 Isomerism (structural and stereocisomerism)

3.2 Principles of Nomenclature

o 3.2.1 IUPAC rules for naming organic compounds
3.2.2 Common names versus systematic names

3.3 Functional Groups in Organic Chemistry

3.3.1 Hydrocarbons (alkanes, alkenes, alkynes, aromatics)
3.3.2 Oxygen-containing groups (alcohols, ethers, carbonyls, carboxylic acids,
esters)

o 3.3.3 Nitrogen-containing groups (amines, amides, nitriles)

3.4 Applications of Nomenclature and Functional Groups

o 3.4.1 Importance in chemical communicationand industry
3.4.2 Role in predicting reactivity and properties

Introduction

In the last Series, we explored the diverse forms of carbon, including diamond, graphite, and
fullerenes. Building on that foundation, this Series focuses on how organic compounds are
represented, named, and classified according to their functional groups. These skills are
essential for clear communication.in chemistry and for predicting the behaviour of molecules
in reactions.

The aim of this Series is to equip you with the ability to interpret structural formulae, apply
systematic nomenclature rules, and identify functional groups in organic compounds.

We shall commence this Series by examining the different ways organic compounds are
represented and the concept of isomerism. Next, we will explore the principles of
nomenclature, including IUPAC rules and the distinction between common and systematic
names. Following that, we will study the major functional groups in organic chemistry, such
as hydrocarbons, oxygen-containing groups, and nitrogen-containing groups. Finally, we will
conclude with applications of nomenclature and functional groups, highlighting their
importance in industry and in predicting chemical reactivity.

Series Learning Outcomes
Upon completing this Series, you should be able to:
F
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e SLO 3.1 demonstrate how to represent organic compounds using structural formulae
and identify types of isomerism,

e SLO 3.2 apply IUPAC rules to name organic compounds systematically,

e SLO 3.3 distinguish between common names and systematic names of organic
compounds,

e SLO 3.4 identify and classify major functional groups in organic chemistry,

e SLO 3.5 analyse the importance of nomenclature and functional groups in chemical
communication, industry, and predicting reactivity.

3.1 Structure of Organic Compounds

3.1.1 Structural formulae and representations

Organic compounds can be represented in several ways to show how atoms are arranged and
bonded. A structural formula is a diagrammatic representation that. shows the exact
arrangement of atoms and bonds in a molecule. Common representations include condensed
formulae, which simplify the structure by grouping atoms; and line structures, where carbon
atoms are implied at the ends and intersections of lines. These representations help chemists
visualise molecules and predict their behaviour.

REPRESENTATIONS OF ETHANE (C,H,): STRUCTURAL, CONDENSED, & LINE FORMULAE

(Lewis Structure) (Skeletal Structure)

Ends and vertices of lines
represent Carbon atoms

(with implicit Hydrogens).
Carbon atoms are CH; group
not explicitly <
written.
B Hybdrogens bonded to
Carbons are not shown.

CH; group

QaOROg0

* Simplifies the structural formula by
grouEir:? carbon atoms with their
attached hydrogens.

* Each group represents a unique

spatial rep pairs: S H carbon environment.

PROPERTY | STRUCTURALFORMULA | CONDENSED FORMULA LINE FORMULA

Asingle line segment implies a C-C
bond between two end carbons, each
with 3implied hydrogens.

Line endpoint = C atom, missing H-¢-H

hydrogens inferred from valence.

o Shows all atoms and

Lewis H
every bond between them.| structure (<,
* Provides complete_ with electron -2

Showall
Show all
Low
Complete detail, teaching

Atom visibility
Bond visibility
Simplification Level
Application

Grouped
Some (C-C)
Medium
Compact notation, complex molecules

Implicit (end/vertex)
Lines
High
Rapid drawing, larger
organiccompounds  QER

Figure 3.1 Different representations of ethane.

Fill in the blank: A formula shows the exact arrangement of atoms and bonds in a
molecule.

3.1:2 I1somerism (structural and stereocisomerism)

Isomerism refers to the phenomenon where compounds have the same molecular formula but
different arrangements of atoms. Structural isomers differ in the connectivity of atoms, such
as butane and isobutane. Stereoisomers have the same connectivity but differ in spatial
arrangement. A key type of stereoisomerism is geometrical isomerism, defined as the
difference in arrangement around a double bond, such as cis- and trans-forms. Another type is
optical isomerism, where molecules are mirror images of each other but not superimposable,
often referred to as enantiomers.

-
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CIS- AND TRANS-ISOMERISM: 2-BUTENE (C,Hg)
& FORMULAE Met(ilycl §3oup Hydto(g_ebrl\)Atom
3

Methyl Group Hydrogen Atom
(CHy) )

opposite
side H

- 2 Z-BUTEBNE . Hygrogen Hy‘t\irogen Hy‘(\irogen
1 2 3 4 tom tom tom
H;C'—C°H=C’H—-C'H -H) v (-H) I
3 1 3 . (=C . (=C
2-BUTENE H doubie bona(H] H couiebond CH
5 ; : =  Groups are on the same side of the double bond. « Groups are on opposite sides of the double bond.
553‘6{2‘3{,’.{3}%‘5":"&3"3'1{3‘3,}5" y N{";’i“’"ﬂg « Higher dipole moment (more polar). « Zero or very low dipole moment (non-polar).
for stable geometricisomers. | C=C * Lower melting point (~-139°C). A 2/ « Higher melting point (~-105°C.. %
 Same molecular formula, VAN o Less stable (steric hindrance l « More stable (greater separation 474
different spatial arrangement. | C=Cshaft between methyl groups). = between methyl groups).
[ e e | PHYSICAL PROPERTIES PHYSICAL PROPERTIES
Dipole Moment | Boiling | Stability Dipole Moment | Boiling | Stability
Moment:  Higher | Lower | Less Moment: Zero/Low | Higher | More

Cis-trans isomerism occurs in alkenes where both carbons of the double bond are attached to two different groups.

They have distinct physical properties despite identical chemical formulae. OER

Figure 3.2 Geometrical isomerism in 2-butene.

3. TRANS-2-BUTENE

Fill in the blank: Compounds with the same molecular formula but different arrangements of

atomsarecalled .

Pilot questions 3.1

Define structural formula and give one example.
Explain the term isomerism.

Distinguish between structural isomers and stereoisomers.
Name one example of geometrical isomerism.

agkrownPE

3.2 Principles of Nomenclature

3.2.1 IUPAC rulesfor naming organic compounds

What is the difference between condensed and line formulae?

The International Union of Pure and Applied Chemistry (IUPAC) developed a systematic
set of rules for naming organic compounds. These rules ensure that every compound has a
unique and universally.recognised name. The process involves identifying the parent chain,
defined as the longest continuous chain of carbon atoms, and then numbering the chain to give
substituents the lowest possible numbers. Substituents are named and placed before the parent
name, while functional groups are indicated by suffixes or prefixes. For example, CHs—CH2—
OH is named ethanol, where “eth-" refers to the two-carbon chain and “-ol” indicates the

alcohol group.
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STEPS FOR IUPAC NOMENCLATURE OF ORGANIC COMPOUNDS

2. IDENTIFY PRINCIPAL

1. IDENTIFY THE MAIN
(PARENT) CHAIN FUNCTIONAL GROUP(S)

STEP 1: Find the Longest Carbon Chain. Sane
'
Longest Chain (6 C) Short Chain (4 C) Hydrogen
w o hom

1 6 (=H) (-H)

5 - '\ (=G
2-methylpentane Main Parent Chain ~H doutle bond [:]

« Find the continuous carbon chain « Number the chain from the end that gives the
containing the maximum number * lowest possible number to the substituent(s)
of carbon atoms. and functional group(s).

o For unsaturated compounds, it « Principal functional group gets | Z
must include the multiple bond(s). lowest possible number.

FUNCTIONAL GROUP PRIORITY (Selection): O HIGHER x OH
Carboxylic Acid > Ester > Amide > Nitrile > pESIOUR )\)\
Aldehyde > Ketone > ~ > Halide > Alkyl 2 3 1 OH NN
ou o "-HIGHER PRIORITY

Incorrect Numbering

(OHat (5)

Ketone is higher priority;

v Correct Numbenng
2-butanone; suffix “-one”, (OHat(1)

Figure 3.3 Steps in IUPAC nomenclature.

(i
4-methylpentan-1 -of

\ N e T \ S,
(Subggrugm) (t{Al)N

The combined name uni¢1
identifies the chemical structure.

4. ASSEMBLE THE IUPAC NAME

STEP 4: Construct the Complete Name.
Combine prefixes, parent chain name,
infixes, and suffixes in the correct sequence.

1. Alphabetize substituents.
2. Use numerical locants.
3. Final assemble.

[PREFIXES]+[PARENT]+[INFIX]+[SUFFIX]

i

CHAIN

= COMPLETE [UPAC NAME

INFIX
(Alkane -an-) (Alcohol -ol)

SUFFIX

PARENT INFIX LOCANT

(Alkane, -an-) 1)

) 4
uely and unambiguously

OER

Fill in the blank: The longest continuous chain of carbon atoms in a molecule is called the

chain.

3.2.2 Common names versus systematic names

Many organic compounds also have common names, defined as traditional names often based
on source or historical usage. For instance; acetic acid is the common name for ethanoic acid.
While common names are widely used in everyday contexts, systematic names follow IUPAC
rules and are preferred in scientific communication because they are precise and unambiguous.
Understanding both naming systems is important, as learners will encounter both in textbooks,

laboratories, and industry.

Common Name IUPAC Systematic Name

Acetone Propan-2-one
Acetic Acid Ethanoic acid
Formic Acid Methanoic acid
Ethyl Alcohol Ethanol

Acetylene Ethyne

Propylene Propene
Glycerine Propane-1,2,3-triol
Phenol Hydroxybenzene

Box 3.1 Examples of common and systematic names

-
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Molecular Formula
$CH_3COCH_3$%
$CH_3COOH$
$HCOOHS$
$CH_3CH_20H$
$C 2H 2%
$CH_3CH=CH_2%
$C_3H_80_3%

$C_6H_50H$
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Fill in the blank: The compound commonly called acetic acid is systematically named
acid.

Pilot questions 3.2

What organisation developed the systematic rules for naming organic compounds?
Define the term parent chain.

Give the systematic name for CHs—CH>—OH.

What is the difference between common names and systematic names?

Provide one example of a compound with both a common and systematic name.

orwpdPE

3.3 Functional Groups in Organic Chemistry

3.3.1 Hydrocarbons (alkanes, alkenes, alkynes, aromatics)

Hydrocarbons are organic compounds composed only of carbon and hydrogen atoms. They
form the backbone of organic chemistry and are classified into different types. Alkanes are
saturated hydrocarbons with single bonds only, such as methane. Alkenes contain at least one
double bond, while alkynes contain at least one triple bond. Aromatic hydrocarbons, such as
benzene, have ring structures with alternating double bonds that give them unique stability.

REPRESENTATIVE EXAMPLES OF KEY HYDROCARBON CLASSES

ALKYNE (e.g., Ethyne) BENZENE (Aromatic)

ALKANE (e.g., Methane) ALKENE (e.g., Ethene)

METHANE ETHENE ETHYNE BENZENE
CH, GH, G, C.) CHe
H ¥ e

Delocalized ri-electrons

H  SingleG-H Triple Bond (Aromatic Ring)
1 &~ Bonds b DC:bI 2
H’?‘H TGetrahetzral H,c_c\'_ lggnde H—C=C—H =
eomel
H (=109.5 Trigonal Planar Geometry (~120°) Linear Geometry (180°) Planar Hexagonal Geometry
« Simplest alkane. « Simplest alkene. « Simplest alkyne. ——  +Aromatic ring] system.
| « Saturated hydrocarbon. ____ « Unsaturated hydrocarbon. «Highly unsaturated. =—— « Extraordinaril {stable.
_*~_ *KeyProperty: = «Key Property: Addition « Key Property: Addition Reactions, ~ « Key Property: Electrophilic
Inertness, Combustion. Reactions (e.q., i high temp: i Aromatic Substitution.
PROPERTY ALKANE
Double Triple Aromatic (Double-like)
Saturation Saturated Unsaturated Highly Unsaturated N/A (Aromatic)
Geometry Tetrahedral Trigonal Planar Linear Planar Hexagonal
Hybridization sp? sp? sp s (OER

Figure 3.4 Types of hydrocarbons
Fill in the blank: Hydrocarbons composed only of single bonds are called :
3:3.2 Oxygen-containing groups (alcohols, ethers, carbonyls, carboxylic acids, esters)

Oxygen-containing functional groups are central to organic chemistry. Alcohols contain an —
OH group attached to a carbon atom. Ethers have an oxygen atom linking two carbon chains.
Carbonyl groups (C=0) are found in aldehydes and ketones. Carboxylic acids contain a —
COOH group, while esters are formed from the reaction between an acid and an alcohol, often
responsible for pleasant fragrances. These groups influence solubility, reactivity, and
biological activity.
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Functional General Distinguishing Representative Example
Group Structure Feature P P
Hydroxyl group ($-
Alcohol $R-OH$ OHS$) bonded to an = Ethanol ($CH_3CH_20HS$)
$sp”~3$ carbon.
Oxygen atom .
. Diethyl ether
Ether $R-O-R'$ bonded to two ($CH. 3CH_20CH_2CH_39)
carbon groups.
Carbonyl group
Carbonyl i ($C=08%) bonded to
(Aldehyde) $R-CHO$ at loast one Ethanal ($CH_3CHQO$)
hydrogen.
AL Carbonyl group
Carbonyl $|.? co ($C=03%) bonded to  Acetone ($CH 3COCH_3$)
(Ketone) R'$ i
wo carbon groups.
i Carbonyl group
Carboxylic $R- L
Acid COOHS bonded « to "~ a @ Acetic acid ($CH_3COOHS)
hydroxyl group.
Carbonyl group
$R- Ethyl acetate
Ester COOR'S bonded to an alkoxy ($CH_3COOCH_2CH_3%)

group ($-OR$).

Table 3.1 Oxygen-containing functional groups and examples
Fill in the blank: The functional group —OH is characteristic of
3.3.3 Nitrogen-containing groups (amines, amides, nitriles)

Nitrogen-containing groups are also highly significant. Amines contain nitrogen bonded to
carbon and hydrogen atoms, resembling ammonia derivatives. Amides have a carbonyl group
attached to nitrogen, common in proteins. Nitriles contain a —C=N group, giving them
distinctive chemical properties. These groups are important in pharmaceuticals, polymers, and
biological systems.
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EVERYDAY APPLICATIONS OF NITROGEN-CONTAINING FUNCTIONAL GROUPS

NITRILES

SOURCES OF 1. MEDICINES & PHARMACEUTICALS | 2. SYNTHETIC POLYMERS & FIBERS 3. INDUSTRIAL CHEMICALS &
cs‘m‘gﬁgs (Amine salts & free bases) (Polyamides) MATERIALS (C=N triple bond)
A, Minerals, AMINE MEDICINE: AMIDE POLYMER: NYLON 6,6 NITRILE INDUSTRIAL CHEMICAL:
Plants AMYLO! ACETAZOLE N
R > e
RN ‘ ‘ :[s\ B
SOURCES OF 4 |
NITROGEN R" >
COMPOUNDS: |=> R = ~
Air, Minerals, o < <
Plants Active ingredients in AMINE 5 Solvents, intermediates for many
many drugs for nervous ~ R-NH, Strong, durable fibers for chemicals, precursors
system, pain relief, etc. R-N(R)-R" textiles, mechanical parts. to polymers. R-C=N
CHEMICAL AGRICULTURAL CHEMICALS: PEPTIDE BONDS NITRILE MATERIALS:
TRACFRRNIONS: . AGRIAZOTE g > E BologialAnides) | NYLON INTERMEDIATES
Synthesis (B R—g\ W | WN . NITRILE FUNCTIONAL
Reaction NH, u Acrylonitrile  GROUP: R-C=N

lllustrations of key products showcasing the vital roles of nitrogen-containing groups in daily life. OER

Plate 3.2 Nitrogen-containing functional groups in applications.
Fill in the blank: The functional group —C=N is characteristic.of
Pilot questions 3.3

Define hydrocarbons and name the four main types.
What type of bond is present in alkenes?

State the functional group present in alcohols.

Give one example of an oxygen-containing functional group used in fragrances.
Name the nitrogen-containing group that is common in proteins.

ko E

3.4 Applications‘of Nomeneclature and Functional Groups

3.4.1 Importance in chemical communication and industry

The use of systematic nomenclature, defined as the set of rules for naming chemical
compounds, ensures clarity and precision in scientific communication. Chemists across the
world can identify @ compound unambiguously, regardless of language or context. This is
particularly important in industry, where accurate naming prevents costly errors in production,
storage, and transport. For example, distinguishing between ethanol and methanol is critical,
as one is safe for consumption in small amounts while the other is highly toxic.
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Box 3.2 Importance of nomenclature in industry

Fill in the blank: Systematic nomenclature ensures clarity and precision in
communication.

3.4.2 Role in predicting reactivity and properties

Functional groups play a vital role in determining how organic compounds behave. A
functional group is a specific group of atoms within a molecule that is responsible for
characteristic chemical reactions. For instance, alcohols with —OH groups are generally soluble
in water, while carboxylic acids.with —COOH groups are acidic. By recognising functional
groups, chemists can predict reactivity, design new compounds, and understand biological
processes. This predictive power makes functional groups central to both academic study and
practical applications such as drug design.and materials development.

INFLUENCE OF FUNCTIONAL GROUPS ON ORGANIC REACTIVITY

Key Feature: Hydroxyl roup bonded to Key Feature: Carbonyl group bonded to a Hydroxyl group. | Key Feature: Carbonyl group bonded
an sp* Carbon. to an Alkoxy group (-0R).
& 5. Om e 0 o° e
5+ — > 5-
H c/ \o/ 5+ c C+ C5+ CH
Y, 1 H,c” ~OH H,c” ~0° 07 “OH H,c” \?/ 2~CH;
POLARITY&  Folarbonds (-0, 0-H). Stronger acid. Resonance stabilizes Ester bond can be
ACDIITY sgg&(mgﬂﬂgiidm. ACDITY 3 conjugate base (carboxylate). HYDROLYSIS 15y by water.
REACTION: DEHYDRATION TO ALKENE REA(TION ACID-BASE NEUTRALIZATION ’ REACTION: ACID HYDROLYSIS
4\ + O
PN AL c\ + H0 )L NaOH —> )L © + H0 S:k_ouﬂzo o AL, Aot
Ethanol Ethene = Acetic Ac|d Sodium Acetate Ester ~ Water CarboxylicAcid Alcohol
REACTION: OXIDATION REACTION: ESTERIFICATION REACTION: BASE HYDROLYSIS
Primary Alcohol —> Aldehyde — Carboxylic Acid 0~ Sy O = L (SAPONIFKAHON)
(0] 0 Mg+ o= I+ 10 = R cda0h, J o+
)K el (cat), A v
Secondary Alcohol — Ketone Carboxylic Acid  Alcohol Ester Ester (arboxylateSaIt Alcohol
OER

Figure 3.5 Functional groups and their influence on reactivity.
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Fill in the blank: A functional group is a specific group of atoms within a molecule responsible
for characteristic reactions.

Pilot questions 3.4

Why is systematic nomenclature important in industry?

Give one example of a situation where accurate naming prevents errors.
Define the term functional group.

How does the —OH group affect the properties of alcohols?

Why are functional groups important in predicting reactivity?

orwpdPE

Series Summary

This Series has guided you through the essential skills of representing, naming, and classifying
organic compounds. We began by examining structural formulae and different representations,
followed by the concept of isomerism. Then, we explored-the principles of nomenclature,
focusing on IUPAC rules and the distinction between common and systematic names.
Afterwards, we studied the major functional groups, "Including .hydrocarbons, oxygen-
containing groups, and nitrogen-containing groups.-Finally, we considered the applications of
nomenclature and functional groups,. highlighting their importance in chemical
communication, industry, and predicting reactivity.

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now
demonstrate structural representations and identify isomerism (SLO 3.1), apply IUPAC rules
to name compounds (SLO 3.2), distinguish between common and systematic names (SLO
3.3), identify major functional groups (SLO 3.4), and analyse their importance in
communication, industry, and reactivity (SLO 3.5). These skills are fundamental for
progressing in organic chemistry and for practical applications in science and technology.

Series Glossary

e Alcohol: An organic compound containing an —OH group attached to carbon.

o Alkane: A saturated hydrocarbon with single bonds only.

« Alkene: A hydrocarbon containing at least one double bond.

o Alkyne: A hydrocarbon containing at least one triple bond.

e  Amide: A compound with a carbonyl group attached to nitrogen, common in proteins.

« Amine: A compound derived from ammonia, containing nitrogen bonded to carbon and
hydrogen.

e Aromatic hydrocarbon: A hydrocarbon with ring structures and alternating double
bonds, such as benzene.

« Carboxylic acid: An organic compound containing the -COOH group.

e Condensed formula: A simplified representation of a molecule grouping atoms
together.

o Enantiomers: Mirror-image stereoisomers that are not superimposable.

« Ester: A compound formed from an acid and an alcohol, often with pleasant fragrances.

e Functional group: A specific group of atoms responsible for characteristic chemical
reactions.

)
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e Geometrical isomerism: Isomerism due to different arrangements around a double
bond (cis/trans).

e IUPAC nomenclature: Systematic rules for naming organic compounds.

e Isomerism: Compounds with the same molecular formula but different arrangements
of atoms.

e Line structure: A representation where carbon atoms are implied at line intersections.

o Nitrile: A compound containing the —C=N group.

e Parent chain: The longest continuous chain of carbon atoms in a molecule.

e Structural formula: A representation showing the exact arrangement of atoms and
bonds.

e Systematic name: A precise name following IUPAC rules.

Concept Check Questions [Series 3]
Objective questions

1. (Linked to SLO 3.1) What type of formula shows the exact arrangement of atoms and
bonds?

2. (Linked to SLO 3.2) Which organisation developed systematic rules for naming organic

compounds?

(Linked to SLO 3.3) What is the systematic name for acetic acid?

4. (Linked to SLO 3.4) Which functional group is characteristic of alcohols?

w

Short-answer questions

5. (Linked to SLO 3.1) Explain the difference between structural and line formulae.

6. (Linked to SLO 3.2) Define the term parent chain.

7. (Linked to SLO 3:3) Give one example of a compound with both a common and
systematic name.

8. (Linked to SLO 3.4) Name the nitrogen-containing group common in proteins.

Long-answer questions

9. (Linked to SLO 3.1) Discuss the concept of isomerism, distinguishing between
structural and stereoisomers with examples.

10. (Linked to SLO 3.5) Analyse the importance of nomenclature and functional groups in
chemical communication, industry, and predicting reactivity.

Answersto, Concept Check Questions [Series 3]
Objective answers

Structural formula.

IUPAC.

Ethanoic acid.
—OH group.

el oA

Short-answer answers

)
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5. Structural formula shows all atoms and bonds explicitly, while line formula implies
carbon atoms at intersections.

6. The parent chain is the longest continuous chain of carbon atoms in a molecule.

7. Acetic acid (common) and ethanoic acid (systematic).

8. Amide.

Long-answer answers

9. Basic response: Isomerism occurs when compounds share the same molecular formula
but differ in arrangement. Structural isomers differ in connectivity, while stereoisomers
differ in spatial arrangement. Value-added response: Geometrical isomers:(cis/trans)
differ around double bonds, while optical isomers (enantiomers) are mirror images.
These variations influence physical and chemical properties significantly.

10. Basic response: Nomenclature ensures clarity in naming, while functional groups
determine reactivity and properties. Value-added response: In industry, accurate
naming prevents errors, and functional groups guide drug design, materials
development, and understanding biological processes.

Answers to Pilot Questions [Series 3]

e Part 3.1: Structural formula; condensed vs/line; same formula, different arrangement;
connectivity vs spatial arrangement; cis/trans 2-butene.

o Part 3.2: IUPAC; longest chain; ethanol; common vs systematic; acetic acid/ethanoic
acid.

o Part3.3: Hydrocarbons: alkanes, alkenes, alkynes, aromatics; double bond; —OH; ester;
amide.

e Part 3.4: Clarity in communication; ethanol vs methanol; functional group; solubility;
predictive importance.

References and Attributions,[Series 3]

« Standard organic chemistry textbooks (e.g., Morrison & Boyd, Organic Chemistry).
o IUPAC official guidelines on nomenclature.
e Suggested OER sources for illustrations:
Figure 3.1 Representations of ethane (OER diagram).
Figure 3.2 Cis/trans isomerism in 2-butene (OER diagram).
Figure 3.3 Steps in IUPAC nomenclature (OER diagram).
Box 3.1 Common vs systematic names (Al-generated summary box).
Figure 3.4 Types of hydrocarbons (OER diagram).
Table 3.1 Oxygen-containing functional groups (Al-generated table).
Plate 3.2 Nitrogen-containing groups in applications (OER image).
Box 3.2 Importance of nomenclature (Al-generated summary box).

o Figure 3.5 Functional groups and reactivity (OER diagram).
« Al prompts used for illustration placeholders were noted in each Part.

0O O O O O OO0 O
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Proposed Outline Series 4

4.1 Reaction mechanisms

o 4.1.1 Definition and importance of mechanisms
4.1.2 Types of reaction mechanisms (substitution, addition, elimination)
o 4.1.3 Energy profiles and transition states

4.2 Nucleophilic substitution reactions

o 4.2.1 SN1 mechanism
4.2.2 SN2 mechanism
4.2.3 Factors affecting substitution reactions

4.3 Stereochemistry of organic compounds

o 4.3.1 Chirality and optical activity
4.3.2 Enantiomers and diastereomers
4.3.3 Geometrical isomerism (cis/trans, E/Z notation)

4.4 Applications of stereochemistry and mechanisms

o 4.4.1 Importance in pharmaceuticals and drug design
4.4.2 Industrial and biological relevance

Introduction

In the previous Series, we studied how organic compounds are represented, named, and
classified according to their functional groups. Building on that foundation, this Series
introduces you to_the dynamic.processes of organic reactions and the spatial arrangements of
molecules. Understanding mechanisms and stereochemistry is essential for predicting how
reactions occur and for appreciating the role of molecular structure in determining chemical
behaviour.

The/aim of this Series is to equip you with the ability to explain reaction mechanisms,
distinguish between different substitution pathways, and analyse stereochemical concepts such
as chirality, enantiomers, and geometrical isomerism.

We shall commence this Series by examining reaction mechanisms, their importance, and the
types commonly encountered in organic chemistry. Next, we will explore nucleophilic
substitution reactions, focusing on SN1 and SN2 pathways and the factors that influence them.
Following that, we will study stereochemistry, including chirality, optical activity, and
isomerism. Finally, we will conclude with applications of stereochemistry and mechanisms,
highlighting their importance in pharmaceuticals, industry, and biological systems.

Series Learning Outcomes
Upon completing this Series, you should be able to:

-

Do)
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e SLO 4.1 define reaction mechanisms and explain their importance in organic
chemistry,

e SLO 4.2 distinguish between substitution, addition, and elimination mechanisms,

e SLO 4.3 demonstrate the SN1 and SN2 mechanisms and evaluate the factors affecting
them,

e SLO 4.4 describe stereochemical concepts such as chirality, enantiomers,
diastereomers, and geometrical isomerism,

e SLO 45 analyse the applications of mechanisms and stereochemistry - in
pharmaceuticals, industry, and biological systems.

4.1 Reaction Mechanisms

4.1.1 Definition and importance of mechanisms

A reaction mechanism is a step-by-step description of how a chemical reaction occurs at the
molecular level. It explains the sequence of bond-breaking and bond-forming events, showing
how reactants are converted into products. Mechanisms/are important because they allow
chemists to predict reaction outcomes, design new reactions, and understand why certain
conditions favour one pathway over another.

Fill in the blank: A reaction mechanism describes how a chemical occurs at the
molecular level.

4.1.2 Types of reaction mechanisms (substitution, addition, elimination)

Organic reactions can be classified into several types of mechanisms. Substitution reactions
involve replacing one atom or group with another, such as halogen exchange. Addition
reactions occur when atoms or groups.are added across a double or triple bond, increasing
saturation. Elimination reactions involve the removal of atoms or groups, often forming
double or triple bonds. Each type of mechanism follows a distinct pathway, influenced by the
structure of the reactants and reaction conditions.

MAIN TYPES OF ORGANIC REACTIONS:
SUBSTITUTION, ADDITION, AND ELIMINATION

1. SUBSTITUTION 2. ADDITION 3. ELIMINATION

X o e bl /
REXS £RVEL— > SRV £ aX /C=C\+ Y—Z—>Y-(;:-(':—Z H—(;,‘—(F—X e C=C\+ H-X
Reactant Reagent Products T Zo 7 HH
Leavin Unsaturated
g Reactant Saturated Saturated Unsaturated
Group (e.g., alkene) Product Reactant Products
Example: Example: Example:

° ° cat. Y O\ / o
CH,CI + OH" —> GHyOH + CF| | H,C=CH, + HBr > CH,CH,Br | | CH,CH,Br + > c=c{ + Br

| =m '1 Lening

group

/X o ) o/ N/ )
CH3Cl + OH —» CH40H + CI H,C=CH, + C_—> CH;CH,Br —> H,C=CH, + H,0 + Br
Reactant Product 7\ 728 N
Nucleophilic substitution, Sy,-like Carbocation
(single-step reaction, group) L Electrophilic addition E,-like mechanism

Figure 4.1 Types of reaction mechanisms
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Fill in the blank: In an reaction, atoms or groups are added across a double bond.

4.1.3 Energy profiles and transition states

Every reaction mechanism can be represented by an energy profile, defined as a graph showing
the energy changes during a reaction. The highest point on the curve corresponds to the
transition state, which is the unstable arrangement of atoms at the moment of bond-breaking
and bond-forming. The difference in energy between reactants and products determines
whether the reaction is exothermic or endothermic. Understanding energy profiles helps
chemists control reaction rates and optimise conditions.

A .| TRANSITION STATE GEOMETRY
TRANSITION STATE .. ;
= (TS) .« i
=] . -
£ o
~ b 9 :
S
ACTIVATION
> TRANSITION STATE
o ENERGY (Ea) GEOMETRY
@ +
g Aot P
B || = otenti¥e EXOTHERMIC
s REACTANTS ) REACTION SUMMARY
< OVERALL
3 — ENERGY CHANGE
o (AH <0, EXi)THERMIC) + w
"""""""""""""" PRODUCTS

v

Reaction Coordinate

Figure 4.2 Energy profile of a chemical reaction.
Fill in the blank: The highest point on an energy profile corresponds to the state.
Pilot questions 4.1

Define a reaction mechanism.

Name the three main types of organic reaction mechanisms.
What happens in.a substitution reaction?

What does the transition state represent in an energy profile?
Why are reaction mechanisms important in organic chemistry?

orwdPE

4.2 Nueleophilie Substitution Reactions

4:2.2. SN1 mechanism

The SN1 mechanism (Substitution Nucleophilic Unimolecular) is a two-step process where
the rate-determining step involves the formation of a carbocation, defined as a positively
charged carbon species. First, the leaving group departs, creating the carbocation. Then, the
nucleophile attacks the carbocation to form the product. SN1 reactions are favoured when the
carbocation formed is stable, such as in tertiary carbons.

)
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TWO-STEP Sy1 MECHANISM

STEP 1: CARBOCATION FORMATION STEP 2: NUCLEOPHILLIC ATTACK
RATE-DETERMINING STEP
( 8 ) NUCLEOPHILIC ATTACK NUCLEOPHILIC ATTACK
o Leaving - (FRONT FACE) (BACK FACE)
3 / Group 3 A
HaC - H3C\(l:@ + Leaving HaC_ (|:H3 H,0: ATTACK OPTIONS
H C < H C/ \CH Group 3 @ . (IN LOWE: STRUCTURE ON
3 CH, \ Leaving 3 3 HaC CH3 PLANAR CARBOCATION
Reactant %‘:E)P CARBOCATION ( HaC @ WNH,
INTERMEDIATE =
water, + [:H,0] HER,
(planar) pire 2 H;C f CHj;
i ATTACK FROM
Leaving
s H30\(\/CHS EITHER SIDE

\‘3
ENERGY COORDINATE DIAGRAM
NUCLEOPHILIC
TRANSITION ATTACK

STATE 1 TRANSITION (BACK FACE)
STATE 2

H,O

5l / N\ 1 ”3°>4
(Y] 4 Leaving
x ACTIVATION CH3 Group
o CARBOCATION ENERGY Bociisdt
- INTERMEDIATE (RDS) — TOCRIC]
""""" RACEMIZATION
PRODUCT; 1 ENERGY CHANGE [(mixtures of enantiomers
REACTION COORDINATE possible)

Figure 4.3 SN1 mechanism.

Fill in the blank: In the SN1 mechanism, the rate-determining step involves the formation of a

4.2.2 SN2 mechanism

The SN2 mechanism (Substitution Nucleophilic Bimolecular) is a one-step process where the
nucleophile attacks the substrate at the'same time as the leaving group departs. This leads to an
inversion of configuration at the carbon centre, often referred to as the Walden inversion. SN2
reactions are favoured in primary carbons where steric hindrance is minimal, allowing the
nucleophile to attack directly.

ONE-STEP S,2 MECHANISM:
SIMULTANEOUS NUCLEOPHILIC ATTACK AND LEAVING GROUP DEPARTURE
MECHANISM AND STEREOCHEMISTRY ENERGY COORDINATE DIAGRAM
NUC'iOf)H'LE LSQX{TS TRANSlTTlgN STATE
u \
30 Lo ‘
\ﬁiga 5
N & ACTIVATION
ELECTROPHIIC 7 BACKSIDE F ENERGY (E,)
ATTACK 2
WALDEN INVERSION =l /v
=
o T8 5 |REACTANTS
“® /7/] ENERGY CHANGE
% —_— lo’c\l l — Ms (AH <0, EXOTHERMIC)
"""" PRODUCTS
REACTANTS T%’#ﬁ'{}g;‘ BRODUCTS REACTION COORDINATE ”

Figure 4.4 SN2 mechanism.

Fill in the blank: The SN2 mechanism involves a one-step process with simultaneous attack
and
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4.2.3 Factors affecting substitution reactions

Several factors influence whether a reaction follows the SN1 or SN2 pathway. Substrate
structure is crucial: tertiary carbons favour SN1 due to carbocation stability, while primary
carbons favour SN2 due to reduced steric hindrance. Nucleophile strength also matters: strong
nucleophiles promote SN2, while weak nucleophiles are more compatible with SN1. Solvent
effects play a role too: polar protic solvents stabilise carbocations and favour SN1, while polar
aprotic solvents enhance nucleophile strength and favour SN2.

Factor SN1 Mechanism SN2 Mechanism

Tertiary >
Secondary  (stable
carbocation

Sl e, eI Brinery 2 Seondary (i
Primary and methyl P Y)-
are virtually
unreactive.
Weak nucleophile
(e.g., $H_ 208, :
: - Strong nucleophile (e.g., SCNA-$, $I7-3,
Nucleophile $ROHS). The A : . .
Strength nucleophile does not SOH7-$) 15 required to drive the

play a role in the rate- concerted attack.

determining.step.

Polar protic
solvents (e.g.; water,
alcohols) stabilize the =~ Polar aprotic solvents (e.g., DMSO,

Solvent Effects parbocati_on Acetone, DM_F) in(_:rease the rea}ctiv_ity of
intermediate and = the nucleophile without solvating it too
leaving group | tightly.
through  hydrogen
bonding.

Results in

racemization

(mixture of retention = Results in inversion of configuration
Stereochemistry and inversion) due to (Walden inversion) due to backside

the planar = attack.

carbocation

intermediate.

Unimolecular:
Rate Law $\text{Rate} =
k[\text{substrate}]$

Bimolecular: $\text{Rate} =
k[\text{substrate}][\text{nucleophile}]$

Table 4.1 Factors influencing SN1 and SN2 mechanisms

)
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Fill in the blank: Polar protic solvents stabilise carbocations and favour the mechanism.
Pilot questions 4.2

Define the SN1 mechanism and state its key intermediate.

What happens to the configuration of the carbon centre in SN2 reactions?
Which type of carbon favours the SN1 pathway?

How does nucleophile strength affect substitution reactions?

Why do polar aprotic solvents favour SN2 reactions?

agbrownPE

4.3 Stereochemistry of Organic Compounds

4.3.1 Chirality and optical activity

Chirality refers to the property of a molecule that cannot be superimposed on its mirror image.
A carbon atom bonded to four different groups is called a chiral centre. Such molecules exist
in two forms, known as enantiomers, which are mirror images of each other. These
enantiomers often exhibit optical activity, defined as the ability to rotate plane-polarised light
either to the right (dextrorotatory) or to the left (levorotatory).

CHIRALITY: ENANTIOMERS

GroupB |
H CHIRAL CENTER:
“G i Carbon atom is attached
i | tofour different groups

{ GroupA

CHIRAL |
CARBON |

Mirror Image
/ Relationship
Group B

Groupe (€ 1‘6 G..,, |
; e

Non-Superimposable

Group D
ENANTIOMER 1 MIRROR ENANTIOMER 2
PLANE

DEFINITIONS
CHIRALITY ENANTIOMERS

Chiral atom atom eets « Stereoisomers or

differened substituents. mirror images

Example: human hands ¥ 7 * Mirror images N Ve
have over hamam back or + Non-superimposable

diterent componess. 0t LT ...
Figure 4.5 Chirality and enantiomers.
Fill in the blank: A carbon atom bonded to four different groupsiscalleda _ centre.
4.3.2 Enantiomers and diastereomers

Enantiomers are stereoisomers that are non-superimposable mirror images of each other. They
share identical physical properties except for the direction in which they rotate plane-polarised
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light and their behaviour in chiral environments, such as biological systems. Diastereomers,
on the other hand, are stereoisomers that are not mirror images. They often differ in physical
properties such as melting point, solubility, and reactivity.

[Insert table placeholder here] Caption: Table 4.2 Comparison between enantiomers and
diastereomers Short description: A comparative table highlighting differences in symmetry,
physical properties, and optical activity. Sample Al prompt: “Generate a table comparing
enantiomers and diastereomers in terms of symmetry, physical properties, and optical activity.”
Search string: “enantiomers vs diastereomers organic chemistry OER table”

Fill in the blank: Stereoisomers that are not mirror images are called
4.3.3 Geometrical isomerism (cis/trans, E/Z notation)

Geometrical isomerism arises due to restricted rotation around double bonds or within ring
structures. The simplest form is cis/trans isomerism, where substituents are on the same side
(cis) or opposite sides (trans) of a double bond. A more precise system isthe E/Z notation,
which uses the Cahn-Ingold—Prelog priority rules to assign substituents. Geometrical isomers
often differ in physical properties such as boiling points and in chemical reactivity.

GEOMETRIC ISOMERISM IN 2-BUTENE: CIS/TRANS AND E/Z NOTATION
cis-2-BUTENE trans-2-BUTENE

METHYL GROUPS METHYL GROUPS

ON SAME SIDE pflvifj' 1 Wili_figﬁl ON OPPOSITE SIDES
H3C CH H CH
{ 3 IAN /2 8 v ™\ /2 .
3D-BOLAL Hydrogen C e C Hydrogen 2 3D-BOLAL < C e C Hydrogen 2 «~
; / \4 MODEL 1 / \4
) H H HaC H
Piontyl groups 1 | On double bond 2 J Priority siides
E/Z NOTATION E/Z NOTATION
(Eroup 11) H_ M (Eroup 1” Group 1 H /H Group 1
riority: = riority: Priority: 1 — Priority: 1 i
,C=C_ (2)-2-BUTENE (Priority: 1) ,C=C_ (Priority:1) - . (E)-2-BUTENE
IHBC H T 'H H A
COMPARISON SUMMARY Cahn-Ingold-Prelog (CIP) priority rules determine E/Z notation —J
ISOMER STRUCTURE | METHYL ARRANGEMENT | priority groups arrangement | E/Z NOTATION | COMMON NAME
HsC. CHs e [
Cis-2-BUTENE | C=C]  <—— Methyls same side ool @12 ‘ (E)-2-BUTENE
H H opposite sides

Figure 4.6 Geometrical isomerism in 2-butene.
Fill'in the blank: The cis/trans system is a simple form of isomerism.
Pilat.questions 4.3

Define chirality and give an example of a chiral centre.

What property distinguishes enantiomers from diastereomers?

How do enantiomers interact with plane-polarised light?

What is the difference between cis and trans isomers?

Why is the E/Z notation considered more precise than cis/trans notation?

ok wNhE
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4.4 Applications of Stereochemistry and Mechanisms

4.4.1 Importance in pharmaceuticals and drug design

Stereochemistry plays a crucial role in the development of medicines. Many drugs contain
chiral centres, and the two enantiomers of a compound can have very different biological
effects. For example, one enantiomer may be therapeutic, while the other could be inactive or
even harmful. Understanding reaction mechanisms, defined as the step-by-step pathways of
chemical reactions, allows chemists to design synthetic routes that produce the desired
stereoisomer selectively. This precision is vital in drug design, where safety and efficacy
depend on controlling stereochemistry.

CHIRAL DRUGS: DIFFERENT ENANTIOMERS, DIFFERENT BIOLOGICAL EFFECTS

CHIRAL DRUGS & ENANTIOMERS RACEMIC MIXTURE vs. ENANTIOMERICALLY PURE DRUGS
Antioututer anconir minalive
- hiralth i ti
©f‘( ::@ gt |
with oliverat enantiomers RACEMIC MIXTURE
THALIDOMIDE ETHAMBUTOL
. (inspired by <IMAGE 1)
H H, i
(R)-THALIDOMIDE i (S)-THALIDOMIDE (S,5)- ETHAMBUTOL ; (R,R)-ET HAMBUTOL
SEDATIVE EFFECT TERATOGENICEFFECT ~ ANTH T”ﬁ%’}f‘}’,ﬁ“ @ 0PTIC NEURITIS
(Morning Sickness Treatment) (Severe Birth Defects) (Therapeutic) (Potential Blindness)
IBUPROFEN METHAMPHETAMINE
H ~ '
) H ol H
HyC, i HC
(S)-Ibuprofen (R)-1buprofen (S)-METHAMPHETAMINE (R)-METHAMPHETAMINE
etabolic e BICESSVE I
b’ ‘ >ka!f o x/(v\f @ "i NEURAL ACTIVITY l\" ﬁ é)
ACTIVE ANALGESIC/ LESS ACTIVE / POTENT CNS STIMULANT/  NASAL DECONGESTANT /

ANTI-INFLAMMATORY CONVERTSTO (S) IN VIVO RECREATIONAL DRUG LEVOMETHAMPHETAMINE

Plate 4.1 Importance of stereochemistry in pharmaceuticals.

Fill in the blank: In‘pharmaceuticals, the two of a compound can have very different
biological effects:.

4.4.2 Industrial and biological relevance

Beyond medicine, stereochemistry and mechanisms are equally important in industry and
biology. In industrial chemistry, stereoselective reactions are used to produce polymers and
fine chemicals with specific properties. In biological systems, enzymes act as catalysts that
recognise and react with specific stereoisomers, ensuring precise biochemical processes.
Reaction mechanisms explain how these transformations occur, helping scientists replicate or
modify them for practical applications.
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STEREOCHEMISTRY: ENZYME STEREOSPECIFICITY
AND INDUSTRIAL STEREOSELECTIVE REACTIONS

ENZYME STEREOSPECIFICITY INDUSTRIAL STEREOSELECTIVE REACTIONS
(BIOLOGY) (CHEMISTRY)
L-AMINO ACID OXIDASE ASYMMETRIC SYNTHESIS
f ) — ASYMMETRIC HYDROGENATION —
ENZYME ACTIVE SITE ENZYME ACTIVE SITE (e.g., L-DOPA synthesis)
with L-Alanine with D-Alanine HO
(Natural Substrate) (Stereoisomer) D/\(
O-H,p NH;
“Lock and Key" “Poor and Key” g;
—— 0 Hydrogen D-Alanine r\( q o (>98% ee dvug 101 Parkmsons)
- rganometallic
anine bonds NH; Steric P;?kcer;]l;al chglra| Catilyee N
B Clash (e.g., Rh-DIPAMP) U\r
OH —_ HO NH;

Stereoselective  Hydrogen Epantiomeric  (R)-DOPA
Step Excess (ee) (<2% ee, unwanted)

Correct L Steric CHIRAL POOL SYNTHESIS
orientation clash J:gg{;fﬁm (e.g., Menthol)
kfor reaction L
ENZYME ACTIVE SITE ENZYME ACTIVE SITE é é
with L-Alanine with D-Alanine OH ;
(Natural Substrate) (Stereoisomer) S
NO REACTION (-)-Menthol
0 (o] (+)-Citronellal (-)-Menthol (desired
\H\ou + 0, + Hi0 —> "\,? + NHy + Hy0, product)
- NH3 Utilizing Natural Stereoisomeric Isomered
L L-Alanine Pyruvate Chirality Product Mixture isomers
| O — - i =
COMPARISON OF STEREOCHEMICAL APPLICATIONS
FEATURE | ENZYME STEREOSPECIFICITY | INDUSTRIAL STEREOSELECTIVE REACTIONS
Approach Perfect stereospecicity Earo-chiral Chirality <«
Selectivity Selectivity Stereoiumerc selectivity |
Conditions Conditions, conditions Conditions, Ely. <2%, fee ‘
Examples L-Alanine. + 05+ Oxidase (-)-Menthol (+ Pyruvate + NH3 + Hy0, \

Figure 4.7 Applications of stereochemistry in industry and biology.
Fill in the blank: Enzymes act as.catalysts that recognise and react with specific

Pilot questions 4.4

Why is stereochemistry important in drug design?

What is the role of mechanisms in producing desired stereocisomers?

Give one example of how stereochemistry is applied in industry.

How do enzymes demonstrate stereospecificity in biological systems?

Why is controlling stereochemistry essential for safety and efficacy in pharmaceuticals?

okrwdPE

Series Summary

This Series has introduced you to the dynamic processes of organic reactions and the spatial
arrangements of molecules. We began by defining reaction mechanisms and exploring their
importance, followed by the main types of mechanisms such as substitution, addition, and
elimination. Then, we studied nucleophilic substitution reactions, focusing on the SN1 and SN2
pathways and the factors that influence them. Afterwards, we examined stereochemistry,
including chirality, enantiomers, diastereomers, and geometrical isomerism. Finally, we
considered the applications of mechanisms and stereochemistry in pharmaceuticals, industry,
and biological systems.
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By engaging with these topics, you have achieved the Series Learning Outcomes: you can now
define reaction mechanisms (SLO 4.1), distinguish between different types of mechanisms
(SLO 4.2), demonstrate SN1 and SN2 pathways (SLO 4.3), describe stereochemical concepts
(SLO 4.4), and analyse their applications in real-world contexts (SLO 4.5). These skills are
essential for understanding organic chemistry at a deeper level and for appreciating its
relevance in science and technology.

Series Glossary

« Addition reaction: A reaction where atoms or groups are added across a double or
triple bond.

o Carbocation: A positively charged carbon species formed during-certain reactions.

o Chirality: The property of a molecule that cannot be superimposed on its mirror image.

o Diastereomers: Stereoisomers that are not mirror images of each other.

« Elimination reaction: A reaction where atoms or groups are removed, often forming
double or triple bonds.

« Enantiomers: Non-superimposable mirror-image stereoisomers.

e Energy profile: A graph showing energy changes during a chemical reaction.

e Geometrical isomerism: Isomerism due to restricted rotation around double bonds or
rings.

e Mechanism: A step-by-step description of how a chemical reaction occurs.

e Nucleophile: A species that donates an electron pair to form a bond.

o Optical activity: The ability of a chiral compound to rotate plane-polarised light.

e SN1 mechanism: A two-step substitution reaction involving carbocation formation.

e SN2 mechanism: A one-step substitution reaction with simultaneous attack and
departure.

o Stereochemistry: The study of the spatial arrangement of atoms in molecules.

e Substitution reaction: A reaction where one atom or group is replaced by another.

« Transition state: The unstable arrangement of atoms at the highest energy point in a
reaction.

Concept Check Questions [Series 4]
Objective questions

1. (Linkedto SLO 4.1) What does a reaction mechanism describe?

2. (Linked to SLO 4.2) Name the three main types of organic reaction mechanisms.
3. (Linked to SLO 4.3) What is the key intermediate in the SN1 mechanism?

4. (Linked to SLO 4.4) What property distinguishes enantiomers from diastereomers?

Short-answer questions

5. (Linked to SLO 4.1) Define the term transition state.

6. (Linked to SLO 4.2) Explain what happens in an addition reaction.

7. (Linked to SLO 4.3) What happens to the configuration of the carbon centre in SN2
reactions?

8. (Linked to SLO 4.4) Give one example of geometrical isomerism.
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Long-answer questions

9. (Linked to SLO 4.3) Compare and contrast the SN1 and SN2 mechanisms, including
factors that influence each pathway.

10. (Linked to SLO 4.5) Analyse the importance of stereochemistry and mechanisms in
pharmaceuticals, industry, and biological systems.

Answers to Concept Check Questions [Series 4]

Objective answers

1. The step-by-step process of how a chemical reaction occurs.
2. Substitution, addition, and elimination.

3. Carbocation.

4. Enantiomers are mirror images, while diastereomers are not.

Short-answer answers

5. The transition state is the unstable arrangement of atomsat the highest energy point in
a reaction.

6. In an addition reaction, atoms or groups are added across-adouble or triple bond.

7. The configuration of the carbon centre is‘inverted (Walden inversion).

8. Cis/trans isomerism in 2-butene.

Long-answer answers

9. Basic response: SN1 is a.two-step mechanism involving carbocation formation, while
SN2 is a one-step mechanism with simultaneous attack and departure. Value-added
response: SN1 is favoured by tertiary carbons and polar protic solvents, while SN2 is
favoured by primary carbons, strong nucleophiles, and polar aprotic solvents.

10. Basic response: Stereochemistry ensures correct drug activity, while mechanisms
explain reaction * pathways. Value-added response: In pharmaceuticals,
stereochemistry. determines therapeutic effects; in industry, stereoselective reactions
produce specific polymers; in biology, enzymes act stereospecifically to control
biochemical processes.

Answers to, Pilot Questions [Series 4]

o Part 4.1: Step-by-step process; substitution, addition, elimination; replacement of one
group; unstable arrangement of atoms; prediction and design.

e Part4.2: SN1 involves carbocation; inversion of configuration; tertiary carbons; strong
nucleophiles favour SN2; polar aprotic solvents favour SN2.

e Part 4.3: Chirality; enantiomers vs diastereomers; rotation of plane-polarised light; cis
vs trans; E/Z notation precision.

o Part 4.4. Different enantiomeric effects; selective synthesis; polymers; enzyme
stereospecificity; safety and efficacy.
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References and Attributions [Series 4]

-

[

Standard organic chemistry textbooks (e.g., Clayden, Greeves, Warren, Organic
Chemistry).

IUPAC guidelines on stereochemistry and reaction mechanisms.
Suggested OER sources for illustrations:

o

O 0O O O 0 0O O O

o

Figure 4.1 Types of reaction mechanisms (OER diagram).
Figure 4.2 Energy profile (OER diagram).

Figure 4.3 SN1 mechanism (OER diagram).

Figure 4.4 SN2 mechanism (OER diagram).

Table 4.1 Factors influencing SN1 and SN2 (Al-generated table):

Figure 4.5 Chirality and enantiomers (OER diagram).

Table 4.2 Enantiomers vs diastereomers (Al-generated table).
Figure 4.6 Geometrical isomerism (OER diagram).

Plate 4.1 Chiral drugs (OER image).

Figure 4.7 Applications in industry and biology (OER diagram).

Al prompts used for illustration placeholders were noted in each Part.
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Proposed Outline Series 5

5.1 Comparative chemistry of main group elements

o 5.1.1 Trends across periods and groups
5.1.2 Chemical reactivity and similarities/differences
5.1.3 Industrial and environmental relevance

5.2 General properties of transition metals

o 5.2.1 Electronic configuration and variable oxidation states
5.2.2 Formation of coloured compounds
o 5.2.3 Magnetic properties

5.3 Coordination chemistry

o 5.3.1 Ligands and coordination number
5.3.2 Shapes of complexes
5.3.3 Applications of coordination compounds

5.4 Applications of transition metal chemistry

o 5.4.1 Catalysis in industry
o 5.4.2 Biological roles of transition. metals
5.4.3 Environmental and technological importance

Introduction

In the last Series; we-explored mechanisms and stereochemistry, focusing on how reactions
occur and how molecular structures influence chemical behaviour. This Series shifts attention
to the periodic table, comparing trends among main group elements and examining the unique
chemistry of transition metals. These topics are central to inorganic chemistry and provide
insight into both theoretical principles and practical applications.

The/aim of this Series is to enable you to analyse periodic trends, explain the distinctive
properties of transition metals, and apply knowledge of coordination chemistry to real-world
contexts in industry, biology, and the environment.

We shall commence this Series by studying comparative chemistry of main group elements,
focusing on periodic trends and reactivity. Next, we will explore the general properties of
transition metals, including their electronic configurations, oxidation states, and characteristic
colours. Following that, we will examine coordination chemistry, considering ligands, complex
shapes, and applications. Finally, we will conclude with the practical importance of transition
metal chemistry, highlighting its roles in catalysis, biological systems, and environmental
technology.

Series Learning Outcomes
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Upon completing this Series, you should be able to:

e SLO 5.1 analyse periodic trends and chemical reactivity among main group elements,

e SLO 5.2 explain the general properties of transition metals, including oxidation states,
colours, and magnetism,

e SLO 5.3 define ligands and coordination number and describe the shapes of complexes,

e SLO 5.4 evaluate the applications of transition metal chemistry in industry, biology,
and environmental contexts.

5.1 Comparative Chemistry of Main Group Elements

5.1.1 Trends across periods and groups

The main group elements are those found in Groups 1, 2, and 13-18 of the periodic table.
Their properties show clear periodic trends, defined as predictable variations across periods
(rows) and down groups (columns). For example, atomic radius decreases across a period due
to increasing nuclear charge, while it increases down a group as new electron shells are added.
Similarly, ionisation energy increases across a period but decreases down a group. These
trends help chemists predict reactivity and bonding behaviour.

PERIODICTRENDS: ATOMICRADIUS & IONISATION ENERGY ACROSS PERIODS & GROUPS

OVERVIEW & TREND VECTORS ATOMIC RADIUS TRENDS IONISATION ENERGY (IE;)
SUMMARY OF MAJOR TRENDS TREND ACROSS PERIOD TREND ACROSS PERIOD
INCREASE —> IONISATION ENERGY PERIOD 2 EXAMPLE: Li
|:~
©-6-0-0-¢ | ©0-0-©-6

INCREASE —> FlE(T RONEGATIVITY ™ —
or comp

[ T o

(152pm) (112pm)
DECREASING ATOMIC RADIUS
Increasing effective nuclear charge (Ze)

TREND DOWN GROUP
GROUP 1 EXAMPLE: Li (152 pm) > Na(186pm) K(227pm)

(71pm)

Li INCREASING IONISATION ENERGY

Increasing nuclear Smaller
pull on electrons atomic radius

—_ e
Eremaye Saller (Li) = Eigoie larger (Ne)

{50 T o

INCREASE — METALLIC CHARACTER
(for comparison)

ATOMICRADIUS

INCREASE > ATOMIC RADIUS

K DECREASING IONISATION ENERGY
‘ (s Outerelectronis Greater shielding
: further from the nucleus by core electrons

li (152 pm) Na (186 pm) K (227 pm) (s (265 pm) 2
INCREASING ATOMIC RADIUS G5 Eenore arger (Li) = E,pye smaller (C5)
IONISATION ENERGY (IE;)

PERIODIC PROPERTY

Definition Distance from nucleus to valence electrons Tinenegy  |Energy to remove one mole of outer electrons
Trend across Period Decreases Increases
Trend down Group Increases Decreases

Primary Cause | Effective Nuclear Charge (Z.) Electron Shells (n) Z./ Radius Shielding/Radius  'QER

Figure 5.1 Periodic trends in main group elements.

Fill in the blank: Atomic radius generally across a period and increases down a group.

5.1.2 Chemical reactivity and similarities/differences

The chemical reactivity of main group elements is strongly influenced by their position in the
periodic table. Alkali metals (Group 1) are highly reactive, readily losing one electron to form
cations. Halogens (Group 17) are also highly reactive, but they gain electrons to form anions.
Noble gases (Group 18) are largely inert due to their stable electronic configurations.
Comparing across groups reveals similarities, such as the reactivity of alkali metals increasing
down the group, and differences, such as the contrasting behaviours of metals and non-metals.

{ET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION
STUDENTS



Grou Group Valence Reactivity
P Name Electrons Trend
. Increases
Alkali
1 Metals 1 down
group
Decreases
17 Halogens 7 down
group
Noble Extremely
18 Gases 8 (Full) Low/Inert

Table 5.1 Reactivity trends of selected main group elements

Fill in the blank: Halogens are highly reactive because they readily

anions.

5.1.3 Industrial and environmental relevance

Principle

Easier to lose the single
valence electron due to
increased  shielding and
distance from the nucleus.

Harder to attract  an
additional electron.. due  to
increased  shielding . and

distance from the nucleus.

Stable | octet configuration
makes “them chemically
unreactive under standard
conditions.

electrons to form

Main group elements have wide-ranging industrial and environmental importance. Aluminium
(Group 13) is used extensively in construction and packaging due to its strength and lightness.
Silicon (Group 14) is vitalin electronics and solar panels. Nitrogen and oxygen (Group 15 and
16) are essential for life and industrial processes, while chlorine (Group 17) is used in water
treatment. Understanding comparative chemistry allows us to appreciate how these elements
contribute to technology, health;.and the environment.

Element

Aluminium

Silicon

Nitrogen

-

.

Primary Industrial Applications

Lightweight alloys for aerospace,
automotive, and construction;
food packaging.

Semiconductor chips for

electronics; solar cells
(photovoltaics); glass and
ceramics.

Ammonia synthesis for fertilizers;
cryogenics (liquid nitrogen); food
preservation.

Key Environmental
Applications

Energy-efficient recycling
(requires 95% less energy than
primary production).

Essential for renewable energy
infrastructure via efficient solar
energy conversion.

Crucial in wastewater treatment
to control nutrient levels
(denitrification).
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Key Environmental

Element Primary Industrial Applications Applications
Steelmaking and metal =~ Water purification and oxidation
Oxygen fabrication; medical life support = processes for breaking down
systems. organic pollutants.

Manufacturing of PVC plastics; Water disinfection and pathogen
Chlorine precursor for disinfectants and = control in public water treatment
pharmaceuticals. systems.

Box 5.1 Industrial and environmental uses of main group elements

Fill in the blank: Silicon is widely used in the production of panels and electronic
devices.

Pilot questions 5.1

Define periodic trends and give one example:
How does atomic radius change across a period?
Why are alkali metals highly reactive?

What makes noble gases largely.inert?

Name one industrial use of aluminium.

orwdPE

5.2 General Properties of Transition.Metals

5.2.1 Electronic configuration andwariable oxidation states

Transition metals are elements found in Groups 3-12 of the periodic table. Their defining
feature is the presence of partially filled d-orbitals, which give rise to unique chemical
properties. One of the most. important characteristics is their ability to exhibit variable
oxidation states, meaning they can lose different numbers of electrons depending on the
reaction. For example, iron can exist as Fe** or Fe**, while manganese can show oxidation
states ranging from +2 to +7. This versatility makes transition metals highly useful in catalysis
and redox reactions.

)
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ELECTRONIC CONFIGURATION OF IRON & VARIABLE OXIDATION STATES

NEUTRAL IRON (Fe)

ATOM (Atomic Number Z=26)

OVERVIEW

Total Electrons: 26
Group: 8 T
Period: 4 H
Series: 1st Transition Series

ELECTRONIC

]

i

I
1
1T

CONFIGURATION 6 452 —
(Standard) [AI’] 3d°4s
FULL ORBITAL DIAGRAM

Core: [Ar] (filled)
Valence: 3d° 4s?

3d
as[f] sa[NIRTET Tt

(===
Valence shell Unpaired electrons

High-spin, paramagnetic. 4

IRON(II) ION (Fe**)

Stabilized in specific complex geometries.

IRON(II) ION (Fe®*)

CATION (+2 Charge) CATION (+3 Charge)
FORMATION FORMATION
Fe — Fe +2e Fe** — Fe’* +e
\j \_j
ELECTRONIC CONFIGURATION ELECTRONIC CONFIGURATION
6 [First2 electrons removed 5 fox ﬁﬁ’{}",’.’{ﬁ,‘,";‘,,‘é‘ﬁk&,ﬁ%&
> [A r] 3d are from the 4s orbital, [AI’] 3d (Resonance stabilit
not the 3d. and shielding eﬁec&
FULL ORBITAL DIAGRAM FULL ORBITAL DIAGRAM (J
Loss of two . Loss of an additional HALF-FILLED 3d
4s electrons Valence 3d 3d electmn\ (SUBSHEll (&)
s ]2 sofFETRI Y] | o[ ] st T IETEIE]
Loss of two Half-filled
4s electrons 4 unpaired electrons 3d electron 5 unpaired electrons

Very stable, highly paramagnetic.

Figure 5.2 Electronic configuration and oxidation states of iron.

OER

Fill in the blank: Transition metals are characterised by partially filled orbitals.

5.2.2 Formation of coloured compounds

A distinctive property of transition metals isitheir ability to form coloured compounds. This
arises from d—d electronic transitions, where electrons move between different d-orbitals
when light is absorbed. The specific colour depends on the energy difference between orbitals,
which is influenced by the type of ligands attached to the metal. For example, copper(ll)
sulphate appears blue, while potassium dichromate is orange. These colours are widely used in
analytical

Plate 5.1 Coloured compounds of transition metals.

Fill in the blank: The colours of transition metal compounds arise from transitions.

'ET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION
STUDENTS



5.2.3 Magnetic properties

Transition metals also exhibit interest

ing magnetic properties, defined as their ability to

respond to magnetic fields. This is due to the presence of unpaired electrons in their d-orbitals.

Compounds with unpaired electrons are

paramagnetic, meaning they are attracted to magnetic

fields, while those with all electrons paired are diamagnetic, meaning they are weakly repelled.
For example, manganese(ll) compounds are paramagnetic, while zinc compounds are
diamagnetic. These properties are important in materials science and technology.

PARAMAGNETISM & DIAMAGNETISM IN TRANSITION METAL COMPOUNDS

1. PARAMAGNETISM

Attraction to a Magnetic Field

ATOMIC/ d-orbital electron configuration i
d'tod’ npaire!
MOII:E\%{-AR configurations / Electrons
( de'ﬂDt )Em?ﬁNﬁHMAGNST'L(')Hm
random spin vectors, eld lines and By
MAGNETIC ¥ Aeeliet
AIGNMENT > S0y ST=ss,,  PARAMAGNETIC 4

=
PARAMAGNETIC IONS Alignment with field

Properties: Weakly attracted, temperature-
OBSERVED lependent sus¥eptibility, ngn-goitive
BEHAVIOR NCREAsE  Magnet-dependent susceptibility, positive
INMASS positive susceptibility ( > D?

() 2. DIAMAGNETISM

Repulsion from a Magnetic Field
d-orbital electron configuration

d°,d"° Zero net

Al Bectrons Pared — LY 1] Nm“ml[ | moment per atom.
NO FIELD EXTERNAL MAGNETIC FIELD
(zero net magnet moment) s
repulsion == = induced
?—;v—:» fields
DIAMAGNETIC IONS Very weak repulsion

SLIGHT
DECREASE
IN MASS

Properties: Extremely weakly
repelled,

SLIGHT A
DECRE non-temperature-dependent,
INMASS negative susceptibility (x < Oi

, IstTransition Series: Ti** (d'), V3* (d?), Cr** (), PROPERTY
EXAMPLES: yyp (g5 Fe (9, o (@), NP (6%, @ () [ lecirom aiing

Ry B g O | EEES

Net Atomic Moment
" [Fe(H,0)** (d°) In Magnetic Field
MO (mghfpin)
Many common dsare p i

[Mass Change (in field)
Susceptibility (x)

Unpaired

Non-Zero
Attracted
Increase

d®ions: d"ions:
'|'|4~’ VS~’ (réol Mnh

Cut, Zn**, Ag*, Cd**, Au*, Hg?*
o1 T QT
o8 [ o]
Qo
[Ti(H;0)¢l** (@) [Zn{H.0),** (d)

Occurs in all materials, but often masked by paramagnetism.

d-¢

Repelled (weak)
Slight Decrease

>0 <0

Most transition metal compounds are paramagnetic due to incomplete d-shells, while ions with full or empty d-shells are diamagnetic. OER

Figure 5.3 Magnetic properties of transi

tion metals.

Fill in the blank: Compounds with unpaired electrons are described as

Pilot questions 5.2

Define variable oxidation states

ko

Name one industrial application

5:3 Coordination Chemistry

5.3.1 Ligands and coordination number

What feature of transition metals gives rise to their unique properties?

and give one example.

Why do transition metals form coloured compounds?
Distinguish between paramagnetic and diamagnetic compounds.

of coloured transition metal compounds.

A'ligand is an ion or molecule that donates a pair of electrons to a central metal atom or ion to

form a coordination complex. Ligands
complex, such as ethylenediamine. The

can be simple, such as water or ammonia, or more
coordination number refers to the number of ligand

donor atoms directly bonded to the central metal ion. For example, in [Cu(NHs)4]**, the
coordination number is 4 because four ammonia molecules are bonded to copper.
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LIGAND BONDING TO A CENTRAL METAL ION (CN=4)

1. CENTRAL METAL ION (Lewis Acid) ot ekl conginat Donatesalone palrofelectrons
Igan € oorainate
(e.gnGIY) = g lone pair [orbital ]»[(ovalent Bond] %@ @ 7 @
Accepts electron @ ;D y - s Ammonia Water Chloride ™ '
pairs into empty G postive Lewis Acid-Base" interaction into a magnetic A i N one ol
valence orbitals. charge shapeecoomodating, cordinatal metal orbitals. Lone Pair Ethylenediamine orbital
COORDINATION NUMBER 4 3. FORMATION OF COMPLEX ION (CN=4) REAL-WORLD EXAMPLE & SUMMARY
[Metal]** + 4 [Ligands] —> [[Complex lon]?] 4, FATE& PROPERTIES OF THE
GEOMETRY SQUARE PLANAR TETRAHEDRAL
Typical ford” configurations. Typical for d" or d° configurations. Ammoniacal
G o Lo @~ s
ATOM R etal lon Ammonia etal lon i
VISUALIZATION T [(Cut = (@) Ligands ) ey loide [ ek
N.H,I Coordinate Coordinate AU
“BOIE -~ m i Ligands create a distinct chemical environment
ENERGY Tetraamminecopper(ll) [Cu( NH,)J = Tetrachloridozincate(ll) (ZnCl,}* =, | around the metal ion, modifying properties
LEVELS «Bond angles =~ 90° — +Bondangles~109.5° — like color, magnetlcbehawor and reactivity.
« Planar structure « Three-dimensional structure The coordination number defines the shape.
Simplified Crystal Field Splitting for square planar Simptal Field Splitting for tetrahedral OER

Figure 5.4 Ligands and coordination number.

Fill in the blank: The number of ligand donor atoms bonded to a central metal ion is called the
number.

5.3.2 Shapes of complexes

The shape of a coordination complex depends on its coordination number and the arrangement
of ligands. Common shapes include octahedral (coordination number 6), tetrahedral
(coordination number 4), and square planar (coordination number 4, but with ligands arranged
differently). These shapes influence the physical and chemical properties of the complexes,
including colour, reactivity, and magnetic behaviour.

COMPARATIVE VIEW OF COMMON COORDINATION GEOMETRIES (CN=6 & (N=4)
OCTAHEDRAL SQUARE PLANAR

Coordination Number: 6 Coordination Number: 4 Coordination Number: 4
Hexaammine-

M(entlrlal [Co(NH;) I3 MCentIrIaI “~—[ZnC,}* M(entlrlal -

etal lon etal fon —~ etal lon :
3 @D  Ammonia 2+ K?Chlonde 2+ Ammonia
(C0*) (cod Ligands (Zn*) Ligands (Cu) Ligands
WD Coordinat Coordinate L) Coordinate

@ ~°§{,n'22 ¢ Bonds J U~ Bonds
Tetrachlondozmcate(ll) [ZnCl > Tetraamminecopper(ll) [Cu(NH,),1**

“3N I ----- e Hexaamminecobalt(ll) *1095/ T)g)ncalod electron config.: 90NN T“’ HN., N

S S

\\l > /NH, [Co(NH,)I** ,/\\/ cr dEXorggét)ihgan £ ? \ L U\NH3

Typlcaldelectron conﬁ% Various, often PROPERTY OCTAHEDRAL | TETRAHEDRAL | SQUARE Typlcaldelectron config.: ¢®
low- Spln/hlgh-s in x [Fe(HIO)(,]3+ Coordination Number 6 4 4 (especially late 2nd/3rd series).

Ex: [Fe( Bond Angle ~90° ~109.5° ~90° Ex: [PtCl,J>
Hybridization (simplified)| d’sp*/ sp’d? P’ dsp? Properties: Weakly massurenement,

Properties: Weakly attraded temperantlon ion,
nonitive-dependent suscettibility, no, d]apeguImve, (ryslal Field é)llttmg Large A, |Small A, (~4/9A,)|Very Large A, noneniperative, lowsnon-positive

and hen positive susceptibility (x > 0 (simplified) [CO(NH)*, | ZnClLT2, ol [CulNHy) and {magetic properties (x > 0)
bampls | 0|0 " | et OER

Figure 5.5 Shapes of coordination complexes.

Fill in the blank: A coordination complex with six ligands arranged symmetrically around the
central ion is called
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5.3.3 Applications of coordination compounds

Coordination compounds have wide-ranging applications. In medicine, cisplatin is used as an
anti-cancer drug. In industry, complexes of transition metals act as catalysts, such as
Wilkinson’s catalyst in hydrogenation reactions. In biology, haemoglobin is a coordination
compound where iron binds to oxygen through ligands. These examples highlight the

importance of coordination chemistry in everyday life and advanced technology.

Field Application
Cancer

Medicine chemotherapy  and
diagnostics.

Homogeneous  and
Industry heterogeneous
catalysis.

Oxygen transport and

Biology electron transfer.

Metal extraction and

Analytical detection.

Key Example

Cisplatin $[Pt(NH_3) 2Cl_2]$ is a potent anti-
cancer drug that binds to DNA.

Ziegler-Natta catalysts (TI/Al complexes) are
essential for polymerizing  ethylene and
propylene into plastics.

Hemoglobin (iron-parphyrin complex)
transpofts  $O_2$.in< blood; Chlorophyli
(magnesium complex) enables photosynthesis.

EDTA (a polydentate ligand) is used in water
softening and heavy metal chelation therapy.

Box 5.2 Applications of coordination compounds

Fill in the blank: The coordination.compound cisplatin is widely used as an drug.

Pilot questions 5.3

O W N

Define-a ligand and give one example.

What does the coordination number represent?

Name three common shapes of coordination complexes.

Give one example of a coordination compound used in medicine.
Why are coordination compounds important in biology?

5.4 Applications of Transition Metal Chemistry

54«1 Catalysis in industry

Transition metals are widely used as catalysts, defined as substances that increase the rate of
a chemical reaction without being consumed. Their ability to adopt variable oxidation states
and form complexes makes them ideal for industrial processes. For example, iron is used in the
Haber process for ammonia production, while platinum and palladium are employed in
catalytic converters to reduce vehicle emissions. These applications highlight the economic and
environmental importance of transition metal catalysis.

D
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TRANSITION METAL CATALYSIS IN CRITICAL PROCESSES

HABER-BOSCH PROCESS L1 !

Goal: Synthesnze Ammoma (NH;) from N, and H,,. Catalyst: Iron (Fe)-based.

Raw Gases
3H,+N,

| Product Sar- =

1. Adsorptlon 2. Dlssocnanon

with Promoters

"¢ MOLECULAR-LEVEL REACTION MECHANISM

Exhaust from Englne

(K,0,A1,0,)

Goal: Convert Toxic Emissions (CO, NO,, HC) into Less HarmfuIGases
Catalyst: Platinum (Pt), Palladium (Pd), Rhodium (Rh).
ic o Treated Exhaust

€0,,N,, H,0

Washcoat (Pt, Pd,
Rh nanopamcles)

.» ,} \\ - ‘ i
MOLECULAR-LEVEL REACTION MECHANISM

1. Adsorption of Reductants & 2. REDUCTION OF NO, (Rh catalyst)

Nitrogen at —
bonds are /stro?l%T; I?oz'r?s { CH, CH, 2NO +Rh N, + 0, (on surface)
weakened Weakened NO dissociation on Rh ** "j
nitrogen- 0is retained for later use
mtr en  d- orb|tals
b interacting Pt (Reduction)  Rh (Oxidation) 200 +0, {4 — 200,
3. Stepwise Hydrogenation 4. Desorption Uncatalyzed 3. OXIDATION OF €O & HC [Q 4. Desorption Oxidation

(Pt catalyst)

200+0,——
\ o PO bond
formation
Release of

o X
Pt-C0 bond
formation 0 non-toxic gases

Pt facilitates
Transition metal catalysis acomponstive and norncentrations, and speld properly.

Iron-ammonia bond
is weakest, allowing
reiease ~—.

N+ H—>NH — NH,— NH,
NH, NH,

N, (02 0

Oxidation

Potential Energy
Potential Energy

A 0'0’0’6‘3 .

Reaction Coordinate

OER

Reaction Coordinate transfer

Figure 5.6 Industrial catalysis using transition metals.

Fill in the blank: A catalyst increases the rate of a chemical reaction without being

5.4.2 Biological roles of transition metals

Transition metals also play essential roles in biological systems. Iron in haemoglobin binds
oxygen for transport in the blood. Magnesium is central to chlorophyll, enabling
photosynthesis in plants. Zinc is a‘cofactor in-many enzymes, while copper is involved in
electron transport in respiration. These biological roles demonstrate how transition metals are
indispensable for life processes.

ESSENTIAL BIOLOGICAL ROLES OF TRANSITION METALS
HAEMOGLOBIN & OXYGEN RANSPORT

_ METAL CENTER: IRON (Fe) METAL CENTER: MAGNESIUM (Mg) COPPER (Cu) —> CYTOCHROME ¢ OXIDASE
>&0 S AENE CROUE SN \ ZINC(Zn) —> CARBONI( ANHYDRASE
(GHNOA) ACTIVESITE
52y
(ap); 4
Fe(II) Porphyrin Complex CYTOCHROME c OXIDASE ~ CARBONIC ANHYDRASE
DeThecmookbl ki (Cu center) (Zn center)
moglobin g holds the < B/Fe-a3 — His
(Penta- (oordmated) Chlorin planar A Bmudear?enter HISO 0“ Histidine
Ring § <«— geometry and (Fe** and Cu,2") residues
+ 01 stahblllzes light- o £
3 arvestin N
- & Oxyhaemoglobin efﬁcqencyg Fe-a, bridging ligands G N )
0, binding site =0, binding site ~ (Hexa-coordinated) Mg Coordination Cu and Fe facilitate electron Water/OH
D obi - {obi - and %otog transfer for Znacts as a powerful
eoxyhaemoglobin xyhaemoglobin LIGHT ENERGY WATER reduction. Lewis acid to activate water.
(Penta-coordinated) +0, > (Hexa- coordmated) \\é UPTAKE SPLnl'nNG “4(yt<', +40é +4M+2 ol e
¥ = -+ H*
0, Uptake in Lungs 33, ELECTRON PG > A G 2t et
“ | 5™ TRANSPORT ‘ @_ @
s WATERSPLITTING CARBOHYD ; ;
0, Release in Tlssues M,0-> 0, +4H* (“s"?mzs'}é“ Cell resplratlon Acid-base requlation

OER

Plate 5.2 Biological roles of transition metals.

Fill in the blank: The transition metal central to chlorophyll and photosynthesis is :
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5.4.3 Environmental and technological importance

Transition metals contribute significantly to environmental and technological advancements.
In environmental chemistry, they are used in water purification and pollution control. In
technology, transition metals such as titanium and nickel are used in aerospace materials due
to their strength and resistance to corrosion. Additionally, transition metal oxides are employed
in batteries and electronic devices, supporting renewable energy and modern electronics.

Application

Role of Transition Metals Key Examples
Area
Act as catalysts or Iron (Fe) and Aluminum “(Al)
Water adsorbents  to  remove @ electrodes in electroceagulation;
Purification contaminants, heavy metals, = Titanium (Ti) ‘@and Zinc (Zn) in
and organic pollutants. photocatalysis.
Provide high strength-to- | ;. iy (Ti) alloys for airframes;
weight ratios, heat . N
Aerospace . . Cobalt (Co) and Nickel (Ni) in
: resistance, and corrosion . .
Materials superalloys for turbine blades and jet

stability ~ required for .
o engines.

extreme conditions.

Cobalt (Co), Nickel (Ni), and

Manganese (Mn) in Lithium-ion

battery cathodes; Nickel (Ni) and

Copper (Cu) in current collectors and

catalysts.

Function as active materials
Batteries & in cathodes, anodes, »and
Energy catalysts for high-capacity,
rechargeable energy storage.

Box 5.3 Environmental and technological applications of transition metals

Fill in the blank: Transition metal-oxides are widely used in and electronic devices.
Pilot questions 5.4

Why are transition metals effective catalysts in industry?

Give one example of a transition metal used in biological systems.

What role does magnesium play in plants?

Name one technological application of titanium.
Why are transition metal oxides important in renewable energy

01 Bgoono,

Series Summary

This Series has explored the comparative chemistry of main group elements and the distinctive
properties of transition metals. We began by examining periodic trends such as atomic radius
and ionisation energy, followed by the reactivity of alkali metals, halogens, and noble gases,
and their industrial and environmental relevance. Next, we studied the general properties of

)
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transition metals, including variable oxidation states, coloured compounds, and magnetic
behaviour. Afterwards, we focused on coordination chemistry, introducing ligands,
coordination numbers, shapes of complexes, and their applications in medicine, industry, and
biology. Finally, we considered the broader applications of transition metal chemistry,
highlighting their roles in catalysis, biological systems, and environmental and technological
contexts.

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now
analyse periodic trends (SLO 5.1), explain the general properties of transition metals (SLO
5.2), define ligands and coordination numbers and describe complex shapes (SLO 5.3), and
evaluate applications of transition metal chemistry in real-world contexts (SLO-5:4).

Series Glossary

o Alkali metals: Group 1 elements that readily lose one electron to form cations.

« Atomic radius: Distance from the nucleus to the outermost electron shell.

o Catalyst: A substance that increases reaction rate without being consumed.

e Coordination number: The number of ligand donor atoms bonded to a central metal
ion.

o Diasmagnetic: Compounds with_all electrons paired, weakly repelled by magnetic
fields.

« d-orbitals: Electron orbitals characteristic of transition metals, partially filled.

o Halogens: Group 17 elements that readily gain electrons to form anions.

« lonisation energy: Energy required to remove an electron from an atom.

e Ligand: Anion or molecule donating electron pairs to a central metal ion.

« Noble gases: Group 18 elements with stable electronic configurations, largely inert.

e Octahedral complex: A coordination complex with six ligands arranged
symmetrically.

o Oxidation state: The charge of an atom if all bonds were ionic.

« Paramagnetic: Compounds with unpaired electrons, attracted to magnetic fields.

o Periodic trends: Predictable variations in properties across periods and groups.

e Transition metals: Elements in Groups 3—12 with partially filled d-orbitals.

Concept €heck Questions [Series 5]
Objective questions

1. (Linked to SLO 5.1) What happens to atomic radius across a period?

2. (Linked to SLO 5.2) Which orbitals are characteristic of transition metals?

3. (Linked to SLO 5.3) What does the coordination number represent?

4. (Linkedto SLO 5.4) Name one industrial process that uses transition metals as catalysts.

Short-answer questions

5. (Linked to SLO 5.1) Why are noble gases largely inert?
6. (Linked to SLO 5.2) Explain why transition metals form coloured compounds.
7. (Linked to SLO 5.3) Give one example of a coordination compound used in medicine.
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8. (Linked to SLO 5.4) State one technological application of titanium.
Long-answer questions

9. (Linked to SLO 5.2) Discuss the importance of variable oxidation states in transition
metals, giving examples.

10. (Linked to SLO 5.4) Analyse the applications of transition metals in catalysis, biology,
and environmental technology.

Answers to Concept Check Questions [Series 5]

Objective answers

1. Atomic radius decreases across a period.

2. d-orbitals.

3. The number of ligand donor atoms bonded to a central metal ion.
4. The Haber process.

Short-answer answers

5. Noble gases have stable electronic configurations with full-outer shells.

6. Coloured compounds arise from d—d electronic transitions when light is absorbed.
7. Cisplatin, used as an anti-cancer drug:.

8. Titanium is used in aerospace materials due to its strength and corrosion resistance.

Long-answer answers

9. Basic response: Transition metals can adopt multiple oxidation states, allowing them
to participate in diverse reactions. Value-added response: For example, iron exists as
Fe?* and Fe**, while manganese ranges from +2 to +7. This versatility underpins their
role in redox reactions and catalysis.

10. Basic response: Transition metals are used in catalysis, biological systems, and
environmental technology. Value-added response: Catalysts such as platinum reduce
emissions, iron in haemoglobin transports oxygen, and transition metal oxides are vital
in batteries and renewable energy devices.

Answers to Pilot Questions [Series 5]

o Part5.1: Predictable variations; decreases across a period; alkali metals lose electrons;
noble gases stable; aluminium used in packaging.

e Part 5.2: Partially filled d-orbitals; iron Fe?'/Fe**; d—d transitions; paramagnetic vs
diamagnetic; copper sulphate in analysis.

e Part 5.3: Ligand donates electrons; coordination number; octahedral, tetrahedral,
square planar; cisplatin; haemoglobin.

e Part 5.4: Catalysts increase rate; iron in haemoglobin; magnesium in chlorophyll;
titanium in aerospace; oxides in batteries.
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References and Attributions [Series 5]

« Standard inorganic chemistry textbooks (e.g., Shriver & Atkins, Inorganic Chemistry).
o |UPAC guidelines on coordination chemistry and transition metals.
e Suggested OER sources for illustrations:
o Figure 5.1 Periodic trends (OER diagram).
Table 5.1 Reactivity trends (Al-generated table).
Figure 5.2 Electronic configuration of iron (OER diagram).
Plate 5.1 Coloured compounds (OER image).
Figure 5.3 Magnetic properties (OER diagram).
Figure 5.4 Ligands and coordination number (OER diagram).
Figure 5.5 Shapes of complexes (OER diagram).
Box 5.2 Applications of coordination compounds (Al-generated summary).
Figure 5.6 Industrial catalysis (OER diagram).
Plate 5.2 Biological roles (OER image).
Box 5.3 Environmental and technological applications (Al-generated
summary).
e Al prompts used for illustration placeholders were noted in each Part.
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